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ARTICLE INFO ABSTRACT

Keywords: The synchronous grid of Continental Europe presents deterministic frequency deviations (DFD) that pose a
Deterministic frequency deviation (DFD) challenge for grid stability and the provision of frequency containment reserve (FCR). There is a knowledge
European continental synchronous area gap concerning the latest development of their occurrence and magnitude as well as their implications for the

Frequency containment reserve

MILP operation of large-scale battery energy storage systems (BESS) in the German FCR market. We analyzed the

Grid frequency time series historic development of the occurrence and magnitude of DFDs from 2014 to 2023 as well as their seasonal
Large-scale battery storage system patterns and daily profiles. For this analysis, we employed methods of time series decomposition such as
Time series decomposition classical and multiple seasonal-trend decomposition. Furthermore, we leveraged insights from our analysis
to propose a rule-based approach for the storage management of BESS based on DFD-informed operation.
Our results show an increase in the occurrence of high-magnitude DFDs of 37% from 2014 to 2023, with
a 10 mHz rise in DFD magnitude explained by the historic trend. We found that the median occurrence of
high-magnitude DFDs varies by up to 100% within a year. Our findings highlight the potential of integrating
frequency behavior into FCR provision with BESS, prompted by the recent increase in DFD occurrence and

magnitude.
1. Introduction from 2017 (Gobmaier, 2017) and 2018 (Schifer et al., 2018b) reported
that the introduction of short-time trading products in Europe had
The aggregated share of wind and photovoltaic power in the total resulted in the reduction of DFDs. However, they still pose a challenge
power generation of the European Union (EU) has increased by 16% for grid frequency quality. A 2020 report by the European network
from 2014 to 2023, with an overall share of renewable electricity of transmission system operators for electricity (ENTSO-E) states that
generation in the EU of over 43% in 2023 (Eurostat, 2024; Fraunhofer DFDs had increased in magnitude in the years previous to publication,

ISE, 2024a). While the development of renewable generation capacities with an increased number of DFDs over 75 mHz (ENTSO-E, 2020).
can present challenges for grid stability (Lew et al., 2020), the effect on

balancing reserves is limited in the case of the German grid (Hirth and
Ziegenhagen, 2015; Koch and Hirth, 2019). Conversely, energy trading
is the main cause for substantial deterministic frequency deviations
(DFD) that put a strain on frequency containment capabilities (Schéifer
et al., 2018b). The European interconnected grid shows DFDs at full
hours caused by ramping of power plants at the start and end of
delivery periods of common trading products that are not aligned
with load dynamics (Eurelectric, ENTSO-E, 2011; Weissbach and Wel- January of 2019, the worst recorded since 2006 (ENTSO-E, 2020). This
fonder, 2009; Gobmaier, 2017; Schifer et al., 2018a). Publications event highlights the challenge to the stability of the system and the

DFDs cause higher loading of transport lines due to unscheduled
activations of frequency containment reserve (FCR) and misuse of FCR
and frequency restoration reserves (FRR) that debilitate the system
against faults, the reduction of damping capabilities of inter-area os-
cillations, as well as increased wear and tear of generators (ENTSO-E,
2020; Elia, 2020). ENTSO-E reported the overlap of a large DFD and
a technical failure resulting in a 192 mHz frequency deviation in

* Correspondence to: Campus-Boulevard 89, 52074 Aachen, Germany.
E-mail address: batteries@isea.rwth-aachen.de (M. Celi Cortés).

https://doi.org/10.1016/j.egyr.2024.12.057
Received 5 September 2024; Received in revised form 11 December 2024; Accepted 19 December 2024

Available online 31 December 2024
2352-4847/© 2024 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


https://www.elsevier.com/locate/egyr
https://www.elsevier.com/locate/egyr
https://orcid.org/0000-0002-2624-9598
https://orcid.org/0000-0002-8076-4590
https://orcid.org/0009-0008-4469-8136
https://orcid.org/0000-0003-3073-0744
https://orcid.org/0000-0002-5622-3591
mailto:batteries@isea.rwth-aachen.de
https://doi.org/10.1016/j.egyr.2024.12.057
https://doi.org/10.1016/j.egyr.2024.12.057
http://crossmark.crossref.org/dialog/?doi=10.1016/j.egyr.2024.12.057&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Celi Cortés et al.

provision of FCR posed by DFDs. Due to the magnitude of frequency
deviations, DFDs have a significant impact on the control energy pro-
vided by units active in the FCR market, such as large-scale battery
energy storage systems (BESS). BESS are increasingly used for FCR
in Germany (Regelleistung Online, 2020, 2021). As of 2024, there
are 810 MW of BESS power pre-qualified for the provision of FCR in
Germany (50Hertz, Amprion, TenneT TSO, TransnetBW, 2024b), where
the total control power demand was 564 MW (50Hertz, Amprion,
TenneT TSO, TransnetBW, 2024a). This represents a 29% increase
in pre-qualified BESS power compared to 2023 (50Hertz, Amprion,
TenneT TSO, TransnetBW, 2023). The current installed BESS capacity
in Germany amounts to 1.5 GWh, of which 750 MWh were providing
ancillary services as of the end of 2022 (Figgener et al., 2023, 2024).

The integration of BESS for the provision of FCR contributes to
the efficiency of grid operations by providing an enhanced frequency
control response that is significantly faster than traditional power
plants. BESS can respond to frequency deviations within millisec-
onds (Koltermann et al., 2023). Furthermore, they can be controlled
with high accuracy and present a high energetic efficiency, leading to
precise control responses and energy savings. The provision of FCR with
BESS has a positive impact on the economic viability of grid operations
by reducing the FCR price due to their ability to provide the service
at a lower cost (Fleer et al., 2018; Engels et al., 2019; Badeda et al.,
2017). Additionally, the use of BESS for FCR can increase infrastructure
longevity by managing peaks in frequency without causing additional
wear and tear, in contrast to conventional power plants. The dominant
mechanism of BESS aging in FCR operation has been shown to be
calendar aging rather than cyclic aging, meaning that the aging of
the system is only marginally affected by the micro-cycles caused by
frequency deviations (Jacqué et al., 2022a,c).

