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Synopsis:

This thesis investigates the impact of grid fre-
quency variations on a Battery Energy Stor-
age System (BESS) used for Frequency Con-
tainment Reserve (FCR) services. The study
focuses on grid frequency behaviour over dif-
ferent time scales, State of Charge (SoC)
management, and the economic performance
of BESS operation for FCR provision. The
analysis is carried out for di erent operating
cases, including operation without a dead-
band and three additional cases with di erent
deadband settings.

The results show that the average grid fre-
quency is positively biased from the nominal
frequency. As a result, the battery operates
more frequently in charging mode, causing
the SoC to drift toward SoCpax.

To maintain the SoC close to its target oper-
ating level, an SoC balancing strategy is im-
plemented through controlled charging and
discharging adjustments within limits set by
the Transmission System Operator (TSO).
The analysis shows that less charge and less
discharge can manage the SoC level; however,
these values are not symmetrical and equal
for a day and a year due to the grid frequency
behaviour.

Furthermore, the results demonstrate that
increasing the deadband signi cantly reduces
battery cyclic degradation, thereby extend-
ing the operational lifetime of the BESS. The
economic analysis indicates that operating
the BESS without a deadband is not econom-
ically viable because of the low battery life-
time. However, an appropriate deadband im-
proves both battery lifetime and the overall

pro tability of the system for FCR provision.
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Nomenclature

Symbols

Symbol Definition Unit
C Capacity of the BESS Ah
D Droop Value %

Degyr Degradation of BESS per Year %
E Energy Wh
Ep Energy of the BESS Wh

EFC Equivalent Full Cycle

EOL End of Life Year
f Frequency Hz
k Stress Factor
LC Levelished Cost DKK
P Power W

Pact Actual Power Requirement for FCR W
Peh Charging Power W
Pacn Discharging Power W
PEes Energy Storage Power W
Pecr  Power Requirement for FCR Application ~ W
Pgrid Grid Power through BESS W
Pgrid Active Power in the Grid W
Piim Limiting Power After SoC Limits \W
Ploss Loss Power W
PNEM Normal Operation Mode Power W
Prer Reference Power Requirement for FCR W
Preq Requested Power for FCR W

Qyrid Reactive Power in the Grid VAR

r Discount Rate %
SoC State of Charge in Battery %

SoC(t) State of Charge of a Certain Time %

S0Cmax Maximum State of Charge %



Continuation of Table

Symbol

Definition

Unit

SOCmin
SoCy,

AT

Phid

Pref
avg
ch
dch

rt

Minimum State of Charge
Initial State of Charge
Time Period
Frequency Deviation
Bidding Power
Power Reference Signal
Average Efficiency
Charging Efficiency
Discharging Efficiency
Round-trip Efficiency
Droop Coefficient

%
%

Years

= = F

%
%
%
%

End of Table
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Acronyms

Acronym De nition

AC Alternating Current

AC/DC Analog to Digital Conversion

AEM Alert Energy Management

aFRR Automatic Frequency Restoration Reserve
BCS Battery Control System

BEP Break Even Point

BESS Battery Energy Storage System

BMS Battery Management System

BRP Balance Responsible Party

BSP Balance Service Provider

CcC Coulomb Counting

CPO Charge Point Operator

DC Direct Current

DC/AC Digital to Analog Conversion

DoD Depth of Discharge

ENTSO-E European Network of Transmission System Operators for Electricity
EOL End of Life

ESS Energy Storage System

EU European Union

EV Electric Vehicle

FCR Frequency Containment Reserve

FCR-D Frequency Containment Reserve in Disturbance
FCR-N Frequency Containment Reserve in Normal
FFR Fast Frequency Reserve

FMS Frequency Monitoring System

GPS Grid Power System

LER Least Energy Reserve

MFRR Manual Frequency Restoration Reserve
MW Mega Watt

NEM Normal Energy Management

NPV Net Present Value

NpV Net Present Value

PCS Power Conversion System

PV Photovoltaic

SoC State of Charge

SOTA State of Art

TSO Transmission System Operator




Resume

Med den stigende brug af vedvarende energikilder og de baeredygtighedsmal, der
er fastsat af Den Europaeiske Union, bliver batterilagringssystemer (BESS) stadig
vigtigere til levering af Frequency Containment Reserve (FCR)-tjenester. Derudover
arbejder Transmission System Operators (T'SO’er) pa gradvist at erstatte konven-
tionelle kedelanlaeg anvendt til FCR med BESS-lgsninger. Kontinuerlig deltagelse i
FCR-tjenester accelererer dog batterinedbrydning, reducerer batteriets levetid og sk-
aber gkonomiske udfordringer. Denne kandidat-afhandling fokuserer derfor pa den
tekniske beeredygtighed og gkonomiske gennemferlighed ved drift af BESS til FCR-
service gennem undersggelse af variationer i netfrekvensen, dgdbandsdrift samt styring
af State of Charge (SoC).

Inden udviklingen af simuleringsmodellen for BESS til FCR-levering blev der gen-
nemfert en detaljeret analyse af netfrekvensdataene fra 2023 ved hjeelp af MATLAB.
Analysen viste, at netfrekvensen havde en positiv afvigelse i forhold til den nominelle
frekvens. Som fglge af denne frekvensbias opererede batteriet i opladningstilstand i
leengere tid sammenlignet med afladningstilstand, hvilket medferte, at SoC gradvist
bevagede sig mod SoCrnax.

Herefter blev der udviklet og evalueret en simuleringsmodel under fire forskellige
driftsscenarier: drift uden dedband samt drift med tre forskellige dgdbandsindstillinger.
Resultaterne viste, at BESS’ levetid i hgj grad pavirkes af det valgte dgdband under
FCR-drift. Derudover blev performance opnaet ved brug af dagligt samplede data
sammenlignet med resultaterne fra det komplette arlige datasset. Sammenligningen
demonstrerede, at dagligt samplede data generelt ikke repraesenterer batteriets arlige
levetid preecist, med undtagelse af tilfselde med et dedband pa 10 mHz.

Da SoC kontinuerligt bevaegede sig mod SoCpax, blev der implementeret en SoC-
balanceringsstrategi baseret pa kontrollerede justeringer af opladning og afladning.
Daglig og arlig SoC-styring blev analyseret separat og uathaengigt af hinanden. Re-
sultaterne viste, at de ngdvendige balanceringsvaerdier varierede mellem de daglige og
arlige analyser, hvilket indikerer, at daglige SoC-balanceringsparametre ikke kan styre
SoC preecist over et helt ar.

Endvidere viste analyser af Net Present Value (NPV) og Break-Even Point (BEP), at
drift af batteriet uden dgdband er gkonomisk uholdbar pa grund af batteriets korte
levetid. Den gkonomiske analyse indikerede desuden, at en minimumslevetid for bat-
teriet pa 3,8 ar er ngdvendig for at opna break-even under FCR-markedspriserne fra
2023, mens der kraeves 3,04 ar under de nye FCR-markedspriser.

Samlet set demonstrerer resultaterne i denne afhandling, at et passende valg af dgdband

samt effektiv SoC-styring er afggrende for at forbedre bade den tekniske palidelighed
og den gkonomiske beeredygtighed ved BESS’ deltagelse i FCR-service.

Vi
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1. Introduction

The European Union (EU) has set a goal of becoming carbon neutral by 2050 [1].
To meet this goal, an increase in the production and consumption of renewable en-
ergy sources is inevitable. However, energy production patterns strongly depend on
weather conditions, such as wind speed for wind power systems and solar irradiance for
photovoltaic (PV) systems. As a result, energy production and consumption patterns
di er, leading to an imbalance between electricity demand and supply.

1.1 Background

An imbalance between energy supply and demand causes the power system to ex-
perience an energy surplus or a de cit in the grid. This power imbalance between
generation and consumption leads to undesirable frequent frequency uctuations in
the grid [2]. This grid frequency uctuation has several negative impacts, which may
lead to blackout or even system collapse [3]. Therefore, the power system should be
balanced at all times to maintain the system frequency within a desirable limit.

1.2 Balance of Grid

It is crucial to maintain the power system frequency close to its nominal value, which
is 50 Hz in European continent countries, including Denmark [4]. The stability of

the power system frequency is a primary responsibility of the Transmission System
Operator (TSO), and Energinet serves as the TSO in Denmark [3]. TSO continuously
monitors the system frequency to ensure stability and ancillary services are activated
automatically when the frequency deviates from its nominal value.

To ensure the grid frequency stability, dierent frequency control mechanisms are
applied in the power system based on activation time and power requirements. These
mechanisms are divided into three layers: primary, secondary, and tertiary frequency
control mechanisms [4], [5], [6].

1.3 Flexible Service Providers

Generally, two suppliers ensure the grid frequency stability by participating in fre-
guency control; they are referred to as exible service providers. These providers are
called Balance Responsible Parties (BRPs) and Charge Point Operators (CPOSs).

1.3.1 Balance Responsible Parties (BRPSs)

Before pre-quali cation, BRPs are referred to as Balance Service Providers (BSPs).
BSPs are those who can patrticipate in ancillary services with limited capacity [7].
However, a supplier must be prequali ed before participating in ancillary services.
During this period, BSPs cannot participate in ancillary services. After completing the
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pre-quali cation process, they are referred to as Balance Responsible Parties (BRPS),
who are responsible for balancing the power on the grid [7].

BRPs balance grid power either by injecting active power into the grid or absorbing
active power from it. Speci cally, BRPs inject power when the grid frequency falls be-
low 50 Hz, which is referred to as up-regulation, and absorb power when the frequency
rises above 50 Hz, which is known as down-regulation [8].

For this purpose, the Transmission System Operator (TSO) plays a key role in main-
taining the grid frequency by procuring balancing (ancillary) services. The TSO reg-
ulates the system frequency by activating various resources, such as batteries, gener-
ators, and boilers.

1. Primary Frequency Reserve : It is also called the basic frequency reserve
that corresponds to FCR, which is activated pretty fast (less than 2 seconds).
However, FCR has a low amount of power; it must be fully activated within 30
seconds. [4]

2. Secondary Frequency Reserve : This type of frequency reserve is automatic
frequency restoration (aFRR), which is activated slowly compared to FCR, but it
has relatively more power compared to FCR. This reserve must be fully activated
within 5 minutes. [4]

3. Tertiary Frequency Reserve : It is a manual frequency restoration reserve
(mFRR), which has more power but a slower activation time compared to aFRR,
and it is basically used for replacing aFRR. The tertiary reserve must be fully
activated within 12.5 minutes. [4]

These sources provide ancillary services by bidding into the FCR, aFRR and mFRR
markets. While FCR is activated automatically by frequency deviation in the grid,
aFRR and mFRR are activated upon a request from the Transmission System Operator
(TSO). In Denmark, Energinet is the TSO that is responsible for national transmission
and maintaining power system balance. Currently, the total demand of FCR is 3000
MW in the European market, and 25 MW is required for the DK1 Danish market in
2025 [8] [9].

1.3.2 Charge Point Operator (CPO)

As the use of electric vehicles increases, they can play a vital role in stabilising the grid.
Through a bidirectional charging system, Electric Vehicles (EVs) can draw the power
from the grid and inject the power into the grid, providing the exibility required to
stabilise the grid [10]. Smart charging strategies for electric vehicles can help to reduce
charging costs and grid stress by shifting charging periods to lower electricity prices
and lower system demand.

1.3.3 Bidding Zones in Denmark

The Danish electricity market is divided into two bidding zones, namely DK1 (West-
ern Denmark) and DK2 (Eastern Denmark) [11]. These zones are electrically non-
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synchronous because DK1 is connected to the European continent synchronous area,
while DK2 is connected to the Nordic synchronous area. As a result, the two ar-

eas may experience di erent electricity prices, grid constraints, and ancillary service
requirements.

