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Executive Summary

The security and reliability of the European power system network that is used to transmit electricity from
producers to consumers is under increasing pressure. The penetration of renewable energy resources
that have a variable and unpredictable energy output and the rising cost of the operation of fossil-based
power generators are negatively influencing the availability of controlling power that is critical for normal
system functioning. Without this controlling power, there is a risk of electricity network imbalances and
complete electricity blackouts.

To be able to guarantee the continuity of electricity supply, transmission system operators are
required to search for new and alternative flexibility resources, including resources that could provide
the primary system response (frequency containment reserve) to these grid imbalances. Battery energy
storage systems are one of the most promising alternative resources that could provide this load
controlling capacity. These systems are, however, extremely cost-intensive.

Using a battery for multiple battery applications simultaneously could improve the financial viability of
these battery energy storage systems and thereby, accelerate their deployment in society. To be able to
get the full potential out of this value-stacking opportunity, more insight into the technical and operational
compatibility of using a battery for frequency containment reserve and other battery applications is
required.

In this master thesis, a research was conducted to obtain a better understanding of the opportunities
to create added value in the utilization of a battery that is providing frequency containment reserve
services. By means of a (multiple-)case study research (including a literature review, a simulation
model and a time series analysis and forecasting model), more insight was obtained in the power and
energy capacity utilization of a battery that is providing frequency containment reserve services and
the usability of the leftover capacities of this battery for serving other battery applications.

In the literature review that was performed, it was demonstrated that the activation of batteries for
frequency containment reserve is mainly dependent upon the regulations and grid characteristics that
are present in the area of interest. These regulations provide terms and conditions for the theoretical
use of a battery’s power and energy capacity and therefore, the theoretical opportunities for value-
stacking. These value-stacking opportunities include the use of moments in which a battery is idle and
the time periods in which a battery is not using its full energy capacity.

The simulation study that was performed subsequently showed that for all frequency containment
reserve markets examined in this research, there are moments and periods in time in which a battery is
not using its entire reserved frequency containment reserve power and energy capacity. This indicates
that using a battery at these particular moments and periods in time for other battery purposes might
create substantial added value to the overall system operation.

The analysis of the data that was obtained from the simulation study showed that the practical
usability of these moments and periods in time for value-stacking opportunities seems limited. Although
it was illustrated that there are moments in which the battery’s power capacity is not used, no clear
prediction can be made of these so called ‘idle moments’. Consequently, it is uncertain at what exact
moments in time the battery is idle and could be used for other battery purposes. The duration of the
idle moments is furthermore relatively short, which makes it difficult to use these idle time periods for
applications that require consecutive power supply or energy storage.

Results of the time series analysis and forecasting model demonstrated that there might be oppor-
tunities to predict the required energy capacity for frequency containment reserve. This indicates that
forecasts can be made of the state of charge development of a battery over a certain time period. This
information can be used to identify the underutilized battery energy capacity, which subsequently could
be used for other battery applications.

vii



viii 0. Executive Summary

The combination of both the power and energy capacity limitations prove to be a challenge when
aiming at value-stacking of a battery. Using the idle moments and the forecasted available energy
capacity of a battery for other battery applications requires expert knowledge of the energy capacity
that is needed for the additional application and seems to require flexibility of power capacity utilization
of the additional application itself.

Further research should focus on the improvement and validation of the frequency containment
reserve activation forecasts to be able to make a better estimation of the battery energy capacity that
is available for serving other battery purposes. Research should moreover be conducted to examine
the energy and power requirements of other applications over time. This includes the need for state of
charge control. The information that is obtained from these studies is essential to identify how various
battery applications, including frequency containment reserve, can be properly aligned and could add
value to the battery system operation.



1
Introduction

Electricity is a form of energy that is constantly used in our daily lives. It is used to charge our mobile
phones, light our houses and power the laptop that was used for writing this master thesis. In today’s
society, the use of electricity is very common and even crucial within urban areas, providing the energy
needed for public security, financial transactions and healthcare systems.

The electricity network or electricity grid is the network through which the electricity that is generated
by power generators is transmitted and distributed to consumers. Various electric power generators,
including coal- and gas power stations, hydropower plants, nuclear power plants, wind turbines and
solar panels are all generating the electricity that is required by the consumers to perform their daily
tasks.

These power stations are, however, often far away from the region where there is a demand for
electricity. Power plants are often located close to their energy resource (e.g. gas power stations
close to gas fields), whereas consumers are often localized in high urban regions. Transmission
and distribution power lines and transformers between the various parts of the electricity network are
therefore necessary to transfer the generated electricity to their end consumers efficiently and safely.

Electricity is difficult to store in its original form, which means that the electricity that is generated by
the various power plants has to be used almost instantaneously by its consumers. However, consumers
that require electricity at a certain time point generally prefer to be served immediately. To guarantee
a continuous supply of electricity, the electricity demand and electricity generation should therefore be
balanced for 24 hours a day, 7 days a week.

Although the various market players that are participating in the electricity market are trying their
best in keeping a continuous balance between electricity supply and electricity demand, it is not always
possible to perfectly match these. Demand load predictions are not perfectly accurate, generator
outputs can vary significantly over time and power system components can fail (Milligan et al., 2010).
All these different aspects can lead to an imbalance between electricity generation and demand within
the electricity supply chain.

1



2 1. Introduction

Figure 1.1: Electricity network overview. Source: EIA (2019)

Balancing problems in high-voltage transmission networks can be a real threat to proper grid func-
tioning. A sudden and persistent imbalance between electricity generation and demand in the power
system network may lead to blackouts that could cause huge economic losses for the power industry
and energy consumers (Shuai et al., 2018). Major blackouts, as experienced in the European electricity
grid in 2003 and 2006, have caused electricity grid outages that affected areas with over 15 to 60 million
people (Bialek (2007); Corsi and Sabelli (2004)).

The affected areas of these blackouts are not limited to one country only. The ‘European Blackout’
that happened in November 2006 affected electricity supply in over 20 other European countries. The
accident in Northern Germany generated a cascade of grid failures in neighboring countries and grid
disturbances that reached up to Morocco, Algeria and Tunisia within a matter of seconds (van der
Vleuten and Lagendijk, 2010). This event highlighted the vulnerability of the transnational electricity
infrastructure and the need for an international cooperation in controlling and securing a reliable and
stable electricity grid.

1.1. Power system flexibility
To secure the reliability and stability of the electricity supply chain, power system operators nowa-
days have to compensate for the differences in power system variability. The various power system
operators use real power generator control capacity services (or ancillary services) to restore any
form and duration of imbalance in the power system network (Raineri et al., 2006). Up until now,
the instantaneous and continuous balance between electricity generation and demand in the electricity
supply chain is mainly assured by adjusting the power output of fast ramping thermal generators (Carlini
et al., 2019). These conventional, fossil-based energy resources are able to ramp up or ramp down
their power output in response to a sudden electricity system imbalance.

Although the conventional power resources have reached a good maturity in dealing with load
variability, threats for future grid stability and reliability have been identified. An increased need for grid
flexibility capacity and a decreased availability of current flexibility service providers in the provision of
ancillary services are both threats that emphasize the need for new and alternative methods to deal
with electricity network imbalances.

1.1.1. Increased need for load controlling capacity
The urgency for developing a reliable, safe, sustainable and low carbon energy sector has been
recognized by many different entities on both international (European Commission, 2011) national
(Siksnelyte and Zavadskas, 2019) and local (Kern and Rogge, 2016) scale. In 2014, the European
Union proposed a policy plan for shaping a competitive and low carbon European economy by 2050
(European Commission, 2014). This strategy plan has several energy system related objectives for
the year 2030, including 40% less greenhouse gas emissions compared to 1990, a 32% share for
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renewable energy in the gross final energy use in the European Union and a 32.5% improvement in
energy efficiency relative to the 2007 baseline. For 2050, even more stringent objectives have been
proposed.

The different action plans that have been set up to fight climate change have already driven energy-
and climate-related policy changes and a significant transition from fossil-based energy systems to
renewables (Chakraborty and Lukszo, 2017). In terms of final energy consumption, the share of
renewable energy resources (RES) in the European Union has been almost doubled from the period
in the period 1995-2016 (Mehedintu et al., 2018). The targets that are set by the European Union to
further reduce the greenhouse gas emissions by 2030 and 2050 are expected to further increase the
share of renewable energy resources by its member states (European Commission, 2011).

The implementation and integration of all these RES in existing electricity grids comes with chal-
lenges. The intermittent behavior of wind turbines and solar panels makes them unreliable for stable
energy supply (Edenhofer et al., 2013). Local weather conditions can change relatively fast and affect
the output of wind and solar resources. As the penetration of these intermittent renewable resources
significantly increases, this can have negative consequences for the predictability of the electricity
supply and increase the chance of balancing problems in low-voltage distribution grids (Faessler et al.,
2017) and high-voltage transmission networks (Hirth and Ziegenhagen, 2015).

The variable energy output of solar panels and wind turbines requires other resources to adapt
their power output to maintain the balance in the electricity supply chain. The necessity for flexible
energy resources is therefore not only needed for mitigating the variability in the medium and long term
predictable output of these RES, but also for mitigating the short term, unpredictable output (Carlini
et al., 2019).

The need for more load controlling capacity in the electricity supply chain due to an increased pen-
etration of RES has been recognized by many different studies (Denholm and Hand (2011); Hollinger
et al. (2017); Koltsaklis et al. (2017); Kroposki et al. (2017)). To guarantee the stability and reliability of
future electricity supply, more balancing service capacity in the future electricity grids seems required.

1.1.2. Decreased availability of current flexibility service providers
Another concern for the stability of the future grid is that high penetration of RES and other environ-
mental concerns can affect the profitability of the current flexibility service providers. As described by
Hollinger et al. (2017), the main problem that is encountered in the use of conventional power plants for
short term grid flexibility services is that these power plants often have relatively long start up times. As a
consequence, thermal power plants providing flexibility services that require short activation times must
stay in continuous operation. This ‘must run’ status can have a significant impact on the profitability of
a power plant, since these plants are also required to run in times of low electricity prices.

In the upcoming years, it is expected that the profitability of a conventional power plant providing
ancillary services will further decrease and may even become economically infeasible (Hollinger et al.,
2017). Due to an increasing penetration of intermittent RES in the electricity supply chain, electricity
prices are expected to decrease (Ketterer, 2014). Additionally, negative electricity prices in time periods
of high renewable energy output are more likely to occur (Paraschiv et al., 2014). Prices on car-
bon dioxide emissions (e.g. European Union’s Emissions Trading Scheme) are furthermore affecting
the operational cost of fossil based power stations (Bredin and Muckley, 2009). These factors can
have negative consequences for the profitability and availability of the current grid balancing services
providers providing (short-term) grid flexibility services, thereby posing a potential risk for future grid
stability.

1.2. Electrical energy storage
One of the alternative technologies that can be used for the provision of grid balancing (=ancillary)
services is the use of electrical energy storage (EES) systems. EES systems can store excess energy
generated by energy resources and redispatch the energy after a certain time delay (Faessler et al.,
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2017). Energy is hereby converted from one form (mainly electrical energy) to another, storable form
and converted back to electrical energy when needed.

An EES system generally consists of two main components: a power conversion system (PCS) and
an energy storage unit (see Figure 1.2). The PCS is responsible for converting the current, voltage and
other power characteristics from the energy that is transferred from the grid or generator to the storage
device and vice versa (Zakeri and Syri, 2015). The energy storage unit is the reservoir for the energy
that is stored within the EES system (Zakeri and Syri, 2015). Other parts of an EES system include
monitoring and control systems, necessary for a proper EES operation (Zakeri and Syri, 2015).

Figure 1.2: Systemic overview of an electrical energy storage (EES) system. The EES system consists of two main components:
a power conversion system and an energy storage unit. Source: (Zakeri and Syri, 2015)

Up until now, the main electrical energy storage technology used world-wide and within Europe is
pumped hydro storage (PHS). About 99% of the installed capacity of electrical energy storage systems
are made up of these PHS systems (Geth et al., 2015). Other energy storage technologies that have
been deployed in society include compressed air energy storage (CAES), super conducting magnetic
energy storage (SMES), flywheels, capacitors and battery energy storage system (BESS) (Geth et al.,
2015).

Although all these different energy storage technologies can, in theory, be used to provide grid
balancing services, they are not always considered a good alternative for the conventional generators
that currently provide the load controlling capacity. Technical limitations and economic considerations
are factors that influence the ability of these energy storage technologies to substitute the conventional
thermal generators in their provision of grid balancing services. PHS and CAES systems can be very
useful and relatively cost effective for medium to long term storage applications. However, the potential
of deploying new PHS and CAES systems in society is limited. Due to the relatively low energy and
power density of these two EES technologies, the storage reservoirs of these systems have to be
relatively large. Moreover, they require special sitings for installation (Poonpun and Jewell, 2008).
Flywheels, SMES and capacitors are, on the other hand, most cost effective for short term storage
applications. The daily self-discharge of these EES technologies is, however, relatively high (Akinyele
et al. (2017); Chen et al. (2009); Luo et al. (2015); Yeleti and Fu (2010)), which makes them less useful
for medium to long term storage applications.

Based upon the technical characteristics, batteries show various advantages over the other energy
storage technologies. BESSs have a relatively fast response time, high efficiency and a low self-
discharge (Hesse et al., 2017). BESSs have the ability to react to grid demands within a matter of
milliseconds, but also have the ability to function over longer time periods (Helwig (2016), Lawder et al.
(2014). Consequently, BESSs are able to be used for many different grid applications on different
timescales (Divya and Østergaard, 2009). Other advantages of BESSs can be found in the fact that
these systems are extremely flexible in their capacity and siting (Lawder et al., 2014). This is mainly
due to the modular structure of a battery, which makes the scaling of a BESS very feasible (Hesse
et al., 2017) and therefore, easily deployable in various environments.
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1.3. Battery energy storage system: the implementation challenge
In literature, the different grid services that a battery can provide are also widely addressed. The short-
term (<1 minute) applications of batteries are mainly found in the possibility to use these energy storage
systems for frequency control (Thien et al., 2017) and reactive power control (Barton and Infield, 2004).
Medium-term (1 minute – 5 hours) applications involve the use of BESS for secondary and tertiary
control reserve (Stephan et al., 2016). The main reason for using BESS long-term (>5 hours) is that
new costs for generation and transmission assets can be avoided by means of congestion management
(Hu et al. (2017); Kaushal and Hertem (2019)).

Although literature shows that many different grid applications are available for BESS, the installed
capacity of these storage systems in society is still very small (Lawder et al., 2014). The main reason
is that batteries require high capital cost (Culver, 2010). Despite the fact that the costs of BESSs have
decreased and their lifetimes and performances have increased over the past years (Lawder et al.,
2014), it still seems challenging to meet the financial objectives of battery owners and stimulate the
substitution of fossil-based conventional flexibility resources with BESSs.

Of the various applications a battery can provide, frequency regulation is the most used application
worldwide. This is probably due to the fact that this frequency regulation service is identified as one
of the most suitable fields of applications for stationary battery systems (Oudalov et al., 2006). As
described by Stephan et al. (2016), the primary frequency control or frequency containment reserve
(FCR) is the frequency regulation service with the highest prospected net present value. In the article,
however, it was also described that the use of batteries for FCR purposes only was not yet economically
attractive.

The fact that the use of BESSs for FCR services alone is not always profitable over the lifetime of
a battery, is also acknowledged by others. In an article by Fleer et al. (2016), it is shown that a battery,
providing 1 MW FCR services in the German FCR market and having an energy capacity of 2 MWh, is
not profitable over its lifetime. Other articles (Avendano-Mora and Camm (2015); Fares et al. (2014);
Hollinger et al. (2018); Sigrist et al. (2013)) showed more mixed (both positive and negative) economic
results.

This is also the main reason why Sioshansi et al. (2012) and Malhotra et al. (2016) suggested that
a combination of different grid applications should be considered during BESS operation to increase
its financial viability and accelerate its adoption in society. The overall profitability of a BESS is mainly
determined by the value it can provide with the various battery applications the battery serves over its
lifetime. Using the battery for various battery purposes can therefore potentially increase the overall
battery’s profitability.

Up until now, some studies have attempted to combine different grid applications for BESSs. Sigrist
et al. (2013) and Shi et al. (2018) showed how a BESS could be used for both peak shaving and
frequency control. They found that optimizing these two services could significantly improve the value of
the BESS over its lifetime. A study by Stephan et al. (2016) even evaluated nine different combinations
of two BESS applications, which all tend to increase battery investment attractiveness. These studies
therefore provide evidence that combining different BESS services may increase the overall storage
value and is favorable for storage economics.

Combining different grid applications is, however, not an easy task. Every application for BESSs
needs a specific amount of power and a specific duration of power supply. The use of more applications
by a BESS therefore requires an appropriate alignment of the power and energy requirements of
each application with the available battery capacities. For batteries that provide FCR, in particular,
this alignment is of importance, since this battery application serves a function that is critical for the
continuity of electricity supply.

In the studies that were described previously, the methodologies the authors use to align the power
and energy requirements of FCR and other battery applications is ambiguous and sometimes unclear.
To be able to use a battery that is providing FCR services for other purposes, it seems therefore required
to get more know-how about the way in which this FCR service is using the available energy and power
capacities and what are the leftover capacities that could be used for other battery purposes and value
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creation.

1.4. Research question and sub questions
Based upon the knowledge gap that has been identified and described in the previous section, the main
research question (RQ) this thesis will answer is:

What are the opportunities to create added value in the utilization of a BESS that is providing FCR
services in the European Union?

To be able to answer this research question, the following sub-question have been derived:

1. Which factors determine the activation of a BESS providing FCR services?

2. What is the activation profile of batteries providing FCR services in the European Union?

3. What are the degrees of freedom in the operation of a BESS that is providing FCR services which
can be used for value stacking?

4. What is the practical usability of the degrees of freedom in the operation of a BESS that is providing
FCR services which can be used for value stacking?

1.5. Research approach
The main research question that was posed earlier is of an exploratory character. This means that
the goal of this thesis is to get a better understanding about the problem of using two various battery
applications simultaneously (including FCR). Various research methodologies are available that can
deal with problems that are of exploratory nature. Secondary data analysis, desk research, literature
reviews, modeling, surveys, interviews and case studies are all examples that might be useful in
answering exploratory research questions.

In this research, a case study design was chosen. As described by Collier (1993), this research
methodology has several advantages over statistical methods and formal models. It can use heuristic
methods for the identification of new variables and hypotheses and examine these variables and
hypothesis to identify causal mechanisms. In this particular case, this methodology seems very useful
for identifying and validating the opportunities that can be used value stacking.

Although this research method has the potential to consider the studied question from different
perspectives and therefore gives the researcher the opportunity to get a complete understanding of the
behavior of the system of interest, a case-study design does show some disadvantages. One of the
main drawbacks of this research methodology is that the results that are obtained from these studies
can often not be generalized (Wieringa, 2014). They use context specific data to generate results,
which subsequently cannot be easily translated to a population level.

To deal with the problem of generalizability, this research does therefore not focus on one case
study only. By selecting several cases in the European Union and studying them one by one, more
insight into the relevant similarity between these cases can be obtained. This allows the improvement
of the generalizability of the results and insights.

The approach of this research is structured based upon the design cycle that is described in Wieringa
(2014). This cycle consists of 1) problem investigation, 2) treatment design and 3) treatment validation.
In the problem investigation step, the phenomena (serving various battery applications simultaneously)
that has to be improved is investigated. The treatment design step is used to identify potential degrees
in freedom in the operation of battery in FCR that could be used for value stacking. In the treatment
validation step, it is explored whether the identified degrees of freedom could treat the problem that
was initially described.
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1.6. Relevance of thesis to the COSEM master programme
This thesis is written to obtain the MSc. degree for the master programme Complex System Engineering
and Management (COSEM) at the Delft University of Technology. This master is focused on the
understanding of and design in complex socio-technical systems. Implementing changes in a socio-
technical system is namely a trade-off between both the social and technical arrangements that are
present in the system of interest.

The research that is conducted in this master thesis perfectly follows this way of system thinking. Af-
ter all, the operation of frequency containment reserve assets is an interplay between the requirements
of society (grid security and reliability), the interest of BESS owners (profitability) and the technical
characteristics of the overall electricity system. This shows that knowledge and insight in all these
various aspects is required to understand the real impact of the design and the results that are obtained
in this thesis on the overarching electricity system.

The exploratory character of the research question that is used in this master thesis gives the
opportunity to design and address these different system perspectives. The master thesis furthermore
shows the strength of using a case study methodology in the design in socio-technical systems, since
multiple bodies of knowledge could be included to identify the real impact of the design options that are
extracted. It does also show that the discussion of the results of the individual research methodologies
that are used in this master thesis is of real importance. It can show the dependencies and relationships
between the various system perspectives and therefore, how the results and insights of this study fits
in the overall socio-technical system that is of interest.

1.7. Master thesis outline
In Figure 1.3, a flow diagram is presented with that describes the overarching research methodology,
underlying research methods and their connection to the various chapter in this master thesis. The
introduction (Chapter 1) describes the motivation for this research and how this research fits into the
existing literature. Chapter 2 provides an overview of the general concepts that are related to FCR
activation, including background information on grid balancing and FCR provision. Chapter 3 discusses
a literature review that is conducted to identify the various factors that influence the FCR activation of
a BESS. Based upon these variables, potential degrees of freedom for value stacking in the operation
of a BESS that is providing FCR services are identified. Chapter 4 and Chapter 5 are subsequently
used to determine the usability of these degrees of freedom for value stacking. Chapter 4 does contain
more quantitative information on the activation of a FCR asset. Chapter 5 is used to further analyze
the value-stacking opportunities of batteries providing FCR service. In Chapter 6, the results that were
obtained from these various chapters will be summarized and discussed. Chapter 7 concludes with
answers to the research questions and provides recommendations for further research.
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Figure 1.3: Thesis Methodology



2
General Concepts

2.1. The electricity balancing act
In an electricity transmission grid, the balance between electricity demand and supply is essential for
ensuring the security of supply of this commodity. In general, this balancing act is done by predicting
the electricity demand of consumers and scheduling the electricity generation of assets based upon this
load prediction. These load estimations are, however, not always perfectly accurate and do not reflect
the real power demand at each time period. In addition, generation assets are not always capable
to provide the scheduled amount of electricity to the grid (e.g. due to electricity power plant failures).
These factors, along with other problems or failures that can might occur in the electricity network, can
disturb the balance between electricity demand and supply and result in a power imbalance.

The power imbalance in the electricity network can change the overall grid frequency. In case of
excess power demand, the grid frequency drops below the reference value. In case of excess power
supply, the grid frequency increases above the reference value. The rate of change of the grid frequency
is hereby directly correlated with the initial electricity demand and electricity supply mismatch.

To be able to restore the grid frequency and initial power imbalance as soon as possible, counter-
acting power that is equal to the initial power imbalance should either be supplied or extracted from the
transmission grid. The electricity network itself already has one natural property that can counteract
the power imbalance and can damp the resulting grid frequency deviation. As described by Tielens
and Van Hertem (2016), rotating masses of generators and turbines that are synchronously connected
to the transmission grid will instantaneously inject or absorb kinetic energy to or from the transmission
grid respectively at the moments these power imbalances occur, thereby providing resistance to higher
grid frequency deviations. This phenomenon, what is often referred to as system inertia, can therefore
provide resilience to imbalances in the power system network.

The amount of rotating masses that are synchronized with the transmission grid determines the
height of this system inertia and therefore, the resilient power of the transmission grid to power system
imbalances. As described by Saleh Ebn Sharif (2017) a lot of the (small) power imbalances in the
electricity system network can already be mitigated by this natural system inertia. Large imbalances
between electricity demand and supply can, however, not only be solved by this system inertia and will
therefore change the overall grid frequency.

Frequency deviations from the reference grid frequency can be very bad for overall electricity system
functioning. Saleh Ebn Sharif (2017) describes that power generators are operating most efficient in grid
frequencies that are close to the nominal value. Large frequency deviations from reference frequency
can damage the generator functioning and therefore be harmful to power plants providing electricity
to the grid. This is also the main reason that synchronous power plants have automatic protection
systems that disconnect the power plant from the transmission grid at frequency levels above or below
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a certain threshold.
The disconnection of a power plant from the transmission grid can, however, cause a snowball-effect

that can eventually result in an electricity blackout. In case of excessive demand, the transmission grid
frequency can drop below a certain threshold that triggers the automatic protection systems of power
plants. When these power plants disconnect from the transmission grid, power system imbalances
may become even larger due to a bigger mismatch between electricity demand and electricity supply.
Furthermore, overall system inertia may decrease due to the disconnection of synchronous rotating
masses, which will cause the grid frequency to drop further. Eventually, a widespread power outage
could occur.