In Germany, BESS fall under the definition of the transmission
system operators (TSO) as units with limited energy storage, which
are subject to special requirements for the provision of FCR (50Hertz,
Amprion, TenneT TSO, TransnetBW, 2022). These units have various
storage management options to provide the required balancing power
at all times. The systemic nature of DFDs may provide opportunities
for the provision of FCR by BESS units. By identifying the times and
amounts of control energy caused by DFDs, it is possible to develop
more economically and energy efficient storage management strate-
gies. One possibility for storage management, hereafter referred to
as setpoint adjustment (SPA), is the implementation of charging and
discharging processes via scheduled transactions (50Hertz, Amprion,
TenneT TSO, TransnetBW, 2022). Scheduled transactions in the context
of SPA for FCR can be realized within the intraday market in 15-
minute slots, as exemplified by the research-oriented BESS named
M5BAT (Koltermann et al., 2022b; Jacqué et al., 2022b).

2. Literature review
2.1. Deterministic frequency deviations

Existing scientific literature concerning DFDs in continental Europe
(CE) ranges from the early identification of DFDs and their causes,
as well as possible countermeasures, to their use in the development
of prediction algorithms for grid frequency properties. Weissbach and
Welfonder (2009) analyzed the origins of DFDs in CE and formulated
countermeasures to reduce their occurrence, which rely on the im-
plementation of ramping requirements for schedule-based dispatch.
Schéfer et al. (2018a) identified the substantial contribution of trad-
ing to frequency fluctuations by analyzing frequency of different syn-
chronous grids. Schéfer et al. (2018b) evaluated the role of trading
on DFDs in CE and suggested that the introduction of shorter trading
intervals in previous years had improved frequency quality. Kruse et al.
(2021a) provided an analysis of DFDs using explainable artificial intel-
ligence methods, investigating the influence of load, solar power ramps,
and scheduled generation ramps on DFDs. Kruse et al. (2020) proposed
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a weighted-nearest-neighbor predictor to forecast power grid frequency
trajectories, introducing daily patterns shaped by DFDs as a benchmark
for frequency predictors. Kruse et al. (2021b) introduced an explain-
able machine learning model to predict frequency stability indicators
for different European synchronous areas (including CE) that signif-
icantly outperforms daily profiles characterized by DFDs. Rousseau
et al. (2023) analyzed DFDs in CE, focusing on the Swiss contribution,
and proposed countermeasures relying on the prediction of power
imbalances. Weibach et al. (2018) evaluated the mitigating effects
of the introduction of quarter-hour products in European markets on
DFDs.

2.2. Setpoint adjustment in the provision of FCR with BESS

Several publications have investigated the operation of BESS in the
German FCR market, including strategies for SPA based on whole-
sale energy trading in order to ensure the needed FCR operating
point. Schweer et al. (2016) optimized the operation of M5BAT in
the FCR market including SPA. Thien et al. (2017) presented an FCR
operating strategy for M5BAT, triggering the SPA when the battery
state of energy (SOE) falls under a certain threshold. Miinderlein et al.
(2019) evaluated FCR operation strategies of the BESS M5BAT, includ-
ing the SPA strategy based solely on SOE levels. Thien et al. (2022)
analyzed different energy management algorithms, considering a state
of charge (SOC) dependent SPA. Koltermann et al. (2022a) presented
and validated the control algorithm of the BESS M5BAT, including an
SOC based SPA in the context of FCR operation. Schlachter et al. (2020)
simulated the FCR operation of batteries and power-to-heat, including
an SPA strategy on the intraday market based on buying at low SOCs
and selling at high SOCs. Engels et al. (2019) presented a framework to
optimize the investment, size, and operation of BESS for the provision
of FCR, considering degrees of freedom and intraday transactions for
its SPA. In addition, Engelhardt et al. (2022) investigated different SPA
strategies for FCR provision with BESS in the Nordic market, including
energy recovery through the intraday market.

2.3. Research gap

Existing literature regarding DFDs mainly focuses on identifying
their causes and recommending measures to counteract them at the
system level but they do not present detailed daily profiles or analyze
the FCR energy demand focused on the operation of assets in the
provision of FCR. Furthermore, there is a lack of information on the
seasonality of profiles across the year. There is no analysis of the
development of occurrence and magnitude of DFDs in the recent years,
with the last official report from ENTSO-E on the topic dating back
to 2020, with an analysis of the development of DFDs until January
of 2019 (ENTSO-E, 2020). Although complex methods such as those
mentioned in the literature review provide detailed insights into DFD
causes, they are computationally intensive and unnecessary for obtain-
ing operationally relevant insights. Simpler statistical approaches, like
those employed by ENTSO-E, fail to capture key nuances in frequency
trends that are relevant for BESS operation. The multiple seasonal-trend
decomposition using locally estimated scatterplot smoothing (LOESS)
(MSTL) method, which is highly cited for its balance of computational
efficiency and accuracy, has not yet been applied to analyze DFDs in the
scientific literature. This gap suggests the use of methods that leverage
computational efficiency to gain insights that can be applied to the
provision of FCR with BESS.

In the context of the provision of FCR, the storage management of
SPA of BESS is commonly done in the intraday market. Our literature
research shows that no previous studies have proposed a price-aware
SPA strategy that leverages insights from DFDs and historic intraday
prices instead of a purely SOC driven activation. The literature review
shows that the operation of BESS in the FCR market is well studied,



M. Celi Cortés et al.

but SPA strategies remain the same. SPA costs have become an impor-
tant component of the business model for FCR provision with BESS,
following the increase in intraday prices during the energy crisis. The
investigation of more sophisticated SPA strategies based on intraday
market trades is key to achieving a more robust business case for the
provision of FCR with BESS.