Electricity prices in DK1 and DK2 vary depending on transmission congestion, renew-
able energy production, and local demand. During periods of high demand or limited

transmission capacity, electricity prices can increase signi cantly in one zone compared
to the other.

i) DK1 (West Denmark) : Thisis the western zone of Denmark (west of the Great
Belt), which includes Jutland and Funen, and this zone is synchronised with
central Europe. These days, the share of DK1 in FCR is almost 0.83 %, which is
equivalent to 25 MW, but it is allowed to have a share up to 100 MW [12] [13].

i) DK2 (East Denmark) : This is the area of eastern part of Great Belt (Store-
b It) which includes Zealand, Copenhagen and Bornholm, and it is synchronised
with the Nordic power system and shares the energy with Svenska kraftnat, Stat-
nett and Fingrid (Sweden, Norway and Finland) and the ancillary service in this
area is more de ned [13] [14].

1.3.4 Ancillary Services on Di erent Zones

Ancillary service requirements di er depending on the zone. The ancillary services in
both zones DK1 and DK2 are summarized in Table 1.1.

Table 1.1: Ancillary services in di erent areas [11]

Area Ancillary Service
DK1 - - FCR - aFRR MFRR
DK2 FFR FCR-D - FCR-N aFRR mFRR

Table 1.1 shows di erent ancillary services applied to DK1 and DK2. From the Table
1.1, it is clearly observed that ancillary services in DK2 are more de ned, and it
is divided into fast frequency reserve (FFR), frequency-controlled normal operation
reserve (FCR-N), frequency-controlled disturbance operation reserve (FCR-D), which
can also be divided into FCR-D upward and FCR-D downward [15].

1.3.5 Frequency Containment Reserve (FCR)

Di erent ancillary services are activated to maintain the grid frequency at its nominal

value of 50 Hz. These services di er in terms of power, activation time, and duration [8]

[12]. FCR is activated very fast for short durations when the frequency deviates from

the nominal frequency. In other words, it is a very fast frequency stabilizing process.
Therefore, FCR is also called the primary or basic reserve in the power system [4].
When the frequency deviates from the nominal frequency, FCR automatically activates
within a short period of time (less than 2 seconds).
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. , , Figure 1.2: Ancillary activation and nish
Figure 1.1: Power required based on time time [16]

Figure 1.1 and Figure 1.2 show the power content in di erent ancillary services relative
to their activation times. Figure 1.1 shows that the Fast Frequency Reserve (FFR)
provides compensation for a short period with lower power. In contrast, manual FRR
needs more reserve power, and it activates in 12.5 minutes. Therefore, FCR is a quick
and short-term solution for stabilizing the grid. It is typically activated for up to 15
minutes to contain frequency deviations until secondary reserve restores the energy to
bring grid power to its nominal frequency value [16].

Figure 1.2 shows the activation and nish time of FCR along with other ancillary
services in more detail. FCR activates within a few seconds and fully activates within
30 s and it supports the grid for 15 minutes. Di erent boxes show the reserve power
in di erent services; FCR has the least power, whereas MFFR has the most.

1.3.6 FCR Services in DK1

As discussed in Chapter 1.3.5, FCR is used to stabilise the system frequency near the
nominal frequency 50 Hz. If the system frequency deviates from its nominal frequency,
the ancillary services are activated to maintain the system balance, which helps to
mitigate the frequency uctuations in the power system [17]. According to current
regulations, FCR services must be activated proportionally to the frequency and are
required to deliver 50% of the bid power at a frequency deviation of100 mHz [18].

Figure 1.3: FCR in DK1
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Figure 1.3 shows the FCR tolerance band, which allows for +15% over delivery and
-5% under delivery. It means that over-delivery is more acceptable than under-delivery
when the frequency deviation is in a positive direction. This phenomenon is just the

opposite in the negative direction, which means more absorption is acceptable when
the frequency deviation is in a negative direction. The sign depends on the direction
of the frequency deviation. This creates a deadband and sensitivity range of +30/-10

mHz. [17]

As per the code, extra energy is needed to ful | the requirement of FCR. There should
be enough energy in the storage system without charging and discharging for 2 hours in
each direction. This means that it must have 4 hours of energy for the storage system
and its equipment, which is called the least energy reservoir (LER) [13]. Moreover,
there must be 25% energy left after FCR activation. For pre-quali ed, 25% extra
power is needed, and must reserve energy for 24 minutes for both directions [19]. That
rule applies to both Normal State Energy Management (NEM) and Alert State Energy
Management (AEM). The main purpose of NEM is to change the baseline or set point,
providing FCR to restore SOC, which is also called the normal operation mode. In
this mode, the frequency deviation range of the grid must be less tharb0 mHz [18].

The Figure 1.3 also shows that 50% FCR capacity must be activated (i.e., supply
or absorb) when the frequency deviation is 100 mHz and fully activated when its
frequency deviates 200 mHz.

Table 1.2: Energy required for 1 MW FCR in DK1

Freg. change ( f) [mHz] Activation [%] Power [MW] Time [min] Energy [MWh]
100 50 0.5 30 0.25
200 100 1.0 15 0.25

1.4 Regulation and Challenges

FCR services are used to maintain the frequency for a short period of time when
the frequency deviates from the nominal frequency. That is why the requirement of
energy depends on the frequency deviation and duration of deviation. The power
demand varies every second; for this reason, ancillary services may use a lot.

The exact energy requirement for every second is not constant, which creates frequency
deviation that is also not constant. Therefore, the power required to absorb or inject
is not constant, but the frequency in the grid must be constant. Keeping the frequency
constant at 50 Hz in the grid is the main challenge for TSO or BRP [4].

1.5 Uses of BESS for FCR Services

These days, boilers are mostly ful lling the requirement of FCR services [20]. To meet
the carbon neutrality target, Energinet does not prefer boiler based FCR services and
wants to have fewer traditional boiler power plants for FCR services in the future [8].
Energinet has a plan to replace these boilers with other means; among the di erent
options, a battery is one.
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While the response time of a battery energy storage system (BESS) is generally 175
milliseconds (ms) to 325 ms in an open-loop system and 450 ms to 715 ms for the
round trip with feedback measurement [21]. Generally, FCR requires a response time
less than 2 s, and this requirement can be ful lled by BESS.

As the plan of Energinet is to replace the boilers' FCR services with other renewable
means. BESS can meet the necessary conditions for FCR services; thus, BESS can
replace the boilers.

1.6 State of Art (SOTA)

FCR is the primary energy reserve to balance the grid, which has to respond within a
few seconds for the control service of the European Network of Transmission System
Operators for Electricity (ENTSO-E) and system operator Energinet [22]. Since the
battery o ers fast dynamic performance with high accuracy, it is well-suited for the
FCR applications, which is a recent research topic for both industrial and individual
users [22]. SOTA can be categorised from di erent perspectives, which are described
below:

1. Energy Perspective : Although multiple technologies exist for energy storage,
batteries are the most favourable from a renewable perspective to store energy
and stabilise the grid [23]. Furthermore, BESS can deliver energy ranging from
a small to a large amount very quickly with high e ciency, improved safety and
reliability, with considerable lifetime [24]. For this reason, thus BESS can be
used for FCR services.

2. Dynamic Perspective : Due to the rapid response capability and high ramp
capability of BESS, it is the best option for FCR services [24]. The high response
capability makes it easy to handle the operating conditions, which make exible
for operating conditions and for trading [25].

3. Control Perspective : The BESS system is easy to control, which can be
charged and discharged through the control structure. State of Charge (SOC)
level of battery based on the control method, which is proposed to reduce the
uctuations in the power system [23].

4. Flexible Perspective : However, there are other options for exible energy;
BESS is one of the best possible options [24]. The system enhances the exibility
of the grid by enabling the FCR services in grid [26]. BESS can also provide a
huge amount of energy with a high level of safety, reliability, and precision [24].
Having a exible nature, a battery can be used for all types of ancillary services.

5. Energy Management and Optimisation Perspective

One of the main challenges in the grid is energy management, and batteries
are widely used for energy management. The battery can be used for many
applications and can also be used for FCR when it is not used for its specic
purpose. These days, users of Electric Vehicles (EVs) are increasing, and to ful |
the increasing demand for exible energy in the grid, code \P90 Requirement"
has been published in 2024 for attracting the electric vehicle [27].
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Di erent methods can be used to optimise the peak value of grid energy and load
pro le by an optimisation algorithm, through charging and discharging, which
can be controlled [23].

1.6.1 Study Gap in SOTA

205 By reviewing di erent research papers [23], [24], [25], [26], [27] for BESS as FCR
provision, di erent research gaps can be found, which are described below:

1. Degradation of battery due to fast response : When a BESS is used for
FCR provision, the grid frequency must be continuously monitored by the BESS
control system as the system frequency continuously uctuates. To meet the
210 FCR requirements, the BESS system must respond immediately (within a few
seconds) to these frequency deviations, resulting in rapid and frequent transitions
between charging and discharging modes of the battery.

Civil Aviation University of China has shown that due to fast charging and
discharging, the temperature of the battery will rise and cause thermal runaway.

215 This research is done to investigate safety performance due to the e ect of thermal
heating [28].

The majority of existing studies primarily focus on the e ectiveness of BESS for
frequency regulation, controller design, and system-level bene ts. The primary
objective of these studies is to demonstrate the capability of BESS to improve

220 frequency stability and to meet grid code requirements, while the degradation of
the battery or ageing of the battery a ected by the uctuation of frequency is
often neglected. So there is a clear research gap on the e ect on the battery due
to frequency uctuations that is used for FCR provision.

2. Finding the Appropriate Deadband : The deadband plays a vital role in
225 the lifetime of BESS. TSO (i.e., Energinet) has proposed to handle the FCR
power proportionally to the frequency deviation [18]. However, no research has
been done on the lifetime of a BESS when the frequency deadband is changed.
Therefore, this research investigates the e ect of deadband on the lifetime of
BESS.

230 3. Finding an Appropriate SoC Management Values . The BESS has to
support grid power at all times to maintain the grid frequency stable. To manage
the SoC level, TSO proposed that certain power can be uctuated more or less
than that of the FCR power. From the code, up to 15% and 5% less is also
allowed during frequency greater than nominal. Similarly, 15% extra power can

235 be injected into the grid and 5% less power also allowed to be injected into
the grid when the grid frequency is less than nominal. No research has been
conducted to nd an appropriate balancing power for managing the SoC in the
context of Denmark, especially for DK1.

4. Economic Analysis : It is the most important factor for the BRPs to decide
240 whether to participate in FCR provision or not. So, economic analysis based on
Net Present Value (NPV) should be calculated.

Research carried out by a University in Germany in 2022 shows that a single
use of BESS for only the provision of FCR is not pro table [29]; but it is not
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calculated in Denmark. In addition, the price of the battery and the FCR changes
every year. So, economic analysis, especially net present value (NPV) based on
the recent market price of the battery and FCR, has to be performed.

1.7 Problem Formulation and Goal

As discussed in Chapter 1.6.1, di erent research gaps have been identi ed. Based on
these gaps, dierent problems are formulated, and goals are created to meet those
problems.

1.7.1 Problems Formulation

1. What is the lifetime of BESS with no deadband?
2. How is the life of the BESS a ected if the frequency deadband is changed?

3. Can we formulate any relationship between the frequency deadband and the
lifetime of a BESS for FCR provision?

4. How can the SoC be managed within the grid code provided by TSO?
5. Is it pro table if BESS is used for FCR provision?