To guarantee the reliability and stability of the electricity network and to prevent (widespread) black-
outs from happening, transmission system operators are required to reserve backup power that is
able to counteract power imbalances caused by a mismatch of electricity demand and supply. These
resources, that are referred to as frequency operating reserves, should be available whenever these
power imbalances occur and provide the frequency reserve power that is required to restore these
power imbalances.

2.2. Grid balancing within the European Union
In the European Union, the grid balancing services are controlled by the European Network of Trans-
mission System Operators for Electricity (ENTSO-E). This entity, representing 43 transmission system
operators (TSOs) from 35 countries across Europe, coordinates the stability and reliability of the Euro-
pean electricity network.

The European electricity network consists of two types of systems that are controlled by the ENTSO-
E: a synchronous system and a balancing system (Hirth and Ziegenhagen, 2015). The synchronous
system is a geographical region with an interconnected grid system and a shared steady-state fre-
quency. In Europe, several synchronous systems can be identified. The continental synchronous area
or Union for the Coordination of the Transmission of Electricity (UCTE), consisting of 24 countries, is
the largest European synchronous system area. Other synchronous system areas include the Nordics,
Baltics, Ireland, the United Kingdom and other small islands in Europe. The main role of the ENTSO-E
for these synchronous system areas is to maintain the grid frequency at a nominal value of 50 Hertz
(Hz) (see Figure 2.1).

Figure 2.1: Synchronous systems and balancing areas in Europe. Source: Hirth and Ziegenhagen (2015)
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The balancing system consists of several regions within a synchronous system, often the size of
one specific country, and is meant to be functioning as a controlling entity for balancing the regional
electricity network (Hirth and Ziegenhagen, 2015). One specific TSO of the ENTSO-E is responsible for
balancing one specific balancing area. The main goal of the TSO is to maintain the net import balance
of the balancing region at its scheduled level and the balancing system area error at zero.

2.3. Frequency operating reserves
As described before, the various synchronous system areas in the European electricity network are to
be maintained at a system frequency of 50 Hz. Deviations from the system frequency above a certain
threshold will activate the operating frequency control reserves. These reserves are used to restore
the balance and nominal system frequency in the electricity network.

2.3.1. Reserve types
The various types of operating reserves can be differentiated by the type of events they respond to and
their reaction time period (Milligan et al., 2010). A fast response (within seconds) is needed to com-
pensate for direct disturbances in the power system network (e.g. due to contingency events). Power
generation or storage assets that are synchronized with the electricity network should be able to serve
or remove load from the power system almost instantaneously (Ela et al., 2010). For longer timescale
events, such as large forecasting errors and net load ramps, additional generation and storage units
are supposed to become available to up- and downregulate during the remaining disturbance recovery
period.

Figure 2.2: Primary, Secondary and Tertiary reserve types. Source: Ersdal et al. (2016)

In general, the operating reserves in Europe can be categorized into three different reserve types:
primary, secondary and tertiary control (see Figure 2.2). In case of a specific frequency deviation or
power imbalance, the primary control or frequency containment reserve is the first operating reserve
that will be activated. Based upon the measured grid frequency, the activated power reservoirs will
either provide or remove power from the grid to restore the original grid system frequency in the whole
synchronous area.

If there is still a remaining imbalance in the power system network after a specific time period of FCR
operation, the FCR is replaced by automatic frequency restoration reserves (aFRR). These ‘secondary’
reserves are used to restore system frequency and reduce the area control error in the balancing area
where the power imbalance has been initiated (Ela et al., 2011). This secondary reserve mainly consists
of units that can be controlled automatically and ramp up or down their power output relatively fast.

The tertiary control or manually activated frequency restoration reserve (mFRR) is the operating
reserve that can support or substitute the secondary control reserve over a certain time (Hirth and
Ziegenhagen, 2015). These systems are activated manually by the TSO controlling the balancing area
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that is in imbalance and that lacks sufficient power provided by FCR and aFRR to restore the normal
grid frequency in the balancing region. The mFRR systems, mainly consisting of stand-by power units,
can start their operation in a relatively short amount of time.

2.3.2. Actors and responsibilities
Within the balancing market, three main actors can be defined: the TSO, the balancing service providers
(BSPs) and the balance responsible parties (BRPs). All these parties have their own roles and respon-
sibilities in balancing the transmission system network.

As described by the European Parliament (2009), the TSO is an entity that is responsible for the
operation, maintenance and development of the transmission grid. Therefore, this entity has the
responsibility of securing the availability and reliability of a transmission network system that is able
to meet reasonable demands for electricity distribution. To ensure a secure and safe operation of
the transmission grid, TSOs are responsible for procuring balancing services from balancing service
providers.

BSPs are the balancing market participants. BSPs can offer reserve providing units or groups that
are capable of providing balancing services to the TSO. These reserve providing units can, depending
on existing regulations, include electricity generators, demand response facilities or electricity storage
units (Jeriha et al., 2019).

As stated by the ENTSOE (2018), a BRP is an actor that has needs for the distribution of electricity
over the transmission system network . A BRP generally has a portfolio of electricity generation and/or
consumption units that require the transmission grid to distribute its generated or demanded electricity.
BRPs are responsible for keeping the actual sum of generation and consumption of electricity in balance
with the scheduled electricity generation and consumption. In case there is a mismatch between
scheduled and actual electricity generation and consumption, BRPs are financially responsible for their
portfolio’s imbalances.

2.3.3. Balancing markets
The procurement of the primary, secondary and tertiary control reserve takes place in the balancing
market. The products and arrangements by which these frequency control reserves are obtained
vary between the different TSOs that are responsible for this procurement process. As described
by Mott MacDonald (2013), this is mainly due to historical reasons. TSOs historically designed their
own balancing market with regulations and procedures that were based upon national specificities.
The portfolio of national generation assets, the presence of internal congestion and the number of
interconnectors with neighboring countries determined the way in which the TSOs defined and procured
their balancing products. Although nowadays there is a trend to internationalize and standardize the
procurement of balancing products for one synchronous area, the historical influence is still affecting
the way in which the balancing markets are organized.

Although the products and arrangements of procuring balancing reserves can be fundamentally
different among various TSOs, the process of procuring and operating the balancing reserves has a lot
of similarities. In general, the balancing market can be divided into three different phases: the balance
planning phase, balancing service provision phase and the balance settlement phase (van der Veen
and Hakvoort, 2016).

Within the balance planning phase, the BRPs submit their electricity generation and consumption
schedule to the TSO. This schedule is based upon the predicted load and generation profile of their
portfolio assets. The electricity generation and consumption schedule that is obtained by the TSO
is subsequently used to predict and indicate the need for a specific amount of reserve power. The
required amount of reserve power is then acquired from the prequalified BSPs. This can be done in the
form of an open reserve market or by reserving reserve capacity from BSPs that are obliged to deliver
these grid balancing services.

In the balancing service provision phase, the procured balancing reserve capacity should be avail-
able and operating based upon the real time frequency measurements of the transmission grid. BSPs
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should hereby operate their procured balancing assets as prescribed in the requirements that are
provided by the affiliated TSO. During the provision phase, the TSO will make sure that the real-time
electricity demand and generation is in balance. It overlooks the automatic activation of the various
primary and secondary control balancing assets and takes action when a long-lasting power imbalance
occurs (e.g. by manually activating the mFRR).

In the balance settlement phase, the various market players will be rewarded or penalized for their
market performance. BSPs that have properly provided reserve power will be rewarded based upon
the pricing structure that is present in the specific reserve market in which it participated. BSPs that
were unable to provide their control power, might be penalized. For BRPs, the same pricing structure
is present. BRPs can hereby be penalized by having an imbalance between the scheduled power
demand or generation profile and the real amount of power that is consumed or delivered respectively.

2.4. Frequency containment reserve
As described before, the FCR is the first operating reserve that is used by a TSO to restore the nominal
grid frequency. The amount of FCR power a specific TSO or synchronous area acquires, is often
dimensioned based upon the risk of a large imbalance to occur. In the UCTE region, for example, the
FCR power at each moment in time is dimensioned at 3000 MW. This FCR power is sufficient to restore
the nominal grid frequency in an event where two 1500 MW nuclear power plants fail instantaneously
(De La Torre Rodriguez et al., 2014).

2.4.1. FCR provision with a battery energy storage system
In the introduction, it is stated that battery energy storage systems are, in theory, perfect candidates for
providing this frequency containment reserve power. Li-ion batteries, for example, are characterized by
their high efficiency, fast response time and long life time (Díaz-González et al., 2012). It is, however,
also acknowledged that batteries have relatively high capital cost (Culver, 2010). Potential investors in
battery energy storage systems should therefore carefully investigate how their BESS can and should
be operated before they make their final investment decision.

2.4.2. FCR operation
The operation of batteries in the provision of FCR services seems, however, to be subject to constraints
in both the technical and institutional domain. This can be illustrated by the use of the alignment
scheme (see Figure 2.3), that is described by Ménard (2014). This alignment scheme is a very powerful
framework in the identification of the interaction between technology and institutions. It shows how
the technological architecture, formal and informal institutions, specific technical characteristics and
specific rules are defining how technical assets are operated in a system of interest.

Figure 2.3: Alignment Scheme. Interaction between technology and institutions. Source: Ménard (2014)
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Critical functions
One of the key concepts in this framework is the ‘criticality’ of the system that is of interest. As already
described in the introduction of this master thesis, grid balancing is an essential controlling mechanism
in the transmission of electricity from power generators to end consumers. Since the provision of FCR
is crucial in the continuity of the technical operation of the energy system, it must be organized in such
a way that it is always properly functioning.

Technological architecture
The technological architecture of the electricity system, including the power generation units, power
consumption assets, transmission and distribution lines, transformation stations and balancing reserve
assets, is the primary starting point that shows the need for balancing services. Electricity that is
generated by power generation units and is transferred through the transmission and distribution lines
has to be consumed directly by its consumer. When there is a mismatch between these electricity
generation and demand, an imbalance in the power system network can occur and power generation
assets could be damaged, potentially leading to electricity blackouts.

Formal and informal institutions
The need for balancing services is also determined by the people’s perception of the provision of this
energy commodity. Electricity is a form of energy that is crucial for economic growth, alleviation of
poverty and the improvement of daily living standards (Ritchie and Roser, 2019). Energy security and
reliability can therefore be seen as main general concepts that are embedded in society. Consequently,
grid balancing is an essential mechanism of the electricity network, that has to be governed and
operated in such a way that it can guarantee the continuity of electricity supply.

Specific technical characteristics
FCR is, as described, one of the controlling mechanisms that is used for maintaining the balance
in the electricity network. The specific technical characteristics of the various balancing assets are
determining the opportunities to use these assets for the delivery of FCR power (e.g. the possibility
of thermal generators to adjust their power output (Carlini et al., 2019). For BESS, these technical
capabilities are limited by several factors. First of all, batteries have a limited energy reservoir. FCR
power that is delivered could therefore potentially use the total available energy capacity of a battery,
completely emptying or filling the energy storage reservoir. If this situation occurs, batteries are not
capable of providing any FCR services that requires a specific amount of battery energy capacity which
is not physically available. Other limitations can be identified in the PCS of a BESS. The characteristics
of this PCS limits the amount of power that a BESS can provide within one time unit and limits its use
for FCR purposes.

Specific rules and their enforcement
Next to these specific technical characteristics, sector specific rules are also determining the way in
which FCR can be acquired and operated to guarantee electricity system security and reliability. In
general, the required frequency containment reserve capacity is acquired from authorized balancing
service providers. To become an authorized balancing service provider, a potential market party is
typically required to show that their balancing assets are capable of providing the FCR services in an
appropriate way. As stated by van der Veen and Hakvoort (2016), the requirements that a market
entrant should meet include technical pre-qualification tests of the FCR assets of interest and tests
that examine the proper exchange of FCR activation data with the TSO. The existing institutional
arrangements between the BSPs and TSOs are not only important for FCR market access, but also for
the operation of a BESS providing FCR power. Regulations shape the way in which FCR assets are
activated and therefore, how the battery is performing over time.
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Technical operation
The various rules and technical characteristics of a BESS determine the way in which these batteries
could and should be operating in the provision of FCR power. The operation of a battery providing FCR
services is thus constrained by the combination of technical and institutional factors.

Organizational arrangements
The organizational arrangements are related to the way in which balancing service providers are
structuring their activities, taking into account the rules that are defined at a broader, institutional level.
These activities can include the development and use of BESS investment strategies, state of charge
management strategies or other strategies that are related to the operation of a BESS in FCR provision.

2.4.3. BESS operation dependencies
The previous section has highlighted the interaction between technology and institutions in the opera-
tion of FCR assets. Regulations, on the one hand, are shaping the way in which FCR should respond
to grid frequency imbalances. Technological limitations, on the other hand, are shaping the capabilities
of the various technological assets to do so. The alignment of these two should, in the end, result
in a system that is capable of performing the critical functions that are essential for grid security and
reliability.

BSPs might, however, not only be interested in the security and reliability of the electricity network.
The profitability of their balancing reserves can also be very important and may affect the way in which
they want to operate their assets that are providing FCR power. To be able to comply with the overall
system rules and to guarantee the continuity of electricity supply, it seems necessary to not only align
the technological and institutional systems with each other, but also to include the other interests of the
various actors that are involved in this grid balancing system.

One way of aligning these external interests is to find opportunities for profit maximization within the
current technical and institutional systems. The identification of potential value-stacking opportunities
in the current operation of a BESS can be the first step for optimizing the battery’s utilization and hence,
profitability. This does, however, require full insight into the current operation of a battery energy storage
asset that is providing these grid balancing services. Knowledge about the FCR activation (the technical
system) and the rules that determine this activation (the institutional system), is therefore required.





3
Prerequisites for FCR operation in the

European Union

3.1. Literature review introduction
As described in the previous section, FCR is one of the controlling mechanisms of the ENTSO-E to
secure the stability and reliability of the European electricity network. The use of energy reservoirs
for maintaining the nominal value of 50 Hz is a shared goal among the TSOs that represent this
European entity. Although there is an overall shared understanding about obtaining and activating
these power reservoirs assets for frequency containment purposes, there are many differences in the
market and technical design of acquiring and using these power reservoir assets. Chapter 2 described
furthermore that various regulations seem to determine how potential balancing service providers can
become authorized to deliver FCR services and how their reservoir assets should respond to certain
grid frequency changes. These regulations will define the way the power conversion system and energy
storage reservoir of a BESS should be used to counteract power imbalances in the electricity network.

Since these regulations can affect the direct operation of a battery that is providing FCR services,
they can also indirectly affect the potential to use the battery for other battery purposes. This can be
explained by the fact that a BESS has a limited power and energy capacity. Using a battery for multiple
BESS applications simultaneously therefore requires the power and energy capacity requirements of
the various applications to be aligned.

To be able to identify the value-stacking potential of a BESS that is providing FCR, a regulatory
analysis and their consequences for battery behavior seems thus necessary. In this chapter, a literature
review is described that is performed to obtain a general understanding of the FCR requirements of
FCR markets that are present in the European Union. This analysis is used to identify the effect of FCR
regulations on the battery’s behavior. Based upon this, the opportunities for value creation of batteries
that are providing FCR services in the European Union can be identified.

3.2. Literature review selection
For this literature review, studies have been collected that describe the regulations regarding the
procurement and operation of energy resources in primary frequency control for European countries.
The database Scopus was used to search for relevant studies. To obtain sufficient information about
FCR market arrangements and FCR operation within Europe, a broad search string (see Appendix A)
was used containing the key words Energy/Power/electric*, Europe* and Frequency containment (or
other equivalent key words describing FCR such as Balancing market, FCR, frequency reserve, fre-
quency regulation or primary control). Regulatory environments concerning energy markets are rapidly
changing. To secure the quality an actuality of the regulations described in the literature review, the
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literature search was limited to articles that were published in the year 2016 up until the day the
literature search was conducted (20th April 2020). Using a search string with the keywords mentioned
above and article publishing time constraints, 142 articles were collected from the Scopus database.
Subsequently, a set of 58 potentially relevant studies was selected by title, excluding duplicate articles
and articles that were not related to the field of energy science and balancing services in general.
Based upon the abstracts of the remaining articles, the number of articles included in this literature
review was further reduced. For this study, only articles focusing particularly on the market design or
operation principles of FCR assets were included. The selection of articles based on the abstracts
resulted in 18 remaining articles that were included in this review.

3.3. Literature review results
For the different articles that were extracted from Scopus and selected for this literature review, a
differentiation can be made between articles that describe the operational requirements of specific
power reservoirs that are used for FCR purposes and articles that describe other requirements that
have to be fulfilled by the balancing service providers to enter and operate in the FCR market. In
Table 3.1, an overview is given of the investigated studies and their classification based upon the
aforementioned differentiation.

Table 3.1: Classification of studies in the literature review

Operational Requirements Market Participation Requirements Source
X Aziz et al. (2018)
X X Barbero et al. (2020)
X Benini et al. (2016)

X Bompard et al. (2018)
X Borne et al. (2018)
X Brijs et al. (2017)

X Holttinen et al. (2016)
X Hollinger et al. (2016)
X Jomaux et al. (2017)
X X Koller et al. (2016)
X X Marchgraber et al. (2020)
X X Motte-Cortes and Eising (2019)

X Poplavskaya and De Vries (2018)
X X Poplavskaya and de Vries (2019)
X Posma et al. (2019)

X Roben (2018)
X Schopfer et al. (2017)

X Zeh et al. (2016)
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3.3.1. FCR prerequisites: Operational requirements
The operational requirements of the power reservoirs that are used for FCR purposes are mainly related
to the frequency measuring capabilities and the power delivery capabilities of the power reservoir assets
over time. These operational requirements can be translated to different important variables for FCR
provision, including the dead band, insensitivity range, power provision rate, power provision speed
and power provision duration.

Dead band
The dead band can be described as a region around the nominal system frequency, wherein the
control power provided by FCR assets is not required to react to frequency deviations (Zeh et al.
(2016);Hollinger et al. (2016);Aziz et al. (2018)). This will result in a tolerated frequency deviation
band, wherein a BSP can decide to not operate the power reservoir asset for FCR purposes.

Figure 3.1: Example of a dead band region around the nominal system frequency (deadband of ±0.05 Hz). Source: Haakana
et al. (2017)

In figure Figure 3.1, an example is shown of a deadband region of +0.05 Hz around the nominal
grid frequency of 50.00 Hz. In this example, a tolerated frequency deviation band exist between 49.95
Hz and 50.05 Hz.BESSs that are providing FCR services will not be activated at the moments in time
the measured grid frequency is within this frequency deviation band. The power capacity of the battery
that is reserved for FCR power will therefore remain zero during these specific time moments.

Insensitivity range
Closely related to the dead band is the insensitivity range. As described by Posma et al. (2019), the
insensitivity range can be described by the range of frequency deviation to which an FCR system is
insensitive. This means that the power reservoir used for FCR purposes does not have to adjust its
power output to frequency deviations within that insensitivity range (Posma et al., 2019). The dead-
band region, as described in the previous section, is often derived from this insensitivity range, taking
into account the technical limitations of measuring local grid frequencies (Benini et al., 2016) and
therefore, the insensitivity measuring unit of an FCR asset. The dead band can thereby be seen as
an insensitivity range around a specific value (e.g. at 50 Hz). An insensitivity range can, on the other
hand, be around any value.

Power provision rate
The amount of control power that is to be provided by the power reservoir assets is often related to the
height of the frequency deviation from its reference value and the contracted amount of FCR power
by the BSP. Various power-frequency characteristics, determined by an individual or group of TSO(s),
exist within Europe and describe the way in which a FCR unit should adjust its power output according
to the change of measured grid frequencies (Holttinen et al. (2016);Aziz et al. (2018)).
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Figure 3.2 shows, as an example, the specific power-frequency characteristics of power reservoir
units that are providing FCR in Germany. The FCR assets in Germany are not required to react to
frequency deviations within the dead band range (49.99 Hz – 50.01 Hz). For frequency deviations
between 10 mHz and 200 mHz from nominal system frequency (50 Hz), the power output provided by
the FCR units are supposed to increase linearly to 100% of the contracted amount of FCR power (Zeh
et al., 2016). Frequency deviations above 200 mHz should fully activate the contracted amount of FCR
power (Zeh et al., 2016). The power output of an FCR unit can hereby be seen as positive in case
of under-frequency (Δf < 49.99 Hz), which means that power is injected from the FCR unit to the grid
(discharging of a BESS). Negative power output is considered in case of over-frequency (Δf > 50.01
Hz), having power absorbed from the grid (charging of a BESS).

Figure 3.2: Power-frequency characteristics of power reservoir units that provide FCR in Germany. The x-axis shows the relative
amount of power P (W) from the total reserved FCR power Pn (W) that should be provided at a specific frequency deviation. the
y-axis shows the grid frequency. Source: Zeh et al. (2016)

Power provision speed
Next to the amount of power that has to be delivered by the contracted FCR units based upon the
frequency deviation of the grid, the speed in which this contracted amount of FCR power has to be
delivered is often part of the operational requirements that are set by the different European TSOs.
This provision speed can hereby be defined as the time (often in seconds) in which an FCR unit
should provide a specific amount of contracted power output (either positive of negative) to or from
the grid after a certain deviation in grid frequency is detected (Hollinger et al. (2016);Jomaux et al.
(2017);Poplavskaya and de Vries (2019);Motte-Cortes and Eising (2019);Barbero et al. (2020)).

The power output responses of FCR units to frequency deviations are generally within a matter of
seconds. Since BESS can ramp up and ramp down their power output relatively fast, they are normally
able to react to these frequency deviations in an appropriate way (Hollinger et al., 2016).

Power provision duration
The length of the power output response of FCR units to frequency deviations is another requirement
that is often described by TSOs in their regulations concerning the operation of the contracted FCR
power reservoirs. These regulations mainly describe the minimal amount of time that a FCR unit should
be able to provide the contracted amount of control power at specific frequency deviations. Various
articles (Barbero et al. (2020); Jomaux et al. (2017); Koller et al. (2016); Marchgraber et al. (2020);
Poplavskaya and de Vries (2019)) provide information on the length of these power provision periods
for different countries within Europe, ranging from a 20-second to 30-minute period. After this period,



3.3. Literature review results 21

BESS often have a certain recovery period in which the battery is not required to react to frequency
deviations and remains idle.

3.3.2. FCR prerequisites: Market participation requirements
To be able to use a BESS for FCR purposes, BSPs are supposed to comply with all market require-
ments. These market requirements do not only include the operational requirements of the FCR assets
that have been described previously, but also include other requirements, such as FCR market access
restrictions and bid-related FCR market requirements. The market access restrictions, FCR contracting
period, bid symmetry, bid size and unit pooling requirements and prerequisites are all factors influencing
the way in which BSPs can operate in the FCR market and therefore operate their FCR assets.

Market access restrictions
Various countries within Europe have different regulations concerning the way in which the primary
reserve is procured. For some countries, the total required FCR power is procured in a public market,
accessible for all types of providers (Poplavskaya and de Vries, 2019) (Open FCRmarket). The reserve
capacity of these countries is hereby increasingly procured on an international level (Koller et al., 2016).
In other countries, as described by Borne et al. (2018), part of the required FCR capacity is provided by
large producers of electricity (Restricted FCR market). They are obliged to deliver a specific amount of
FCR power, based upon their energy production. Some European countries do not even have an FCR
market implemented on a national scale. In the Baltic synchronous area, including Estonia, Latvia and
Lithuania, the FCR power market is totally controlled and provided by Russia (Bompard et al., 2018)
(No FCR market). To be able to provide FCR power within these Baltic states, BSPs must therefore
have access to the Russian FCR market and follow the Russian procurement guidelines.

FCR contracting period
The power that is required for frequency containment is mainly procured in the form of FCR provision
contracts for specific time periods. BSPss that get into a provision contract with a TSOs are supposed to
deliver FCR power during this particular time period according to the operational requirements that are
prescribed. The duration of these FCR contracts can vary among the different TSOs and FCR markets.
FCR capacity can hereby be contracted on an hourly, daily or weekly basis (Brijs et al. (2017);Barbero
et al. (2020);Koller et al. (2016)).

Bid symmetry
In FCR markets, two types of products can be sold: a positive reserve and a negative reserve (Roben,
2018). The positive reserve is a product that is activated upon specific frequency deviations below
the reference value and is therefore used to increase the amount of power that is provided to the grid.
The negative reserve is activated at specific frequency deviations above the reference value, which
will increase the amount of power extracted from the grid. Within some countries, these two products
(upward and downward regulation) are procured separately (Roben, 2018). BSPs can hereby make
an offer to provide FCR power by their FCR assets in either the positive or negative direction or in both
directions.