3. Contribution
3.1. Regarding the analysis of DFDs

In our study, we utilized methods of time series decomposition
in order to determine daily frequency profiles based on ten years of
European grid frequency data. Here we analyze the differences in DFDs
between summer and winter months, as well as between weekdays
and weekends. Furthermore, we analyze historic frequency data and
discuss the influence of increased variable renewable energy production
on the FCR control energy demand in the ENTSO-E area. Following,
we identify trends in the magnitude and occurrence of full-hour DFDs
over the years with the help of MSTL. We contribute to the body of
knowledge with a detailed analysis of the latest data in order to assess
development of DFDs over recent years, using high quality frequency
data from 2014 to 2023 to present the latest development of DFDs.
In contrast to the reviewed literature, we present representative daily
profiles of DFDs and FCR energy demands while analyzing seasonalities
and trends in the data. In addition, the use of MSTL for the analysis of
DFDs is a novel approach that has not been proposed in the literature
before. The use of classical decomposition methods, as well as MSTL,
provides advantages in terms of a higher computational efficiency with
sufficient accuracy, allowing for the analysis of ten years of frequency
data. This work not only contributes to the understanding of frequency
dynamics in the context of rising intraday prices but also establishes a
foundation for designing SPA strategies that enhance the economic and
operational efficiency of BESS providing FCR.

3.2. Regarding the provision of FCR with BESS

SPA in the intraday market is very well studied and applied as seen
in the literature review. However, insights into the deterministic behav-
ior of the grid frequency and its relationship with energy prices in the
intraday market have not been implemented in SPA strategies within
the development of energy management algorithms. We address this
gap by discussing the implications of DFDs for the controller design of
BESS in the German FCR market and by proposing a price-aware rule-
based approach for SPA that leverages insights from DFD-dominated
daily profiles and intraday market data for the first time. This approach
aims to improve storage efficiency and reduce costs for BESS providing
FCR, compared to traditional SPA strategies. Furthermore, the proposed
rule-based approach includes a typically grid supporting SPA activation
strategy. This is contrast to the traditional SPA strategies for BESS,
where activation is solely based on current SOE levels and not on the
price nor on the typical FCR energy demand.

4. Methodology

In this section, we present the methods used to extract daily fre-
quency profiles using a ten-year dataset of grid frequency data from
the CE region. In addition, we outline our approach to identifying and
quantifying DFDs occurring at full hours, along with the criteria used to
define them. Furthermore, we detail the methodology used to calculate
the provision of FCR by BESS according to the requirements of the
German TSOs.
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4.1. Extraction of daily grid frequency profiles

To extract daily frequency profiles from the frequency data ob-
tained from the CE grid, we utilized the “seasonal_decompose” function
available in the Python library “statsmodels” (Seabold and Perktold,
2010). This function employs classical decomposition methods to ex-
tract trend, seasonality, and residual components from the data. Specif-
ically, we applied additive decomposition. Our procedure involves
filtering the data and subsequently applying “seasonal decompose”
over a one-day period. This approach aligns with the main recurrence
period of grid frequency patterns in the CE region (Kruse et al., 2020),
enabling the extraction of meaningful daily grid frequency profiles.
Since non-recurring frequency deviations are explained by the residual
of the decomposition, we assume the seasonality component of the
frequency deviations, i.e. the extracted daily profile, is attributable to
deterministic deviations in the system. For this reason, we focus the
analysis on the seasonal component of the time series decomposition.

Eq. (1) shows the utilized additive decomposition method of time
series data into trend, seasonal, and residual components. In order to
determine the daily frequency profile, we decomposed the ten-year
frequency time series f(¢) into the daily trend T,(r), the daily seasonal
component S,(¢), and the daily residual e, (). Egs. (2) and (3) show the
decomposition of frequency data for the summer months of June and
July and the winter months of December and January, respectively.
These months show the most pronounced seasonal differences in the
frequency behavior within the year. Furthermore, the difference in
frequency behavior between weekdays and weekends is captured by
splitting the data as shown in Egs. (4) and (5).

Y)=T@)+ S+ e(t) 1)
S summer(®) = T4 (@) + Sq(0) + e4(1) (2)
Fuwiner® = Ty(0) + Sy(0) + €, (1) (3)
Suweekday® = TJ @) + S (1) + €] (1) (4
Fweekena® =T @) + S (1) + €)' () 5)

The seasonal terms S,(t), S}(1), S/(1), and S/’ (1) of these equations
represent the four daily grid frequency profiles extracted in this work.
They containing the recurrent behavior of the data for the ten years
analyzed, corresponding to deterministic frequency deviations. The
separation of the time series into summer and winter months, as well as
weekdays and weekends, allows us to subtract the influence of known
seasonalities on the daily frequency profiles. This enables the use of a
single seasonality method, which is more computationally efficient than
MSTL. MSTL would be able to identify multiple seasonalities within
one dataset but is too computationally intensive to process ten years of
frequency data.

4.2. Extraction of DFDs

We apply the ENTSO-E criterion to identify and quantify DFDs as
absolute “peak-to-peak” frequency deviation values (ENTSO-E, 2020).
Furthermore, we identify DFDs based on peak frequency deviations that
occur within 5-minute windows before and after the full hour. Fig. 1
presents our approach to DFD extraction and data preparation.

After extracting these peak-to-peak values, we use an MSTL de-
composition (Bandara et al., 2021) from the Python library “statsmod-
els” (Seabold and Perktold, 2010) on the absolute peak-to-peak values
in order to discern trends across years. Our MSTL analysis accounts
for daily, weekly, and yearly seasonal patterns, as well as a trend
component that explains the growth in DFD magnitude over the years
and a non-assignable residual component. Our analysis focuses on
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Fig. 1. Flowchart for the extraction of peak-to-peak values of DFDs at full hours from
frequency data.

the trend component of the MSTL decomposition, which explains the
evolution of DFD magnitudes over the years.

Eq. (6) shows the decomposition of the DFD data f (1) extracted
from the frequency time series into trend T'(¢), seasonal S(¢), and error
e(t) components. We applied MSTL decomposition to the time series
data, resulting in a seasonal term that considers yearly S,(t), weekly
S, (1), and daily S,(r) seasonalities, as shown in Eq. (7). In Eq. (8),
the trend component results from the subtraction of the seasonal com-
ponents and the error term from the DFD time series. This trend
component of the MSTL decomposition is the focus of the analysis,
showing the evolution of DFD magnitudes over a period of 10 years
for the first time.