1.7.2 Goal

The main goal of this study is to solve the questions arising in Chapter 1.7.1. Therefore,
this study focuses on the e ects of fast charging and discharging on the battery lifetime.
Additionally, the e ect on the lifetime of BESS due to the deadband and its change

is also investigated. At last, the economic analysis is also performed to nd whether
the trading of BESS for FCR provision is pro table or not.

1.8 Methodology

The research on the problem that was discussed can be divided into the following
points:

1. FCR balancing power depends on the grid frequency and its deviation. Therefore,
analysis of grid frequency is important to know the behaviour of frequency and
balancing power needs for it, which also provides information about the biased
direction that makes it easier to balance. It is done through histogram and box
plotting.

2. A FCR model is created based on the grid code.

3. A BESS model is created to handle the power requested by the FCR model and
to control the SoC level.

4. Battery degradation is calculated based on the power that has to be carried out
for FCR provision. For that calculation, cycling ageing is found by the model
through energy throughput and the equivalent full cycle (EFC) model.
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1.9

Calendar ageing is calculated based on its idle time. To calculate this time, a
model is created.

. The battery investment cost is found based on the recent battery price in Den-

mark

Pro t/loss will also be calculated based on investment and revenue. It is done
by net present value analysis.

Assumptions and Limitations

Assumptions

1.

Battery e ciency and lifecycle : The e ciency of the battery plays an im-
portant role in power. In this project, the battery e ciency is not calculated;
instead, charging and discharging e ciency is assumed as 95%. Thus, round-trip
e ciency is taken as 90%. Additionally, the lifecycle of the battery changes the
total life of the battery. In this project, the lifecycle of the battery is assumed to
be 3000 cycles. Based on this, the life of the battery is calculated.

. Controllers are idle : Converters and controllers are used in this project. Every

component has a certain e ciency; however, the e ciencies of these components
are assumed to be 100%, which means there is no loss of power by these compo-
nents.

. BESS is used only for FCR : In this project, the BESS is solely allocated to

the FCR application. Consequently, no external charging or discharging of the
system occurs during operation.

. Temperature: In this project, analysis is done based on optimal temperature

(i.e.,25 C). In other words, no losses are taken due to the temperature e ect.

. Bidding power: In this project, all the simulations are performed using 5 MW

bidding power. Therefore, all calculations are based on a 5 MW system.

. Constant FCR price:  Economic analysis is done based on a one-year price.

Every year, the price of it may uctuate; however, in this project, the price is
taken as constant every year.

Limitations

1. Electricity zone:  The analysis is performed based on DK1 frequency data.

However, the frequency data for other areas, including DK2, might be di erent.
So, this might not apply to all areas.

Price and prot:  The price of electricity and BESS changes every year. There-
fore, the prot calculated in this project might not be exact for every year.

. Energy management: This project focuses on the e ect of frequency on BESS

and SoC management. There might be many methods for balancing SoC levels
that might be more accurate. Only the less charging and less discharging (i.e.,
discharge during charging and charge during discharging) method is considered
in this project.
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2. System Description

This chapter describes the overall system architecture of BESS for FCR provision and
system functional descriptions. Furthermore, this chapter also describes the di erent
analysis cases considered in this project.

2.1 System Architecture of BESS for FCR

The general system block diagram for Battery Energy Storage System (BESS) partici-
pation in Frequency Containment Reserve (FCR) provision is illustrated in Figure 2.1.

The diagram presents the overall system architecture and the functional interaction
among the main components involved in FCR operation.

Figure 2.1: System block diagram

As shown in Figure 2.1, the proposed system consists of several key components,
including the Energy Storage System (ESS), Power Conversion System (PCS), Battery
Management System (BMS), Battery Control System (BCS), Frequency Monitoring
System (FMS), and the Grid Power System (GPS). The Energy Storage System serves
as the primary energy source, while the Power Conversion System enables bidirectional
power ow between the battery and the grid.

Furthermore, the Battery Management System ensures safe and optimal battery op-
eration by monitoring parameters such as state of charge, voltage, temperature, and
current. The Battery Control System coordinates the overall operation of the BESS
and implements the control strategy for FCR provision. In addition, the Frequency
Monitoring System continuously measures grid frequency deviations and generates
appropriate control signals. Finally, the Grid Power System represents the electrical

10



network where the BESS provides frequency support services. Each of the systems is
described below:

340 1. Energy Storage System (ESS) : In a Battery Energy Storage System (BESS),
the battery serves as the main energy storage element, enabling the system to
absorb energy from the grid during periods of excess generation and inject the
stored energy back into the grid when required for frequency regulation and power
balancing [30], [31].

345 The battery stores the energy from the grid in electrochemical form when the
grid has surplus energy through charging the battery and delivers that electrical
energy during a de cit of energy in the grid through discharging the battery [32].

In a BESS, energy is stored and delivered in direct current (DC) form, as batteries
operate with DC power. The charging and discharging processes are monitored

350 and controlled by the Battery Management System (BMS) to ensure safe, reli-
able, and e cient operation. Even though there are various battery technologies
available, lithium-ion batteries are currently the most popular because of their
high energy density, long cycle life, and high e ciency [33].

2. Power Conversion System : Battery is charged and discharged through a DC

355 source while the grid has an AC source. Therefore, to inject the power into the
grid through a battery and to charge the battery through the grid, the form of
power has to be changed, which can be done by a power converter. This converter
should be able to convert AC/DC to charge the battery or DC/AC to inject the
power from the battery to the grid. That is why PCS is the system between

360 ESS and Grid Power System (GPS), which makes the same form of power during
charging the battery and injects the power into the grid. During the charging
and discharging of the battery, its SoC level has to be measured. Based on the
SoC level, the power ow to the battery or from the battery is controlled.

3. Battery Management System (BMS) : Battery management system (BMS)
365 is a key component, responsible for monitoring and balancing the battery pack
[34]. It continuously supervises critical electrical and thermal parameters such
as voltage, current, and temperature. More advanced BMS implementations also
estimate and monitor the state of charge (SoC) as well as control the charging
and discharging processes of the battery.

370 The main functions of BMS are summarised as follows: [34], [35], [36]:

" Monitors the battery : One of the main functions of a BMS is to balance
the cell and its voltage to prevent overcharging and SOC limits. So, BMS
monitors a battery pack through voltage control and current control [36].

Estimates the battery operational state : BMS checks the battery con-
375 ditions and operates in safe mode. For the operating condition, its SoC level
should be within the SoC upper and lower limits. So, BMS estimates the
time remaining of the battery based on the load pro le [35].

Provides battery protection : BMS has to protect the battery from over-
charging and deep discharging, which is done by safe SoC levels. So, the SoC
380 level must be maintained betweer50GC,x and SoG,,, [36]. This prevents

the battery from being damaged.
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" Data logging and battery monitoring : The BMS records and stores
operational data over a limited time period, including voltage, current, tem-
perature, and charge/discharge cycles. These measurements are used to
assess battery performance and estimate degradation. For long-term analy-
sis, the data can be transferred to cloud storage, enabling the evaluation of
historical trends and supporting predictive maintenance and system optimi-
sation.

4. Grid Power System : One of the important functions of the system is to moni-

tor the grid performance, which has to be measured and controlled. Based on the
grid frequency, active and reactive power in the system, surplus or de cit energy

in the system can be found. It is to be done by an online system that gives the
current grid condition and makes a strategy for BESS, either to charge/discharge

or to operate in normal mode.

It is required to interface between battery power and grid power. The voltage

levels of the BESS and the grid are not equal. Thus, a transformer might be
required between BESS power and grid power, whose main function is either to
step up or down to the required level. However, this transformer is not considered
in this project.

. Frequency Monitoring System (FMS) : The main function of the Frequency

Monitoring System (FMS) is to monitor the grid frequency and to nd the fre-
guency deviation from its nominal frequency (50 Hz) and to send the frequency
deviation signal to the FCR or BCS.

As discussed in Chapter 1.3.5, the grid frequency should remain close to its
nominal value (50 Hz), even though it uctuates every second. Therefore, the
frequency must be monitored in a real-time system. When the frequency of the
grid deviates from the nominal value, it must send the signal to the FCR or
battery controller system. When BMS gets the signal through the controller, the
battery activates and either injects or absorbs the power based on the signal to
stabilise the grid power.

. Battery Controller System : The Battery Controller System (BCS) operates

on the basis of the signal received from the Frequency Monitoring System (FMS).
When the BCS receives the frequency deviation ¢ ), the Frequency Contain-
ment Reserve (FCR) control is activated and determines the required power
adjustment ( P,e ) according to the frequency deviation.

The power reference signal (P, ) is then sent to the State-of-Charge (SoC)
management system, which evaluates the battery operating limits and generates
the nal power reference P.s). This reference power is transmitted to the
battery management system (BMS).

The BMS veri es the necessary operating conditions of the battery, such as SoC
limits and safety constraints, and accordingly commands the converter to charge
or discharge the battery in order to support the grid frequency regulation.

2.2 General Requirement Speci cation

As discussed in Chapter 1.3.6, the di erent conditions should be ful lled to use BESS
as a provision for FCR. These requirements will be described below.
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2.2.1 Dynamic Performance

Dynamic performance is the main requirement for a BESS to use it as an FCR pro-
vision. Due to this reason, BESS has to perform very fast because immediate energy
deployment is crucial for balancing the grid. Therefore, the grid frequency must be
monitored in real time (online) to detect frequency deviations and to balance the grid.

The performance of active power speci es that it should deliver the power proportional
to the frequency deviation of the grid power [18]. As a requirement of TSO and
ENTSO-E, the FCR must be activated within 15 s by 50 % of bidding power when the
frequency deviation is 100 mHz and 100% within 30 s when the frequency deviation
is 200 mHz [16]. The FCR provider should make the information available to TSO
at least every 10 s [37].

2.2.2 Battery and SoC Management

The energy available for FCR provision depends on the SoC level of BESS, so it must
be carefully designed. As explained earlier, the frequency of the grid uctuates around

its nominal frequency. Therefore, the SoC level of the BESS should be enough for both
charging and discharging so that the system can provide a symmetrical FCR response.

To ensure this capability, the battery should operate around a mid-level SoC. Main-
taining the SoC close to 50% allows the battery to absorb power when the frequency
increases and deliver power when the frequency decreases [38].

When the SoC approaches its operational limits, the system activates Alert Energy
Management (AEM), which prevents the battery from fully charging or completely dis-
charging. In this mode, the control strategy aims to preserve su cient stored energy
so that the battery can continue supporting grid frequency regulation. Although fre-
guency deviations are very small during normal operation, FCR may still be activated
to maintain system stability [39].

2.2.3 Grid Code Ful Iment

Before taking part as a BRP for FCR provision, the BRP should be pre-quali ed.
For that, it should be quali ed for balancing the speci ed frequency deviation for a
speci ed time. The pre-quali cation for the ful Iment of time and power for DK1 is
described in Chapter 1.3.6.

Moreover, frequency activation for di erent FCR services in DK2 is shown in Table
2.1.

Table 2.1: Frequency activation thresholds for FCR products [40]

Product 100% activation 0% activation 100% activation
FCR-D upward N.A. f 499 Hz f 495 Hz
FCR-N f 501Hz f =50 Hz f 499 Hz
FCR-D downward f 5BO5Hz f 501 Hz N.A.
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2.3 Functional Description for FCR

Frequency measurement and its function control strategy are shown by a ow chart
a0 2.2. The steps to the control strategy are described below:

Measure Grid Frequency: First of all, the grid frequency is continuously mea-
sured.

Frequency Deviation: After measuring the grid frequencyf ¢q), frequency de-
viation f is calculated by comparing the grid frequency with the nominal fre-

465 quency (50 Hz), which means f = (fgig 50) Hz. This frequency deviation
shows either absorbing the power from the grid or injecting the power into the
grid.

