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Abstract
The growth of renewable energy increases imbalances between generation and
demand, raising the need for frequency ancillary services. Battery Energy
Storage System (BESS) are well suited for these services due to their fast
response. However, Frequency Containment Reserve (FCR) operation affects
both battery degradation and economic performance, making it important to
assess the link between operation, ageing, and market remuneration.

This thesis evaluates the degradation and economic performance of BESS
providing FCR services, including Frequency Containment Reserve for Nor-
mal operation (FCR-N), upward regulation (FCR-D-up), downward regula-
tion (FCR-D-down), and combined configurations. A dynamic simulation
with one-second frequency resolution is developed to model battery opera-
tion under realistic conditions, including State Of Charge (SOC) management
based on Normal state Energy Management mode (NEM) and Alert state En-
ergy Management mode (AEM). Semi-empirical calendar and cycling ageing
models based on experimental data are reformulated to enable continuous
degradation estimation, while cycling ageing is quantified using a rainflow
counting algorithm.

The results show that degradation depends strongly on the SOC operating
range. FCR-D up exhibits the highest capacity loss due to long periods at
high SOC, while FCR-N shows higher cycling degradation. In contrast, FCR-
D down operates mainly at low SOC and shows the lowest degradation.

The economic analysis shows that combined services improve profitabil-
ity. FCR-N+D achieves the highest annual net profit (1.10 MSEK) for 1
MWh/MW and shortest payback time 2 years, while stand-alone FCR-D ser-
vices require 3 years to return the investment. A 50% reduction in remuner-
ation still results in acceptable payback periods.

Keywords: BESS, Frequency Containment Reserve (FCR), Lithium-Ion
Batteries, Calendar Ageing, Cycling Degradation, SOC, Rainflow Counting,
Equivalent Full Cycles (EFC), Nordic Power System, Techno-Economic Anal-
ysis
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CHAPTER 1

Introduction

1.1 Background and Motivation

The transition to a low-carbon energy system increase the role of wind and
solar power in the electricity sector[1]. This is especially apparent in Sweden,
where installed wind power capacity exceed 17 GW in 2024, and solar capacity
is also increasing rapidly around 4.8 GW [2]. While this development is essen-
tial for meeting climate goals, it also introduces new challenges. Wind and
solar are intermittent resources. Their output naturally varies, and increasing
their share in the system makes the power grid more vulnerable to imbalances
between electricity supply and demand.

Maintaining power balance between supply and demand is necessary to
keep the frequency within normal range. Excessive supply increases frequency,
while excessive demand decreases it. If the frequency deviation is large, this
may lead to disconnection of loads [3]. Disturbances such as unexpected gen-
erator outages or rapid changes in renewable output can cause frequency de-
viations. With fewer conventional synchronous units connected, the grid has
less inherent ability to handle these disturbances, which increase the reliance
on procured balancing services.

1



Chapter 1 Introduction

FCR provide the first response to such imbalances. Traditionally, hy-
dropower and thermal units have delivered most of this capacity. However,
as the energy system changes, new technologies capable of fast responses are
becoming increasingly important.

Lithium-ion batteries are receiving increasing attention. Due to their rapid
response, high efficiency, and flexible operation, they are particularly well
suited for FCR applications [4, 5]. In 2026 pack prices drop to be around
108 $/kWh (Fig. 1.1) [6], which allowed several large BESS installations in
Sweden and Finland to participate in the FCR market [7].
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Figure 1.1: Evolution of lithium-ion battery pack prices from 2012 to 2026.

FCR activation involves frequent, micro-cycles (0.1 % to 5 % ∆SOC ), com-
bined with long periods at medium or high SOC [8]. These operating con-
ditions can accelerate both cycle and calendar ageing [9], leading over time
to reduced usable capacity and increased internal resistance. Since battery
replacement typically accounts for 60–70% of total BESS costs [5], under-
standing how FCR operating affect degradation is important.

In addition, the updated Nordic FCR requirements add more complexity
to battery operation by requiring continuous availability for both upward and
downward regulation. This increases the need for more precise SOC man-
agement, since the battery must remain within a suitable operating window
to deliver power in both directions at all times. As a result, many existing
degradation models do not fully reflect the conditions that batteries experience
during real FCR operation.