Other countries, however, have specific regulations that require BSPs to provide the entire amount
of reserve power in both the positive and negative direction (Roben, 2018). Having a symmetrical FCR
product can constrain various BSPs to enter or participate in the FCR market since this symmetrical
bidding process requires BSPs to have FCR units available that are able to deliver the same amount
of upward and downward FCR power simultaneously (Borne et al., 2018).

Bid size
In general, the different TSOs provide a minimum bid size for BSPs to participate in the FCR market
(Barbero et al., 2020). This bid size will describe the minimal amount of power (in MW) that a BSP
can offer and the FCR asset should be able to deliver during the period of contract. For the various
countries in the European union, the minimal bid size for the specified period of contract can be between
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0.1 MW and 1 MW of FCR power (Motte-Cortes and Eising (2019);Schopfer et al. (2017);Poplavskaya
and de Vries (2019);Marchgraber et al. (2020)).

Unit pooling
As described in the previous sections, BSPs are often required to offer a minimal amount of FCR power
in the balancing market for a specific contracting period. For some countries, these offers even have to
be symmetrical. These requirements can be a burden for small sized energy resources to participate
in the FCR market, since they might not be capable of delivering the amount of required FCR power in
the required amount of time in both the positive and negative direction (Borne et al., 2018). For these
small energy resources, there is a need for aggregation or pooling, allowing different flexibility assets
to participate in the balancing market (Poplavskaya and de Vries, 2019).

The regulations concerning the opportunity to pool resources affect the possibility of BSPs to inte-
grate the capacities and capabilities of their reserve unit portfolio (Poplavskaya and de Vries, 2019).
The allowance of aggregators and pooling of FCR unites in a balancing market can therefore have a
huge impact on the number of potential participants and the installed FCR capacity.

For various countries within Europe, such as Germany and the Netherlands, steps have been taken
to allow aggregation and pooling in the FCR market (Motte-Cortes and Eising, 2019). The TSOs in the
Nordic synchronous area and the United Kingdom have also showed actions to open up their balancing
markets to aggregators (Motte-Cortes and Eising, 2019). Other countries in Europe, however, are
lacking behind in their market opening to all potential aggregator entities (Barbero et al., 2020). This
can restrict certain parties to pool their flexible energy resources and participate in the FCR bidding
process.
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3.4. Literature review discussion
The results show that various regulations and market access restrictions exist for the synchronous
areas that are present in the European Union. These regulations affect the participation of reserve
assets in the provision of FCR power and thereby the behavior of battery energy storage systems. This
can, in the end, affect the potential use of battery energy storage capacity for added value creation. In
this section it is described how the different regulations can affect overall battery performance and how
these regulations can either contribute or restrict potential balancing service providers in using their
battery for FCR and for other battery purposes.

3.4.1. Idle moments
As described in the results, FCR assets are not required to provide FCR power within the tolerated
frequency deviation band. This will result in time periods where the state of charge of the energy
storage reservoir is stable over time (idle periods) and where the power conversion system is not used
for FCR power (see Figure 3.3). BSPs can therefore decide to use the battery for other purposes in the
time periods the measured grid frequency is within this dead band region. Hollinger et al. (2016), as
an example, poses that a BESS that is providing FCR power can use this dead band region for battery
management purposes. By discharging and charging the battery during the idle time periods, BSPs
can still comply with the regulations that prescribe how much power output (in either the positive or
negative direction) a battery should deliver in the periods the measured grid frequencies are not within
this dead band region. In Tan et al. (2020), it is stated that this state of charge management strategy
can be beneficial to reduce deep charge and discharge of a BESS, thereby prolonging its lifetime and
overall profitability.

Since FCR assets are not required to react on frequency changes within the insensitivity range,
BESSs could, in theory, also use this insensitivity range for properly managing the state of charge of
a battery or serving other battery purposes. In practice, however, it can be questioned whether the
availability of an insensitivity range would genuinely increase the opportunities for value stacking. The
insensitivity range is, as described by Benini et al. (2016) often based upon the technical limitations
of grid frequency measuring units. Frequency deviations within the insensitivity range might therefore
be difficult to detect by the frequency measuring units of a BESS, which makes it impossible for power
reservoir assets to operate properly within this region for other purposes than FCR.

Figure 3.3: Idle moment identification of a BESSs. These idle moments (at moments where the power conversion system is not
used and P=0) could potentially be used to serve other battery purposes.
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3.4.2. Underutilized battery energy capacity
The regulations that prescribe the power frequency characteristics of a battery providing FCR services
are also limiting the value stacking opportunities of these storage systems. For batteries, the power
provision rate, power provision speed and power provision duration do not only give constraints to the
power output (of the grid-connected wire) of a battery at a certain timepoint, but also to the size or the
state of charge limits of the energy storage reservoir of a battery that is providing FCR services. As
the operational requirements in the results section of this literature review prescribe, BESSs that are
used for FCR should be able to maintain the fully contracted power output for the given provision time
period, which in fact means that the energy capacity of the battery should also be big enough to be
able to provide this control power (in either the positive or negative direction) over the total length of
FCR provision. To guarantee that the contracted FCR power can be delivered at any timepoint, the
battery should therefore either be big enough to provide the required FCR power over the specified
time horizon (Engels et al., 2019) or have a proper state of charge management strategy implemented
(Iurilli et al., 2019).

For both of these cases, it could be possible that part of the battery energy capacity remains
un(der)utilized. First, a BESS could have a bigger size than required for providing the contracted
amount of FCR power (see Figure 3.4) over the maximal provision period prescribed (Thien et al.,
2017). This would result in a ‘valid’ operating range of the state of charge of the battery system that
could be used for other battery purposes. Secondly, the required FCR power over a specific time
period could be less than the amount that the balancing service provider is contracted for. This could,
in theory, give an additional operating range for balancing service providers that are participating in a
FCR market and want to use part of their battery capacity for other applications.

Figure 3.4: Valid operating range of a BESS. Batteries that are providing FCR services are required to deliver a certain amount
of power over a certain time period (as a response to frequency deviations). If the amount of power (in either the positive or
negative direction) that is required over a certain time period is equal to the total capacity of the battery (capacity/Power = 1.0),
no energy capacity is left for serving other battery purposes. If the required amount of FCR power over a certain period is lower
than the total energy capacity of a battery, part of the energy capacity of a battery will not be used. This underutilized energy
capacity (here described by a valid operating range of the state of charge of the BESS) might be used for serving other batter
purposes. Adopted from: Thien et al. (2017)

Next to the power frequency characteristics (power provision rate, -speed and -duration), other
regulations also affect the way in which a specific amount of energy capacity of a battery is used and
the affiliated state of charge is evolving over time. Providing FCR within an asymmetrical market will, for
example, only change the state of charge of the battery in one specific direction (the battery will either
be charged or discharged) (Hollinger et al., 2018). The addition of a battery application that requires
energy or power in the opposite direction could therefore be a good additive to add value to the overall
battery system.

The regulations concerning bid size and unit pooling are directly correlated to the amount of FCR
capacity a balancing service provider can bid in a FCR market. This will have consequences for the
minimal and maximal contracted FCR power and the battery energy capacity that is needed to deliver
the required FCR power over a particular time period. These regulations can thus affect the ratio
between the energy capacity of the battery and the prequalified FCR power (as shown in Figure 3.4)
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and thereby indirectly affect the battery state of charge behavior and the amount of energy that can be
used for other battery applications.

Although the FCR contracting period does not give direct insight in the opportunities of using FCR
with other battery applications simultaneously, it does influence the value-stacking opportunities indi-
rectly. This can be explained by the fact that a balancing service provider could better determine their
bidding and operational strategy in FCR markets that have relatively short FCR contracting periods. As
described by Brijs et al. (2017), BSPs that are participating in FCR markets that have shorter contracting
periods are able to make a better estimation of the profitability to use specific parts of their storage
assets installed capacity for FCR purposes. Based upon the current or predicted market conditions
and the battery’s state of charge evolvement, BSPs can adjust their FCR bidding size and choose the
preferred state of energy operating range.

3.4.3. Optimal BESS management and utilization
The previous sections have shown that an optimal utilization and value creation of a battery providing
FCR power might only be achieved if BSPs are optimally using the idle moments and total energy
capacity of their batteries. To optimize the use of these idle moments and (underutilized) battery energy
storage capacity over a specific time period, it seems necessary to have perfect knowledge about
future FCR activation and state of charge developments. This information can be used to prevent the
noncompliance to FCR provision and the technical state of charge limitations (Angenendt et al. (2020);
Claessens et al. (2019)).

It can, however, be questioned whether these idle moments periods and state of charge develop-
ments can be (properly) predicted. In Chapter 2, it was already stated that the operating reserves are
mainly required for electricity system imbalances that cannot be restored by the natural system inertia
(Saleh Ebn Sharif, 2017). Larger system imbalances, resulting in frequency deviations that trigger the
FCR activation can be seen as the initial cause of battery state of charge fluctuations (of batteries
that are providing FCR services). From this perspective, it can be concluded that the behavior of a
BESS is the result of the probability of a certain power imbalance to occur and FCR regulations that
determine how an FCR asset should respond to this power imbalance. To be able to perfectly predict
the idle moment periods and state of charge developments, it seems necessary to have knowledge
about the predictability of power system imbalances in combination with the information on the FCR
asset responses to these power imbalances.

3.4.4. Literature review limitations
Although this literature review identifies two potential degrees of freedom (using idle moments and
underutilized battery energy capacity) that can be used for added value creation of a BESS providing
FCR services, the real potential and benefit of using these degrees of freedom for added value creation
can be constrained or expanded by other regional regulations that are present in the area of interest
and potential future changes in the existing regulations.

Specific regulations
For some synchronous or balancing areas, FCR regulations might be subject to even more regulations
that can contribute or restrict the value stacking opportunities. As an example, the existence of a
regulation that allows for FCR power overfullfillment (which in fact means that you can provide or extract
more FCR power than required) will give the BSP the opportunity to not only use the idle moments of a
battery for other purposes (that require PCS that is connected to the grid), but also the moments where
the FCR asset is actively providing FCR power (Schlund and German, 2017).

Change in existing regulations
FCR regulations are initially implemented to guarantee that the power system is able to withstand larger
system imbalances and thereby, prevent blackouts from happening. Regulations for FCR provision that
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are used in one specific synchronous area can, however, change or evolve over time based upon the
historical performance of these FCR assets or an overall changing environment.

The TSOs that are controlling the grid stability and reliability might, as an example, need to change
their FCR regulations as a result of renewable energy penetration. Since these intermittent energy
resources are generally not contributing to the natural system inertia (Tielens and Van Hertem, 2016),
renewable energy resources that are used in electricity generation tend to increase the amount and
heights of frequency deviations from the nominal grid frequency level. To compensate for this lower
system inertia, TSOs might need to procure higher FCR volumes or change the operational requirement
of the available reserves (or add new ones).

Another example that might require the TSOs to adjust their regulations is the European market
integration and market opening. To decrease electricity prices and increase power system security,
the European Union tends to integrate various electricity markets (of different synchronous areas and
balancing areas) with each other and open up these markets for third parties (Newbery et al., 2016).
To be able to integrate the various markets with each other, it is necessary that all the institutional
arrangements are aligned. This includes the prequalification requirements of potential BSP to enter
and participate in the integrated FCR markets.

3.5. Literature review conclusion
In this literature review, it is showed that frequency containment reserve regulations determine the way
in which FCR assets are activated and should respond to specific grid frequency deviations. Since this
FCR activation is directly correlated to the state of charge of the battery, FCR regulations are indirectly
defining the overall battery’s behavior and performance.

The regulations that are described in this review seem to affect the battery’s behavior in roughly two
ways. First of all, some of these regulations define the moments that a battery should provide or not
provide FCR power, which can result in a battery that is ‘idle’ over particular time periods. Secondly,
some regulations determine the height and direction of the FCR activation, which can directly reflect
the battery’s state of charge development over time and the utilization of energy storage capacity for
FCR services.

Batteries could potentially use the un(der)utilized energy storage capacity and, in particular, the
idle moments of a battery to perform other battery services. In this literature review, it is suggested
that optimizing the use of these idle moment periods and underutilized energy storage capacity could
potentially increase the overall profitability of a BESS.

To be able to identify the full potential of using these idle moments and underutilized energy storage
capacity for serving other battery purposes, it is necessary to determine the practical usability of these
two degrees of freedom for value-stacking opportunities. In the next two chapters, the usability of both
these degrees of freedom will be further analyzed.

In Chapter 4, more insight will be obtained in the usability of the idle moments (moments at which
the power conversion system of a battery is not used) for value-stacking in the operation of a battery
providing FCR services. In Chapter 5, the potential of using un(der)utilized energy storage capacity
(periods in which the energy storage reservoir is not fully used for FCR power) for serving other battery
services will be discussed in greater depth.
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Modelling the activation profile of

batteries providing FCR services for
three synchronous areas within Europe

4.1. Simulation model introduction
The previous chapter shows that there are several important variables that determine the way in
which the FCR assets are activated for FCR controlling areas within Europe. The different operational
requirements that are set by the TSOs responsible for controlling these synchronous areas influences
the behaviour of battery energy storage systems that are providing FCR services. As stated in the
literature review, battery energy storage systems should be capable of providing or extracting the
required amount of FCR power to or from the grid based upon these regulations. These regulations
determine at what time a battery should actively provide FCR power and at what time the battery is not
needed for FCR purposes.

This chapter describes the research that is conducted to get a better understanding of the FCR ac-
tivation of a BESS providing FCR services. A simulation model is constructed and is used to determine
the FCR activation, the occurrence of idle moments and the length of the idle moment periods. Based
upon this information, more insight is created in the usability of idle moments for battery value-stacking.

4.2. Simulation model methodology
4.2.1. General model description
In this section, the simulation model that is constructed to analyze the activation of assets providing
FCR services is elaborated. The activation of the BESSs is determined by the operational requirements
that are set by the TSOs that are acquiring these FCR assets for an FCR market within a specific
synchronous area.

Model scope
As been described in Chapter 2, there are several synchronous areas within Europe that all have their
own grid characteristics. Although the reference value of the synchronous areas within Europe is the
same (= 50.0 Hz) for all regions, grid frequency profiles can differ among the synchronous regions
depending on electricity demand and supply profiles, weather conditions and the overall electricity grid
architecture. The requirements to operate BESSs in the different synchronous areas might moreover
vary, as described in Chapter 3. The requirements that are described in the literature review will
therefore be used as a starting point (model variables) for this simulation model.

27
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Since the UCTE, Nordic and United Kingdom synchronous areas are the largest synchronous areas
within Europe (see Figure 2.1), these three regions have been selected as the cases of interest for this
study. Properly balancing these synchronous areas seem to be of most interest, since imbalances
in these electricity networks might result in the most widespread blackouts of all synchronous areas
that are present in the European Union. Although the Baltic countries are also part of a very large
synchronous area, grid balancing services are completely provided by Russia (Bompard et al., 2018).
Since there is no European FCR market for this synchronous system area, this region was not included
in this study.

For this model, it is assumed that the energy storage system that is providing the FCR services is
always available and thus, accepted for the entire simulation period by the TSO for providing primary
frequency control. This is done for the reason that the bidding prices of FCR capacity can vary among
the different balancing service providers and the results of these market processes are often not publicly
available. As a consequence, the results of this study might underestimate the total amount of time
the battery is not used for FCR purposes. The present study can, however, still be used to gain an
preliminary and rough understanding about the value-stacking opportunities of batteries in the time the
battery is used for FCR purposes. The maintenance periods of battery energy storage systems are also
not taken into account in the model. It seems that, in the case of a Li-ion battery, this is not a significant
concern, since this battery type has the property of being very reliable and having low operation and
maintenance requirements (Zubi et al., 2018). Maintenance periods will thus have only little to no effect
on the total availability of a battery for all different BESSs services.

As described in Chapter 3, both regulations, measured grid frequencies and the prequalified FCR
power determine how much FCR power a BESSs should deliver at each time moment. This activation
does therefore not directly depend on the technological characteristics of a BESSs. The technical
properties of a battery, including the total energy storage capacity, conversion efficiencies and daily
self-discharge rates, are therefore not in the scope of this research.

Time resolution
In general, assets that are providing FCR services should be capable of delivering the required amount
of FCR power almost instantaneously (Ela et al., 2010). This means that these assets should be able to
respond correctly to all ‘significant’ grid frequency deviations. Since frequency deviations are measured
on a second scale basis, the response of the FCR assets to these frequency deviations should also
take place on the same time level. Although this detailed time granularity makes the simulations very
time-consuming, it seems necessary to use this level of detail to clearly understand the frequency and
periods in which an FCR asset is activated.

Time horizon
To be able to get a good estimation of the required activation power and activation periods of the FCR
assets, the time horizon was set to one year. This was done to make sure that all daily, weekly and
seasonal effects are taken into account in the analysis. The use of this yearly time horizon could be
helpful to include the seasonal variation in renewable (wind and solar) energy output (Klein et al., 2017),
which tend to influence the need for grid balancing ancillary services (Chuang and Schwaegerl, 2009).
Yearly trends, such as an increasing penetration of renewable energy resources in the electricity mix
(Mehedintu et al., 2018) can, however, not be identified with the chosen time horizon. Although these
yearly trends could potentially influence the need for ancillary services in general, the inclusion of more
years in the simulation model would drastically increase the computational time required to execute the
simulation.

Model input
To determine the activation of assets providing FCR services, several input variables are needed. Since
the activation of FCR assets depends on grid frequency deviations, one of the main input variables is
the grid frequency profile of a specific synchronous region. Another important input variable is the
amount of FCR power that is available and contracted for FCR purposes, since this can also influence
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the height of the response to frequency deviations. Finally, area specific regulations concerning FCR
activation are required to simulate the activation of the assets that are providing the primary control
services.

The area specific regulations or operational requirements of the FCR assets that are included in
the simulation model are all based upon the literature review that has been described in Chapter 3.
The various operational variables that have been described in this literature review and that have a
direct impact on the activation of FCR assets, are included in this simulation model. This includes the
frequency dead band, power provision rate, power provision duration and bid symmetry concepts. The
regulations concerning the power provision speed is not implemented in the simulation model, since
the interpretation of these regulations can be different among the various BSPs and its implementation
often depends on the technical limitations of the FCR asset. In this model, therefore, it is assumed
that the battery energy storage system is instantaneously providing the required FCR power, which is
a realistic assumption due to the fact that these BESSs are able to react to grid demand within a matter
of milliseconds (Helwig, 2016). The insensitivity range of the BESSs for the various FCR markets was
determined indirectly. This insensitivity range was based upon the decimal place accuracy of the grid
frequencies that were present and measured in the synchronous area of interest. These historical grid
frequencies are also measured with a frequency measuring unit, which is assumed to have the same
characteristics as the frequency measuring units that are present in a BESSs.

Model output
The model generates information on the activation of an FCR asset, the height of this activation and
the direction in which the FCR power is flowing. These results indicate at each moment in time whether
the battery should have been providing electricity from the energy reservoir to the grid (discharging the
battery) or extracting electricity from the grid to the energy reservoir (charging the battery). From these
results, the idle moments of a battery for each FCR market can be identified and discussed. Moreover,
the total length of these idle moment periods can be examined. Based upon this information, insight
can be obtained in the predictability of these idle moments and the potential of using these idle moment
for using the battery for other purposes.

4.2.2. Mathematical model
Based upon the general model description that is elaborated in the previous section, a mathematical
model has been developed. In this section, the mathematical formulation of the simulation model is
provided.

Frequency deviation
The amount of FCR power that the FCR asset should deliver at each time step depends on the height
of the frequency deviation from its reference value. This frequency deviation Δ𝑓(𝑡) (Hz) can be derived
with the formula

Δ𝑓(𝑡) = 𝑓(𝑡) − 𝑓 ∀𝑡 ∈ 𝑇 (4.1)

In this formula, 𝑓(𝑡) (Hz) is the locally measured grid frequency at timepoint 𝑡 (∀𝑡 ∈ 𝑇), wherein T is
the set of all timesteps of the year 2019 (in seconds). The 𝑓 (Hz) variable is the reference frequency
value of the electricity grid. For all the synchronous areas within Europe, this reference value has been
set to 50 Hz.

Power frequency characteristics
Depending on the measured frequency deviation from reference frequency at timepoint 𝑡 (∀𝑡 ∈ 𝑇), the
asset that has a specific amount of FCR power 𝑃 (W) reserved for FCR purposes will either be
(partially or fully) activated or not. The amount of FCR power that the FCR asset should provide or
extract from the electricity grid is dependent on the power frequency characteristics that have been
described in the regulations provided by the TSOs controlling the synchronous area of interest. The
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amount of FCR power 𝑃 (W) that the FCR asset should deliver at timepoint 𝑡 (∀𝑡 ∈ 𝑇) can be
described by the function

𝑃 (𝑡) =

⎧
⎪

⎨
⎪
⎩

𝑃 , |Δ𝑓(𝑡)| ≥ Δ𝑓 + Δ𝑓
𝑃 ( ) , Δ𝑓 < |Δ𝑓(𝑡)| < Δ𝑓 + Δ𝑓 ∧ Δ𝑓 ≠ 0
𝑃 , Δ𝑓 < |Δ𝑓(𝑡)| < Δ𝑓 + Δ𝑓 ∧ Δ𝑓 = 0
0 , |Δ𝑓(𝑡)| < Δ𝑓

(4.2)

The variable Δ𝑓 (Hz) denotes the threshold, described by a frequency deviation from the ref-
erence frequency value, from which a minimal activation of the FCR asset is required. The Δ𝑓 (Hz)
variable describes the frequency deviation from Δ𝑓 , where a maximal activation of the FCR asset
is required.

Although the function above can already describe whether FCR is activated at a certain time point,
it does not yet include the direction of the power flow. The FCR variable 𝑃 (W) that includes
this power direction, can be described by the function

𝑃 (𝑡) = {
𝑃 (𝑡) , 𝑓(𝑡) ≥ 𝑓
−𝑃 (𝑡) , 𝑓(𝑡) ≤ 𝑓
0 , 𝑃 = 0

(4.3)

A positive value of 𝑃 corresponds to an electricity influx (extracting electricity from the
grid, thereby charging the battery). A negative value of 𝑃 corresponds to an electricity efflux
(providing electricity to the grid, thereby discharging the battery).

The real activation of the FCR assets can also be subject to several other conditions influencing the
behavior of these FCR units. This includes the existence of a frequency dead band, the presence of
a(n) (a)symmetrical FCR market and the power provision duration of FCR delivery.

Frequency dead band
The presence of a frequency dead band around the reference grid frequency value denotes that there is
a region of grid frequencies in which the FCR asset is not required to deliver FCR power. This dead band
region can be described by the variable Δ𝑓 (Hz), which is defined as the frequency deviation
from nominal grid frequency wherein no FCR power has to be delivered. As a result, a tolerated
frequency deviation band (without FCR activation) can be created between the values 𝑓 +Δ𝑓
and 𝑓 − Δ𝑓 .

In the case that there is a frequency dead band present in a particular synchronous area, the real
activation power of the FCR asset 𝑃 (W) can be calculated with the function

𝑃 (𝑡) = {𝑃 (𝑡) , |Δ𝑓(𝑡)| ≥ |Δ𝑓 |
0 , |Δ𝑓(𝑡)| < |Δ𝑓 |

(4.4)

The FCR asset will only be activated if the measured grid frequency is above the tolerated frequency
deviation band.

(A)symmetrical FCR market
The presence of a symmetrical or asymmetrical FCR product does also influence the activation of the
acquired FCR assets. As described in the literature review in Chapter 3, a symmetrical FCR product
includes both a positive and negative reserve. The FCR can therefore both be activated for frequency
deviations above and below the reference value. In an FCR market where only a negative reserve is
procured, FCR assets can only be active if the frequency is above the reference value. In an FCR
market where only a positive reserve is procured, the FCR assets can be activated at measured grid
frequencies below the reference value. The real activation power of the asset providing FCR 𝑃
will therefore be subject to the presence of an (a)symmetrical FCR market, described by the function
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𝑃 (𝑡) =

⎧
⎪⎪

⎨
⎪⎪
⎩

𝑃 (𝑡) , 𝐹𝐶𝑅 = 𝑇𝑟𝑢𝑒 ∧ 𝑓(𝑡) > 𝑓
𝑃 (𝑡) , 𝐹𝐶𝑅 = 𝑇𝑟𝑢𝑒 ∧ 𝑓(𝑡) < 𝑓
0 , 𝐹𝐶𝑅 = 𝐹𝑎𝑙𝑠𝑒 ∧ 𝑓(𝑡) > 𝑓
0 , 𝐹𝐶𝑅 = 𝐹𝑎𝑙𝑠𝑒 ∧ 𝑓(𝑡) < 𝑓
0 , 𝑃 (𝑡) = 0

(4.5)

where 𝐹𝐶𝑅 is a Boolean that describes the presence of a negative reserve and 𝐹𝐶𝑅
is a Boolean that describes the presence of a positive reserve.