Check Grid Frequency Range: The grid frequency is to be veried to be in
the normal range. If the frequency of the grid is within 48 50:2 Hz, then it
470 operates in the normal range where the SoC restores itself. If itis more thar200
mHz deviation, then it activates AEM, which warns the system to protect the
battery [18]. It protects the battery from damage, preventing very low discharge.

" Check SoC: Next step is to check the SoC level of the BESS. If the SoC is within
the maximum and minimum limits, then it is to activate either 50% or 100 %
475 based on frequency deviation. Similarly, when the SoC hits the limits, AEM is
to be activated to adjust the power reference P [15], [18].

BMS: Based on either SoC command, the battery is either to charge or discharge.
Thus, BMS manages the battery to charge and discharge and sends the power to
the converter.

480 Inject / Absorb Power: As the signal is received from BMS, the battery is either
charged or discharged. It means that based on the grid frequency, the power is
either to inject or absorb the power from the grid.
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Figure 2.2: Flow chart for FCR controller

2.4 Dierent cases and Scenarios

The operation of BESS depends on the frequency deviation of the grid. Depending
on the grid frequency, there might be di erent cases and scenarios. To simplify the
analysis, all frequency deviations will be divided into speci c ranges.

2.4.1 Based on Deadband

Since the performance of BESS depends on the frequency variations. In this project,
di erent speci ¢ deadband case scenarios will be created and analysed.

1. Without deadband: First of all, zero deadband will be taken to analyse the
performance of the BESS.
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2. With di erent deadbands: Secondly, dierent deadbands (i.e., 5 mHz, 10
mHz, and 5 mHz) will be considered to analyse the performance. The latest
grid code proposes no deadband. However, al0 mHz deadband was provided

495 previously to prevent the number of uctuations in the BESS [41].

Therefore, in this project, both cases will be analysed on the e ect of BESS
without and with speci ed deadband.

2.4.2 On Basis of Time
The frequency data will be split into di erent time frames and will be analysed.

500 1. Monthly: The frequency data will be taken on the basis of the month to compare
with either the same pattern or a di erent one.

2. Quarterly: The data will be analysed quarterly to compare all the seasons: does
the frequency uctuate on the same pattern or not?

3. Yearly: To check the whole performance, the BESS yearly data is taken. It is
505 known that the bigger the data, the more accurate it is. It helps to make an
overview of the whole scenario.
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3. System Design

This chapter describes the modelling of BESS for FCR provision. For this, di erent
systems will be modelled, and their processes will be explained. After modelling each
subsystem, a complete system will be modelled and it will be veri ed by taking a small
time period.

3.1 Principle of System Modelling

Based on Chapter 2.1, the BESS for FCR provision can be divided into di erent
systems that can be modelled separately. In this project, the entire system is divided
into the following models.

Figure 3.1: System modelling

Each model is described in detail in the following sections.

3.1.1 FCR Modelling

For the FCR function, three systems must be modelled: deadband Itering, droop
control, and SoC management.

1. Deadband ltering : When the system gets the frequency signaf {;q) from
the grid, it compares it with the nominal frequency and decides whether the BES
has to operate or not. According to the grid rule, the deadband for the European
market, including Denmark, is 10 mHz [41], [42]. It means the BESS system
remains in the o state if the frequency deviation is less than the deadband and
sends the signal to operate the battery if it is more than that value.

Frequency deviation: f = fgiq 50 Hz

3.1
Deadband condition:j fj 10 mHz (3.1)

2. Power Requested and Droop Control : As discussed in Chapter 1.3.5, the
power from the BESS should be injected into the grid proportionally to the fre-
quency deviation. The grid code suggests the FCR service should be able to
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provide power 50% when frequency deviation is100 mHz and 100% when fre-
quency deviation is 200 mHz [16]. Thus, the requested FCR depends upon the
frequency deviation, and it can be calculated by di erent equations in di erent
conditions, as shown by Equations 3.2, 3.3, and 3.4. [19]

Ppig;  1If T (t) 200 mHz

P t) = 3.2
Fer (1) Pog; if f(t) 200 mHz (32)
Pecr(t) = Phid % . if10 mHz< f(t) < 200 mHz (3.3)
8
p f(y+10
Poig ————— : if 200mHz< f(t)< 10 mH
Pecr()= P4 200 120 ' mHz<  T(1) MRz (3.4
"0 if j f(t)] 210 mHz

Here, deadband is considered as 10 mHz, Prcr is the power required to be
supplied into the grid or from the grid andPyq is the bidding power that BRP
has agreed with TSO. For more simplicity, the Equations 3.2, 3.3 and 3.4 can be
expressed by Equation 3.5 [43].

Percr = Poia o (3.5)

where , is droop coe cient and it will be 5Hz ! at full activation ( f =200
mHz). When no deadband is considered, then the Equation 3.5 becomes 3.6.

f
Prcr = Phid 0w (3.6)

Furthermore, the power exchange between BESS and the grid is determined
by grid frequency deviation. According to Equation 3.5, a negative frequency
deviation results in a positive power reference, indicating power injection into
the grid. Conversely, a positive frequency deviation produces a negative power
reference, indicating power absorption from the grid. This behaviour follows the
proportional droop characteristic employed in Frequency Containment Reserve
(FCR), where the BESS output power is linearly proportional to the frequency
deviation, which can be expressed in Equation 3.7 [44].

f
D%= —5 100% (3.7)

whereD % is the droop value in percentage, f is the change in frequency and P
change in FCR power. Moreover, droop control for BESS is given by Equation
3.8.

- f P
2 100% = -1 100% (3.8)

P, FCR fn

wheref, is nominal frequency,Prcr is the power required for FCR andP, is
the BESS power in MW.

D% =
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Besides, the SoC of BESS always tries to restore its SoC level towards its target,
which is generally set at 50% for symmetrical cases [2].

SOCtarget SC’Cmin — SOCmax Soctarget (3 9)

avg avg
where SoGaget IS target SoC level which is generally taken 50 %50GCy, is
minimum level of state of charge of BESSS0G, .« is maximum SoC level of
BESS and .4( 1) is average or round trip e ciency of BESS.

. SoC Management : To prevent overcharging or deep discharging of the BESS,

the SoC must be properly managed. In FCR applications, the BESS must main-
tain su cient energy to respond e ectively to both upward and downward fre-
guency deviations. SoC management typically involves four key aspects: Oper-
ating Modes, Energy Management, SoC Protection, and Power Limiting.

a) Operating Modes
SoC management is implemented through two operating modes: Normal
Energy Management (NEM) and Alert Energy Management (AEM).
1. Normal Energy Management (NEM): This mode is active when
the battery SoC remains within a safe operating range:

SOCuin < SOC < SOC max (3.10)

In NEM, a small corrective power,Pyewm (1), is applied to gradually restore
the SoC toward a target midpoint, typically 50%, ensuring su cient head-
room for both charging and discharging. The reference power delivered by
the BESS is:

Pret (t) = Prcr(t) + Pnem (1) (3.11)

The NEM control operates on a slower timescale than FCR regulation to
avoid interference with frequency support, as shown in Figure 3.2.

Figure 3.2: Block diagram of SoC management using NEM and AEM

Here, Pyewm (1) is a corrective power component used to regulate the SoC,
thereby preserving the battery's availability for subsequent frequency regula-
tion. As an integral part of the NEM strategy, the Recovery Mode functions
persistently during standard operation to stabilize the battery at a target
50% SoC level.
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2. Alert Energy Management (AEM): When the SoC approaches crit-
ical limits, the AEM mode is activated.

SOC SOG,n or SOC SOGuax (3.12)

In AEM, corrective power is applied more aggressively to restore the SoC
to the safe region. The power should be available all the time for FCR
participation. Therefore, SoC must return to the safe range; the system
automatically switches back to NEM.

Energy Management

Energy management integrates SoC, operating mode, and power control.
Its objectives are to maintain SoC within safe limitsSOCq, SOC
SOCGChax, ensure smooth FCR participation, and recover SoC to its midpoint
(i.e., 50%)

SoC Protection

SoC protection ensures that the battery provides full FCR support only
when it operates within the safe region.

SOCnn SOC  SOGCmax (3.13)

When the SoC approaches the limits, corrective actions are triggered, which
is expressed by Equation 3.14. [45]

8
20 SOC SOGChax and Pyeq < 0

Pact = S0 SOC SOGCyin and Preg > 0 (3.14)
" Preq; SOGuin <SOC < SOC ax

where P, is the actual power after correcting, which ensures a su cient
energy margin and prevents overcharging or deep discharge.

Power Limiting

Power limiting is a control mechanism within SoC protection. It gradually
reduces the charging or discharging power as the SoC approaches critical
limits.

P req; WhenSOC! SOGa or SOC! SOGmyi,
Pim = . . (3.15)
Preq; otherwise
where Pji,, is the limiting power when SoC reaches its extreme points, and
is a soft limiting factor whose value varies between @ < 1. This
approach prevents sudden power interruptions and maintains stable system
operation, preserving battery life while ensuring reliable FCR response.

3.1.2 Battery Modelling

eos The choice of the battery model depends on the application and on the type of study

or investigation. In this project, the general model of battery is taken for the analysis
because this model is appropriate for energy trading and capable of analysing the
performance of battery in terms of Ah or Wh, from which the lifetime of BESS can
be found out.
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610 1. General Model : This model is mostly used when a battery is used as an energy
bu er. In this model, the output power, SoC, output energy, and energy loss will
be found based on the power required for the BESS based on the FCR power.

Figure 3.3: General battery model

Figure 3.3 shows that the output power, energy, and loss of energy depend upon
the power required. If the power requirement is positive, the power is to be

615 injected into the grid, discharging the battery. On the contrary, if the power
required is negative, the battery has to absorb the power from the grid through
charging the battery.

2. Power Eciency : In the BESS system, once the battery is charged, it is
discharged again. Figure 3.4 shows that the input power for the battery B,
620 and the output power from the battery is Pgcn, € ciency for input is ¢, and
e ciency for discharge is 4ch, and power of battery isPgs.

From this Figure 3.4 we can write the following:

Pes
o= o (3.16)
Pey = LES (3.17)
ch
Similarly,
won = ﬁiﬁf (3.18)  Figure 3.4: BESS E ciency
Pach = PEs  dch (3.19)

Thus, charging powerP, = P& and discharging powePgeh = gen Pes.

ch

Calculation of Round Trip E ciency

The e ciency of a battery when it is charged and discharged, its total e ciency

625 is called round-trip e ciency ( ). Mathematically,
_ Pach _ Pes  den _
- Pch - Pes — ch dch (3-20)

ch

Page 21 of 79



630

635

640

When charging and discharging e ciency of the battery are equal, the Equation
3.20 becomes D
ch = deh = rt (3.21)

Taking round trip e ciency ( ), Equation 3.17 and 3.19 becomeB., = #Ees-

and Pgch = 7~ Pgs. Furthermore, P, is the power coming from the gridnto
charge the battery, andPgy, is the power injecting to grid. Thus Equations 3.17
and 3.19 becomes

Battery power in case of chargingRes) = Pgyrid P = (3.22)
Battery power in case of dischargingRes) = Eg_f—'d (3.23)

rt

3. SoC Calculation : SoC represents the energy contained in BESS. Therefore,
its level depends on the charging and discharging of the battery. If the battery is
fully charged, its level is 100 % and drops to 0 % if it is completely discharged.

Although there are di erent methods for the estimation of SoC, the Coulomb

count method (CC) is the standard method, because it is the most accurate
method for the calculation [46]. The process of nding the SoC level by the CC
method can be shown as Figure 3.5

Figure 3.5: Estimation of SoC by Coulomb counting

Mathematically, this CC method can be expressed as Equation 3.24 [47], [48].