Sprp@®) =T@) + S@) + e(?) (6)
S(1) = S,0) + S,(1) + 54 () )
T(0) = fprp®) — S,(®) = S,(1) = S(1) — e(?) (€)]

In contrast to classical seasonal decomposition methods, MSTL is
able to identify multiple seasonal components within a dataset, which
is particularly useful for the analysis of long-term frequency data. The
subtraction of accurately calculated multiple seasonal components from
the time series allows for a more precise trend estimation across the ten-
year dataset. Furthermore, MSTL is able to capture changes in seasonal
components over time, preventing these changes to be misinterpreted
as part of the trend. These characteristics speak for the suitability of
MSTL for the analysis of magnitude increases in hourly DFD values over
a decade. MSTL was not used for the calculation of daily frequency
profiles since it is too computationally intensive to process the amount
of data considered, which has a resolution of one second.

In addition to the development of DFD magnitude over time, we
analyze daily patterns of DFD peak-to-peak values, the count of DFDs
over 75 mHz and 100 mHz, and their monthly distribution within the
year. For the evaluation of the daily DFD pattern, as well as for the
monthly distribution of DFD occurrences, we used box plots. Especially
in the case of the daily pattern, this is useful in order to observe
the distribution of high magnitude DFDs and outliers. High magnitude
outliers are critical since their overlap with actual non-deterministic
errors, such as the outage of a large power plant, can compromise the
stability of the grid.

4.3. Frequency containment reserve with BESS

In Germany FCR reserves are automatically activated based on
the currently measured grid frequency. No FCR needs to be provided
within the dead band of +10 mHz around the target frequency of
50 Hz. The target balancing power P(4f) to be supplied at the grid
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connection point is calculated as follows (50Hertz, Amprion, TenneT
TSO, TransnetBW, 2022):

0, |[Af| < 10 mHz

P(Af) =3 Pacg - ﬁ 10 mHz < |4f] < 200 mHz ©9)

sgn(Af) - Pecr» |14f| > 200 mHz,

where Af is the frequency deviation from 50 Hz and Ppcg is the
marketed FCR power of the BESS. Degrees of freedom in the form of
overfulfillment of up to 120% of the target FCR power are allowed by
regulation. However, we do not use this overfulfillment to calculate the
target power of an BESS in the equation. This is an assumption based
on the operation of M5BAT, where the overfulfillment is deactivated.
In order to determine the influence of DFDs on the energy delivery of
the BESS, we calculate the control energy to be provided 10 min before
and after the full hour 4. The control energy is given by the integral of
the function P(4f) from:

h+10 min/h 600
/ P(Af)dt ~ Z P(Af,) - At,,
h/h—10 min n=1
where Af, represents the frequency deviation at each one-second time
step and At is the time step duration (in this case, 1 s). We assume
that the BESS has an instantaneous response based on response speed
measurements performed on the BESS M5BAT (Koltermann et al.,
2023). Furthermore, the BESS must be able to provide FCR for at least
15 min at all times, with an additional 5 min reserved for reserve
operation in both directions, defining the allowable operating range
of the system. In order to stay within this operating range, an SPA

is necessary. In the investigated application, the SPA is performed via
scheduled transactions in the intraday market.

(10)

5. Data foundation

The grid frequency data used in this study were collected at one-
second resolution from 2014 to 2023. Measurements were recorded
at three locations in the Munich region, employing four monitoring
devices to mitigate local disturbances and ensure the validity of the
data (Dr. Gobmaier GmbH, 2023). Furthermore, data concerning re-
newable power generation in the ENTSO-E area from 2015 to 2023
were obtained from the ENTSO-E Transparency Platform (ENTSO-E,
2024).

6. Results and discussion
6.1. Ten years of frequency data

Fig. 2 shows a heatmap with the grid frequency in CE from 2014
to 2023. Here we observe significant and consistent frequency devia-
tions corresponding to DFDs at full hours throughout the years, with
less significant deviations observed at quarter hours. The direction
of the frequency deviations varies throughout the day due to differ-
ent factors responsible for systematic mismatches between load and
generation at different times of day. In addition, a clear seasonality
in the occurrence of DFDs between summer and winter is particu-
larly pronounced during the evening hours. This seasonality is most
pronounced around the winter and summer solstices, pointing to the
role of lighting related load at the evening twilight (Gobmaier, 2017).
Furthermore, a constant overfrequency can be observed in March of
2018. On March 3™, 2018, a grid time deviation of —359 s, caused by
systematic schedule deviations in the area of Serbia and Kosovo, was
recorded (Dr. Gobmaier GmbH, 2024). In order to correct the deviation,
the Continental European TSOs maintained the average grid frequency
at 50.01 Hz throughout March, explaining the overfrequency observed
in the heatmap (ENTSO-E, 2018).
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Fig. 2. CE grid frequency from 2014 to 2023 in 1-second resolution, sorted by UTC time and date.

Based on these seasonal patterns and the known differences in load
profiles between weekdays and weekends, we derive daily profiles for
summer and winter as well as for weekdays and weekends to analyze
the direction, onset, and magnitude of DFDs. Furthermore, we analyze
the historic development of DFDs to identify any trends in magnitude
and occurrence over time.

6.2. Seasonalities in DFDs

Fig. 3 shows daily grid frequency profiles for summer and winter as
well as the difference in frequency between both profiles. To enable a
valid comparison of frequency deviation magnitudes between summer
and winter, one hour is adjusted in the UTC time for the summer
profile. This adjustment accounts for daylight saving time, which is
common practice in CE. The summer profile is calculated with the
data from June and July and the winter profile with the data from
December and January, corresponding to the representative summer
and winter months in Europe. The data used in both cases corresponds
to the 10-year dataset (2014-2023).