Power provision duration
For the various FCR markets in Europe, the ENTSO-E have described guidelines on the minimal
duration of the FCR activation of FCR providing assets. These guidelines generally include a minimal
duration 𝑡 (sec) that an FCR asset should be able to provide FCR power in either the positive or
negative direction. This 𝑡 is often described as the minimal amount of time that an FCR asset should
be able to provide the maximal amount of contracted FCR power (𝑃 ).

Making use of the function

𝐸 = 𝑃 × 𝑡 (4.6)

the minimal amount of energy capacity 𝐸 (Joule/sec) that an FCR asset should be able to use for
FCR purposes can be calculated. To take into account the possibility that an FCR asset is not always
using the full contracted FCR capacity at each time point, FCR assets in the European Union are mainly
obliged to deliver the required amount of FCR power for a duration 𝑡 (sec) that is proportional to 𝑡 .
By using the real FCR power 𝑃 at timepoint 𝑡 (∀𝑡 ∈ 𝑇) as a percentage of the maximum amount
of contracted FCR power (𝑃 ), the amount of energy 𝐸 (Joule/sec) that is required for a specific
period an FCR unit is activated (idle time period n) can thereafter be derived with the function

𝐸 (𝑛) = ∑ 𝑃
𝑃 (4.7)

This 𝐸 variable thus describes the amount of battery energy capacity that is needed to provide
the required amount of FCR power over the period that the FCR power is asked for.

Some of the synchronous regions do also take into account the state of charge limitations of battery
energy storage systems that are providing frequency containment reserve services. At the specific
time moments that 𝐸 (n) is equal to 𝐸 , they therefore allow a period of recovery of length 𝑡 ,
in which the FCR asset does not have to be used for FCR purposes. The 𝑃 in that particular
recovery period will thus remain zero (which has also been adopted in this model).

4.2.3. Model implementation
The mathematical model that has been developed in the previous section has been implemented in a
Python environment (Visual Studio Code), making use of the SimSES (Simulation of stationary energy
storage systems) open source modeling framework that has been developed by Maik Naumann, Nam
Truong, Marc Moeller and Daniel Kucevic from the Institute for Electrical Energy Storage Technology
at the Technical University of Munich (Naumann et al., 2017). This modeling framework has already
proven to be useful for analyzing lithium-ion based battery energy storage systems and optimizing
the utilization of battery energy storage capacity for different applications, including FCR (Kucevic
et al. (2020); Naumann et al. (2015); Truong et al. (2016)). A great advantage of using this mod-
eling framework to simulate the activation behavior of FCR assets for different FCR markets is the
fact that other aspects influencing the behavior of battery energy storage systems, such as battery
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degradation, conversion efficiencies and state of charge management systems can easily be added in
future research.

4.2.4. Case selection
As described in the general model description section, the activation behavior of an FCR asset providing
FCR services within three different synchronous regions in Europe is examined; the UCTE region, the
Nordic region and the United Kingdom. For these three synchronous regions, five FCR markets have
been identified and included in this study. All these markets have their own regulatory characteristics
that determine the activation of FCR assets. In Table 4.1, an overview is shown of the regulations of
the various FCR markets that have been used in this study to simulate the activation behavior of FCR
providing assets.

Information of these regulations have mainly been received by analyzing various documents (see
Table 4.1 literature) provided by the TSOs that are controlling the different synchronous areas. In
this study, the regulations that are described by the Belgium TSO Elia (UCTE region), Finnish TSO
Fingrid (Nordic region) and the British TSO National Grid ESO (United Kingdom region) have been
adopted in the model. The reason for this is that these TSOs have defined the most clear and complete
information on the operational requirements of FCR assets. Although some small variations in the oper-
ational requirements have been identified between TSOs operating in the same synchronous area (Elia
(2019);Fingrid (2019a);National Grid ESO (2017);Smethurst et al. (2017);TenneT (2019);50hertz et al.
(2020);Merlo and Falabretti (2016);SVK (2020);Statnett (2019)), most of the operational requirements
are the same. This is mainly due to the fact that there are international guidelines on the provision of
FCR (European Parliament, 2017), which constrain the individual TSOs of one specific synchronous
area in the regulations they can set up and use concerning the provision of FCR by balancing service
providers.

Synchronous Reference Dead Power provision Power Recovery Bid Literature
region and frequency band rate provision time symmetry
FCR market duration period
UCTE 50 Hz ±10 mHz linear increase 25 min 2 hours Yes Elia (2019)
Belgium 0% at = 0 mHz

100% at = 200 mHz
Nordic 50 Hz ±10 mHz linear increase 30 min 2 hours Yes Fingrid (2019a)
Finland 0% at = 0 mHz
FCR-N 100% at = 100 mHz
Nordic 50 Hz ±10 mHz linear increase 30 min 2 hours No Fingrid (2019a)
Finland 0% at = 100 mHz (only neg.)
FCR-D 100% at = 500 mHz
UK 50 Hz ±15 mHz 100% at = 300 mHz Indefinitely - Yes National Grid ESO (2017)
United Kingdom Smethurst et al. (2017)
Non-Dynamic
UK 50 Hz ±15 mHz linear increase Indefinitely - Yes National Grid ESO (2017)
United Kingdom 0% at = 0 mHz Smethurst et al. (2017)
Dynamic 100% at = 500 mHz

Table 4.1: Overview of regulations of the various FCR markets

Historical grid frequency data of the different synchronous regions of interest was collected from
various databases. For all synchronous areas, the measured grid frequency for the whole year in
2019 was collected. The Frequency information of the Nordic region was collected from the Fingrid
TSO (Fingrid, 2019b). Frequency information of the UCTE region was obtained from the Réseau
de Transport d’Électricité (RTE) TSO (RTE, 2019). Historical frequency information of the United
Kingdom region has been collected from the database of the National Grid ESO TSO (National Grid
ESO, 2019). For the UCTE region, frequency data could only be obtained with a time interval of 10
seconds per observation. To be able to compute the FCR activation on a second basis, a forward filling
method has been used. In the Nordic region, frequency data for the period ‘04/05/2019 10:48:07 -
09/05/2019 14:35:24’ could not be obtained. Therefore, this particular time period has been excluded
in the numerical data analysis part of this research.

In this research, a BESS with a prequalified FCR power rating of 1 MW has been used to compare
the various synchronous areas and FCR markets. This power rating is based upon the minimal bidding
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size of a BESS in the UCTE, United Kingdom dynamic, United Kingdom non-dynamic and Nordic
FCR-N markets. Although higher or smaller bids might be possible for a battery with a different energy
storage capacity, this can only directly influence the height of the FCR activation (the required FCR
power is always proportional to the bidding size).

4.2.5. Model verification
To guarantee the correct implementation of the mathematical model in the Python environment, all
the different variables that have been described in the previous section were implemented, used and
checked by hand. This was done by creating a test sample of grid frequency deviations, simulating the
FCR activation based upon the various regulations individually and jointly and checking the outcomes
of the model with the expected ones. Errors that were identified were removed and additional model
verification simulations were performed until no further errors could be identified.

4.3. Simulation model results
In this section, the simulation results of a battery energy storage system with a prequalified FCR power
rating of 1 MW providing FCR services in three different synchronous regions (United Kingdom region,
UCTE region, Nordic region) and five different FCR markets are elaborated. The results include
observations on the activation, idle times and the length of idle time periods of the battery energy
storage system.

4.3.1. Continental Europe (UCTE region)
Figure 4.1 shows a heatmap with the height and direction of the activation of a battery energy storage
system providing FCR services in the UCTE synchronous area over the period of one year (in the year
2019). In this graph, a power influx (FCR power that is extracted from the grid and charges the battery)
is described with values that are positive (P > 0 W). The efflux of FCR power (power that is provided to
the grid and discharges the battery) is described with values that are negative (P < 0 W). The variation
in color (color gradient) is explaining the relative intensity of the height of FCR activation. Higher power
influx or efflux is hereby described with colors that are darker. In periods that the FCR asset is not
providing FCR power, the color in the heatmap is completely white.

Figure 4.1: Heat map of the frequency containment reserve activation of a battery (1MW prequalified FCR power) for the UCTE
FCR market in 2019.
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As illustrated in Figure 4.1, BESSs that are providing FCR services in the UCTE region show FCR
activation in both the positive and negative direction and varying heights of FCR activation over time.
In the year 2019, the total amount of FCR that should have been delivered by the FCR asset is 305.18
MWh in the positive direction (battery charging) and 305.46 MWh in the negative direction (battery
discharging).

In the examined time period, the BESS was not providing any FCR power for 8.98 ± 1.08 hours a
day, resulting in an average percentage of battery idle time of 37.42 ± 4.51% per day. Over the year
2019, the battery was idle for a total of 3277.8 hours. In Figure 4.2, the mean and 95% confidence
intervals of the FCR power a battery energy storage system delivered over a daytime for the year 2019
is shown. The variation (mean and 95% confidence intervals) in FCR activation over the day shows
that the specific time moments in which a battery is ‘idle’ cannot be perfectly predicted.

Figure 4.2: Average amount of FCR power output (W) with 95 percent confidence intervals of a battery in the UCTE FCR market
over the day.

Figure 4.3 shows the distribution of the lengths of the idle time periods in the UCTE synchronous
area. As shown in the figure, the amount of idle moments that were identified in the year 2019 seems to
decrease exponentially with increasing idle time period length. In the case that the BESS was idle, the
length of idle time was on average 57.52 ± 121.73 seconds. The minimal length of these idle periods
was 10 seconds, the maximum length was 4880 seconds.
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Figure 4.3: Frequency of the idle time period lenghts for the UCTE FCR market.

4.3.2. Nordic region – FCR-N
In the Nordics, battery energy storage systems show other FCR activation characteristics. In Figure 4.4,
the heatmap describing the activation of a BESS that is participating in the Nordic FCR-N market is
shown. Based upon this figure, several things could be noted. First of all, the missing data in the
period ‘04/05/2019 10:48:07 - 09/05/2019 14:35:24’. Since frequency data of this particular time period
is missing (as described in the methodology section), no clear FCR activation estimation could be
made within this time period. As seen from the intensity of the colors in the heatmap, the amount of
FCR activation of assets that are delivering FCR in the Nordic FCR-N market is relatively high. Over the
whole time period, a total of 1475.66 MWh of FCR has been delivered in the positive direction (battery
charges) and a total of 1443.32 MWh in the negative direction (battery discharges).

Figure 4.4: Heat map of the frequency containment reserve activation of a battery (1MW prequalified FCR power) for the Nordic
FCR-N market in 2019.
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For a battery providing FCR-N power, the average idle time over the year 2019 was 4.62 ± 0.58
hours per day. This corresponds to an average daily idle time percentage of 19.26 ± 2.42%. Over the
whole time period, the battery was considered idle for a total time of 1669.1 hours.

The plot that visualizes the mean and 95% confidence intervals of the FCR reserve activation of
a BESS over a twenty-four-hour period in the Nordic FCR-N market (see Figure 4.5) shows that the
variation in FCR activation during the day is relatively high. The 95% confidence intervals are broad,
and the limits of these intervals are relatively close to the maximal contracted FCR power of the BESS
(±1 MW FCR). This thus indicates that there are no specific time moments over the day where the
battery is always considered idle.

The histogram that is presented in Figure 4.6 shows that the total length of the idle time periods of a
battery providing FCR-N power follows a similar pattern as a battery providing FCR power in the UCTE
region. The amount of idle moments that were identified in the year 2019 decreases with an increasing
length of the idle time period. On average, the idle time period was 42.57 ± 121.90 seconds, with an
observed minimum idle time period of 1 second and an observed maximum idle time period of 3219
seconds.

Figure 4.5: Average amount of FCR power output (W) with 95 percent confidence intervals of a battery in the Nordic FCR-N
market over the day.
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Figure 4.6: Frequency of the idle time period lenghts for the Nordic FCR-N market.

4.3.3. United Kingdom region – Dynamic FCR
In Figure 4.7, the activation of a battery providing FCR services for the dynamic FCR market of the
United Kingdom is presented. This FCR power was delivered in the year 2019 for a total of 452.10 MWh
in the positive direction (battery charging) and for a total of 459.04 MWh in the negative direction. In
the examined time period, the battery energy storage system was not providing frequency containment
reserve power for a total of 1238.82 hours. On average, the idle time period per day was 3.39 ± 0.40
hours, corresponding to an idle time percentage of 14.14 ± 1.67%.

Figure 4.7: Heat map of the frequency containment reserve activation of a battery (1MW prequalified FCR power) for the United
Kingdom dynamic FCR market in 2019.
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The plot (see Figure 4.8) that shows the mean and 95% confidence intervals of the FCR reserve
activation of a BESS providing dynamic FCR power in the United Kingdom region shows that for this
FCR market, also no perfect prediction can be made when these idle moments occur. Over the year
2019, batteries were actively providing frequency containment reserve power for each time moment of
the day for at least a few days per year.

Figure 4.9 shows a histogram of the total length of the idle time periods of a battery providing
dynamic FCR power in the UK synchronous area. The average length of these idle time periods is
83.34 ± 226 seconds. The observed minimum length of these idle time periods was 1 second. The
observed maximal length of the idle time periods was 6748 seconds.

Figure 4.8: Average amount of FCR power output (W) with 95 percent confidence intervals of a battery in the United Kingdom
dynamic FCR market over the day.

Figure 4.9: Frequency of the idle time period lenghts for the United Kingdom dynamic FCR market.
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4.3.4. Other FCR markets
In both the UK Non-dynamic FCR market and the Nordic FCR-D market, total FCR activation was
relatively low (for the affiliated heatmaps, see Appendix B). Batteries that were providing FCR services
in the Nordic FCR-D market are only required to provide negative reserve power. This has resulted in
a net total battery energy efflux of 3.72 MWh over the year 2019. Batteries providing FCR services in
the UK Non-Dynamic FCR market (which is a symmetrical FCR market), delivered 0.12 MWh of FCR
in the positive direction and 0.11 MWh of FCR in the negative direction over the year 2019.

For both the UK Non-Dynamic (24.00 - 0.07 hours per day) and the Nordic FCR-D (23.72 ± 0.20
hours per day) markets, the amount of idle time per day was relatively high, corresponding to an idle
time percentage of 100.00 - 0.31% and 98.83 ± 0.84% and a total idle time of 8759.65 and 8657.74
hours over the year 2019 respectively.

Due to the relatively small amount of time the battery was required for FCR purposes over the
year (as shown in the heatmaps in Appendix B), the length of the idle time periods between two FCR
activations for these two FCR markets could become relatively large. In the United Kingdom Non-
dynamic FCR market, a maximal observed idle time period of 218.45 hours was observed for the
year 2019. For the Nordic FCR-D market, a maximal idle time period of 125.03 hours. Due to the
relatively small amount of active data samples, however, no proper estimation could be made about
the predictability of these idle moments and their mean idle period lengths.

4.4. Simulation model discussion
The results in the previous section show that the FCR activation of a battery with a prequalified FCR
power rating of 1 MW can be very different for the various synchronous regions and FCR markets.
Both the height of total FCR delivery, direction of FCR activation, total idle time and idle time lengths
are showing various behaviour based upon the grid frequency input and regulations that are present
within the specific synchronous areas.

4.4.1. Frequency containment reserve activation
For the different synchronous regions that were examined, various FCR activations of battery energy
storage systems providing FCR services were identified. In the synchronous regions Continental
Europe and the United Kingdom, a relatively lower FCR power was required (for the UCTE FCR market
and dynamic FCR market) over the year 2019 compared to the Nordic region (FCR-N market). These
results are in line with the results obtained by Hollinger et al. (2018). They showed that the amount
of FCR power that batteries were providing in the Nordic FCR-N market was of a factor three times
higher compared to the equivalent UCTE and dynamic UK FCR markets (with frequency data that was
obtained in the years 2012-2015). Several explanations can be given for this difference.

First of all, the overall grid frequencies and electricity grid architectures of these synchronous
areas are not similar. Deviations from the nominal reference frequency of 50 Hz are, as shown in
Figure 4.10, relatively higher in the Nordics compared to the UCTE synchronous area. This reflects
that the electricity system of the Nordic synchronous areas is less stable with larger imbalances between
electricity generation and demand. To compensate these larger system imbalances, FCRs are required
more actively provide balancing services (Hollinger et al. (2018); Maurer et al. (2017)).

The grid frequency characteristics that are shown in Figure 4.10 do not yet explain the relatively
high difference in FCR activation between the FCR-N market of the Nordic synchronous area and the
Dynamic FCR market of the United Kingdom. The deviations in grid frequencies from the reference
frequency seem rather similar between these two synchronous areas. Moreover, it does also not
explain the differences in FCR activation between the Nordic FCR-N and Nordic FCR-D or the United
Kingdom dynamic and United Kingdom Non-Dynamic FCR markets. The reason for the difference in
FCR activation between these synchronous areas and FCR markets can, however, be explained by
the variance in regulations that are affecting the operation of the FCR assets.

The dead band that is used in the United Kingdom is, for instance, ± 0.15 mHz (Smethurst et al.,
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2017) compared to the dead band that is used in the Nordic synchronous area (± 0.10 mHz) (Fingrid,
2019a). This shows that batteries providing FCR power in the Nordic FCR-N market are already re-
quired to provide FCR services at smaller frequency deviations from the reference frequency compared
to the United Kingdom region.

Other regulations that heavily affect the activation of FCR assets are the power-frequency char-
acteristics, as described in the literature review in Chapter 3. Batteries providing FCR services in the
Nordic FCR-N market are required to deliver their full contracted FCR capacity at a frequency deviation
of ±100 mHz (linearly increasing from ±0 mHz) from reference frequency, whereas the dynamic FCR
market in the United Kingdom requires the full contracted FCR capacity at a frequency deviation of ±500
mHz (linearly increasing from ±0 mHz). In the UCTE FCR market, the requirement of full FCR provision
is at ±200 mHz (linearly increasing from ±0 mHz). This shows that the variance in FCR activation is
both the result of varying grid frequencies and varying regulations in the different synchronous areas
and FCR markets.

Figure 4.10: Deviations from the nominal reference frequency of 50 Hz for the UCTE, Nordic and United Kingdom regions.

4.4.2. Total idle time
In the results section, it is shown that for the various FCR markets, batteries were not providing
frequency containment reserve power for a relatively high number of hours per day. For the UCTE
FCR market (8.98 ± 1.08 hours of idle time per day), Nordic FCR-N market (4.62 ± 0.58 hours of idle
time per day) and United Kingdom dynamic FCR market (3.39 ± 0.40 hours of idle time per day), the
total percentage of idle time of a battery providing FCR power per day reached up to 37.42 ± 4.51% on
average. For the Nordic FCR-D and United Kingdom Non-Dynamic FCR markets, the average idle time
percentage is even higher (up to 100.00%). These numbers show that the energy storage reservoir
and the power conversion system of a BESS is not fully utilized over the lifespan of a battery providing
primary control power and that there is a big opportunity for battery utilization optimization, especially
in the markets where the battery is rarely used.

Although the total idle time of batteries providing FCR services is relatively high, the actual amount
of time that the battery is not used for FCR related charging and discharging purposes is supposed to
be lower. In various articles (Brivio et al. (2016); Divshali and Evens (2020); Sanchez et al. (2018);
Stroe et al. (2017); Tan et al. (2020)), it is described that some of these idle moments must be used to
maintain the energy reservoirs state of energy within its state of charge limits. Depending on the state
of charge management strategy of the BSP, the size of the battery and the state of charge evolution
over time, a specific amount of idle time should, as described in these articles, be reserved for battery
charging and discharging, thereby obtaining a preferred state of charge level for complying with future
FCR power requirements.
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4.4.3. Idle time period lengths
The results show that the number of occurrences of idle time periods seem to be exponentially decaying
with an increased idle period length for the UCTE FCR market, Nordic FCR-N market and United
Kingdom dynamic FCR market. This indicates that the majority of the idle time periods only last for a
small amount of time (in the range of seconds to one minute).

Since a battery is generally able to react to grid frequency changes in a matter of milliseconds
(Helwig, 2016), they might, in theory, be capable of using these small time periods for other battery
purposes. This, however, also requires that these alternative battery services are beneficial to use
on this relatively small timescale. Apart from reactive power control (Aminzadeh et al., 2020) or state
of charge management (Divshali and Evens, 2020), no other battery service is known that could be
properly performed within this seconds timescale.

For the Nordic FCR-D and United Kingdom Non-Dynamic FCR markets, the time periods between
two FCR activations could be very long. This might, in theory, be beneficial for using the battery for
other purposes. The Nordic FCR-D market seems the market of most interest. This market does not
only have a long overall idle time and long-lasting idle time periods between two FCR activations, it is
also a market that only requires FCR power within one specific direction (providing negative reserve
power). This thus opens up the opportunity to use the battery for purposes that require power or battery
capacity in the opposite direction.

4.5. Simulation model conclusion
This simulation model has demonstrated that the activation of a BESS that is providing FCR services
varies among the synchronous regions and FCR markets. Both the frequency characteristics of the
specific synchronous areas and the regulations that define the operational requirements of a BESS
participating in one specific FCR market seem to determine the height and direction of FCR activation.

The result of the different model simulations showed that the total amount of idle time of batteries
participating in primary control reserve can be very high for some FCR markets. This indicates that
there are many moments in time where the power conversion system of a battery is not used and the
state of charge of the batteries is not changing. This information (in particular for the Nordic FCR-D and
United Kingdom Non-Dynamic FCR market) gives the indication that there might be a huge potential
in using these idle moments for other battery purposes.

The potential to use these idle moments for other battery purposes can partially to fully be negated
by the fact that the idle time periods are relatively small for some of the FCR markets. Since most of the
idle moment periods only last for some seconds to minutes, no clear potential for using these moments
for other battery purposes, apart from reactive power control and state of charge management, could
be identified.

For the Nordic FCR-D and United Kingdom Non-Dynamic FCR market, the potential of using the
battery for other purposes seems of most interest. These markets have an overall relatively long idle
time and the affiliated idle time periods could be relatively large. For these markets, however, the
question remains whether a proper prediction could be made about the periods in which these idle
moments occur.





5
Forecasting the behavior of batteries

providing FCR services for different FCR
markets

5.1. Time series model introduction
Analyzing the behavior and value-stacking opportunities of batteries providing FCR services is not only
constrained to the question whether a battery is actively providing FCR power at a certain time moment
or not. The use of a battery for a specific purpose does require both insight into the available power
capacity and energy capacity of a battery. Next to the question at what time moments a battery is
using its power conversion system (available power capacity, as examined in Chapter 4), it is therefore
necessary to identify what is the available energy capacity of the energy reservoir of a battery over
time. The direction and height of the power flow, and thereby the consequences for the state of charge
of the battery (available energy capacity of a battery), can be very helpful in determining the required
energy capacity of a battery for FCR purposes and the leftover energy storage capacity for other battery
applications.

In this chapter, time series forecasting models for all the examined FCR markets of the previous
chapter where time series analysis was possible to conduct were constructed and used to determine
the predictability of the FCR activation of a BESS. Using simulated time series data of a battery that is
providing FCR power in three various synchronous regions and markets in the European Union, it is
attempted to identify whether the BESS FCR activation can be predicted from historical values. This
information can, in the end, be useful for balancing service providers in analyzing and optimizing their
batteries utilization and profitability.

5.2. Time series model methodology
To perform the time series analysis and generate the forecasting model, the forecast process research
framework described by Montgomery et al. (2015) was used. This research framework describes the
activities, including the 1) problem definition, 2) data collection, 3) data analysis, 4) model selection
and fitting and 5) model validation steps, that should be performed to do proper time series analysis
and forecasting.

5.2.1. Problem definition
The general goal of this time series analysis is to get a better understanding of the height and direction
of the activation of battery energy storage systems providing FCR and to get a rough estimation of
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the predictability of this charging and discharging behavior. Although all information on each time
granularity might have an added value for understanding FCR activation and behavior, most added
value is seen in a time series analysis for a minute to several hours forecast. Time series analysis for
a seconds forecast does not seem to be of much importance, since the capacity of batteries that are
providing FCR services are generally so large that the power that is extracted from or stored in the
energy reservoir of these FCR assets on a second’s timescale is almost neglectable. Weekly, monthly
or yearly forecasts seem also less informative. Although these forecasts might be able to capture long-
term trends in grid frequency volatility and FCR activation, they do not generally provide insight into the
charging or discharging behavior of a battery within one battery cycle.