8 1 Z
3 SoG, c i(t) dt (current-based model)

SoC(t) = 5 Z% .1 (3.24)
~ SoG, E P(t) dt (power-based model)

to
Here, SoG, is the initial SoC level, C is the nominal capacity of the battery, E
is the energy of the battery, and P is the power of the battery.
3.1.3 Battery Lifetime Modelling

Battery degradation occurs due to battery operation in two modes: idling (i.e., battery
on stand-by) and cycling (i.e., battery charging or discharging). The degradation of
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life due to charging and discharging is called cycling ageing, while the degradation due
to the age of the battery is called idle or calendar ageing [49].

Even though the lifetime of the battery depends on both cyclic and idling degradation,
there is a lot of stress on BESS due to fast charging and discharging as per the
uctuation in frequency. The degradation of the battery depends on stress factors
such as temperature, depth of discharge (DoD), and charge rate of the battery.

Calendar ageing will be calculated based on the idling time of the battery, which will
be discussed in a later chapter. Cycling ageing can be calculated in di erent ways.

Cycle Counting Method

In this modelling, battery degradation is calculated based on the depth of discharge
(DoD), which represents the battery stress factor. A higher DoD level means greater
stress on the battery, accelerating its degradation and reducing its lifetime. Conse-
quently, the number of cycles until End of Life (EOL) varies depending on the cycle
depth.

To nd the lifetime of battery, EFC should be calculated. After counting the EFC, the
battery lifetime can be calculated. The partial cycles of varying DoD are converted into
equivalent full cycles (EFC) to provide a consistent measure of battery degradation.
The EFC for a cycle with depthDoD; can be calculated as: [50]

DoD; X

EFC; = 100

(3.25)

wherek is a stress exponent that accounts for nonlinear degradation e ects. Summing
all EFCs over the battery's operational history gives the total number of equivalent full
cycles, which can then be compared with maximum number of full cycles to estimate
the remaining battery lifetime.

For simplicity, the depth of discharge at every point is calculated and summed to nd
total depth of discharge. To nd full cycle it is divided by 100. Mathematically, it can
be expressed as Equation 3.26.

EEC 1% {100 SoC(t)]
2 100

t=0

(3.26)

Here, half is taken because EFC has to be counted, taking both charging and discharg-
ing, and the full cycle is counted for full charge or discharge. If battery DoD is 50%,
20%, 30%, 10%, 80%, and 5%, its total depth of discharge is 195%, which makes EFC
0.975.

Energy Throughput

Although there are di erent methods of determining the lifetime of a battery, the
energy throughput method is the simplest, which counts the energy that has to be
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handled (charge and discharge) the battery every time. In this model, the amount of
charge (Ah-throughput), or energy (Wh-throughput), passed through the battery is
counted, whereas the end-of-life value is usually provided by the manufacturer based
on the number of cycles. Mathematically, energy throughput can be expressed by the
Equation 3.27

X
Throughput energy = Charging energy + Discharging energy (3.27)

Thus, throughput energy represents the total energy that can be delivered by the
BESS in its lifetime [51].

Z end
Throughput (Wh) = jP (1)) dt (3.28)
0
Cycles can be counted based on this energy throughput.

_ Energy throughput (Wh)
~ 2 Battery capacity (Wh)

Cycle (3.29)

To calculate the lifetime of BESS, the number of cycles is to be converted into a year.
From yearly cycle times, the lifetime of BESS will be determined.

Total allowed cycles

Lifetime =
Calculated cycles per year

(3.30)

The degradation of a battery due to cycling can be expressed by Equation 3.31.

Total EFC in a year
Total life cycles of BESS

Dyear = 100% (3.31)

To make it clearer, take an example of a battery whose lifecycle is 5000 and capacity
5 MWh. Let's assume its daily throughput is 20 MWHh, then, its daily cycle will be 2
(i.e.,22). It gives 730 cycles in a year, which means its life is 6.8 (i.@f—oo) years, and
degradation of the battery per year is 14.6%.

Combining Equations 3.30 and 3.29, lifetime can be expressed as Equation 3.32. [50]

Allowed Life cycles (from Datasheet) 2 BESS Capacity
Calculated energy throughput

Lifetime = (3.32)

Here, the unit of lifetime depends on the duration of energy throughput used for
calculation.

Calander Aging

Calendar aging is calculated based on the idle time during operation. When the
battery hits So0G,.x or SoG,,, it cannot charge or discharge further, respectively.
The total time spent in AEM mode gives the idle time for the battery. Therefore, the
degradation of the battery due to idleness can be expressed by the Equation 3.33.
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Degradation rate idle time per year
total time in one year
whereD,e, Is the battery degradation per year. For most lithium-ion batteries (LIB),

the degradation rate is less than 2.5% per year [52] [53]. In this project, it is taken as
2%.

D idle;year —

(3.33)

In this project, battery cyclic aging is calculated using both cycle counting and the
energy throughput method. Furthermore, idle aging is added to determine the actual
lifetime of the BESS. When BESS degradation reaches 70% to 80%, it is considered
the end of life [54]. In this project, 80% degradation is considered as the end of life.
3.1.4 Economic Modelling

Investment decisions in a project are basically based on pro tability, which is related
to the revenue generated by a project.

Revenue

Revenue generated by the project depends on the FCR price provided by TSO and
the bidding power for the FCR.

X
Revenudt) = Poia Pricegcr (3.34)

t=1

FCR Price will be provided by TSO on an hourly basis with committed bidding power.
In this project, 2023 data will be taken for the analysis.

Net Present Value (NPV)

Net Present Value (NPV) analysis is commonly used to evaluate a project's pro tabil-
ity by discounting future revenues and operational and maintenance costs.

Figure 3.6: Investment and revenue generated
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Figure 3.6 illustrates that investment in a project is the sum of installation cost
(CAPEX) and operational and maintenance cost (OPEX).

720 Mathematically, NPV can be calculated by the Equation 3.35 [44].

ot Revenudt) OPEX(t)

NPV =
(L+r)

Initial investment( CAPEX)) (3.35)

t=1

where revenue is the income generated by participating in the FCR market, investment

represents the installation cost of BESS and its accessories, as well as operational and

maintenance costs for the system, and r is the interest rate for the project. When

OPEX is deducted from revenue, the ow is got and the Equation 3.35 will be converted
725 into Equation 3.36 [55], [56].

%' cash ow )

NPV =
(1+r)t

CAPEX (3.36)

t=1

Break Even Point (BEP)

Break-Even Point (BEP) is de ned as the point at which the total discounted revenue
generated by a project equals the total investment. The time required to reach this
point is also known as the payback period. If the BEP occurs before the end of the

730 project lifetime, the investment is considered nancially viable. If the project reaches
the break-even point at time t, Equation 3.35 can be rewritten as:

X Revenudt)

Initial Investment =
(1+71)

(3.37)

t=0

To ensure pro tability, the project lifetime must be longer than the break-even period.
Therefore, the following condition should be satis eOL t.

If this condition is met, the project generates pro t after reaching the break-even point
735 (1).

Levelized Cost (LC)

Levelised cost is the energy cost of BESS for FCR provision. It gives the BRPs either

to bid or not on the FCR provision on certain price. If the bidding price is higher

than Levelished cost, it would be pro table; otherwise not. Levelized price of BESS
70 for FCR provision can be calculated as follows:

Total cost

LC = Total Energy (MWh)

(3.38)

where total cost is the sum of investment cost and operational cost of the system in a
year. Similarly, total energy is the energy that play role for FCR in the whole year.
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3.2 Simulation Modelling

Based on the system description provided in 3.1, a simulation model is created, which
is shown in Figure 3.7.

Figure 3.7: Simulation overview

Detailed descriptions of each function can be found in Chapter 3.1. In this model,
the input arrows represent the signals entering the system, while the output arrows
represent the output signal from the system. The symbols within the blocks represent
the parameters used to calculate the system output.

From Equation 3.6, the power required for FCR is known. P can also be calculated
to control the droop based on FCR power and frequency deviation. The control process
for droop control is described in Equation 3.7.

After calculating and controlling FCR power, the reference powelPs ) can be found
based on the maximum power of the BESS. The FCR power request is controlled by
the power contained in BESS. The maximum power from or to the BESS is the power
contained in the BESS. If the requested power is more than the maximum power, then
it is controlled and provided up to the maximum power in the BESS. The detailed
description for this process is provided in Equation 3.11.

Actual power from the BESS to the grid or to the BESS from the grid is calculated,
taking the e ciency of the battery. The actual power can be calculated based on
Equations 3.22 and Equation 3.23, which can be expressed as Equation 3.39.

el charging
Pact = "

Pref p?; discharging

(3.39)
This actual power is controlled by SoC limits. The power after controlling SoC limits
give output power Pout).

3.2.1 Lifetime Calculation

The BESS lifetime is calculated considering both cycling and calendar aging. The
lifetime calculation methods are described in detail in Chapter 3.1.3. To calculate the
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idling aging, the idle time of the battery must be determined. For that purpose, alert
mode time is calculated using the Equation 3.40

XT
AEM jime = Naem Ts (3-40)
0

Where Naem Is the number of samples recorded during AEM, and is the sampling
time.

To calculate the battery lifetime, degradation from both cyclic and calendar aging
is considered. The detailed process for determining the idle aging is described in
Equation 3.33. Per year battery degradation is expressed by Equation 3.41.

Deg,; = Calendar degradation per year + idle degradation per year (3.41)

whereDeg,, represents the degradation of battery per year. On the basis of per year
degradation, the lifetime of battery can be found out where 80% of its usable life is
considered to estimate the of battery, which can be shown by Equation 3.42.

0:8

Lifetime = . 3.42
Y& Degradationyesr (3.42)

3.3 Design Vari cation

To verify that the designed system model, two hours samples are taken for analy-
sis. Firstly, data are handled with no deadband. The FCR output power based on
frequency deviation is illustrated in Figure 3.8.

Figure 3.8: Frequency deviation and FCR power requirement

Figure 3.8 illustrates the frequency deviation and the power requirement for FCR,
based on that frequency deviation. Here, negative frequency deviation means the grid
frequency is lower than nominal frequency (i.e., freq. dev. fgiq  fromina ), Which
indicates the power should be injected into the grid, while positive frequency deviation
indicates power has to be absorbed from the grid.
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Since the relation between frequency deviation and FCR power, the signals in Figure

3.8 seem opposite to each other. On top of that, FCR power is directly related to

frequency deviation, which is followed properly, which can be clearly observed on the

80" minutes where the FCR power is 1 MW when frequency deviation is 40 mHz.
790 This means that when the frequency deviation is 200 mHz, the FCR power will be

5 Mw, which ful Is the grid code requirement.

Figure 3.9: Frequency deviation and FCR power requirement

SoC level indicates the power available on the battery, which is illustrated in Figure
3.9. The SoC level varies due to charging and discharging of the battery, which is
determined by the FCR power requirement. When power is to be injected (i.e., positive

795 power), its SoC level decreases, and it is increased as power is negative. The battery
cannot charge more after reaching its maximum level. This case can be seen ifi 52
minute to 59" minute. In this case, even if the grid has to dissipate power, the battery
cannot take in more because of saturation.

Energy throughput counts all the charging and discharging power. Therefore, it has

soo INcreased in both cases. However, it is at when no power supplied for FCR. It can
clearly observed in between 32 minutes to 59" minutes. This shows this system is
also working properly.

Deadband: 10 mHz

To verify the system in deadband, 10 mHz deadband is taken and signals are analysed.
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Figure 3.10: Output power and SoC level in di erent frequency levels

sos Figure 3.10 shows FCR power and frequency deviation. It has illustrated that near the
nominal frequency (i.e., 50 Hz 10 mHz) no power handled which reduces the stress
on the battery. Frequent small power uctuations can accelerate the degradation of
the BESS and reduce its lifetime.