The analysis of both summer and winter frequency profiles shows
significant hourly peak-to-peak DFD values. Morning DFDs (5:00 to
7:00 a.m.) show positive peak-to-peak deviations ranging from 33 to
57 mHz in the summer and from 49 to 76 mHz in the winter. Thus,
morning DFDs are, on average, 22 mHz higher in magnitude in the
winter. From 9:00 a.m. to 1:00 p.m., DFDs in a distinctly negative
direction can be observed with peak-to-peak values ranging from 25
to 40 mHz in winter, with winter DFDs averaging 10 mHz higher
magnitudes. DFDs experience a clear direction change in the positive
direction in the afternoon hours, which include 4:00 to 6:00 p.m. in
the summer and 3:00 to 4:00 p.m. in the winter. Afternoon DFDs range
from 27 to 62 mHz and are on average 16 mHz higher in winter.
Evening and night DFDs see the largest shift in negative direction, with
peak-to-peak values ranging from 35 to 93 mHz and with summer DFDs
averaging 4 mHz higher in magnitude. However, winter DFDs start at
6:00 p.m., compared to summer DFDs starting at 9:00 p.m., and are
thus more significant for the daily profile. These DFDs reach their peak
magnitude in the evening and decrease consistently until 2:00 a.m.
During the full hours that mark the four major directional shifts of
DFDs throughout the day, mild DFDs with a magnitude under 25 mHz
are observed. These hours include 3:00 a.m., 4:00 a.m., 8:00 a.m., and
2:00 p.m. across both summer and winter. Additional times such as
3:00 p.m., 7:00 p.m., and 8:00 p.m. during summer, and 5:00 p.m. in
winter also exhibit minor DFDs.
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Fig. 3. Frequency deviations in the months of June and July, representing the summer,
versus frequency deviations the months of December and January, representing the
winter.

Fig. 4 presents daily frequency profiles for both weekdays and week-
ends, as well as the frequency difference between both profiles. The
difference in DFD magnitude between the profiles is mainly observed
during morning hours. Significant morning DFDs occur from 4:00 to
7:00 a.m. during weekdays and at 6:00 and 7:00 a.m. during weekends
and range from 28 to 74 mHz in magnitude, with 19 mHz higher aver-
age peak-to-peak values during weekdays. The significant difference in
DFD magnitude between weekdays and weekends is consistent with the
known differences in load profiles between these days. The observed
variations in DFDs are likely attributable to known differences in load
ramps between weekdays and weekends.

The daily pattern of frequency deviations in the power grid is driven
by the mismatch between constant power generation and fluctuating
electric loads, shifting directions depending on the time of day. These
deviations are most pronounced at full hours (DFDs) due to schedule-
induced imbalances, with the direction and magnitude dependent on
the load gradient. Positive gradients cause overfrequency, while neg-
ative gradients result in under-frequency (Weissbach and Welfonder,
2009). Evenings and nights experience increased magnitude DFDs due
to fewer active generators and thus fewer rotating masses to compen-
sate for deviations (Gobmaier, 2017). However, solar power ramps
can smooth out fluctuations at different times of the day, and rapid
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Fig. 5. Peak frequency deviations found 5 min before and after full hours from 2014
to 2023.

adjustments from sources like hydro power can cause deviations to
move opposite to the load curve, highlighting the intricate balance
between generation schedules, renewable energy contributions, and
grid stability (Kruse et al., 2021a).

Daily frequency profiles are already a good predictor of frequency
deviations (Kruse et al., 2021b,a). However, they do not consistently
explain the magnitude of DFDs, which is influenced by variable pre-
dictors such as load and generation ramps (Kruse et al., 2021a). Fig. 5
shows the distribution of peak frequency deviations occurring withing
5-minute windows before and after full hours based on data from 2014
to 2023. While we can observe that the range of the median values
is consistent with the daily frequency profiles obtained by time series
decomposition, peak deviations can differ significantly. Systematic high
magnitude variations from the median values represent a risk for grid
stability, since the overlap of these systematic deviations with non-
deterministic faults can lead to a critical situation. This is especially
relevant for the negative peak deviations, which are consistently higher
than the positive peak deviations and for which control power needs to
be fed in. In contrast to positive deviations, extreme negative deviations
can cause load curtailment measures.

Fig. 6 shows the distribution of absolute peak-to-peak DFD values.
We observe that the DFDs consistently exceed the magnitudes predicted
by the daily profiles. Higher DFDs than predicted by the daily profiles
are especially concerning, as they consistently exceed the 75 mHz and
100 mHz criteria (ENTSO-E, 2020) causing a misuse of FCR reserves
and debilitating the system against faults.
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Fig. 7. Correlation between weekly absolute FCR control energy and share of renew-
able energy production in the ENTSO-E area (2015-2023).

6.3. Historic development of FCR control energy and renewable energy
production in continental Europe

In Fig. 7, a scatter plot shows the weekly share of renewable energy
production in the ENTSO-E area and the weekly FCR energy calculated
for 1 MW of marketed FCR according to the German FCR conditions.
Renewable energy production increased in the past years but remains
in the region of 10% to 30%. A weak correlation with a coefficient
of 0.193 indicates that there is no significant connection between the
increased renewable energy production and the use of FCR.

This weak correlation leads to the assumption that a further increase
in renewable energy production has no critical impact on the grid
stability and energy supply in the ENTSO-E area. This is consistent with
the findings from Kruse et al. (2021b), where hourly frequency stability
indicators in CE were mainly explained by day-ahead load ramps,
reflecting the significant influence of DFDs in contrast to Great Britain
(GB), where frequency deviations were largely affected by renewable
energy generation. Due to the importance of DFDs for grid frequency
stability in CE, it is key to analyze the development of their magnitude
and occurrence over recent years.

Rather than the proportion of renewable energy production, the
demand of FCR control energy is mainly driven by deterministic de-
viations. The ramping behavior of generators and the capability to
coordinate the ramping, as well as the volume of trades in the day-
ahead market and even the volume of new wholesale products could act
as predictors for the FCR control energy demands of the future. In the
immediate future, historical DFD values and profiles, such as the ones
presented in this work, are a good predictor of FCR energy activation.
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from 2014 to 2023.