Although a high forecast accuracy can better estimate the future behavior of BESS providing FCR,
no specific forecast accuracy levels are included in this study. The height of the forecast accuracy level
mainly depends on the specific requirements that are set by the BESS owner, which can vary on risk
aversion and the forecast application. In this study, it was therefore only relevant to identify whether
the constructed time series forecasting model could better predict the FCR activation of a BESS than
the mean of the whole time series dataset.

5.2.2. Data collection
For the time series analysis and forecasting process, data on the height and direction of the FCR
services provided in the three most used FCR markets in the synchronous regions UCTE, Nordics
(FCR-N) and United Kingdom (Dynamic) in 2019 has been derived from the results of the simulation
model described in Chapter 4. The Nordic FCR-D market and United Kingdom Non-Dynamic FCR
market have not been included in this time series research, since the FCR assets participating in these
two markets, were rarely activated. It is therefore not possible to do proper time series analysis for
these two FCR markets.

The data obtained from the three FCR markets that were included in this study is aggregated from
a one second level to a five-minute period. This has been done to be able to make a forecast that can
capture both hourly and daily seasonality. Furthermore, the data set was divided into two subclasses
to do both time series analysis and model building and time series forecasting. The training set, which
has been used for the time series analysis and model building part, included the FCR activation data of
the first two weeks of January 2019. It was assumed that this training set could contain enough data to
do proper data analysis and was not too big to include the monthly or seasonal patterns that could be
present in the time series. The forecasting set included FCR data of the first hour (15-01-2019 00:00:00
up to 15-01-2019 00:55:00) after the training set.

5.2.3. Data analysis
In the data analysis step, the FCR data that was collected was visualized and checked for normality.
Potential trends and other abnormalities in the dataset, including seasonal components and outliers,
were flagged. The insights that were obtained in the potential seasonality’s and outliers were subse-
quently used in the model fitting process and the discussion section of this time series analysis.

5.2.4. Model selection and fitting
In literature, a wide variety of quantitative forecasting methods have been described (Montgomery
et al., 2015). All these methods have their own properties and limitations. As described by Hyndman
and Athanasopoulos (2018), exponential smoothing and Autoregressive Integrated Moving Average
(ARIMA) models are the most widely used approaches for time series forecasting. The strength of
exponential smoothing methods can be found in its capacity to describe trends and seasonality in time
series data. ARIMA models are more aimed at describing the auto-correlations (the correlation between
a time series and a lagged version of itself) that are present within the time series.

For understanding the behavior of batteries providing FCR services, both information on trends and
seasonality as well as information on the similarity between the given time series and a lagged version
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of itself seems of interest. The identification of seasonal trends can give information on the availability
of charging or discharging patterns as a response to FCR activation for batteries providing FCR. The
autocorrelation of a time series could give information on the near term prospected FCR requirement of
an FCR providing asset. This shows the relevance of using a model that can both capture seasonality
and the autocorrelation of the collected time series.

A time series forecasting method that can be used for identifying both autocorrelation and seasonal
patterns is the Seasonal ARIMA (SARIMA) model, initially presented by Box and Jenkins (1976). This
model is able to describe time series that exhibit non-stationary behavior within and across certain de-
fined seasons. It has some additional, seasonal components compared to the standard ARIMA model,
which is a model that is built upon the combination of an auto-regression model (AR), differentiation or
‘integrated’ (I) time series and a moving average (MA) model.

Autoregressive (AR) model
An autoregressive model is a model that uses past observations to predict the current observation
(Hyndman and Athanasopoulos, 2018). It uses the linear association between the past values of the
variable and the current value. An autoregressive process that depends on p past observations is
described as an autoregressive model of degree 𝑝, or AR(𝑝). For an autoregressive model, the outcome
𝑦 at time 𝑡 of the autoregressive process of an order 𝑝 can be described by the function

𝑦 = 𝜙 𝑦 + 𝜙 𝑦 +⋯+ 𝜙 𝑦 + 𝜀 (5.1)

The predicted value of the observation at a particular timepoint therefore depends on the lagged
values of 𝑦 , their regression coefficient 𝜙 and an error term 𝜀 .

Integrated (I)
Many of the time series that are found in practice are non-stationary, which means that the statistical
properties of the time series are dependent on time (e.g. due to trends or seasonality). The problem
with this non-stationarity is, however, that analytical tools, tests and forecasting models rely on the
assumption that the data is stationary, as described by Manuca and Savit (1996). Without stationary
data, the interpretation of the results of a times series analysis and forecasting model can therefore
become problematic.

The way in which Box et al. (1994) cope with this non-stationary data for time series analysis and
forecasting is the use of time series differencing. This method computes the differences between
consecutive observations, thereby attempting to remove the non-stationary elements of a time series. A
difference-stationary process or integrated process with an order 𝑑 (𝑑-th-degree differencing operator)
and outcome 𝑦 can hereby be written as

𝑦 = 𝑦 − 𝑦 (5.2)

In this function, 𝑦 represents the value of the first-degree difference of the time series dataset. For
this differenced series, the first observation cannot be differenced. The total amount of observations
will therefore become 𝑇–1.

Moving average (MA) model
The moving average model is a model that uses past forecast errors as predictors for future outcomes
(Hyndman and Athanasopoulos, 2018). It thus incorporates the dependencies between an observation
and the residual errors from a moving average model that is applied to the lagged or past observations.
In general, the outcome of a moving average model 𝑦 at time t for a moving average process of an
order 𝑞 or MA(𝑞) that uses 𝑞 past observations can be described by the function

𝑦 = 𝜇 + 𝜀 + 𝜃 𝜀 + 𝜃 𝜀 +⋯+ 𝜃 𝜀 (5.3)
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where𝑚𝑢 is the mean of the data series, 𝜀 the white noise at time 𝑡 and 𝜃 the regression coefficient
of the previous error term 𝑞. The value of the outcome of this moving average process can be described
as a weighted moving average of the 𝑞 past forecast errors.

Autoregressive integrated moving average (ARIMA) model
An ARIMA model can be defined as a model that combines an autoregressive model, a ‘differenced’
time series and a moving average model. This model can thus generate predictions of a time series
that is integrated or differenced with an order 𝑑 and based upon the lagged values (obtained from the
autoregressive part) and lagged errors (obtained from the moving average part) of 𝑦 (Hyndman and
Athanasopoulos, 2018). The full model can be written as

𝑦 = 𝜇 + 𝜙 𝑦 +⋯+ 𝜙 𝑦 + 𝜃 𝜀 +⋯+ 𝜃 𝜀 + 𝜀 (5.4)

This model can also be denoted as an ARIMA(𝑝, 𝑑, 𝑞) model, wherein 𝑝 describes the order of the
autoregressive part of the model, 𝑑 describes the degree of differencing and 𝑞 describes the order of
the moving average part of the model.

Seasonal autoregressive integrated moving average (SARIMA) model
The ARIMA model that have been described in the previous paragraph could be further extended by the
addition of a seasonal part. The seasonal part of a SARIMA model (as shown in Figure 5.1) consists
of some seasonal terms that can be used to better predict the value of the current observation by also
taking into account the seasonal variation in the time series dataset (Hyndman and Athanasopoulos,
2018).

Figure 5.1: overview of the seasonal autoregressive moving average (SARIMA) model terms.

The part that describes the seasonal influences consists of terms that are similar to the terms used
in a normal ARIMA model; an autoregressive component (with order 𝑃), a differencing component (with
order 𝐷) and a moving average component (with order 𝑄). The only difference in the computation of
the terms in the seasonal part compared to the non-seasonal part of the SARIMA model is that the
seasonal terms are based upon the correlation of the current observation 𝑦 with the lagged values and
errors of 𝑦( ) , where 𝑚 is the seasonal period.

Parameter order determination
In general, the order of the autoregressive, differencing and moving average terms can be determined
by an extensive analysis of the raw time series dataset. The order of the differencing component (𝑑, 𝐷)
can often be derived by looking at the level of stationarity of the time series. To check the data for
stationarity, this study has used the augmented Dickey-Fuller (ADF) test (Mushtaq, 2012). This ADF
test is used for testing the null hypothesis that a specific time series is non-stationary. If a certain
time series dataset cannot reject this null hypothesis, the order of the differencing operators (𝑑, 𝐷) is
changed by a value of one. Subsequently, the ADF testing procedure is repeated until stationarity of
the dataset is achieved.

The estimation of the (𝑝, 𝑞) and (𝑃, 𝑄)𝑚 terms of the SARIMA model is primarily done by analyzing
the autocorrelation function (ACF) and partial autocorrelation function (PACF) of the time series. The
ACF is a function that can describe how different points in time are correlated to each other in a way
that can be explained by temporal distance (Ramanathan et al., 2017). Within time series analysis, this
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particular function is often used to get a rough first estimation of the degree of the moving average terms
(𝑞 and 𝑄). The PACF, as described by Ramanathan et al. (2017), is a function that can give insight
into the partial correlation of a time series with its lagged values, thereby controlling for all values of the
time series that have shorter time lags. The use of this function can give a first rough estimation of the
order of the autoregressive terms (𝑝 and 𝑃).

The selection of the preliminary order of the autoregressive and moving average terms of the non-
seasonal part of the model is done by looking at the presence of a significant correlation (𝛼 = 0.05)
of the first few time lags with the current observation. The order of the terms is hereby estimated at
the amount of significant correlations that can be identified in a consecutive order and do not increase
over the time lags (since this indicates the presence of seasonality). For the preliminary selection of
the order of the autoregressive and moving average terms of the seasonal part of the model, the ACF
and PACF were analyzed on the (re)occurrence of a significant correlation with a time lag of period 𝑚.

As stated by Wang et al. (2013), the use of the described methods (the analysis of the ACF and
PACF) is often not sufficient to get the parameters that are needed for an optimal model fit. Further
SARIMA model parameter determination can be done by trial-and-error, varying the order of the non-
seasonal and seasonal autoregressive and moving average terms and by comparing the different model
fits with each other. In this study, the Akaike information criterion (AIC), which is a technique developed
by that is used to estimate the likelihood of a model to estimate future values (Akaike, 1974), is used
as an estimator for the quality of the model fit. The preferred model is the one with the minimum AIC
(Wang et al., 2013).

5.2.5. Model validation
The time series analysis forecasting models that were developed in this research have been validated
by evaluating the fit of the model to the historical data set. Based upon a Q-Q plot, the residual errors
of the model were analyzed and examined on their normality. The fit of the model to the historical
dataset and the forecasting dataset have also been evaluated by calculating the root-mean-square
error (RMSE). For the historical dataset, the calculated RMSE was compared with the RMSE of a model
that was only representing the overall mean of the historical data time series. In this way, preliminary
insight could be obtained about the strength of using time series forecasting in the prediction of FCR
activation.
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5.3. Time series model results
This section describes the results of the SARIMA time series analysis and forecasting models that
are constructed and used to identify the predictability of the FCR activation of a BESS, providing
FCR services in the UCTE FCR market, Nordic FCR-N market and United Kingdom Dynamic FCR
market. Since the activation of a BESS providing 1 MW FCR power is based on the regulations and
grid frequency profiles that are present in each of these synchronous regions (which varies, as shown in
Chapter 4), an individual time series and forecasting model has been constructed for each synchronous
area.

5.3.1. UCTE region
In Figure 5.2, the time series and corresponding histogram of the FCR activation of a battery, providing
1 MW prequalified FCR power in the UCTE market, is shown for the first two weeks of January. Based
upon the Dickey-Fuller test that has been performed, stationarity of the dataset could be assumed
(𝑝 < 0.001). This indicates that the time series data does not show a significant trend over its time
horizon. Time series differencing for this particular dataset was therefore not needed (𝑑 = 0 and
𝐷 = 0).

Figure 5.2: Time series overview (left) an histogram (right) for the FCR activation ( kWh) in the UCTE FCR market.

Figure 5.3 shows the graphs for the autocorrelation function and partial autocorrelation function of
the UCTE time series dataset. The autocorrelation of each time lag with an observed value at timepoint
𝑡 (∀𝑡 ∈ 𝑇) can hereby be analyzed. Based upon the ACF and PACF shapes, the preliminary values of
the SARIMA (𝑝, 𝑞) and (𝑃, 𝑄) can be identified.

The shape of the ACF in this figure shows a high seasonal correlation with a period of 𝑚 = 12.
Since each time series lag corresponds to a 5-minute window, a seasonality therefore seams to occur
on an hourly basis. This pattern has been observed for at least three lagging periods, which suggests
that the seasonal MA (P) order should be equal to 3 or 4. The PACF also shows a high correlation
at time lag 12. This seasonal correlation, however, seem to diminish for the longer time lags. This
indicates that the seasonal AR (Q) term should be of an order 1.

The preliminary orders of the MA and AR terms of the non-seasonal part of the model were estimated
by looking at the first few time lags of the AC and PAC functions respectively. The ACF shows a
declining significant correlation up to time lag 3 or 4, whereas the PAC function shows significant
correlations for around 3 time lags (higher time lags will give an autocovariance that is close to zero).
This indicates that the q should be equal to 3 or 4 and the 𝑝 should be equal to 3.



5.3. Time series model results 49

Figure 5.3: Autocorrelation function (left) and partial autocorrelation function (right) of the time series of the UCTE region.

The SARIMA model was thus estimated to have a degree (𝑝, 𝑑, 𝑞) (𝑃, 𝐷, 𝑄)𝑚 of (3, 0, 3) (1, 0, 3)12.
Fitting this model with the original time series dataset, an AIC value of 25025.710 was found, which
is a relative measure of model parsimony. Further SARIMA model parameter estimations and model
comparisons were done to get a model that could best fit the time series data. The model with a lower
AIC score is hereby expected to have a superior balance between its goodness-of-fit and its ability
to avoid over-fitting the time series dataset by including to many parameters. The model with model
parameter terms (1, 0, 4) (2, 0, 4)12 showed the optimal fit with the original dataset, with an observed
AIC value of 24938.674 (which is lower then the preliminary AIC value).

In Figure 5.4, the original dataset (blue) and the constructed SARIMA model fit are plotted. For the
time series training set (first two weeks of January), the RMSE of the SARIMA model has a value of
5.32. Compared with the RMSE of the mean of the whole dataset (RMSE = 8.32), the SARIMA model
seems to perform better in estimating the FCR activation of an FCR asset. The RMSE for the predicted
FCR activation for the defined forecasting period (15-01-2019 00:00:00 up to 15-01-2019 00:55:00)
had a value of 7.49.

Figure 5.4: Model fit of SARIMA (1,0,4) (2,0,4)12 (red) for time series data of FCR activation of the first two weeks of January
2019 (blue) in the UCTE FCR market.

In Figure 5.5, the residuals of the predicted values of the SARIMA model with the observed values of
the data training set are presented in a normal Q-Q-plot. This Q-Q-plot shows that the residuals of the
fitted model are generally following a normal distribution. It is, however, also shown that the residuals
have more extreme values than expected in a normal distribution. This could give the indication that
the model that is constructed is not able to fully capture the extreme values that are present in the data
training set.
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Figure 5.5: Plot of model fit residuals for the UCTE Seasonal autoregressive integrated moving average (SARIMA) model.

5.3.2. Nordic region
The time series data of the activation of a battery with a prequalified power rating of 1 MW in the Nordic
FCR-N market is shown in Figure 5.6a and the corresponding histogram in Figure 5.6b. The results of
the Dickey-Fuller test showed that time series is stationary (𝑝 < 0.001). Differencing was therefore not
needed for the construction of the time series forecasting model (𝑑 = 0 and 𝐷 = 0).

Figure 5.6: Time series overview (left) an histogram (right) for the FCR activation ( kWh) in the Nordic FCR-N market.

In Figure 5.7, the graphs of the ACF and PACF of the Nordic FCR-N dataset are presented. Although
the shape of the ACF shows a high probability of the presence of a seasonal component (due to trend
in time lag correlation), it did not give direct insight into the specific period in which this seasonality
occurs. The PACF graph, on the other hand, did show some seasonality. Both time lag 12, 24 and 36
showed a significant autocovariance. Therefore, it was preliminary assumed that a seasonality exists
for a period 𝑚 = 12 with an MA (Q) and AR (P) order of 0 and 3 respectively.

Based upon the ACF and PACF plots, the MA and AR degrees of the non-seasonal component
were estimated at 8 and 3 respectively. This resulted in a SARIMA model with parameters (𝑝, 𝑑, 𝑞)
(𝑃, 𝐷, 𝑄)𝑚 of (3, 0, 8) (3, 0, 0)12 with an AIC value of 33862.443. After trial-and-error of other parameter
values, a model that was slightly better fitting the data training set was found. The SARIMA model with
model parameter (3, 0, 4) (2, 0, 0)12 resulted in an AIC of 33858.058, describing the data slightly better
with less model coefficients.

In Figure 5.8, the constructed SARIMA model (red) has been plotted along with the original time
series dataset (blue). The RMSE of the model that has been constructed (RMSE = 16.09) seems to be
a lot better than the RMSE that has been calculated based upon the mean of the whole dataset (RMSE
= 31.28). The model thus seems to be able to better follow the real FCR of an asset providing FCR-N
services in the Nordic synchronous area compared to a model that is only based upon the historical
mean of FCR activation. The RMSE of the forecasting dataset was 25.75.
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Figure 5.7: Autocorrelation function (left) and partial autocorrelation function (right) of the time series of the Nordic region.

Figure 5.8: Model fit of SARIMA (3,0,4) (2,0,0)12 (red) for time series data of FCR activation of the first two weeks of January
2019 (blue) in the Nordic FCR-N market.

In Figure 5.9, a Q-Q-plot is presented that shows the residuals of the predicted values of the SARIMA
model and the observed values of the data training set. The Q-Q-plot shows that the model that is fitted
to time series dataset has residuals that more or less follow a normal distribution (with some observed
extreme values).

Figure 5.9: Plot of model fit residuals for the Nordic Seasonal autoregressive integrated moving average (SARIMA) model.
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5.3.3. United Kingdom region
Figure 5.10a and the histogram in Figure 5.10b shows the activation of a battery with a prequalified
power rating of 1 MW for the United Kingdom Dynamic FCR market. The lack of an overall trend and
therefore, the stationarity of the dataset has been confirmed by the Dickey-Fuller test (p<0.001). The
order of the differencing components (d,D) of this data time series set that has been used for creating
the forecasting model are therefore equal to zero.

Figure 5.10: Time series overview (left) an histogram (right) for the FCR activation ( kWh) in the UK dynamic FCR market.

Figure 5.11 shows the autocorrelation function and partial autocorrelation function of the United
Kingdom FCR activation time series. Seasonality in this timeseries dataset has been identified for the
periods 𝑚 = 6 or 𝑚 = 12, based upon the observed patterns of significant autocovariance in the ACF
function. Since time lags 6, 12, 18 and 24 show a higher significant correlation compared to the time
lags around these values, a period of 𝑚 = 6 is assumed with an MA (Q) order of 4 and AR (P) order of
2.

Preliminary orders of the MA term and AR term of the non-seasonal part were estimated at 𝑞 = 5
and 𝑝 = 3 respectively. The corresponding SARIMA model (3, 0, 5) (2, 0, 4)6 was fitted with the original
data set and showed a model fit with an AIC value of 28432.540. By using other model parameters and
comparing various models with each other, a better model fit with model parameters (1, 0, 3) (1, 0, 3)6
and an AIC value of 28430.750 was found.

The results of the fit of the model (red) and the original time series dataset (blue) are plotted in
Figure 5.12. In overall, the SARIMA model that has been constructed to model the FCR activation
seems to perform a little bit better (RMSE = 8.20) compared to the mean of the whole dataset (RMSE
= 9.95). For the forecasting dataset, the RMS was 9.60.

Figure 5.11: Autocorrelation function (left) and partial autocorrelation function (right) of the time series of the United Kingdom
region.
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Figure 5.12: Model fit of SARIMA (1,0,3) (1,0,3)6 (red) for time series data of FCR activation of the first two weeks of January
2019 (blue) in the UK dynamic FCR market.

In Figure 5.13, a Q-Q-plot is presented that shows the residuals of the SARIMA model that is fitted
with the data time series of the FCR activation of an asset providing FCR services in the United Kingdom
Dynamic market. The Q-Q-plot shows that the residuals of the SARIMA model are almost normally
distributed. This indicates that there are almost no extreme outliers in the residuals of the fitted model.

Figure 5.13: Plot of model fit residuals for the United Kingdom Seasonal autoregressive integrated moving average (SARIMA)
model.

5.4. Time series model discussion
The results showed that SARIMA models that include both non-seasonal and seasonal components
can be used to fairly estimate the battery’s behavior in response to grid frequency deviations. This
indicates that the height and direction of FCR activation and the future state of charge development of
a battery could be predicted by using historical FCR data that has been aggregated to a 5-minute period
window. The information that is needed to predict future FCR activation of a BESS does, however, vary
among the synchronous areas and FCR markets.

5.4.1. Time series autocorrelation
The moving average terms of the non-seasonal component of the various SARIMA models show that
all the synchronous regions use historical moving average values and errors for predicting the value
of the current observation (with values that were obtained up to 20 minutes in history). This could
therefore give the indication that there might be a change in upward and downward trends in FCR
activation in a period of 15 - 20 minutes. This means that the battery might have predictable periods
of power influx (’charging’) or periods of power efflux (’discharging’) for around 15-20 minutes. The
autoregressive terms of the various SARIMA models show that the observed values of FCR activation
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were also dependent upon the values of the lagged observations. This gives the indication that near-
term FCR activation could be predicted based upon historical values.

5.4.2. Time series seasonality
In the results section of the various time series analysis performed, seasonalities in FCR activation
were observed in the FCR-N market and UCTE market for time lags with a period of m = 12. This
indicates that there is a pattern in the FCR activation that is repeated every hour (since every time lag
corresponds to a 5-minute window). First indications of this pattern could also be observed in the plots
of the FCR activation over a daytime for the year 2019, that were obtained in the previous chapter
(e.g. power fluctuations in FCR activation in the UCTE region, as shown in Figure 5.14). In these
plots, on the hour spikes in the FCR activation (both in the positive and negative direction) of an FCR
asset can been observed for both the UCTE and Nordic FCR-N market for almost all hours, which
might be referring to the existence of an hourly seasonality. For the United Kingdom, these fast power
fluctuations seem to occur on a half-hourly basis (see Figure 4.8).

Figure 5.14: Average amount of FCR power output (W) with 95 percent confidence intervals of a battery in the UCTE FCR market
over the day. Seasonal peaks were observed around each market scheduling point (on the hour).

The clear spikes in FCR activation seem to be the result of deterministic frequency deviations.
These deterministic frequency deviations are defined as frequency deviations that have a typical mo-
ment of occurrence, durations and value. As described in (Weissbach et al., 2018), the root cause
of these specific deterministic frequency deviations (and affiliated FCR activation) can be found in
the changes in power plant schedules that are ramping up or down their power output as a result of
electricity market scheduling. In their article, they describe that electricity market scheduling, which is
based upon hourly products (or half hourly in the case of the United Kingdom (Hagfors et al., 2016)),
is causing deterministic power imbalances in the electricity system network. While electricity demand
shows a relatively smooth daily load curve (due to the fact that electricity demand is continuously
changing over time), daily electricity generation profiles are more the result of stepwise scheduled
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power program changes. The stepwise change in power output of power plants is caused by the fact
that these power plants are not perfectly following the load evolution over the (half) hour, but rather
change their power output based upon the products that are procured in the electricity market (which
are based upon the average electricity demand for a specific (half) hour). This results in a relatively
high fluctuation in power output of various power plants in a small period of time (close to the (half-)
hourly market scheduling point), thereby causing system imbalances, higher frequency deviations and
a higher FCR activation in the same time period.

In literature, more articles were found that describe the interaction between hourly market schedul-
ing and deterministic frequency deviations in the UCTE (Weissbach and Welfonder, 2009) and Nordic
(Li et al. (2011); Persson and Chen (2017); Xu et al. (2008)) synchronous areas. All these articles show
that more system imbalances and higher frequency deviations from the reference frequency are more
likely to occur around the market scheduling point.