Figure 3.11: SoC level and energy throughput with 10 mHz deadband

The Figure 3.11 shows that the SoC saturates vary late compared to Figure 3.9. It
s10 also illustrates that the energy throughput is less which increases the life of battery.
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4. Grid Frequency Analysis

In this chapter, the grid frequency is analysed using both histogram and box plot

representations. The analysis utilises grid frequency data from the DK1 area for the
year 2023. Furthermore, the frequency behaviour is evaluated across various time
periods to identify variations and statistical characteristics.

4.1 Overview of Grid Frequency

For the analysis, the 2023 grid frequency is taken, which is recorded every 4 s for the
whole year. The whole year frequency pro le is shown in Figure 4.1. Figure 4.1 shows
that the maximum frequency deviation reached +150 mHz above nominal, while the

s20 Minimum deviation dropped to 160 mHz below the nominal frequency.

Figure 4.1: Grid frequency in 2023

Figure 4.2: Enlarge grid frequency for 30 minutes

Figure 4.2 shows the magni ed view of the rst 30 minutes of frequency data to clearly
illustrate the frequency distribution. From the plotting and calculation, approximately
48.5% frequency is greater than 50 Hz, while 43.95% of the data is below the nominal
value. Furthermore, it is also observed that over 45% of data lies within 10 mHz
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s2s deadband, indicating that a signi cant portion of the frequency remains close to the
nominal value

4.2 Frequency Analysis Based on Histogram

A histogram shows the number of samples (i.e., repetitions) at di erent frequency
ranges. In other words, it shows how many samples fall in a speci ¢ frequency interval.

s30 For this analysis, the whole year frequency data is divided into multiple samples, and
histograms are constructed based on these values. A 5 mHz bin size is used in the
histogram, which means data are grouped into an interval of 5 mHz. Additionally, the
dotted lines in the histogram indicate the frequency deviation limits ot 10 mHz (i.e.,
deadband).

s3s 4.2.1 Histogram Based on Hourly and Daily

To analyse the frequency through a histogram on an hourly and daily basis, a weekday,
09.01.2023, is selected.

Figure 4.3: Hourly Based Histogram Figure 4.4: Histogram based on one day freq.

Figure 4.3 shows the histogram for the frequency data during an hour from 8:00 to
9:00. This histogram shows that there are more over-frequency deviations than under-

ss0 frequency deviations. In this case, the mean frequency is 50.004 Hz, corresponding to
a frequency bias of +4 mHz.

Similarly, Figure 4.4 shows the histogram for the whole day on 09.01.2023, which

follows a pattern similar to the hourly distribution. This histogram indicates that

more frequency values are located on the over-frequency side. In this case, the mean
sas frequency is 50.0001 Hz, making the bias frequency +0.1 mHz.

4.2.2 Histogram Analysis Based on Monthly Data

For the analysis of data distribution on a monthly basis, the two months January and
June are taken.
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Figure 4.5: January pro le Figure 4.6: June pro le

Figure 4.5 and Figure 4.6 show the monthly histogram for January and June, respec-
tively. The overall shape of the histograms is similar for both months, indicating
comparable frequency distribution characteristics. However, a higher concentration of
frequency values around the nominal frequency is observed in January compared to
June.

Mean frequency in January is 49998 Hz, while for June it is 49996 Hz. Conse-
quently, the calculated frequency bias in January is 0:2 mHz and for June 0:4
mHz. These results indicate that, although both months exhibit very small deviations
from the nominal frequency, June shows a slightly larger negative bias compared to
January

4.2.3 Analysis of Frequency Based on a Season

Two seasons, Autumn and Winter, are taken for analysis. The histogram for the

Autumn season is shown in Figure 4.7, while Figure 4.8 illustrates the histogram for the

Winter season. The histograms for these two seasons appear very similar, indicating
that the frequency distribution characteristics remain nearly the same across both

seasons.

Figure 4.7: Autumn histogram pro le Figure 4.8: Winter histogram pro le

sss The mean frequency during the Autumn season is 8016 Hz, while in winter it is

500008 Hz. This represents that +36 mHz bias in Autumn, and +0:8 mHz in winter.
These results indicate that power production exceeds consumption in both seasons;
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however, Winter experiences higher power consumption or lower power production
compared to Autumn.

s7o 4.2.4 Analysis of Frequency for the whole Year

875
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Figure 4.9: Frequency distribution histogram for the year 2023

The frequency distribution for the full year 2023 is illustrated in the histogram in
Figure 4.9. The histogram shows an approximately normal distribution centered at
around 50 Hz. The number of samples decreases signi cantly as the frequency moves
away from the centre, indicating that most frequency values are close to the nominal
value. Furthermore, more than half of the samples have frequencies above 50 Hz, with
more than 12 10° samples falling within the range of 50.001 Hz to 50.005 Hz. This
indicates a slightly higher concentration on over-frequencies.

Figure 4.9 also shows that a higher concentration of frequency values is on the slightly
positive side of the nominal frequency. The calculated mean frequency for the entire
year is 50.0006 Hz, corresponding to a frequency bias of:6GnmHz.

4.3 Frequency Analysis Based on Box (Whiskers) Plot

A box plot is a graphical method used to analyse the distribution of data. In a box
plot, the box represents the interquartile range, which contains 50% of the data. The
lower box line represents the rst quartile (25% of the data), while the upper box line
represents the third quartile (i.e., 75% of the data). The line inside the box denotes
the median value of the dataset.

The whiskers (dotted lines) extend from the box to show the spread of the remaining
data, typically up to 1.5 times the interquartile range from the quartiles. Data points
that lie beyond the whiskers are considered extreme values or outliers and are shown
as individual points. A larger box indicates that the data are more widely distributed,
whereas a smaller box suggests that the data are more concentrated around the median.
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4.3.1 Frequency Distribution for an Hour on a Minute Basis

To analyse the frequency distribution over one hour on a minute-by-minute basis, rst
day of the year (i.e., 01.09.2023) is selected during the interval 8:00-9:00.

Figure 4.10: Hour Pro le based on every minute, Jan 1 (8:00-9:00)

sos The frequency distribution of the day 8:00-9:00 is shown in Figure 4.10. The Figure
illustrates that the minimum frequency occurs at its 3 minutes, while the maximum
frequency is observed at 41 minutes. Furthermore, 49" minutes illustrates the most
stable point, as it exhibits the smallest interquartile range. Overall, both the mean
and median frequencies remain above the nominal frequency throughout the period.

900 4.3.2 Analysis of a Day on an Hourly Basis

Figure 4.11 presents an hourly box pro le for 01.01.2023. It is observed that the grid
frequency remains above the nominal frequency of 50 Hz most of the time. It can
also be observed that the lowest median frequency occurs at 15:00, while the highest
median frequency is observed at 22:00.

Figure 4.11: Day (01.01.2023) pro le based on hourly data

905 Figure 4.11 indicates that energy production is generally higher than energy consump-
tion. As a result, the grid frequency remains close to the nominal frequency, although
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small uctuations are still observed.

4.3.3 Frequency Analysis for a Month on an Hourly Basis

Figure 4.12 shows the hourly pro le for the entire month of January, based on sample

910 Values for each day. This gure illustrates that, despite some uctuations throughout
the month, the average frequency remains nearly equal to the nominal frequency. This
indicates that the system frequency is generally well regulated during January, with
only minor deviations from the nominal frequency.

Figure 4.12: January pro le on an hourly basis

4.3.4 Monthly and Seasonal Frequency Analysis for a Year

s15  Figure 4.13 illustrates the monthly frequency distribution over the year. Although the
frequency continuously uctuates within a small range, the mean and median values
remain close to the nominal frequency of 50 Hz throughout the year.

Figure 4.13: Box plot for every month

Figure 4.13 illustrates that the lowest average frequency values are observed in January
and June, while the highest values occur in September and October. This indicates
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slight seasonal variations in the grid frequency; however, the deviations remain small,
demonstrating stable system operation over the year.

4.3.5 Weekly Frequency Analysis for the Entire Year

Figure 4.14 shows the annual frequency distribution based on a weekly sampling period.
The gure illustrates that even though the frequency uctuates continuously, the mean
and median values of frequency remain nearly the nominal frequency value of 50 Hz.
Speci cally, the minimum frequency is observed in week 30, while the maximum is
recorded in week 15.

Figure 4.14: Box plot weekly for the whole year

Figure 4.14 indicates that, despite minor weekly variations, the overall system fre-
guency remains well regulated over the entire year.

4.4 Summary

The histogram analysis shows that the majority of the sample data are centred around
the nominal value of 50 Hz. Furthermore, approximately 50% of the data lies within
the deadband of ( 10 mHz), indicating that the system frequency remains close to
the nominal value for a signi cant time period. Moreover, the data are not perfectly
normally distributed; that is sightly right skewed. It indicates that the mean frequency
of the data is slightly above 50 Hz. It has also shown that ##Hz is biased in hourly
data and +0:6 mHz is biased in an average for the entire year.

Similarly, the box plots show that the majority of the sample data are more than 50

Hz when analysed on an hourly basis for both weekdays and weekends. Although
some uctuations are observed, a huge part of the frequencies are still more than 50
Hz when the data is analysed daily. Monthly analysis based on daily frequency values
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also shows minor variations, with most of the averages remaining close to the nominal
frequency.

Furthermore, the seasonal and annual box plot analysis reveals only small uctuations
throughout the year. While some variations are observed in the interquartile range
and a few extreme points appear, the majority of the data remains close to the nominal
frequency. Overall, the results from both histogram and box plot analyses indicate
stable system operation with a slight positive bias toward frequencies above 50 Hz.
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5. Simulation Results

This chapter presents the Simulation results based on the grid frequency. For the

analysis of BESS performance, 2023 frequency data is utilised in the modelling. Sev-
eral cases are developed by applying di erent deadbands. Furthermore, the impacts
of deadband on the BESS are analysed considering di erent time frames, and a com-
parative analysis is performed.

5.1 Simulation Results for the Entire Year

The entire year's data is analysed by creating four di erent cases: no deadbandb
mHz deadband, 10 mHz deadband, and 15 mHz deadband.

5.1.1 Case 1. No Deadband

In this case, FCR power, SoC, energy throughput, and battery life are analysed based
on the grid frequency deviation, assuming there is no deadband.

Frequency Deviation, Output Power and SoC

Figure 5.1 illustrates the FCR power and frequency deviation. It can be observed
that the FCR power depends on the frequency deviation as explained in Equation 3.6,
Pecr = 5 Puig  f. Therefore, it can clearly be observed that the FCR power is

around 3.75 MW when frequency deviation is around - 150 mHz on around 110 days.

Figure 5.1: FCR output power based on fre- Figure 5.2: SoC level for power
guency deviation

Figure 5.2 shows the SoC level for the entire year, where it can be observed that SoC
uctuates continuously hitting the SoG,ax and SoG,;, multiple times in a day.

Histogram of SoC Level

The behaviour SoC level can be observed by the histogram. Therefore, the entire year
histogram is illustrated in Figure 5.3.
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Figure 5.3: Histogram for SoC

Figure 5.3 shows the SoC levels of the BESS over the entire period. For better BESS
performance, it must have fewer samples near the limits. However, more samples are
observed neaiSoG,;, and SoG,.«. This also represents that there are more samples
for the idle state of BESS. Furthermore, it can be observed that SoC levels above 50%
increase more slowly than those below 50%. This indicates that the SoC above 50%
is comparatively more than below 50%.

Energy Throughput and Cyclic Lifetime

Figure 5.4 shows the energy throughput and lifetime of BESS based on the energy
operation for the entire year. It illustrates that the energy throughput during the
period is 2364 MWHh.