6.4. Historic development of DFDs

In the following, we investigate the historical development of DFDs
from 2014 to 2023, focusing on those with peak-to-peak values greater
than or equal to 75 mHz and 100 mHz due to their significance in the
provision of FCR. Fig. 8 shows the development of the occurrence of
these DFDs. Notably, 2017 and 2018 saw significant rises in DFDs above
both thresholds. In 2017, occurrences of DFDs greater than or equal to
75 mHz and 100 mHz increased by 23% and 44%, respectively, com-
pared to 2015. Although 2018 maintained a high frequency of DFDs at
or above both thresholds, there was a slight decrease compared to the
previous year. This trend aligns with the findings of the 2020 ENTSO-E
report (ENTSO-E, 2020), which described a rise in DFD occurrences. By
2020, the occurrence of DFDs > 75 mHz decreased by 10% relative to
2017, and the occurrence of DFDs > 100 mHz decreased by 21%. Yet, a
resurgence was observed by 2023, with DFDs > 75 mHz occurring 19%
more frequently than in 2020, surpassing the 2017 peak occurrence by
7%. The number of DFDs > 100 mHz increased by 22% from 2020 but
remained 4% below the 2017 peak.

The occurrence of DFDs in CE is mainly explained by day-ahead
market transactions at full hours with power ramping at different rates
which cause temporary discrepancies between the scheduled and the
actual power delivery, thus resulting in frequency deviations. Here,
the relatively faster ramping generation units represent an important
contributor to frequency deviation (Kruse et al., 2021b,a). The trend
of increasing incidence of high magnitude DFDs could be explained
by a possible increase in fast-ramping generation units in CE. This
trend can result in an intensified impact of DFDs on grid stability and
operational efficiency. In addition to the already mentioned misuse of
FCR reserves, DFDs cause additional unscheduled power flows resulting
in higher loading of transport lines at hour changes throughout the day,
using reliability margins designed for system outages (ENTSO-E, 2020).
Finally, DFDs cause increased wear and tear of synchronous generators
and can be increase the cost of FCR due to additional deterioration of
infrastructure (ENTSO-E, 2020).

Fig. 9 displays the monthly occurrences of DFDs greater than or
equal to 75 mHz and 100 mHz, based on data from 2014 to 2023. The
analysis reveals a significant variation between March and July, with
median occurrences of DFDs > 75 mHz of 379 and 230, respectively,
indicating a 65% higher occurrence in March. This variation is even
more significant for DFDs > 100 mHz, with March presenting a median
count of 175 and July a median count of 87, a difference of little over
100%. This pattern highlights seasonal differences, with lower DFD
counts (> 75 mHz, > 100 mHz) observed during summer months and
higher counts in winter months. This trend aligns with the earlier onset
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Fig. 9. Monthly occurrences of DFDs with values greater than or equal to 75 mHz and
100 mHz from 2014 to 2023.

of high-magnitude evening DFDs in winter, resulting in their more
frequent occurrence during this season. This behavior is consistent
across both thresholds of DFDs, with a greater variability observed for
DFDs > 75 mHz and more uniform occurrences for DFDs > 100 mHz.

This seasonal variability can be taken into consideration when
designing SPA strategies for BESS providing FCR. However, they do
not directly affect their strategic planning or operational reliability.
BESS are particularly fast at responding to frequency deviations and
have high ramping capabilities, thus we do not see any clear effects in
terms of system responsiveness. Furthermore, during the process of pre-
qualification, BESS are required to ramp up and down to full power in
order to test their responsiveness. These power gradients are necessarily
higher than the gradients caused by DFDs, since they correspond to
the power delivery corresponding to a 200 mHz deviation. In terms
of reserve allocation strategies, DFDs are indeed more significant in
the winter than in the summer, however this does not represent any
significant degradation for the BESS so that it would be economically
advantageous to market it differently at these times. Here, the deciding
criterion when marketing a BESS is the current FCR market price, rather
than the DFDs.

Our analysis shows that recent years have seen a remarkable in-
crease in high-magnitude DFD occurrences, highlighting the growing
challenges in power system stability and the critical role of effective
FCR. The surge in DFDs greater than or equal to 75 mHz and 100 mHz
has contributed to an overall rise in DFD magnitude. Fig. 10 shows the
trend of DFD magnitude development in the last ten years. This trend is
the result of the MSTL decomposition of the DFD peak-to-peak values.
Our MSTL analysis incorporates daily, weekly, and yearly seasonality
components, as well as a trend component that explains DFD magnitude
growth throughout the years independent of periodic fluctuations and
residual noise.

The analysis reveals an evolution of DFD magnitudes that are ex-
plained by the trend component, with an initial increase of 7.2 mHz by
2018 since the beginning of 2014, followed by a reduction of 5.2 mHz
by October 2019 compared to 2018. A subsequent increase of 3.7 mHz
by the end of 2021 was followed by a minor decrease of 2.2 mHz
towards the end of 2022. Furthermore, we observe a consistent rise
throughout the year 2023. By the end of 2023, the trend accounted for
a 82.6 mHz contribution to DFD magnitude, marking a 10 mHz rise
compared to 2014 and a 2.8 mHz increment from 2018. This trend
highlights the importance of integrating grid frequency behavior into
FCR unit operations, prompted by the recent increase in DFD occur-
rence and magnitudes. Therefore, we propose exploring DFD-informed
BESS operation strategies in the context of SPA algorithms.

BESS will need to be designed and dimensioned to withstand regular
surges in power caused by DFDs, luckily this is not such a problem
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decomposition from 2014 to 2023.

for BESS but rather for more traditional power plants which are not
designed for regular high-magnitude ramping, which leads to increased
wear and tear (ENTSO-E, 2020). This fact consolidates the adequacy
of BESS for the provision of FCR rather than traditional power plants.
Nevertheless this should be considered when deciding which battery
chemistry should be used, as some technologies may experience more
stress in this operation. In the case of lithium ion technologies, current
BESS designs are able to handle DFDs, although in the long term
higher power deliveries could cause marginally higher degradation.
Capacity and power requirements for BESS providing FCR are specified
in the pre-qualification requirements of the TSOs and are by definition
adequate to deal with DFDs, since the BESS reserves the FCR power to
respond to a 200 mHz frequency deviation at all times while active in
the FCR market. It is possible to slightly over-dimension BESS capacity
in order to reduce the depth of discharge of DFD related battery cycles.
In practice, however, aging of BESS in FCR operation is dominated by
calendar aging rather than cyclic aging (Jacqué et al., 2022a,c).