In Weissbach and Welfonder (2009), it is even shown that the magnitude and direction of these
deterministic frequency deviations are directly dependent on the specific load gradient and time of day
(as shown in Figure 5.15). This suggests that there might be a highly correlated daily seasonality in
FCR activation (which could also be observed in the heatmap of the UCTE region in the results section
of Chapter 4 and which could also explain the high extreme values in the Q-Q plot of the SARIMA
that are fitted to the time series of the UCTE and Nordic region). Further investigation in these daily
seasonality’s should be done to identify new prediction opportunities of FCR activation and the affiliated
state of charge developments.

Figure 5.15: Power generation and load and grid frequencies. Scheduled electricity generation (Pg (GW)) and electricity
consumption (Pl (GW)) shows to be interconnected with the observed frequency deviations (deterministic) for the UCTE region.
Source: Weissbach and Welfonder (2009).

5.5. Time series model conclusion
In this chapter, it is demonstrated that the height of FCR activation of a battery that is providing FCR
services in the UCTE FCR market, Nordic FCR-N market and United Kingdom dynamic FCR market,
can be predicted with the use of a seasonal autoregressive integrated moving average model. Results
show that historical data that is aggregated to a five-minute period can be a useful source in the
prediction of future batteries behavior.

For all markets, a seasonal pattern in FCR activation has been found for periods with lengths that are
equal to the lengths of the contracting periods of the power exchange markets that are present within
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the various synchronous areas. For the Nordic FCR-N and UCTE FCR markets, an hourly seasonality
was observed. For the United Kingdom dynamic FCR market, a half-hourly seasonality was observed.

Although the time series analysis and forecasting models that have been constructed in this re-
search show the strength of using historical data to predict future changes in FCR activation and
thereby, the batteries behavior, further research that includes other seasonality’s should be conducted
to get a better estimation of the predictability of FCR activation. This can, in the end, be helpful to
determine the full potential of using historical data for future FCR activation predictions.



6
Discussion

In this chapter, the results that were obtained from the literature review, simulation model and forecast-
ing model and their implication for the operation of BESSs providing FCR, will be discussed. First, the
overall findings of the various chapters will be elaborated. Second, the overall limitations of the master
thesis research approach will be discussed. Third, the implications of these research findings for the
operation of BESSs in FCR markets will be considered. In the end, suggestions for further research
will be provided.

6.1. Overall research findings
The results of the literature review, simulation model and forecasting model show the complexity
and various dependencies in FCR activation and the affiliated charging and discharging behavior of
batteries. Both technical, economic and regulatory factors seem to play a determining role in the
operation of primary control assets and to shape the boundaries for additional value creation of batteries
that provide this grid service.

First of all, in Chapter 2 it is shown that the battery’s response to power system imbalances is partially
determined by the regulations of the specific synchronous region or balancing area. Regulations, set
by the various transmission system operators that are controlling these regions, define how balancing
service operators can act within a specific balancing market and how their control assets should respond
to certain frequency deviations (as described in Chapter 3).

The real operation of a battery that is providing FCR power does, however, not rely on these
regulations only. The occurrences and heights of grid frequency deviations from the nominal reference
value are an important indication of FCR activation as well (as shown in Chapter 4). The combination
of these two factors determine the power and energy demand of a battery for each time unit throughout
the period a battery is performing FCR services.

In Chapter 4, it is demonstrated that the power conversion system of a BESS is not always running
at its full (reserved) capacity. For the various synchronous regions and FCR markets that have been
examined in this research, simulation results show that there are a lot of moments a battery is not
even using the power conversion system and thus remains idle. These moments are referred to as idle
moments. In some cases, this total idle time reaches up to around 100% of the time period the battery
is available for FCR purposes.

The same applies to the FCR reserved capacity of the energy reservoir of a BESS. As described
in Chapter 3, a BESS should be able to deliver the maximal amount of FCR power for a specific time
period. In theory, BSPs should reserve a particular amount of battery energy storage capacity to be
able to deliver this FCR power at any time. Due to the fact that a battery is idle for a long amount of
time and is not always providing its full contracted FCR power (as demonstrated in Chapter 4), the
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percentage of time periods in which the whole battery energy storage capacity that is reserved for FCR
is needed, seems to be less then 100%.

The differences in the theoretical amount of battery power and energy reservoir capacity that is
required for FCR purposes and the real amount of battery power and energy capacity that is needed
in response to grid imbalances leaves room for optimizing the battery’s utilization. In Chapter 3, it is
illustrated that both the idle moments and underutilized storage capacity (energy storage capacity that
is not used within a particular time period) could be a useful source for added value creation.

The results of the simulation model in Chapter 4 show that the usability of the idle moments for
added value creation is, however, limited. The moments in which a battery is not used for delivering
FCR power cannot be perfectly predicted for the UCTE, Nordic FCR-N and the United Kingdom dynamic
FCR markets. Additionally, the results show that the batteries in these markets that are providing FCR
services are most often only idle for a short period of time (second-minutes). Consequently, these idle
moments can only be used for battery purposes that are able to use an irregular power output over a
longer time period.

The results of the time series forecasting study in Chapter 5 showed that there are opportunities in
determining the required battery energy storage capacity that is required for FCR. It is demonstrated
that FCR activation and the affiliated change in state of charge can be predicted based upon historical
FCR activation data. This indicates that the future need for battery energy storage capacity for FCR
purposes can be estimated. Storage capacity, reserved for FCR purposes but not needed for future
FCR delivery, (as estimated by a forecasting model) could therefore be used to serve other battery
purposes.

The combination insights that were obtained from the FCR activation simulation study and time
series forecasting study shows that the capability of using reserved and underutilized FCR battery
power capacity and energy storage capacity for other purposes is very limited. No clear prediction
can be made of the behavior of a BESS in response to grid system imbalances. To comply with both
the power conversion limits of a BESS in the short term (at a second level) and the energy reservoir
state of charge limits in the medium to long term (at a 15 to 30-minute basis) seems to remain a very
challenging task.

6.2. Research limitations
In this master thesis research, various limitations were identified. In this section, the limitations of the
model assumptions, modelling methods, used data and the obtained results are elaborated.

6.2.1. Model assumptions
The various models that have been developed and used in this study have several simplifications. First
of all, information on the technical characteristics of the BESSs was not included. The overall size of the
energy storage reservoir and the power conversion system does, however, constrain the opportunities
to use a BESS for FCR purposes and influences the overall battery’s behavior. The size of the power
conversion system is directly related to the maximal power output of a battery that is providing FCR
services and therefore, the maximal amount of FCR power a BSP can contract. In this study, it is
assumed that the battery has a prequalified power rating of 1 MW (in both the upward and downward
direction), which corresponds to the minimal bid size for some of the FCR markets examined in this
thesis. Since the total FCR output of a battery is directly related to the maximal contracted amount of
FCR power, the results of this study can, however, easily be transformed for balancing service providers
that want to contract higher amounts of FCR power.

The size of the energy reservoir of a BESS is also influencing the battery’s behavior in response to
FCR activation. The developments in the state of charge of a battery and the range in which a battery
can be used for other battery purposes is directly dependent on this battery size. Having a smaller
battery requires the BSP to do more state of charge management in order to comply with the technical
and operational requirements of FCR delivery (Thien et al., 2017).



6.2. Research limitations 59

The daily self-discharge rate, energy conversion efficiencies and battery degradation factors are
other technical properties that can influence the state of charge of the battery (Dunn et al., 2011)
and therefore, the need for intermediate battery charging or discharging. This indicates that the real
potential of using the un(der)utilized battery’s power and energy capacity is very case specific and
dependent on the technical characteristics of the battery of interest.

Another main assumption in the simulation model, is that the BESS is assumed always to be
contracted for FCR services. In reality, this might not always be the case. In most of the European
countries, balancing services are procured in an open market. BSPs can hereby make offers on the
provision of FCR services and the offers are selected on a merit order basis (Borne et al., 2018). This
might result in a FCR offer of a specific BSP that is not accepted and therefore, the BSP is not required
to deliver FCR power for the contracting period that has been procured. Consequently, the BSP can
decide to use the battery for other battery purposes during the contracting period it is not providing FCR
services.

6.2.2. Model limitations
Although the seasonal autoregressive integrated moving average model that has been used in this
study is capable of including a time series seasonality, the model does have some limitations. One
of the biggest limitations of the use of this SARIMA model is that it can include only one seasonal
component in its original form. This limits the forecasting model to the use of an hourly seasonality
only, whereas the data showed that there might also be a daily seasonality in the time series. Future
research could focus on the inclusion of external regressors (Fourier terms) to take into account the
daily seasonality in the prediction of FCR activation, as shown in (Murat et al., 2018).

Both the simulation model and time series forecasting model could not be validated by the use of
real FCR activation data of a BESS that was providing FCR power. It can, however, be questioned
to what extend this would have impacted the results. FCR activation is, in general, directly related
to the institutions that are defining the way in which BESS should respond to certain grid frequency
deviations. This indicates that in the normal operation of a BESS in FCR provision, no real deviation
from this theoretical value is possible. The validation of these models with real FCR activation data
could however identify the impact of the market bidding and state of charge management processes
on FCR activation.

6.2.3. Data limitations
In the simulation model of this master thesis, grid frequency data of the various synchronous regions
(UCTE, Nordics, United Kingdom) was collected from different TSO databases. The raw grid frequency
data that was obtained for the UCTE region had a time interval of 10 seconds per observation. To be
able to make an estimation of the BESS FCR activation on a 1 second interval, a forward filling method
has been applied. This forward filling method does have consequences for FCR activation and the
idle time moments and periods of a battery providing FCR services in this region (it can either over- or
underestimate the amount of idle time moments and idle time periods). This is also the case for the
Nordic FCR-N market. Missing data values of the period (04/05/2019 10:48:07 - 09/05/2019 14:35:24)
affect the results of the overall total FCR reserve activation and total idle time of a battery performing
FCR services in this particular region.

Although these data problems have been acknowledged, it does not change the overall insights
that were obtained in this study. In this master thesis research, it was not the intention to find the
exact values of FCR activation and the total amount of idle time. Gaining meaningful insights into the
operation of an FCR asset and the usability of idle moments for other purposes were still possible.

6.2.4. Result limitations
The results that were obtained in this study show that there are many factors directly or indirectly
involved in FCR activation. Regulations, grid frequency characteristics and battery characteristics all
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seem to influence the overall activation of a FCR asset. The dependencies of the results on these
factors also reveal the vulnerabilities of the results to (future) changes in these specific variables.
Grid frequency characteristics could, as an example, change due to the penetration of RES. Since
these RES are not contributing to the system inertia of the electricity network, (higher) grid frequency
deviations are more likely to occur (Kroposki et al., 2017). Changes in regulation or the substitution of
specific balancing products could also influence the FCR requirements and FCR activation (Gundogdu
et al., 2017). The institutions and technical limitations of a battery do also affect the possibilities to use
the un(der)utilized power and energy capacities for other battery applications. First of all, the results do
not take into account the recharging strategy of a battery that is required to control the state of charge
of a battery within its limits. The risk of FCR non-compliance could also impose penalties, which can
restrict balancing service providers that are risk-averse to use the available battery capacities (Engels
et al., 2019). Consequently, actual information on the FCR operational requirements and grid frequency
characteristics, taking into account the characteristics of the battery, seems essential for identifying the
real FCR operation and predictability of the state of charge development.

One other limitation of the results that were obtained from this study is the fact that no clear esti-
mation could be made of the profitability of using the identified degrees of freedom for other battery
purposes. Making estimations of the profitability of a certain other application, requires not only insight
into the profitability of this other application, but also insight into its required battery energy storage and
power capacities and the overall effect of this battery service on the batteries state of charge.

6.3. Research implications
Although this research showed that there is only a limited opportunity for added value creation in the
operation of batteries that are preliminary used for FCR purposes, the knowledge that is obtained in this
study can still be very useful for BSPs in determining the operational strategies of their battery energy
storage assets.

The ability to predict the future state of charge evolution of a BESS could, for example, be used to
make better choices on the state of charge management strategies of batteries that are oversized for
the delivery of FCR services. By predicting the development of the state of charge of a battery over
time, BSPs might be able to identify a future need for battery’s charging or discharging on an earlier
notice (see Figure 6.1). This information could be used to buy or sell electricity in the intraday electricity
market, hereby changing the state of charge of the battery to a preferred state of charge level.

Figure 6.1: State of charge (SOC) development over time (red) due to battery usage. By predicting the future state of charge,
more insight can be obtained in the moments that a battery has to be charged or discharged to the preferred SOC level.
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Transmission system operators could also use the information obtained in this study for the attraction
of new reserve capacity. By providing more transparent and clear information on the operational
requirements of their existing FCR products and the predictability of FCR activation, balancing service
providers are more able to estimate their profitability and operational strategies. This might attract
new market players in the FCR market which can lead to more installed reserve capacity and more
competitive FCR pricing.

The results of this master thesis study also highlight the complexity and interdependencies in the
determination of an optimal battery’s utilization and operation (as also shown in the alignment scheme
in Chapter 2). The technical characteristics of a battery are important in defining the state of charge
and power output limits of a BESS. The institutional arrangements that are present in the area in
which the BESS is deployed and operated, define part of the battery’s behavior in response to grid
frequency deviations. These grid frequency deviations are, partially the result of deterministic system
imbalances. These deterministic power system imbalances seem to be correlated with the products
that are procured in the electricity market, which are, again, based upon regulations that are set by
the TSO. Finally, all the various regulations are dedicated to guarantee a stable and reliable electricity
transmission between power system generators and power consumers, which is the critical function of
this grid balancing system.

All the aforementioned relationships show the sociotechnical character of this problem and its
designed solutions. The use of a battery for two applications simultaneously, and in particular, ap-
plications where more than one actor is involved, requires compatibility of both the technical and social
arrangements in the system of interest. From the results that are obtained in this master thesis, this
seems to be not bounded to one specific system level only. Technical and institutional arrangements on
various system levels seem to affect the operation of a battery in FCR provision and the profitability of a
battery over its lifetime. Research that is conducted in this particular research field should therefore take
into account the impact of the institutions and technical architectures that are present in other system
levels on their results. New causal relations and potential improvements of the system of interest might
be more easily identified, designed and implemented.





7
Conclusion

In this chapter, the answer to the main research question is provided. Furthermore, the sub research
questions that have been used to answer this research question are elaborated. Finally, recommen-
dations for further research will be given based on the results of this study.

7.1. Main research question
What are the opportunities to create added value in the utilization of a battery energy storage system
that is providing frequency containment reserve services in the European Union?

The results and insights that were obtained in this study showed that the opportunities of added
value creation in the operation of a battery that is providing FCR services in the European Union are
limited.

Batteries that contracted their full power capacity for FCR purposes are constrained in the use
of their power conversion system and energy reservoir by compliance with existing FCR regulations.
These regulations define the activation profile of batteries that provide FCR services. Meaning that the
regulations also define how much storage capacity and power capacity of a battery is required and used
over time. However, the historical activation profile of such battery suggests that this does not always
have to result in a full utilization of the reserved FCR power capacity and energy storage capacity of
a battery. For various FCR markets in Europe, moments were identified where the power conversion
system was not used and time periods were identified where the total reserved energy storage capacity
of a battery was underutilized. Theoretically, these idle moments and the underutilized energy storage
capacity of a battery could therefore be opportunities for added value creation. In practice, the use of
these degrees of freedom for added value creation seems, however, limited. Although the results of
this research suggest that there is a possibility to predict the future utilization of the energy storage
capacity of a battery for some of the FCR markets in Europe, the moments and length of the periods
in which a battery is not using its power conversion system for FCR purposes seems not perfectly
predictable. This indicates that there is only a possibility to use these degrees of freedom for other
battery applications that require an irregular (grid) power output over a certain time period.

7.1.1. Sub research questions
In the research process, several sub research questions were answered to motivate the answer to the
main research question. The section summarizes and elaborates on these research questions.

Which factors determine the activation of a BESS providing FCR services?
FCR is the first controlling mechanism that is used by a transmission system operator to counteract
imbalances between electricity demand and electricity supply in the power supply chain. It is used
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to stabilize frequency deviations from its nominal value in the entire connected high voltage trans-
mission network and is critical for normal grid functioning. It includes power reserve assets that are
synchronized with the electricity network and increase or reduce their power output to restore a system
imbalance, regardless of its cause and location.

In general, the activation of a BESS providing FCR is dependent on the grid frequency profile,
contracted amount of FCR power and regulations that are present in the synchronous region where
the battery is deployed. Grid frequency profiles and the affiliated grid frequency deviations are re-
gion specific and related to the overall characteristics of the electricity network infrastructure in the
synchronous area of interest. The amount of FCR power that a BSPs can contract depends on two
factors. Firstly, the technical limitations of the BESS define the size of the power conversion system and
energy reservoir. Secondly, the regulations (including the market access restrictions, FCR contracting
period, bid symmetry, bid size and unit pooling requirements) prescribe how a BSPs can participate in
the FCR market.

Other regulations, including the frequency dead band, insensitivity range, power provision rate,
power provision speed and power provision duration, determine the operational requirements and FCR
activation of a BESS providing frequency containment reserve services.

What is the activation profile of batteries providing FCR services in the European Union?
Based upon the regulations and grid frequency profiles of the various synchronous regions in Europe, a
varying (simulated) activation profile of batteries providing FCR services for the different FCR markets
that were examined in this study was observed. Both the amount-, time-, height- and direction of FCR
activation was different for the various FCR markets that were included in this research. The activation
profiles showed that in all markets, time periods were observed in which the battery was not used for
FCR purposes. This indicated that there are moments when the battery is ‘idle’ as well as periods when
not all of the reserved battery capacity for FCR was utilized.

What are the degrees of freedom in the operation of a BESS that is providing FCR services
which can be used for value stacking?
The FCR activation profiles of the BESS for the various synchronous areas showed that the battery
does not always use its full power capacity and energy capacity that was initially reserved for FCR
purposes. The presence of idle moments and periods in which not all of the reserved energy capacity
of a battery is used show that there might be opportunities to use these degrees of freedom for serving
other battery purposes and therefore, add value to the overall battery’s operation.

What is the practical usability of the degrees of freedom in the operation of a BESS that is
providing FCR services which can be used for value stacking?
The practical usability of the identified degrees of freedom for value stacking opportunities is limited.
No clear prediction can be made of the various moments a battery is used for FCR and the length of
the periods in which the battery is idle. The results of this study do, however, suggest that the state of
charge development of a battery that is providing FCR services might be predictable. Patterns in FCR
activation and direction have been identified for various FCR markets in Europe and could therefore
be useful in predicting the state of charge development over time and identifying the periods in time
in which a certain storage capacity is underutilized. The question remains whether the combination of
these two degrees of freedom gives enough room for value creation. More insight into the required
power and energy storage capacities for state of charge management and other battery applications is
required to identify the full potential of the identified degrees of freedom and the potential impact on a
battery’s profitability.

7.2. Scientific relevance
In the presented master thesis, various research methods have been used to explore the value-stacking
opportunities of batteries that are providing FCR services in the European Union. A literature review
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was performed, a simulation model was built, and a time series analysis and forecasting model was de-
veloped to understand the theoretical and practical value-stacking opportunities of a BESS. In general,
the master thesis that was performed opened new research directions for identifying value-stacking
opportunities of batteries providing services that are subject to operational constraints set by external
parties (such as TSOs). Up until now, most research that was found in literature focused on the
combination of battery services based upon the ‘theoretical’ activation of batteries rather than its real
activation profile.

In the case of a battery that is providing FCR services, the regulations that determine the activation
of batteries seem to be somewhat ‘over-cautious’ to be able to secure the critical functionality (stable
and reliable electricity supply) of the system of interest (electricity system). These regulations are
determined and sized in such a way that the electricity system is able to withstand very high system
imbalances that have an extreme low probability to occur. As a consequence, there is a discrepancy
between the battery capacity that is reserved for FCR (based upon the ‘theoretical’ activation of batter-
ies) and the real battery capacity that is used for FCR. This research does therefore suggest that the
full value-stacking potential of batteries could only be identified by analyzing and evaluating the real
activation profile of batteries that are operated in a certain context.

7.3. Societal relevance
The information that is obtained in this master thesis study is also societal relevant. As described in
this thesis, BESS are seen as important assets to provide the required flexibility and stability of the
future electricity supply chain. BESS are, however, extremely capital intensive. Investors in batteries
are therefore trying to identify the best methods to obtain the most value in the lifetime of a battery.
This includes the identification of the best operating strategy (which application to serve at each time
moment) and best state of charge management strategy (at what moment to charge or discharge your
battery to the preferred state of charge level).

The insights that are obtained in this research can contribute to the knowledge that is necessary to
make these strategic operating choices. The information of the required power capacity and energy
capacity of a battery for FCR purposes can determine the profitability of using a battery for the provision
of FCR services. This can subsequently be used to make better strategic bidding choices in a certain
FCR market. Additionally, the information obtained in this study can give insight into the benefit-
stacking opportunities of batteries that are providing FCR services (making use of the idle moments
and underutilized energy storage capacity of the battery). Consequently, BSPs might be able to better
decide upon their state of charge management choices and operating strategy. This could, in the end,
result in added value creation and make the investment in BESS more economically attractive.

7.4. Research suggestions
Based upon the results and insight that were obtained in this study, various recommendations for further
research could be made. First of all, additional battery properties could be added in the (SimSES)
simulation model to get a better prediction of the battery’s behavior to grid frequencies deviations. The
addition of the size of the battery energy storage reservoir could give more insight in the need for state
of charge management and the amount of ‘idle’ time that is required to control this state of charge.
Including the self-discharge rate, energy conversion efficiencies and battery degradation rates could
further show the need for this state of charge management and the impact on the battery’s power and
energy storage capacity usage.

Other research could focus on the predictability of the FCR activation in the UCTE FCR, Nordic FCR-
N and United Kingdom dynamic FCR market. By adding other seasonal terms to the SARIMA models
that were developed and used in this study (e.g. the daily seasonality that has also been observed in
this research), potential improvements in the predictability of future state of charge developments of
batteries providing FCR services could be made. This information could be useful in the determination
of the future battery’s behavior, which could improve the operational strategies of BSPs.
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By further investigating the factors (size, efficiency, self-discharge rate) that influence the need for
a specific amount of power capacity and energy capacity of a BESS that is providing FCR services,
more insight could be gained in the opportunities to use these batteries for other battery purposes
simultaneously. To use a battery for two applications simultaneously does require insight into the power
and energy capacity requirements of each battery application that is used. In particular, it is needed
to obtain information about the time constraints and regularity in which a specific battery application
requires power and energy capacity of a battery. This can help to understand the real potential and
benefit of using these various applications simultaneously.



Bibliography

50hertz, Amprion, Tennet, and Transnet BW. Präqualifikationsverfahren fur Regelreserveanbi-
eter (FCR, aFRR, mFRR) in Deutschland. Technical report, 2020. URL https://www.
regelleistung.net/ext/static/prequalification.

Hirotugu Akaike. A New Look at the Statistical Model Identification. IEEE Transactions on Automatic
Control, 19(6):716–723, 1974. ISSN 15582523. doi: 10.1109/TAC.1974.1100705.

Daniel Akinyele, Juri Belikov, and Yoash Levron. Battery storage technologies for electrical applications:
Impact in stand-alone photovoltaic systems. Energies, 10(11):1760, nov 2017. ISSN 19961073. doi:
10.3390/en10111760.

Saeed Aminzadeh, Mehrdad Tarafdar Hagh, and Heresh Seyedi. Reactive power management for
microgrid frequency control. International Journal of Electrical Power and Energy Systems, 120:
105959, sep 2020. ISSN 01420615. doi: 10.1016/j.ijepes.2020.105959.

Georg Angenendt, Sebastian Zurmühlen, Jan Figgener, Kai Philipp Kairies, and Dirk Uwe Sauer.
Providing frequency control reserve with photovoltaic battery energy storage systems and power-
to-heat coupling. Energy, 194:116923, mar 2020. ISSN 03605442. doi: 10.1016/j.energy.2020.
116923.

Manuel Avendano-Mora and Ernst H. Camm. Financial assessment of battery energy storage systems
for frequency regulation service. In IEEE Power and Energy Society General Meeting, volume 2015-
September. IEEE Computer Society, sep 2015. ISBN 9781467380409. doi: 10.1109/PESGM.
2015.7286504.

Muhammad Aziz, Muhammad Huda, Asep Bayu Dani Nandiyanto, and Ade Gafar Abdullah. Opportu-
nity of frequency regulation using electric vehicles in Denmark. Journal of Engineering Science and
Technology, (6):1700–1712, jun 2018. ISSN 18234690.