Figure 5.4: Energy throughput and lifetime of the BESS without deadband

From this Figure 5.4 the cyclic lifetime of BESS can be calculated as follows:

Here, Energy throughput = 2364 MWh
Battery Energy = 1.25 MWh
Battery Lifecycle = 3000 Equivalent full cycles of BESS during that period can be
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9s5 calculated as follows:

EFC = Energy Throughput
Energy Throughput at one cycle period
_ 2345 (5.1)
-~ 125 2
= 945:6
o 2 BESS cycle BESS energy 2 3000 1:25 )
Lifetime = Energy Throughpur = 2364 =3:17years (5.2)

Degradation of the BESS by the energy handling by it can be calculated as follows:

Throughput Energy in a year

Total throughput energy of BESS in its life
2364

= 2 3000 125
0:3152

=31:52%

Degradation per year =

(5.3)

Therefore, the degradation of BESS is 31.52% by cyclic energy which makes lifetime
of BESS 3.17 years.

990 Total Lifetime of BESS

As discussed in Chapter 3.1, the life of a battery lifetime depends both on cyclic and
calendar lifetime. Considering a cyclic lifetime 3.172 yrs and an idling time of & 10°

s., the total lifetime of the BESS is 2.51 years. Figure 5.5 shows the cyclic, calendar,
and total aging.

Figure 5.5: Total lifetime of BESS

95 This can be derived mathematically as well. As explained in Chapter 3.1, battery
Degradation rate is considered as 2% per year and from the Simulation, idle is got
6:75 1P seconds

2% Idling time (S)

Idling degradation per yearKs) = total seconds in year

(5.4)
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Thus, the total degradation of BESS per year = (31.52+0.428)%= 31.948. Considering
the BESS can be used up to 80% of the degradation, the lifetime becomes

Idling degradation per year Ks) =

= 0:00428 = 0428% (5.5)

... 80 _ _
Total Lifetime = 3198 - 2:51 years (5.6)

5.1.2 Case 2: Deadband of 5 mHz
In this case, FCR power, SoC, energy throughput, and battery life are analysed based

on the grid frequency deviation considering the deadband 5 mHz.

Frequency Deviation, Output Power and SoC Level

Figure 5.6: FCR output power based on fre- Figure 5.7: SoC level for power
guency deviation

Figure 5.6 illustrates frequency deviation and FCR power. It can be observed that the
FCR power is the same in higher frequency deviation, but no power in less than the
frequency deadband.

Figure 5.7 illustrates the SoC level of BESS at 5 mHz. It also indicates that the
SoC level uctuates frequently.

Histogram of SoC Level

Figure 5.8 illustrates the histogram of SoC taking 5 mHz. Considering this dead-
band, there is not much e ect on the SoC distribution. Taking this deadband the
number of samples hitting at limiting levels have decreased compared to having no
deadband.
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Figure 5.8: Histogram for SoC

1015 Energy Throughput and Cyclic Lifetime

Figure 5.9: Energy throughput at 5 mHz deadband

Figure 5.9 illustrates the energy throughput with a deadband of 5 mHz. When 5
mHz is considered, total energy throughput is 1703 MWh. It indicates that the energy
throughput is decreased when a deadband is considered compared with no deadband.
As discussed, the lifetime of BESS is directly a ected by the energy throught. Having

1020 energy throughput 1703 MWh, its EFC becomes 681.2 and degradation rate 22.7%.
This makes the lifetime of BESS 4.4 years. Its detail calculation is shown in Appendix
A.

Total Lifetime

As the idling time increases, the degradation due to cycling decreases, however the
1025 degradation due to idling increases. The idling time becomes:&1 1C° s and cycling

life 4.42 years When 5 mHz deadband is considered. Due to that idling time the

degradation rate of BESS becomes 0.75%.

Considering both degradation of 23.45% per year, the life of becomes 3.42 years. Cal-
culation procedure of total lifetime of BESS is described in Appendix A, I.

1030 Graphically, the cyclic, calendar and total lifetime is represented by the Figure 5.10.
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Figure 5.10: Total lifetime of BESS

5.1.3 Case 3: Deadband of 10 mHz

In this case, FCR power, SoC, energy throughput, and battery life are analysed based
on 10 mHz deadband on the grid frequency deviation.

Frequency Deviation, Output Power and SoC Level

Figure 5.11: FCR output power based on Figure 5.12: SoC level for power
frequency deviation

1035 Figure 5.11 illustrates frequency deviation and FCR power. It can be observed that
the FCR power is the same in higher frequency deviation, but no power in less than
the frequency deadband 10 mHz.

Figure 5.12 illustrates the SoC level of BESS at 10 mHz. It also indicates that the
SoC level uctuates less frequently compared to no deadband.
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1040 Histogram of SoC Level

Figure 5.13: Histogram for SoC at 10 mHz

Figure 5.13 illustrates the histogram of SoC considering 10 mHz deadband. This g-

ure illustrates that the SoC level at 5%-10% has dropped around by 1% as comparision

to no deadband. Similarly, it has dropped by 6% in 85%-90% SoC level. It indicates

more absorption resists by increasing the deadband because of the grid frequency is
1045 0 set above the nominal frequency.

Energy Throughput and Cyclic Lifetime

Figure 5.14 illustrates the energy throughput and degradation of BESS with a dead-
band of 10 mHz. When 10 mHz is considered, total energy throughput is 1182
MWh, which is lesser than the energy throughput at 5 mHz.

Figure 5.14: Energy throughput and degradion of BESS at 10 mHz deadband

1050 Figure 5.14 also illustrates that the degradation of BESS is around 15.8% per year.
Similarly, EFC during one year is 472.8 making lifetime 6.34 years. Its calculation is
shown in detail in Appendix A, II.

Total Lifetime of BESS

As the idling time increases, the degradation due to idling time increases, however,
105 the cyclic degradation of the BESS decreases.
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Having a cyclic lifetime of 834 yrs and an idling time of 1748 1P s. The total
degradation of BESS becomes 384 (i.e.,15.8% + 1.1%) in a year. Due to this rea-
son the total lifetime of the BESS is 4.75 years, which is illustrated in Figure 5.15.
Calculation procedure of total lifetime of BESS is described in Appendix A, II.

Figure 5.15: Total lifetime of BESS

5.1.4 Case 4: Deadband of 15 mHz

In this case, FCR power, SoC, energy throughput, and battery life are analysed based
on the grid frequency deviation and considering 15 mHz as a deadband.

Frequency Deviation, Output Power and SoC Level

Figure 5.16: FCR output power based on Figure 5.17: SoC level for power
frequency deviation

Figure 5.16 illustrates the FCR power at 15 mHz deadband. Due to this deadband,
small power requirements near the nominal frequency are zero, which means the BESS
does not operate continuously. As the deadband increases, its energy throughput
decreases. Therefore, there seems to be some gaps between the SoC as shown in
Figure 5.17.

Histogram of SoC Level

As deadband is increased, the SoC level histogram also a ected. in the Figure 5.18, it
can be seen SoC at 10% to 15% is around 10.5% of data which is decreased by almost
2% as that of no dead band. Similarly, higher SoC levels (between 85% and 90%) also
3% signals has been compared to having no dead band.
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Figure 5.18: Histogram for SoC

Energy Throughput and Cyclic Lifetime

Figure 5.19 illustrates the energy throughput and degradation of BESS in a year
considering 15 mHz deadband. The gure has shown that the energy throughput
in a year is 797.7 MWh, while 10.7% is the cyclic degradation during that period.
Since EFC 319. its cyclic lifetime becomes 9.4 years. Its detail calculation is shown in
Appendix A, IlI.

Figure 5.19: Energy throughput at 15 mHz deadband

Total Lifetime of BESS

Since the idle time for 15 mHz is 2192 1 s., its idling degradation rate is 1.4% per
year. Having cycling degradation 10.7% and idling degradation, its total degradation
rate per year is 12.1%. Therefore, total life of BESS becomes 6.6 years. Graphically,
the cycling, idling and total life is shown in Figure 5.20. Its detail calculation is
presented in Appendix A, IlI.
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Figure 5.20: Total Lifetime of BESS

5.2 Summary

Considering yearly data, di erent cases have di erent results, which can be summarised

in Table 5.1.

Table 5.1: BESS performance in di erent cases taking year data

Data | Deadband Energy EFC | Idle Time |Life Used |Cyc. Life | Tot. Life

(mHz) Throughput (MWh) (s) (%) (yrs) (yrs)
Year 0 2364 945.8| 6:37 10° 32 3.172 251
Year 5 1703 681.1] 11.8 10° 22.5 4.405 3.42
Year 10 1182 4729|1748 10° 15.75 6.344 4.75
Year 15 797.9 319.1[ 21:92 1P 12 9.4 6.66

Table 5.1 shows the energy throughput in di erent deadbands, its EFC, idle time,

1000 BESS degradation due to the energy throughput, and cyclic lifetime of the BESS.
From the table, it is observed that the cyclic lifetime increases and the total lifetime
of BESS increases as the deadband increases.

5.3 Lifetime Relation with Deadband

Figure 5.21: Relation between lifetime and deadband

Page 48 of 79



1095

1100

1105

1110

The deadband and lifetime of the BESS are plotted in a graph to nd the relation
between deadband and lifetime. After plotting and tting the points, a second-order
equation ts the points, and a relation is obtained between deadband and lifetime
which is shown in Figure 5.21.

5.4 One Day Simulation Results Analysis

There are large amounts of data to analyse for the entire year. Therefore, in this
section, one day of data is taken to compare with yearly data to show whether one day
can represent the entire year or not. For the sampling of data, every second month
rst day data is selected to make unbiased on the sampling.

5.4.1 Case 1: No Deadband

Every sample of data was run through the simulation environment, and energy through-
put and idling time were recorded. Based on energy throughput and idling time, other
calculations were carried out. The details of the calculation process is shown in Ap-
pendix A.

Table 5.2: BESS degradation without deadband

Month | Date | Throughput Idling Cyclic Idling Total
Energy (MWh) | Time (s) | Deg.(%) | Deg. (%) | Deg. (% per yr.)
Jan. 01 5.734 24532 27.9 0.56 28.46
Mar. 01 5.57 5782 27.1 0.13 27.23
May 01 4931 1.8 10¢ 24 0.4 24.4
July 01 4.564 123 10°| 22.2 0.31 22.51
Sep. 01 5.0 1:39 10°| 243 0.32 24.62
Nov. 01 4.526 133 10 22 0.31 22.31

Table 5.2 illustrates the energy throughput and idling time on a speci ed day. From the
observations, it is found that the minimum degradation is 22.31% and the maximum
degradation is 28.46% per year, which gives the maximum lifetime 3.58 years and the
minimum lifetime 2.8 years. Through these values, the average lifetime of BESS can
be presented as shown in Figure 5.22.

Figure 5.22: Lifetime taking the samples mean without a deadband
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The Figure 5.22 shows that the average lifetime of BESS is 3.22 years, which is almost
28% higher than the real lifetime that is calculated by handling yearly data with no
deadband.

5.4.2 Case 2. Deadband of 5 mHz

In this case, the lifetime of the BESS is calculated considering 5 mHz deadband.
The sample data were fed into the simulation with 10 mHz deadband.

Table 5.3: BESS degradation with 5 mHz deadband

Month | Date | Throughput Idling Cyclic Idling Total
Energy (MWh) | Time (s) | Deg.(%) | Deg. (%) | Deg. (%day)
Jan. 01 3.983 39041 19.38 0.9 20.28
Mar. 01 4.543 2222 22.1 0.05 22.15
May 01 2.663 156 10| 12.9 0.36 13.26
July 01 3.739 8583 18.2 0.2 18.4
Sep. 01 4.184 1:.04 10*°| 20.36 0.24 20.6
Nov. 01 3.613 9425 17.5 0.22 17.72

Table 5.3 illustrates the cycling and idling degradation of BESS over a year with a

5 mHz deadband. The table shows that the maximum lifetime of BESS is 6 years,
whereas the minimum lifetime is 3.6 years in this case. Considering the mean value of
the sample data, the average lifetime is 4.27 years.