6.5. Comparison with literature results

In the following, we present a brief overview of results from relevant
DFD literature as well as a comparison with the results presented in this
work. Table 1 shows this overview of five literature sources that contain
results that can be compared to our analysis. These focus on the daily
frequency profiles that are mainly calculated by average values of the
whole year, while others consider only winter months. Other metrics
analyzed in our paper such as FCR energy demand profiles, seasonality
of DFDs, and general trends in DFD magnitude are not found in the
reviewed literature. Kruse et al. (2021b) and Kruse et al. (2021a) do
not present any results that can be compared with the ones presented
in this work as they focus on the origins of DFDs.

Fig. 11 shows the daily profile calculated as the average of all values
from 2014 to 2023, without any seasonal consideration, as well as the
difference between this profile and the seasonal summer and winter
profiles proposed in this work. For this comparison, we subtracted the
seasonal profiles from the average profile. This analysis is done in order
to address the method of whole year average used in the literature. We
can observe that the average profile is not representative of the whole
year, with clear differences when compared to the seasonal profiles
calculated with time series decomposition. This discrepancy is most
marked when considering the summer daily profile. Here, the evening
hours present the highest deviations from the average profile, with the
most pronounced negative difference of —49 mHz at around 7:00 p.m.
This behavior in the evening hours is characteristic of the winter
months and it dominates the average profile, making it unsuitable to
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Table 1
Calculation of frequency daily profiles in literature.

Source Method employed Main focus of the work

Weissbach and
Welfonder
(2009)

Ensemble average Origins of DFDs and proposed

of winter months countermeasures

Weil3bach et al.
(2018)

Ensemble average Analysis of effects of mitigating

of winter months measures to reduce DFDs

ENTSO-E (2020) Average of

January 2019

ENTSO-E report on origins
of DFDs and countermeasures

Kruse et al.
(2020)

Average Focus on frequency forecast

methods

Rousseau et al.
(2023)

Average of 2020 Proposal of forecast-based

DFD countermeasures
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Fig. 11. Daily frequency profile calculated with the average of all values from 2014
to 2023 and the difference between this profile and the seasonal summer and winter
profiles presented in this work.

represent the summer months. Positive differences can reach up to
around 25 mHz and can be observed in the early morning hours at
3:00 a.m. and 4:00 a.m., in the afternoon at 3:00 p.m. and 4:00 p.m.,
and in the evening at 20:00 p.m. When considering the difference to the
winter profile, we observe that the differences compared to the average
profile are less pronounced, reaching —31 mHz at around 7:00 a.m.
Positive differences reach 20 mHz at 5:00 p.m. and 6:00 p.m.

Fig. 12 shows a daily frequency winter profile calculated with the
average of values of January to March and October to December from
2014 to 2023 and the difference between this profile and the winter
profile proposed in this work. This ensemble average winter profile
has been calculated in reference to the profile calculated in Weissbach
and Welfonder (2009), where these months have been considered. In
contrast, the winter profile calculated with time series decomposition
uses the months of June and July as the data foundation. When com-
paring the ensemble average profile with the decomposition profile,
we observe few differences, showing that the profile is adequately
representative of DFD magnitudes in the winter months. However,
a positive difference of 17 mHz can be observed at 5:00 p.m. and
a negative difference of —15 mHz at 7:00 a.m. We attribute these
differences both to the different selection of months as well as to the
different method employed to calculate the profile.
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Fig. 12. Daily frequency winter profile calculated with the average of values of January
to March and October to December from 2014 to 2023 and the difference between this
profile and the winter profile presented in this work.

6.6. Recommendations for the controller design of battery systems providing
FCR

In this section, we utilize the insights gained from our analysis of
frequency and intraday price data in order to propose a DFD-informed
rule for triggering SPA in the context of BESS operation in the FCR
market. For this, we calculate the control energy corresponding to
1 MW of FCR reserved power for ten minutes before and after full hours
using frequency data from 2014 to 2023, as shown in Fig. 13. Here, the
blue boxes represent the control energy ten minutes before the full hour
and the red boxes represent the control energy ten minutes after the full
hour. We observe that the change in direction of the control energy
around the full hour is consistent with the direction of DFDs identified
in the frequency daily profile. Furthermore, we identify the evening
hours as period of the day with the most pronounced control energy
demand before and after the full hour. This behavior is consistent with
the known increase in DFD magnitude during the evening hours, as
shown in the daily frequency profiles. The periods of the day ranging
from 8:00 a.m. to 1:15 p.m., and from 7:00 p.m. to 2:15 a.m. are
marked by positive control energy demands, indicating the injection of
power into the grid. These periods are especially relevant for the SPA
strategy of the BESS, since these are the periods that will be mostly
responsible for discharging the system.

Most SPA actions are triggered in order to charge the BESS and
maintain the SOE range needed for FCR operation. That means energy
is bought in the 15-minute intraday market. Discharging operations are
occasionally necessary but less frequent than charging operations. For
this reason, we identify the periods of the day where the intraday price
is lower based on the weighted average intraday prices from 2014 to
2023 (EPEX SPOT, 2024; Fraunhofer ISE, 2024b). Fig. 14 shows the
median of the weighted average intraday price throughout the day. The
red area represents 50% of the data and the blue area represents 75%
of the data. We can observe peaks in the daily price profile around
8:00 a.m. and 7:00 p.m. as well as price lows around 3 a.m. and
2 p.m. We identify periods of the day when prices are typically low
and thus are favorable for the activation of SPA to charge the BESS.
These periods range from 0:45 a.m. to 6:15 a.m. and from 11:45 a.m.
to 3:15 p.m. We observe that these periods overlap with the periods of
positive control energy demand, however there is enough leeway for
the activation of SPA at different times.

The intraday price within the hour decreases or rises opposite to
the direction of DFDs. The hourly product stays constant while the load
decreases, which causes an overproduction of power. This has an effect
both on grid frequency, causing DFDs, and on the intraday price profile.
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Fig. 13. FCR control energy corresponding to 1 MW of FCR reserved power for ten
minutes before and after full hours from 2014 to 2023.

When there is an over-generation relative to the load profile, prices
decrease and when the load is higher than the generation of the hourly
products, prices increase. Similarly to DFDs, these price changes occur
around full hours. For this reason, SPA should be triggered immediately
before or after the full hour, depending on the time of day. Within
the low price periods defined, it should be distinguished between SPA
triggering before or after the full hour depending on the time of the
changes of direction of DFDs, which occur at 3:00 a.m. and 2:00 p.m.