Mattia Barbero, Cristina Corchero, Lluc Canals Casals, Lucia Igualada, and F. Javier Heredia. Critical
evaluation of European balancing markets to enable the participation of Demand Aggregators.
Applied Energy, 264:114707, apr 2020. ISSN 03062619. doi: 10.1016/j.apenergy.2020.114707.

John P. Barton and David G. Infield. Energy storage and its use with intermittent renewable energy.
IEEE Transactions on Energy Conversion, 19(2):441–448, jun 2004. ISSN 08858969. doi: 10.
1109/TEC.2003.822305.

M. Benini, S. Canevese, D. Cirio, and A. Gatti. Battery energy storage systems for the provision of
primary and secondary frequency regulation in Italy. In EEEIC 2016 - International Conference on
Environment and Electrical Engineering. Institute of Electrical and Electronics Engineers Inc., aug
2016. ISBN 9781509023196. doi: 10.1109/EEEIC.2016.7555748.

Janusz W. Bialek. Why has it happened again? Comparison between the UCTE blackout in 2006 and
the blackouts of 2003. In 2007 IEEE Lausanne POWERTECH, Proceedings, pages 51–56, 2007.
ISBN 9781424421909. doi: 10.1109/PCT.2007.4538291.

Ettore Bompard, Shaghayegh Zalzar, Tao Huang, Arturs Purvins, and Marcelo Masera. Baltic power
systems’ integration into the EU market coupling under different desynchronization schemes: A
comparative market analysis. Energies, 11(8), 2018. ISSN 19961073. doi: 10.3390/en11081945.

67

https://www.regelleistung.net/ext/static/prequalification
https://www.regelleistung.net/ext/static/prequalification


68 Bibliography

Olivier Borne, Klaas Korte, Yannick Perez, Marc Petit, and Alexandra Purkus. Barriers to entry in
frequency-regulation services markets: Review of the status quo and options for improvements.
Renewable and Sustainable Energy Reviews, 81:605–614, jan 2018. ISSN 18790690. doi: 10.
1016/j.rser.2017.08.052.

G.P. Box and G.M. Jenkins. Time Series Analysis: Forecassting and Control. Holden-Day, San Fran-
cisco, 2 edition, 1976. URL https://www.scirp.org/(S(czeh2tfqyw2orz553k1w0r45))/
reference/ReferencesPapers.aspx?ReferenceID=1969833.

G.P. Box, G.M. Jenkins, and G.C. Reinsel. Time Series Analysis; Forecasting and Control.
Scientific Research Publishing, New Jersey, 3 edition, 1994. URL https://www.scirp.
org/(S(i43dyn45teexjx455qlt3d2q))/reference/ReferencesPapers.aspx?
ReferenceID=1936224.

Don Bredin and Cal Muckley. An Analysis of the EU Emission Trading Scheme, 2009.
URL http://www.ucd.ie/bankingfinance/docs/wp/WP-09-03.pdfItemrecord/
moreinformationhttp://hdl.handle.net/10197/2568.

Tom Brijs, Cedric De Jonghe, Benjamin F. Hobbs, and Ronnie Belmans. Interactions between the
design of short-term electricity markets in the CWE region and power system flexibility. Applied
Energy, 195:36–51, jun 2017. ISSN 03062619. doi: 10.1016/j.apenergy.2017.03.026.

Claudio Brivio, Stefano Mandelli, and Marco Merlo. Battery energy storage system for primary control
reserve and energy arbitrage. Sustainable Energy, Grids and Networks, 6:152–165, jun 2016. ISSN
23524677. doi: 10.1016/j.segan.2016.03.004.

Enrico Maria Carlini, Robert Schroeder, Jens Møller Birkebæk, and Fabio Massaro. EU transition in
power sector: How RES affects the design and operations of transmission power systems. Electric
Power Systems Research, 169:74–91, apr 2019. ISSN 03787796. doi: 10.1016/j.epsr.2018.12.
020.

S T Chakraborty and Z ; Lukszo. Complex Systems Engineering: Designing in sociotechnical systems
for the energy transition. EAI Endorsed Transactions on Energy Web, 17(11), 2017. doi: 10.4108/
eai.11-7-2017.152762.

Haisheng Chen, Thang Ngoc Cong, Wei Yang, Chunqing Tan, Yongliang Li, and Yulong Ding. Progress
in electrical energy storage system: A critical review. Progress in Natural Science, 19(3):291–312,
mar 2009. ISSN 10020071. doi: 10.1016/j.pnsc.2008.07.014.

A. S. Chuang and C. Schwaegerl. Ancillary services for renewable integration. In 2009 CIGRE/IEEE
PES Joint Symposium Integration of Wide-Scale Renewable Resources into the Power Delivery
System, CIGRE/PES 2009, 2009. ISBN 9782858730803.

Bert Claessens, Jonas Engels, and Geert Deconinck. Combined stochastic optimization of frequency
control and self-consumption with a battery. IEEE Transactions on Smart Grid, 10(2):1971–1981,
mar 2019. ISSN 19493053. doi: 10.1109/TSG.2017.2785040.

David Collier. Political Science: The State of the Discipline II. American Political Science Association,
1993. URL https://papers.ssrn.com/abstract=1540884.

Sandro Corsi and C. Sabelli. General blackout in Italy sunday September 28, 2003, h. 03:28:00. In
2004 IEEE Power Engineering Society General Meeting, volume 2, pages 1691–1701, 2004. ISBN
0780384652. doi: 10.1109/pes.2004.1373162.

Walter J. Culver. High-Value Energy Storage for the Grid: A Multi-Dimensional Look. Electricity Journal,
23(10):59–71, dec 2010. ISSN 10406190. doi: 10.1016/j.tej.2010.11.002.

https://www.scirp.org/(S(czeh2tfqyw2orz553k1w0r45))/reference/ReferencesPapers.aspx?ReferenceID=1969833
https://www.scirp.org/(S(czeh2tfqyw2orz553k1w0r45))/reference/ReferencesPapers.aspx?ReferenceID=1969833
https://www.scirp.org/(S(i43dyn45teexjx455qlt3d2q))/reference/ReferencesPapers.aspx?ReferenceID=1936224
https://www.scirp.org/(S(i43dyn45teexjx455qlt3d2q))/reference/ReferencesPapers.aspx?ReferenceID=1936224
https://www.scirp.org/(S(i43dyn45teexjx455qlt3d2q))/reference/ReferencesPapers.aspx?ReferenceID=1936224
http://www.ucd.ie/bankingfinance/docs/wp/WP-09-03.pdfItemrecord/moreinformationhttp://hdl.handle.net/10197/2568
http://www.ucd.ie/bankingfinance/docs/wp/WP-09-03.pdfItemrecord/moreinformationhttp://hdl.handle.net/10197/2568
https://papers.ssrn.com/abstract=1540884


Bibliography 69

Miguel De La Torre Rodriguez, Marc Scherer, David Whitley, and Frank Reyer. Frequency containment
reserves dimensioning and target performance in the European power system. In IEEE Power and
Energy Society General Meeting, volume 2014-October. IEEE Computer Society, oct 2014. doi:
10.1109/PESGM.2014.6939825.

Paul Denholm and Maureen Hand. Grid flexibility and storage required to achieve very high penetration
of variable renewable electricity. Energy Policy, 39(3):1817–1830, mar 2011. ISSN 03014215. doi:
10.1016/j.enpol.2011.01.019.

Francisco Díaz-González, Andreas Sumper, Oriol Gomis-Bellmunt, and Roberto Villafáfila-Robles. A
review of energy storage technologies for wind power applications. Renewable and Sustainable
Energy Reviews, 16(4):2154–2171, may 2012. ISSN 13640321. doi: 10.1016/j.rser.2012.01.
029.

Poria Hasanpor Divshali and Corentin Evens. Optimum Operation of Battery Storage System in
Frequency Containment Reserves Markets. IEEE Transactions on Smart Grid, pages 1–1, may
2020. ISSN 1949-3053. doi: 10.1109/tsg.2020.2997924.

K. C. Divya and Jacob Østergaard. Battery energy storage technology for power systems-An overview.
Electric Power Systems Research, 79(4):511–520, apr 2009. ISSN 03787796. doi: 10.1016/j.epsr.
2008.09.017.

Bruce Dunn, Haresh Kamath, and Jean Marie Tarascon. Electrical energy storage for the grid: A battery
of choices. Science, 334(6058):928–935, nov 2011. ISSN 10959203. doi: 10.1126/science.
1212741.

Ottmar Edenhofer, Lion Hirth, Brigitte Knopf, Michael Pahle, Steffen Schlömer, Eva Schmid, and Falko
Ueckerdt. On the economics of renewable energy sources. Energy Economics, 40(1):21–23, dec
2013. ISSN 01409883. doi: 10.1016/j.eneco.2013.09.015.

EIA. Electricity Explained: How electricity is delivered to consumers, 2019. URL https://www.eia.
gov/energyexplained/electricity/delivery-to-consumers.php.

Erik Ela, Brendan Kirby, Eamonn Lannoye, Michael Milligan, Damian Flynn, Bob Zavadil, and Mark
O’Malley. Evolution of operating reserve determination in wind power integration studies. In
IEEE PES General Meeting, PES 2010, 2010. ISBN 9781424483570. doi: 10.1109/PES.2010.
5589272.

Erik Ela, Michael Milligan, and Brendan Kirby. Operating Reserves and
Variable Generation. Technical report, Oak Ridge, 2011. URL http:
//www.researchgate.net/profile/Brendan{_}Kirby/publication/
255245795{_}Operating{_}Reserves{_}and{_}Variable{_}Generation/links/
54294fc00cf2e4ce940c9d60.pdf.

Elia. FCR Service Design note, 2019. URL https://www.elia.be/-/media/project/
elia/elia-site/electricity-market-and-system---document-library/
balancing---balancing-services-and-bsp/2019/2019-design-note-fcr-for-2020.
pdf.

Jonas Engels, Bert Claessens, and Geert Deconinck. Techno-economic analysis and optimal control
of battery storage for frequency control services, applied to the German market. Applied Energy,
242:1036–1049, may 2019. ISSN 03062619. doi: 10.1016/j.apenergy.2019.03.128.

ENTSOE. Electricity Balancing in Europe. Technical Report De-
cember, 2018. URL https://www.entsoe.eu/news/2018/12/12/
electricity-balancing-in-europe-entso-e-releases-an-overview-of-the-european-electricity-balancing-market-and-guideline/.

https://www.eia.gov/energyexplained/electricity/delivery-to-consumers.php
https://www.eia.gov/energyexplained/electricity/delivery-to-consumers.php
http://www.researchgate.net/profile/Brendan{_}Kirby/publication/255245795{_}Operating{_}Reserves{_}and{_}Variable{_}Generation/links/54294fc00cf2e4ce940c9d60.pdf
http://www.researchgate.net/profile/Brendan{_}Kirby/publication/255245795{_}Operating{_}Reserves{_}and{_}Variable{_}Generation/links/54294fc00cf2e4ce940c9d60.pdf
http://www.researchgate.net/profile/Brendan{_}Kirby/publication/255245795{_}Operating{_}Reserves{_}and{_}Variable{_}Generation/links/54294fc00cf2e4ce940c9d60.pdf
http://www.researchgate.net/profile/Brendan{_}Kirby/publication/255245795{_}Operating{_}Reserves{_}and{_}Variable{_}Generation/links/54294fc00cf2e4ce940c9d60.pdf
https://www.elia.be/-/media/project/elia/elia-site/electricity-market-and-system---document-library/balancing---balancing-services-and-bsp/2019/2019-design-note-fcr-for-2020.pdf
https://www.elia.be/-/media/project/elia/elia-site/electricity-market-and-system---document-library/balancing---balancing-services-and-bsp/2019/2019-design-note-fcr-for-2020.pdf
https://www.elia.be/-/media/project/elia/elia-site/electricity-market-and-system---document-library/balancing---balancing-services-and-bsp/2019/2019-design-note-fcr-for-2020.pdf
https://www.elia.be/-/media/project/elia/elia-site/electricity-market-and-system---document-library/balancing---balancing-services-and-bsp/2019/2019-design-note-fcr-for-2020.pdf
https://www.entsoe.eu/news/2018/12/12/electricity-balancing-in-europe-entso-e-releases-an-overview-of-the- european-electricity-balancing-market-and-guideline/
https://www.entsoe.eu/news/2018/12/12/electricity-balancing-in-europe-entso-e-releases-an-overview-of-the- european-electricity-balancing-market-and-guideline/


70 Bibliography

Anne Mai Ersdal, Lars Imsland, Kjetil Uhlen, Davide Fabozzi, and Nina F. Thornhill. Model predictive
load–frequency control taking into account imbalance uncertainty. Control Engineering Practice, 53:
139–150, aug 2016. ISSN 09670661. doi: 10.1016/j.conengprac.2015.12.001.

European Commission. Communication from the Commission: A Roadmap for moving to a competitive
low carbon econom in 2050. COM (2011) 112 Final, 34(Marche):1–34, 2011.

European Commission. 2030 climate & energy framework, 2014. URL https://ec.europa.eu/
clima/policies/strategies/2030{_}en{#}tab-0-0.

European Parliament. Directive 2009/72/EC, 2009. ISSN 0036-8075. URL https://eur-lex.
europa.eu/legal-content/EN/ALL/?uri=celex{%}3A32009L0072.

European Parliament. Commission Regulation (EU) 2017/1485 of 2 August 2017 establishing a
guideline on electricity transmission system operation, 2017. URL https://eur-lex.europa.
eu/legal-content/EN/TXT/?uri=CELEX{%}3A32017R1485.

Bernhard Faessler, Michael Schuler, Markus Preißinger, and Peter Kepplinger. Battery storage systems
as grid-balancing measure in low-voltage distribution grids with distributed generation. Energies, 10
(12), 2017. ISSN 19961073. doi: 10.3390/en10122161.

Robert L. Fares, Jeremy P. Meyers, and Michael E. Webber. A dynamic model-based estimate of
the value of a vanadium redox flow battery for frequency regulation in Texas. Applied Energy, 113:
189–198, jan 2014. ISSN 03062619. doi: 10.1016/j.apenergy.2013.07.025.

Fingrid. The technical requirements and the prequalification process of Fre-
quency Containment Reserves (FCR), 2019a. URL https://www.fingrid.
fi/globalassets/dokumentit/en/electricity-market/reserves/
appendix3---technical-requirements-and-prequalification-process-of-fcr.
pdf.

Fingrid. Frequency - Historical data, 2019b. URL https://data.fingrid.fi/en/dataset/
frequency-historical-data.

Johannes Fleer, Sebastian Zurmühlen, Julia Badeda, Peter Stenzel, Jürgen Friedrich Hake, and
Dirk Uwe Sauer. Model-based Economic Assessment of Stationary Battery Systems Providing
Primary Control Reserve. In Energy Procedia, volume 99, pages 11–24. Elsevier Ltd, nov 2016.
doi: 10.1016/j.egypro.2016.10.093.

F. Geth, T. Brijs, J. Kathan, J. Driesen, and R. Belmans. An overview of large-scale stationary electricity
storage plants in Europe: Current status and new developments. Renewable and Sustainable Energy
Reviews, 52:1212–1227, aug 2015. ISSN 18790690. doi: 10.1016/j.rser.2015.07.145.

B. Gundogdu, D. T. Gladwin, and D. A. Stone. Battery SOC management strategy for enhanced
frequency response and day-ahead energy scheduling of BESS for energy arbitrage. In Proceedings
IECON 2017 - 43rd Annual Conference of the IEEE Industrial Electronics Society, volume 2017-
January, pages 7635–7640. Institute of Electrical and Electronics Engineers Inc., dec 2017. ISBN
9781538611272. doi: 10.1109/IECON.2017.8217338.

Juha Haakana, Ville Tikka, Jukka Lassila, and Jarmo Partanen. Methodology to analyze combined
heat and power plant operation considering electricity reserve market opportunities. Energy, 127:
408–418, may 2017. ISSN 03605442. doi: 10.1016/j.energy.2017.03.134.

Lars Ivar Hagfors, Derek Bunn, Eline Kristoffersen, Tiril Toftdahl Staver, and Sjur Westgaard. Modeling
the UK electricity price distributions using quantile regression. Energy, 102:231–243, may 2016.
ISSN 03605442. doi: 10.1016/j.energy.2016.02.025.

https://ec.europa.eu/clima/policies/strategies/2030{_}en{#}tab-0-0
https://ec.europa.eu/clima/policies/strategies/2030{_}en{#}tab-0-0
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex{%}3A32009L0072
https://eur-lex.europa.eu/legal-content/EN/ALL/?uri=celex{%}3A32009L0072
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX{%}3A32017R1485
https://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELEX{%}3A32017R1485
https://www.fingrid.fi/globalassets/dokumentit/en/electricity-market/reserves/appendix3---technical-requirements-and-prequalification-process-of-fcr.pdf
https://www.fingrid.fi/globalassets/dokumentit/en/electricity-market/reserves/appendix3---technical-requirements-and-prequalification-process-of-fcr.pdf
https://www.fingrid.fi/globalassets/dokumentit/en/electricity-market/reserves/appendix3---technical-requirements-and-prequalification-process-of-fcr.pdf
https://www.fingrid.fi/globalassets/dokumentit/en/electricity-market/reserves/appendix3---technical-requirements-and-prequalification-process-of-fcr.pdf
https://data.fingrid.fi/en/dataset/frequency-historical-data
https://data.fingrid.fi/en/dataset/frequency-historical-data


Bibliography 71

Andreas Helwig. Applied research in energy storage. In Studies in Systems, Decision and
Control, volume 57, pages 179–200. Springer International Publishing, 2016. doi: 10.1007/
978-3-319-30427-4_10.

Holger Hesse, Michael Schimpe, Daniel Kucevic, and Andreas Jossen. Lithium-Ion Battery Storage for
the Grid—A Review of Stationary Battery Storage System Design Tailored for Applications in Modern
Power Grids. Energies, 10(12):2107, dec 2017. ISSN 1996-1073. doi: 10.3390/en10122107.

Lion Hirth and Inka Ziegenhagen. Balancing power and variable renewables: Three links. Renewable
and Sustainable Energy Reviews, 50:1035–1051, 2015. ISSN 13640321. doi: 10.1016/j.rser.
2015.04.180.

Raphael Hollinger, Luis M. Diazgranados, Christof Wittwer, and Bernd Engel. Optimal Provision
of Primary Frequency Control with Battery Systems by Exploiting All Degrees of Freedom within
Regulation. In Energy Procedia, volume 99, pages 204–214. Elsevier Ltd, nov 2016. doi:
10.1016/j.egypro.2016.10.111.

Raphael Hollinger, Agustin Motte Cortes, Thomas Erge, and Bernd Engel. Analysis of the minimum
activation period of batteries in frequency containment reserve. In International Conference on the
European Energy Market, EEM. IEEE Computer Society, jul 2017. ISBN 9781509054992. doi:
10.1109/EEM.2017.7981904.

Raphael Hollinger, Agustin Motte Cortes, and Thomas Erge. Fast frequency response with BESS:
A comparative analysis of Germany, Great Britain and Sweden. In International Conference on
the European Energy Market, EEM, volume 2018-June. IEEE Computer Society, sep 2018. ISBN
9781538614884. doi: 10.1109/EEM.2018.8469998.

Hannele Holttinen, Anzhelika Ivanova, and Jose Luis Dominguez. Wind power in markets for frequency
support services. In International Conference on the European Energy Market, EEM, volume 2016-
July. IEEE Computer Society, jul 2016. ISBN 9781509012978. doi: 10.1109/EEM.2016.7521310.

Xiaosong Hu, Changfu Zou, Caiping Zhang, and Yang Li. Technological Developments in Batteries: A
Survey of Principal Roles, Types, and Management Needs. IEEE Power and Energy Magazine, 15
(5):20–31, sep 2017. ISSN 15407977. doi: 10.1109/MPE.2017.2708812.

R.J. Hyndman and G. Athanasopoulos. Forecasting: Principles and Practice. OTexts, Melbourne, 2
edition, 2018. doi: 10.1017/9781316451038.010. URL https://otexts.com/fpp2/.

Pietro Iurilli, Claudio Brivio, and Marco Merlo. SoC management strategies in Battery Energy Storage
System providing Primary Control Reserve. Sustainable Energy, Grids and Networks, 19:100230,
sep 2019. ISSN 23524677. doi: 10.1016/j.segan.2019.100230.

J. Jeriha, A. Gubina, T. Medved, B. Komel, V. Borozan, P. Krstevski, A. Krkoleva, S. Borozan,
R. Taleski, and C. Chimirel. National balancing and wholesale electricity markets structure and
principles. Technical report, 2019. URL https://ec.europa.eu/research/participants/
documents/downloadPublic?documentIds=080166e5c3ad0922{&}appId=PPGMS.

Julien Jomaux, Thomas Mercier, and Emmanuel De Jaeger. Provision of frequency containment re-
serves with batteries and power-to-heat. In 2017 IEEEManchester PowerTech, 2017. doi: 10.1109/
PTC.2017.7980915. URL https://www.researchgate.net/publication/318576742.

Abhimanyu Kaushal and Dirk Van Hertem. An overview of Ancillary Services and HVDC systems
in European Context. Energies, 12(18):3481, sep 2019. ISSN 1996-1073. doi: 10.3390/
en12183481. URL https://www.mdpi.com/1996-1073/12/18/3481.

https://otexts.com/fpp2/
https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5c3ad0922{&}appId=PPGMS
https://ec.europa.eu/research/participants/documents/downloadPublic?documentIds=080166e5c3ad0922{&}appId=PPGMS
https://www.researchgate.net/publication/318576742
https://www.mdpi.com/1996-1073/12/18/3481


72 Bibliography

Florian Kern and Karoline S. Rogge. The pace of governed energy transitions: Agency, international
dynamics and the global Paris agreement accelerating decarbonisation processes? Energy
Research and Social Science, 22:13–17, dec 2016. ISSN 22146296. doi: 10.1016/j.erss.2016.
08.016.

Janina C. Ketterer. The impact of wind power generation on the electricity price in Germany. Energy
Economics, 44:270–280, jul 2014. ISSN 01409883. doi: 10.1016/j.eneco.2014.04.003.

Konstantin Klein, S Killinger, D Kalz, S Herkel, J Salom, and E Cubi. Comparison of the Past and
Future Residual Load in Fifteen Countries and Requirements to Grid-Supportive Building Operation.
In Eurosun 2016, pages 1–12, Palma de Mallorca, 2017. doi: 10.18086/eurosun.2016.09.07.

Michael Koller, Marina González Vayá, Aby Chacko, Theodor Borsche, and Andreas Ulbig. Primary
control reserves provision with battery energy storage systems in the largest European ancillary
services cooperation. Set of papers, CIGRE session 46 : 21-26 August 2016, Paris, pages 361–
NCA–C2–PS1, 2016.

Nikolaos E. Koltsaklis, Athanasios S. Dagoumas, and Ioannis P. Panapakidis. Impact of the penetration
of renewables on flexibility needs. Energy Policy, 109:360–369, oct 2017. ISSN 03014215. doi:
10.1016/j.enpol.2017.07.026.

Benjamin Kroposki, Brian Johnson, Yingchen Zhang, Vahan Gevorgian, Paul Denholm, Bri Mathias
Hodge, and Bryan Hannegan. Achieving a 100% Renewable Grid: Operating Electric Power Systems
with Extremely High Levels of Variable Renewable Energy. IEEE Power and Energy Magazine, 15
(2):61–73, mar 2017. ISSN 15407977. doi: 10.1109/MPE.2016.2637122.

Daniel Kucevic, Benedikt Tepe, Stefan Englberger, Anupam Parlikar, Markus Mühlbauer, Oliver Bohlen,
Andreas Jossen, and Holger Hesse. Standard battery energy storage system profiles: Analysis of
various applications for stationary energy storage systems using a holistic simulation framework.
Journal of Energy Storage, 28:101077, apr 2020. ISSN 2352152X. doi: 10.1016/j.est.2019.
101077.

Matthew T. Lawder, Bharatkumar Suthar, Paul W.C. Northrop, Sumitava De, C. Michael Hoff, Olivia
Leitermann, Mariesa L. Crow, Shriram Santhanagopalan, and Venkat R. Subramanian. Battery
energy storage system (BESS) and battery management system (BMS) for grid-scale applications.
Proceedings of the IEEE, 102(6):1014–1030, 2014. ISSN 00189219. doi: 10.1109/JPROC.2014.
2317451.

Z. W. Li, O. Samuelsson, and R. Garcia-Valle. Frequency deviations and generation scheduling in the
nordic system. In 2011 IEEE PES Trondheim PowerTech: The Power of Technology for a Sustainable
Society, POWERTECH 2011, 2011. ISBN 9781424484195. doi: 10.1109/PTC.2011.6019176.