Figure 5.23: Lifetime of samples date with 5 mHz deadband

The average sample lifetime is around 25% higher compared to the lifetime of BESS
for the entire year with the same deadband.
5.4.3 Case 3: Deadband of 10 mHz

In this case, degradation of BESS per year and its lifetime is calculated taking dead-
band as 10 mHz. During handling the data samples, di erent values were recorded
as shown in Table 5.4.
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Table 5.4: BESS degradation metrics with deadband 10 mHz

Month | Date | Throughput Idling Cyclic Idling Total
Energy (MWh) | Time (s) | Deg.(%) | Deg. (%) | Deg. (%oper yr.)
Jan. 01 2.663 52547 12.96 1.2 14.16
Mar. 01 3.845 1030 18.7 0.02 18.72
May 01 3.65 1.08 10*| 17.7 0.25 17.95
July 01 3.359 4462 16.3 0.1 16.4
Sep. 01 3.812 6806 18.5 0.16 18.66
Nov. 01 3.083 6283 15 0.15 15.15

Table 5.4 illustrates the cyclic degradation and idling degradation of BESS by the

13 Sampled data. Based on these data, the maximum lifetime is 5.65 years while the
minimum life is 4.27 years. Consisering the mean value of sample data the mean life
of BESS is 4.75 years as shown in Figure 5.24.

Figure 5.24: Lifetime taking the samples mean without a deadband

Comparing this sample lifetime with the yearly lifetime having the same deadband,
the lifetime is the same.

135 5.4.4 Case 4: Deadband of 15 mHz

In this case, the degradation and lifetime of BESS is analysed considering a deadband
of 15 mHz.

Table 5.5: BESS degradation metrics with 15 mHz deadband

Month | Date | Throughput Idling Cyclic Idling Total
Energy (MWh) | Time (s) | Deg.(%) | Deg. (%) | Deg. (%day)

Jan. 01 1.777 62631 8.6 1.4 10

Mar. 01 3.314 1385 16.1 0.032 16.132
May 01 3.389 7345 16.6 0.17 16.77
July 01 3.06 3315 14.9 0.077 14.977
Sep. 01 3.584 2510 17.4 0.058 17.458
Nov. 01 2.812 5717 13.6 0.13 13.73
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Table 5.5 illustrates the cyclic and idling degradation of BESS with 15 mHz dead-
band. Furthermore, the table illustrates that the maximum life of BESS is 8 years
1140 While the minimum life is 4.58 years, considering 15 mHz deadband.

Figure 5.25: Lifetime taking the samples mean without a deadband

Figure 5.25 shows the average lifetime from the sample data. Moreover, it shows the
average lifetime is 5.38 years. This lifetime is almost 20% lower than the entire year

data having the same deadband.

5.5 Relation Between Deadband and Lifetime

1145 When the deadbands and lifetimes taken based on the daily data are plotted in a
graph, a straight-line relation is obtained.

Figure 5.26: Relation between deadband and lifetime based on day data

The relation indicates that the lifetime of BESS increases as the deadband increases.
Furthermore, the relationship between deadband and lifetime is positively correlated.
The relation of deadband and lifetime is shown in Figure 5.26.
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5.6 SOC Management

As discussed in Chapter 4, the grid frequency deviates from the nominal frequency.
The analysis shows an average positive bias of approximately 4 mHz on a daily basis
and 0.6 mHz for the entire year. Due to the positive bias, most of the time BESS
operates in charging mode and SoC moves closer30G, ... More detailed frequency
behaviour can be observed in Appendix D.

In this project, the discharging-during-charging (i.e., less charging) and charging-
during-discharging (i.e., less discharging) methods are applied to balance the SoC.
This is an iterative process to balance, which is described here for 01.01.2023 and the
entire year to get the values within the grid code limitations.

5.6.1 Balancing for a Day

When 01.01.2023 SoC is observed, SoC is typically clos&mC, .y , as shown in Figure
5.27. This is the reason of positive bias of grid frequency, which is to be balanced for
the FCR application.

Figure 5.27: Histogram without managing Figure 5.28: Histogram managing SoC at 3%
SoC less charging during charging mode

To balance this, 3% less charge is applied during the charging period, which makes most
of the power shift towardsSoG,,, , as shown in 5.28. It indicates that the discharging
rate is high. Therefore, it has to be decreased. This value can be increased or decreased
within the limitation provided by TSO (i.e., up to +15% more charge or up to -5%
less charge during charging mode).
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Figure 5.29: SoC at 2.33% less charge and 0.5% less discharge

With 2.2% less charge during charging and 0.5% less discharge during discharging,
SoC level is achieved as shown in Figure 5.29. The gure shows that still many signals
are towardsSoG,, . Therefore, the charging rate should be increase. In the 2.335%
less charging in charging mode and 0.8% less discharging during discharging mode,
the SoC level becomes as shown in Figure 5.30 which looks more balanced.

Figure 5.30: Histogram at 2.335% less charge during charging and 0.8% less discharge during
discharging mode.

Similarly, the SoC management for another day (01.11.2023) and for a month (June
2023) is described in Appendix E.
5.6.2 Balance for a Year

The SoC balancing process for the entire year is similar to that of a single day. How-
ever, balancing the SoC for a full year is considerably more challenging due to the large
amount of data. Figure 5.31 illustrates the yearly SoC histogram for the 10 mHz
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uso deadband case. The gure shows that the occurrence of samples in the 85%{90% SoC
range is approximately 19%, while around 14% of the samples are closeStG,,, .
Therefore, the occurrences at the extreme levelSoG,.x and SoG,i, , should be re-
duced in order to increase the concentration of SoC values around the desired 50%
operating level.

Figure 5.31: SoC Histogram

Figure 5.32: Histogram at 4.55% less charging during charging and 4.64% less discharge
during discharging mode

uss By the iteration process, a balance SoC is obtained at 4.55% less charging during
charging mode and 4.64% less discharge during discharging mode, as shown in Figure
5.32 where the signals aS0G,,x and SoG,;, are almost equal. However, the gure
shows that it is not perfectly balanced as daily SoC due to TSO limitations.
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Figure 5.33: Recommended Deadband and FCR power

Thus, the total charging and discharging power for the FCR provision can be expressed
19 by the Equation 5.7.

Prcr + 0:0455PcR; during charging (i.e., f> 0)

57
Pecr  0:0464Prcr; during discharging (i.e., f < 0) ®.7)

Pecr:net =

5.7 Summary of the Chapter

The lifetime of a battery is highly a ected by frequent small uctuations, leading high
stress on the battery during charging and discharging. These small uctuations can
be controlled by applying a deadband, which helps to increase the lifetime of battery.

1105 Handling the data in a simulation environment and calculating lifetime, di erent life-
times can be observed, which are presented by Figure 5.34. It can also be observed
that its lifetime of BESS is tted with a second-order function of deadband. In other
words, the lifetime of BESS increases exponentially when the deadband increases. This
is illustrated by the lifetime of yearly data where the life of BESS is 2.51 years without

1200 a deadband, and it almost doubles at 10 mHz deadband as shown in Figure 5.34.
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Figure 5.34: Comparision of deadband and lifetime based on day and year data

Figure 5.34 illustrates that the lifetime represented by days' data is higher in the case
without a deadband. Its lifetime becomes equal at 10 mHz deadband because of its
slow increment. Based on daily data tting plot shows that the lifetime of BESS is
less a ected by its deadband compared to yearly data.

The huge di erence in lifetime by the sample days' data cannot represent the entire
year; however, in the case of a 10 mHz deadband, the sample data can represent the
whole year's data.

Similarly, for managing the SoC level for a day, 2.335% less charging during charging
mode and 0.8% less discharge during discharging mode are enough to balance the SoC,
while for the entire year, it must be 4.55% less charged during charging mode and
4.64% less discharged during discharging mode of the battery. It gives the signi cant
di erence between daily data and yearly data. The details of this can be observed in
Appendix E.
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6. Ecomonic Analysis

This Chapter describes the economic analysis of BESS for FCR provision. First of
all, economic analysis will be conducted based on the 2023 FCR price, and it will
be compared with another one-year rate after the new rules (19.03.2025) have been
applied. The economic analysis will be performed based on NPV, and further the
break-even point (BEP) will be calculated based on each year's FCR price.

6.1 Based on 2023 FCR Price

The estimated capital expenditure (CAPEX) for 5 MW BESS system is DKK 4,153,507
based on the NREL reference, published in 2025 [57]. The detailed calculation process
of it is provided in Appendix B.

Capital investment (CAPEX) includes installation expenses, converters, and their as-
sociated equipment. Operational expenditure (OPEX) is excluded from CAPEX, and
it is conventionally estimated as 2% of CAPEX [58]. Consequently, the OPEX is cal-
culated as DKK 280,320 for 5 MW BESS per year. The discount rate applied re ects
the in ation rate in Denmark, which ranges from 1.8% to 2.2%, it's detailed can be
observed in Appendix B. For the analysis, a 2% rate is adopted in this project.

Figure 6.1 illustrates the FCR price in 2023 and its cumulative price for every hour,
which gives the entire year's revenue of 1 MW. The gure also illustrates that DKK
830,701 in revenue can be generated in a year by a 1 MW system. In this project, 5
MW system is considered. Thus, the total revenue in a year is DKK 4,153,507.

Figure 6.1 illustrates the FCR price for 2023 and its cumulative hourly price throughout

the year. The cumulative price demonstrates that a 1 MW system can generate DKK
830,701 annually.

Figure 6.1: Price and cumulative price for a  Figure 6.2: Renenue for 5 MW system in one
year year
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Figure 6.2 illustrates the total revenue generated by the 5 MW system. This gure
shows that the total revenue generated by 5 MW system is DKK 4,153,507 in one year.

Based on CAPEX, OPEX, and revenue by FCR, a nancial analysis is performed.

CAPEX = DKK 14 ;015507 (6.1)
OPEX = DKK 280 ;310 (6.2)
Revenue = DKK 4; 153 507 (6.3)
Cash ow =Revenue OPEX =DKK 3 ;873197 (6.4)
NPy = L Cashow o (6.5)

e 0T

1220 NPV provides the amount of money in present value of all incomes and expenditures
of the project. It gives the information of project either gets prot or loss during its

lifetime.
Table 6.1: Economic analysis for di erent deadbands
Deadband | Lifetime CAPEX OPEX Cash ow NPV
(mHz) (years) (DKK) (DKK) (DKK) (DKK)
0 2.51 14,015,507, 280,310 | 3,873,197 | -4,616,428
5 3.42 14,015,507 280,310 | 3,873,197 | -1,325,964
10 4.75 14,015,507 280,310 | 3,873,197 | 3,376,152
15 6.66 14,015,507, 280,310 | 3,873,197 | 9,919,840

Table 3.1.4 illustrates the NPV in di erent cases. As discussed, when the deadband
is zero, the lifetime of BESS is 2.51 in which the NPV is almost -6.5 million kr. It

1245 indicates that the prot is not possible in this deadband. To generate prot, the
deadband for the FCR must be more than 10 mHz.

Lifetime (T) is calculated when the NPV becomes zero, which is called BEP. It means
at this point the get neither pro t nor loss. Furthemore, to get pro t from the project,
its lifetime must be more than that. Mathematically,

X' cash ow

CAPEX=  —
(1+n)7

(6.6)

t=1
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