Fig. 15 shows the proposed algorithm for the activation of SPA in
the intraday market. In both low-price phases between 0:45 and 6:15,
and again from 11:45 to 15:15, energy for SPA charging is bought as
soon as the SOE is low enough. If the SPA is triggered before 3:00 in
the first phase or before 14:00 in the second, energy is purchased before
the full hour, if the SPA is triggered after these times, energy is bought
after the full hour. In this way, it is possible to utilize typically low
intraday prices to recharge the BESS. In both cases, the control energy
demand is negative, which means that triggering the SPA in charging
direction is typically grid-supportive as well as cost efficient.

The proposed algorithm can be described mathematically as follows.
Let:

* SOE(t) represent the state of energy at time 7.
SOE,;,osn014 be the threshold value of SOE.

t represent the current time.

t 1 =03:00 am..

ot 14 : 00 p.m..

phase

phase 2 =

Algorithm 1 Setpoint adjustment algorithm

Ju

: Start
: if SOE(t) < SOE,,05p01a then
if 1 <7ppase 1 OF T <1yp4q o then
Buy energy before full hour
else
Buy energy after full hour
end if
else
Do nothing
: end if
: End

© ® NI AW

—
= o

The proposed rule-based approach for storage management (SPA)
of BESS providing FCR offers a clear comparative advantage over
traditional SOE-based SPA strategies discussed in this work. It does
so by incorporating insights from historical intraday price profiles as
well as the DFD-related FCR control energy profiles presented. By
aligning energy purchasing with periods of lower prices, the approach
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Fig. 15. Proposed algorithm for triggering SPA in the intraday market.

reduces costs while promoting grid-supportive behavior during SPA
charging. This grid supporting behavior could help mitigate the effects
of DFDs, at least marginally. Unlike existing FCR strategies, which react
solely to SOE, this method proactively adjusts to market dynamics and
DFD patterns, enabling more efficient use of the BESS under condi-
tions of increasing price volatility. This adaptability and integration
of DFD trends into decision-making enhance both the economic and
operational performance of the system.

7. Conclusion and outlook

We have analyzed ten years of grid frequency data from the CE
region to identify daily frequency profiles and DFDs. We observed
seasonal differences in DFDs between summer and winter, as well as
between weekdays and weekends. In addition, the largest deviations
occur during full hours, due to power plant ramps, load curves, and
trading activities. This is significant for FCR activation, which peaks
around the hour change. Control energy is then activated accordingly,
suggesting that recurring patterns could inform strategies for SPA in
the context of storage management or for the multi-market operation
of BESS. We found that the increased renewable energy production in

1038

the ENTSO-E area has no significant impact on the FCR control energy
demand, showing a weak correlation coefficient of 0.193 between FCR
control energy demand and the share of renewable energy production
between 2015 and 2023. Although we have found that the seasonal-
ity patterns in DFDs have remained mostly unchanged, the historic
development of DFDs showed a marked increase in high-magnitude
DFD occurrences, with a rise in DFD magnitudes between 2014 and
2023. DFDs with magnitudes over 75 mHz increased by 30% while
DFDs with magnitudes over 100 mHz increased by 37% from 2014
to 2023. Furthermore, we observed a clear seasonal pattern in the
occurrence of high-magnitude DFDs, with DFDs above 75 mHz and
100 mHz occurring 65% and 100% more frequently in March than in
July, respectively. Our MSTL analysis of DFD data showed an increase
of 10 mHz in DFD magnitude explained by the trend component from
2014 to 2023. This trend highlights the growing challenges in power
system stability as well as the potential for integrating this knowledge
into the operation of FCR units, especially those with limited storage
such as BESS. We found that changes in the direction of control energy
around full hours align with DFD patterns, with the most significant
demand for control energy occurring in the evening hours. Our analysis
shows that intraday prices within the hour decrease or rise opposite
to the direction of DFDs, presenting significant changes around full
hours. Based on these findings, we propose the investigation of a rule-
based approach for the activation of SPA in the intraday market for
BESS providing FCR that leverages insights from DFD-dominated daily
profiles and intraday market data to improve storage efficiency and
reduce costs.

The use of time series decomposition methods improve the under-
standing of FCR energy demand profiles that represent an opportunity
to implement more efficient and profitable operation strategies for BESS
active in this market. In contrast to more conventional techniques, this
method can capture the peaks of power values as well as the typical
FCR energy demand more accurately and representatively compared
to the calculation of mean energies. Furthermore, the consideration of
weekly as well as seasonal patterns offers especially useful insights for
BESS operation. To the best of our knowledge, insights into frequency
behavior have not been used to develop operational strategies for BESS

The increase of high magnitude DFDs is indeed a challenge for the
stability of the power system. If a high magnitude DFD overlaps with
a large non-deterministic error, such as the outage of a large power
plant, the necessary FCR power to mitigate the error may exceed the
total marketed capacity. FCR power claimed by DFDs is not available
for the mitigation of other errors, effectively making the grid vulnerable
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at these moments. Furthermore, the provision of FCR with BESS is
challenged by the increase in intraday prices, driving up SPA costs.
A more effective SPA strategy based on the proposed algorithm can
offer a competitive advantage for the operation of BESS in the currently
saturated FCR market.

Building on the findings presented, future work will focus on the
simulative validation of the proposed SPA algorithm by means of an
BESS digital twin, as well as its implementation within the real-world
operation of an BESS active in the FCR market, such as the M5BAT hy-
brid battery system. This will lay the groundwork for the development
of a robust and adaptable storage management strategy informed by
DFD behaviors and intraday market data. Furthermore, parameter vari-
ations such as energy-to-power ratios of the BESS and different power
requests for SPA, as well as the incorporation of weather dependencies
can be investigated. Finally, the use of insights from the analysis of
frequency data presents potential not only for storage management in
the context of FCR but also in the context of multi-market operation
strategies for BESS, where knowledge of FCR demand activation pat-
terns can be leveraged to optimize the scheduling of energy transactions
across different markets.
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