Xing Luo, Jihong Wang, Mark Dooner, and Jonathan Clarke. Overview of current development in
electrical energy storage technologies and the application potential in power system operation.
Applied Energy, 137:511–536, jan 2015. ISSN 03062619. doi: 10.1016/j.apenergy.2014.09.081.

Abhishek Malhotra, Benedikt Battke, Martin Beuse, Annegret Stephan, and Tobias Schmidt. Use cases
for stationary battery technologies: A review of the literature and existing projects, apr 2016. ISSN
18790690.

Radu Manuca and Robert Savit. Stationarity and nonstationarity in time series analysis. Physica D:
Nonlinear Phenomena, 99(2-3):134–161, 1996. ISSN 01672789. doi: 10.1016/S0167-2789(96)
00139-X.

Jürgen Marchgraber, Wolfgang Gawlik, and Günter Wailzer. Reducing SoC-Management and losses
of battery energy storage systems during provision of frequency containment reserve. Journal of
Energy Storage, 27:101107, feb 2020. ISSN 2352152X. doi: 10.1016/j.est.2019.101107.



Bibliography 73

Markus Maurer, Marc Scherer, and David Whitley. Optimization strategies for frequency-response
coupling between synchronous areas. In 2017 IEEE Manchester PowerTech, Powertech 2017.
Institute of Electrical and Electronics Engineers Inc., jul 2017. ISBN 9781509042371. doi:
10.1109/PTC.2017.7981221.

Anca Mehedintu, Mihaela Sterpu, and Georgeta Soava. Estimation and Forecasts for the Share of
Renewable Energy Consumption in Final Energy Consumption by 2020 in the European Union.
Sustainability, 10(5):1–22, 2018.

Claude Ménard. Embedding organizational arrangements: Towards a general model. Journal of Insti-
tutional Economics, 10(4):567–589, 2014. ISSN 17441382. doi: 10.1017/S1744137414000228.

M. Merlo and D. Falabretti. Battery Energy Storage Systems for Ancillary Services Provision. Techni-
cal report, 2016. URL https://www.politesi.polimi.it/bitstream/10589/138908/3/
2018{_}04{_}Rancilio.pdf.

Michael Milligan, Pearl Donohoo, Debra Lew, Erik Ela, Brendan Kirby, Hannele Holttinen,
Eamonn Lannoye, Damian Flynn, Mark O’Malley, Nicholas Miller, Peter Børre, Allan Gøttig,
Barry Rawn, Madeleine Gibescu, Emilio Gómez Lázaro, Andre Robitaille, and Innocent
Kamwa. Operating Reserves and Wind Power Integration: An International Comparison.
9th Annual International Workshop on Large-Scale Integration of Wind Power into Power
Systems, (October 2010):1–19, 2010. URL http://www.osti.gov/bridgehttp:
//www.wecc.biz/committees/StandingCommittees/JGC/VGS/OWG/ActivityO1/
OperatingReservesandWindPowerIntegration-AnInternationalComparison.pdf.

Douglas C Montgomery, Cheryl L Jennings, and Murat Kulahci. Introduction to Time Series Analysis
and Forecasting. John Wiley & Sons, Incorporated, New Jersey, 2 edition, 2015.

Mott MacDonald. Impact Assessment on European Electricity Balancing Mar-
ket. Technical report, Brighton, 2013. URL www.mottmac.comhttp://
ec.europa.eu/energy/gas{_}electricity/studies/doc/electricity/
20130610{_}eu{_}balancing{_}master.pdf.

Agustin Motte-Cortes and Manuel Eising. Assessment of balancing market designs in the context of
European coordination. In International Conference on the European Energy Market, EEM, volume
2019-September. IEEE Computer Society, sep 2019. ISBN 9781728112572. doi: 10.1109/EEM.
2019.8916481.

Małgorzata Murat, Iwona Malinowska, Magdalena Gos, and Jaromir Krzyszczak. Forecasting daily
meteorological time series using ARIMA and regression models. International Agrophysics, 32(2):
253–264, apr 2018. ISSN 02368722. doi: 10.1515/intag-2017-0007.

Rizwan Mushtaq. Augmented Dickey Fuller Test. SSRN Electronic Journal, jan 2012. doi: 10.2139/
ssrn.1911068. URL https://papers.ssrn.com/abstract=1911068.

National Grid ESO. Firm Frequency Response: Frequently Asked Questions, 2017. URL http://
www2.nationalgrid.com/UK/Services/Balancing-services/Frequency-response/
Mandatory-.

National Grid ESO. Historic frequency data, 2019. URL https://www.nationalgrideso.com/
balancing-services/frequency-response-services/historic-frequency-data.

Maik Naumann, Ralph Ch Karl, Cong Nam Truong, Andreas Jossen, and Holger C. Hesse. Lithium-ion
battery cost analysis in PV-household application. In Energy Procedia, volume 73, pages 37–47.
Elsevier Ltd, jun 2015. doi: 10.1016/j.egypro.2015.07.555.

https://www.politesi.polimi.it/bitstream/10589/138908/3/2018{_}04{_}Rancilio.pdf
https://www.politesi.polimi.it/bitstream/10589/138908/3/2018{_}04{_}Rancilio.pdf
http://www.osti.gov/bridge http://www.wecc.biz/committees/StandingCommittees/JGC/VGS/OWG/ActivityO1/Operating Reserves and Wind Power Integration - An International Comparison.pdf
http://www.osti.gov/bridge http://www.wecc.biz/committees/StandingCommittees/JGC/VGS/OWG/ActivityO1/Operating Reserves and Wind Power Integration - An International Comparison.pdf
http://www.osti.gov/bridge http://www.wecc.biz/committees/StandingCommittees/JGC/VGS/OWG/ActivityO1/Operating Reserves and Wind Power Integration - An International Comparison.pdf
www.mottmac.com http://ec.europa.eu/energy/gas{_}electricity/studies/doc/electricity/20130610{_}eu{_}balancing{_}master.pdf
www.mottmac.com http://ec.europa.eu/energy/gas{_}electricity/studies/doc/electricity/20130610{_}eu{_}balancing{_}master.pdf
www.mottmac.com http://ec.europa.eu/energy/gas{_}electricity/studies/doc/electricity/20130610{_}eu{_}balancing{_}master.pdf
https://papers.ssrn.com/abstract=1911068
http://www2.nationalgrid.com/UK/Services/Balancing-services/Frequency-response/Mandatory-
http://www2.nationalgrid.com/UK/Services/Balancing-services/Frequency-response/Mandatory-
http://www2.nationalgrid.com/UK/Services/Balancing-services/Frequency-response/Mandatory-
https://www.nationalgrideso.com/balancing-services/frequency-response-services/historic-frequency-data
https://www.nationalgrideso.com/balancing-services/frequency-response-services/historic-frequency-data


74 Bibliography

Maik Naumann, Cong Nam Truong, Michael Schimpe, Daniel Kucevic, Andreas Jossen, and Holger C.
Hesse. SimSES: Software for techno-economic Simulation of Stationary Energy Storage Systems. In
International ETG Congress 2017, 2017. doi: https://ieeexplore.ieee.org/abstract/document/
8278770/. URL https://ieeexplore.ieee.org/document/8278770.

David Newbery, Goran Strbac, and Ivan Viehoff. The benefits of integrating European electricity
markets. Energy Policy, 94:253–263, jul 2016. ISSN 03014215. doi: 10.1016/j.enpol.2016.
03.047.

A. Oudalov, D. Chartouni, C. Ohler, and G. Linhofer. Value analysis of battery energy storage
applications in power systems. In 2006 IEEE PES Power Systems Conference and Exposition,
PSCE 2006 - Proceedings, pages 2206–2211, 2006. ISBN 142440178X. doi: 10.1109/PSCE.
2006.296284.

Florentina Paraschiv, David Erni, and Ralf Pietsch. The impact of renewable energies on EEX day-
ahead electricity prices. Energy Policy, 73:196–210, oct 2014. ISSN 03014215. doi: 10.1016/j.
enpol.2014.05.004.

Mattias Persson and Peiyuan Chen. Frequency evaluation of the Nordic power system using PMU
measurements. IET Generation, Transmission and Distribution, 11(11):2879–2887, aug 2017. ISSN
17518687. doi: 10.1049/iet-gtd.2017.0095.

Piyasak Poonpun and Ward T. Jewell. Analysis of the cost per kilowatt hour to store electricity. IEEE
Transactions on Energy Conversion, 23(2):529–534, jun 2008. ISSN 08858969. doi: 10.1109/
TEC.2007.914157.

Ksenia Poplavskaya and Laurens De Vries. A (not so) independent aggregator in the balancing market
theory, policy and reality check. In International Conference on the European Energy Market, EEM,
volume 2018-June. IEEE Computer Society, sep 2018. ISBN 9781538614884. doi: 10.1109/EEM.
2018.8469981.

Ksenia Poplavskaya and Laurens de Vries. Distributed energy resources and the organized balancing
market: A symbiosis yet? Case of three European balancing markets. Energy Policy, 126:264–276,
mar 2019. ISSN 03014215. doi: 10.1016/j.enpol.2018.11.009.

Joeri Posma, Ioannis Lampropoulos, Wouter Schram, and Wilfried van Sark. Provision of ancillary
services from an aggregated portfolio of residential heat pumps on the Dutch Frequency Containment
Reserve market. Applied Sciences (Switzerland), 9(3), feb 2019. ISSN 20763417. doi: 10.3390/
app9030590.

R. Raineri, S. Ríos, and D. Schiele. Technical and economic aspects of ancillary services markets
in the electric power industry: an international comparison. Energy Policy, 34(13):1540–1555, sep
2006. ISSN 03014215. doi: 10.1016/j.enpol.2004.11.015.

Ramakrishnan Ramanathan, Muthu Mathirajan, and A. Ravi Ravindran. Big data analytics using
multiple criteria decision-making models. CRC Press, 2017. ISBN 9781498753753. doi: 10.1201/
9781315152653.

Hannah Ritchie and Max Roser. Access to Energy. Our World in Data, sep 2019. URL https:
//ourworldindata.org/energy-access.

Felix Roben. Comparison of European power balancing markets - Barriers to integration. In
International Conference on the European Energy Market, EEM, volume 2018-June. IEEE Computer
Society, sep 2018. ISBN 9781538614884. doi: 10.1109/EEM.2018.8469897.

RTE. Network frequency, 2019. URL https://clients.rte-france.com/lang/fr/
visiteurs/vie/vie{_}frequence.jsp.

https://ieeexplore.ieee.org/document/8278770
https://ourworldindata.org/energy-access
https://ourworldindata.org/energy-access
https://clients.rte-france.com/lang/fr/visiteurs/vie/vie{_}frequence.jsp
https://clients.rte-france.com/lang/fr/visiteurs/vie/vie{_}frequence.jsp


Bibliography 75

Md Saleh Ebn Sharif. An Overview of Frequency Control as a Criterion of Power System Reliability
and International Survey of Determining Operating Reserve. American Journal of Modern Energy, 3
(5):101, 2017. ISSN 2575-3908. doi: 10.11648/j.ajme.20170305.14.

F. Sanchez, F. Gonzalez-Longatt, and D. Bogdanov. Probabilistic assessment of enhanced frequency
response services using real frequency time series. In 2018 20th International Symposium on Elec-
trical Apparatus and Technologies, SIELA 2018 - Proceedings. Institute of Electrical and Electronics
Engineers Inc., aug 2018. ISBN 9781538634196. doi: 10.1109/SIELA.2018.8447080.

Jonas Schlund and Reinhard German. A control algorithm for a heterogeneous virtual battery storage
providing FCR power. In 2017 IEEE International Conference on Smart Grid and Smart Cities,
ICSGSC 2017, pages 61–66. Institute of Electrical and Electronics Engineers Inc., sep 2017. ISBN
9781538605042. doi: 10.1109/ICSGSC.2017.8038550.

Sandro Schopfer, Verena Tiefenbeck, Elgar Fleisch, and Thorsten Staake. Providing primary frequency
control with residential scale photovoltaic-battery systems: A techno-economic simulation study of a
virtual power plant. Computer Science - Research and Development, 32(1-2):105–115, mar 2017.
ISSN 18652042. doi: 10.1007/s00450-016-0318-3.

Yuanyuan Shi, Bolun Xu, Di Wang, and Baosen Zhang. Using Battery Storage for Peak Shaving
and Frequency Regulation: Joint Optimization for Superlinear Gains. IEEE Transactions on Power
Systems, 33(3):2882–2894, may 2018. ISSN 08858950. doi: 10.1109/TPWRS.2017.2749512.

Mao Shuai, Wang Chengzhi, Yu Shiwen, Gen Hao, Yu Jufang, and Hou Hui. Review on Economic
Loss Assessment of Power Outages. In Procedia Computer Science, volume 130, pages 1158–
1163. Elsevier B.V., jan 2018. doi: 10.1016/j.procs.2018.04.151.

Lukas Sigrist, Enrique Lobato, and Luis Rouco. Energy storage systems providing primary reserve
and peak shaving in small isolated power systems: An economic assessment. International Journal
of Electrical Power and Energy Systems, 53(1):675–683, 2013. ISSN 01420615. doi: 10.1016/j.
ijepes.2013.05.046.

Indre Siksnelyte and Edmundas Kazimieras Zavadskas. Achievements of the European Union
Countries in Seeking a Sustainable Electricity Sector. Energies, 12(12):2254, jun 2019. ISSN 1996-
1073. doi: 10.3390/en12122254.

Ramteen Sioshansi, Paul Denholm, and Thomas Jenkin. Market and policy barriers to deployment of
energy storage. Economics of Energy and Environmental Policy, 1(2):47–63, 2012. ISSN 21605890.
doi: 10.5547/2160-5890.1.2.4.

Kevin Smethurst, Vicci Walsh, Honor Hynes, and Otis Rook-Grignon. Testing guidance for providers
of firm frequency response balancing service, 2017. URL https://www.nationalgrid.com/
sites/default/files/documents/FFR%20Testing%20Guidance%20verD11%20Final.
pdf.

Statnett. Vilkar for markedet for primarreserve. Technical report, 2019. URL https:
//www.statnett.no/globalassets/for-aktorer-i-kraftsystemet/marked/
reservemarkeder/vilkar-for-markedet-for-primarreserve---fcr---gjeldende-fra-09122019.
pdf.

A. Stephan, B. Battke, M. D. Beuse, J. H. Clausdeinken, and T. S. Schmidt. Limiting the public cost
of stationary battery deployment by combining applications. Nature Energy, 1(7), jul 2016. ISSN
20587546. doi: 10.1038/nenergy.2016.79.

Daniel Ioan Stroe, Vaclav Knap, Maciej Swierczynski, Ana Irina Stroe, and Remus Teodorescu.
Operation of a grid-connected lithium-ion battery energy storage system for primary frequency

https://www.nationalgrid.com/sites/default/files/documents/FFR%20Testing%20Guidance%20verD11%20Final.pdf
https://www.nationalgrid.com/sites/default/files/documents/FFR%20Testing%20Guidance%20verD11%20Final.pdf
https://www.nationalgrid.com/sites/default/files/documents/FFR%20Testing%20Guidance%20verD11%20Final.pdf
https://www.statnett.no/globalassets/for-aktorer-i-kraftsystemet/marked/reservemarkeder/vilkar-for-markedet-for-primarreserve---fcr---gjeldende-fra-09122019.pdf
https://www.statnett.no/globalassets/for-aktorer-i-kraftsystemet/marked/reservemarkeder/vilkar-for-markedet-for-primarreserve---fcr---gjeldende-fra-09122019.pdf
https://www.statnett.no/globalassets/for-aktorer-i-kraftsystemet/marked/reservemarkeder/vilkar-for-markedet-for-primarreserve---fcr---gjeldende-fra-09122019.pdf
https://www.statnett.no/globalassets/for-aktorer-i-kraftsystemet/marked/reservemarkeder/vilkar-for-markedet-for-primarreserve---fcr---gjeldende-fra-09122019.pdf


76 Bibliography

regulation: A battery lifetime perspective. IEEE Transactions on Industry Applications, 53(1):430–
438, jan 2017. ISSN 00939994. doi: 10.1109/TIA.2016.2616319.

SVK. Overview of the Requirements on Reserves, 2020. URL https://www.svk.se/siteassets/
aktorsportalen/elmarknad/information-om-reserver/reserve-markets.pdf.

Zhuangxi Tan, Xinran Li, Li He, Yong Li, and Jiyuan Huang. Primary frequency control with BESS
considering adaptive SoC recovery. International Journal of Electrical Power and Energy Systems,
117:105588, may 2020. ISSN 01420615. doi: 10.1016/j.ijepes.2019.105588.

TenneT. FCR Manual for BSPs. Technical report, TenneT TSO B.V.,
2019. URL https://www.tennet.eu/fileadmin/user{_}upload/SO{_}NL/
Handboek{_}FCR{_}voor{_}BSPs{_}-{_}EN{_}version{_}01.pdf.

Tjark Thien, Daniel Schweer, Denis vom Stein, Albert Moser, and Dirk Uwe Sauer. Real-world operating
strategy and sensitivity analysis of frequency containment reserve provision with battery energy
storage systems in the german market. Journal of Energy Storage, 13:143–163, oct 2017. ISSN
2352152X. doi: 10.1016/j.est.2017.06.012.

Pieter Tielens and Dirk Van Hertem. The relevance of inertia in power systems. Renewable and
Sustainable Energy Reviews, 55:999–1009, mar 2016. ISSN 18790690. doi: 10.1016/j.rser.
2015.11.016.

Cong Truong, Maik Naumann, Ralph Karl, Marcus Müller, Andreas Jossen, and Holger Hesse.
Economics of Residential Photovoltaic Battery Systems in Germany: The Case of Tesla’s Powerwall.
Batteries, 2(2):14, may 2016. ISSN 2313-0105. doi: 10.3390/batteries2020014.

Reinier A.C. van der Veen and Rudi A. Hakvoort. The electricity balancing market: Exploring the design
challenge. Utilities Policy, 43:186–194, dec 2016. ISSN 09571787. doi: 10.1016/j.jup.2016.10.
008.

Erik van der Vleuten and Vincent Lagendijk. Transnational infrastructure vulnerability: The historical
shaping of the 2006 European ”Blackout”. Energy Policy, 38(4):2042–2052, apr 2010. ISSN
03014215. doi: 10.1016/j.enpol.2009.11.047.

Shengwei Wang, Juan Feng, and Gang Liu. Application of seasonal time series model in the
precipitation forecast. Mathematical and Computer Modelling, 58(3-4):677–683, aug 2013. ISSN
08957177. doi: 10.1016/j.mcm.2011.10.034.

T. Weissbach and E. Welfonder. High frequency deviations within the european power system: Origins
and proposals for improvement. In 2009 IEEE/PES Power Systems Conference and Exposition,
PSCE 2009, 2009. ISBN 9781424438112. doi: 10.1109/PSCE.2009.4840180.

Tobias Weissbach, Simon Remppis, and Hendrik Lens. Impact of current market developments in
europe on deterministic grid frequency deviations and frequency restauration reserve demand. In
International Conference on the European Energy Market, EEM, volume 2018-June. IEEE Computer
Society, sep 2018. ISBN 9781538614884. doi: 10.1109/EEM.2018.8469210.

Roel J. Wieringa. Design science methodology: For information systems and software engineering.
Springer Berlin Heidelberg, jan 2014. ISBN 9783662438398. doi: 10.1007/978-3-662-43839-8.

Zhao Xu, Jacob Østergaard, Mikael Togeby, and Fridrik Rafn Isleifsson. Evaluating frequency quality
of nordic system using PMU data. In IEEE Power and Energy Society 2008 General Meeting:
Conversion and Delivery of Electrical Energy in the 21st Century, PES, 2008. ISBN 9781424419067.
doi: 10.1109/PES.2008.4596468.

https://www.svk.se/siteassets/aktorsportalen/elmarknad/information-om-reserver/reserve-markets.pdf
https://www.svk.se/siteassets/aktorsportalen/elmarknad/information-om-reserver/reserve-markets.pdf
https://www.tennet.eu/fileadmin/user{_}upload/SO{_}NL/Handboek{_}FCR{_}voor{_}BSPs{_}-{_}EN{_}version{_}01.pdf
https://www.tennet.eu/fileadmin/user{_}upload/SO{_}NL/Handboek{_}FCR{_}voor{_}BSPs{_}-{_}EN{_}version{_}01.pdf


Bibliography 77

Sandeep Yeleti and Yong Fu. Impacts of energy storage on the future power system. In North American
Power Symposium 2010, NAPS 2010, 2010. ISBN 9781424480463. doi: 10.1109/NAPS.2010.
5618940.

Behnam Zakeri and Sanna Syri. Electrical energy storage systems: A comparative life cycle cost
analysis. Renewable and Sustainable Energy Reviews, 42:569–596, 2015. ISSN 13640321. doi:
10.1016/j.rser.2014.10.011.

Alexander Zeh, Marcus Müller, Maik Naumann, Holger Hesse, Andreas Jossen, and Rolf Witzmann.
Fundamentals of Using Battery Energy Storage Systems to Provide Primary Control Reserves in
Germany. Batteries, 2(3):29, sep 2016. ISSN 2313-0105. doi: 10.3390/batteries2030029.

Ghassan Zubi, Rodolfo Dufo-López, Monica Carvalho, and Guzay Pasaoglu. The lithium-ion battery:
State of the art and future perspectives. Renewable and Sustainable Energy Reviews, 89:292–308,
jun 2018. ISSN 18790690. doi: 10.1016/j.rser.2018.03.002.





A
Literature Review Search String

TITLE-ABS-KEY ( ( energy  OR  power  OR  electric* )  AND  europe*  AND  ( ”Balancing market”  OR  ”FCR”
OR  ”Frequency containment”  OR  ”Frequency regulation”  OR  ”Frequency* reserves*”  OR  ”primary
control” ) )  AND  ( LIMIT-TO ( PUBYEAR ,  2020 )  OR  LIMIT-TO ( PUBYEAR ,  2019 )  

OR  LIMIT-TO ( PUBYEAR ,  2018 )  OR  LIMIT-TO ( PUBYEAR ,  2017 )  OR  LIMIT-TO ( PUBYEAR ,  2016 ) ) 

79





B
Results FCR Activation

B.1. Heatmap of Nordic FCR-D market

81



82 B. Results FCR Activation

B.2. Heatmap of UK Non-Dynamic FCR market


	Executive Summary
	Introduction
	Power system flexibility
	Increased need for load controlling capacity
	Decreased availability of current flexibility service providers

	Electrical energy storage
	Battery energy storage system: the implementation challenge
	Research question and sub questions
	Research approach
	Relevance of thesis to the COSEM master programme
	Master thesis outline

	General Concepts
	The electricity balancing act
	Grid balancing within the European Union
	Frequency operating reserves
	Reserve types
	Actors and responsibilities
	Balancing markets

	Frequency containment reserve
	FCR provision with a battery energy storage system
	FCR operation
	BESS operation dependencies


	Prerequisites for FCR operation in the European Union
	Literature review introduction
	Literature review selection
	Literature review results
	FCR prerequisites: Operational requirements
	FCR prerequisites: Market participation requirements

	Literature review discussion
	Idle moments
	Underutilized battery energy capacity
	Optimal BESS management and utilization
	Literature review limitations

	Literature review conclusion

	Modelling the activation profile of batteries providing FCR services for three synchronous areas within Europe
	Simulation model introduction
	Simulation model methodology
	General model description
	Mathematical model
	Model implementation
	Case selection
	Model verification

	Simulation model results
	Continental Europe (UCTE region)
	Nordic region – FCR-N
	United Kingdom region – Dynamic FCR
	Other FCR markets

	Simulation model discussion
	Frequency containment reserve activation
	Total idle time
	Idle time period lengths

	Simulation model conclusion

	Forecasting the behavior of batteries providing FCR services for different FCR markets
	Time series model introduction
	Time series model methodology
	Problem definition
	Data collection
	Data analysis
	Model selection and fitting
	Model validation

	Time series model results
	UCTE region
	Nordic region
	United Kingdom region

	Time series model discussion
	Time series autocorrelation
	Time series seasonality

	Time series model conclusion

	Discussion
	Overall research findings
	Research limitations
	Model assumptions
	Model limitations
	Data limitations
	Result limitations

	Research implications

	Conclusion
	Main research question
	Sub research questions

	Scientific relevance
	Societal relevance
	Research suggestions

	Bibliography
	Literature Review Search String
	Results FCR Activation
	Heatmap of Nordic FCR-D market
	Heatmap of UK Non-Dynamic FCR market