These challenges motivate the work presented in this thesis. The battery is
operated according to Nordic FCR requirements, and different FCR services
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1.2 Previous Studies

are studied to evaluate their impact on ageing. By comparing degradation for
all FCR services and linking it to cost and net profit, this work aims to clarify
the relationship between battery degradation, cost, and net profit.

1.2 Previous Studies
Several studies have investigated BESS providing FCR, with a focus on eco-
nomic performance, operational strategies, and battery degradation. Multiple
studies indicate that FCR is one of the most profitable services for BESS in
Europe. A comparative assessment of major European electricity markets
shows that energy arbitrage alone is generally not economically viable. In
contrast, participation in FCR markets can ensure high and stable utilization
of battery capacity. For example, FCR-N in Denmark achieved nearly 100%
potentially profitable utilization in 2021 [10].

For Sweden, mixed integer linear programming (MILP) models with de-
tailed cycle and calendar ageing indicate that bidding in day ahead mar-
ket together with FCR-N and Frequency Containment Reserve for Distur-
bances (FCR-D) up/down can increase profit by a factor of about 22 compared
with day ahead only operation [11].

Similarly, Wesselmann et al. analyze single-use and multi-use grid-scale
BESS in Germany using a techno-economic simulation. The model evaluates a
20 year project based on return on investment and Net Present Value (NPV).
The study compares primary control reserve and enhanced frequency response,
both with and without peak shaving. The results show that enhanced fre-
quency response alone is the most profitable service, while combining it with
peak shaving can further increase financial returns [12].

Giannakopoulos et al analyse BESS profitability in Greek day ahead mar-
ket and FCR markets. They confirm that combining day ahead market and
FCR give higher profits than either market alone, but results are sensitive to
uncertainty in prices and utilisation factors [13].

Focusing more specifically on individual FCR products, a similar case study
in the Nordic context report that FCR-D up generally provides the shortest
payback times, whereas FCR-N has lower returns for the same BESS [14].

As BESS are limited energy reservoirs, many works also address operational
strategies. Under Nordic requirements, Divshali [15] and Evens propose bid-
ding and online control strategy that restore SOC while including a lifetime
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Chapter 1 Introduction

model to optimise profit using a 600 kW/300 kWh BESS case study, they
report annual revenues of 38 k€ corresponding to a payback period of about
6-8 years.

Several studies analyze the impact of FCR operation on battery ageing.
Long-term measurements from a 6 MW/7.5 MWh hybrid system show that
FCR keeps the average SOC close to 50%, with low C-rates (0.08C) and mainly
shallow charge discharge cycles. After four years of operation, the lithium-ion
batteries experienced about 5% capacity loss, while lead-acid batteries lost
up to 36%. This result suggests that calendar ageing is the main degradation
under FCR operation [16].

Another study on a 7.2 MW/7.12 MWh battery system in the German
FCR market applies a semi-empirical model to separate the effects of op-
erating strategy and temperature on degradation. The authors report up to
0.97% difference in annual capacity loss between the coldest and warmest bat-
tery packs, indicating that better thermal management could increase battery
lifetime by 11 years [17].

Khajeh et al. show that a 50 kWh lithium-ion battery providing FCR-N in
Finland earns about 1178€ over three months. However, cycling degradation
reduces revenue by approximately 0.06€ per cycle, highlighting the importance
of including battery ageing in economic assessments [18].

In Sweden, Mirzaei et al. report an annual capacity loss of about 1.7% for
a 1 MW/1 MWh battery participating in both day ahead and FCR markets.
They also demonstrate that explicitly modelling calendar and cycle ageing in
the optimisation process can reduce degradation by up to 29%, while having
almost no effect on profitability [11].

Despite these valuable contributions, several gaps remain. For instance most
existing studies focus on optimizing operation and increasing profit, with less
attention given to how these strategies affect battery degradation. As a result,
the impact of different FCR services on battery lifetime is not well studied.
In addition, FCR services are often analysed together or under different as-
sumptions, which makes it difficult to directly compare their effects on both
degradation and economic performance. Therefore, the link between battery
ageing and profitability under realistic Nordic FCR operation remains unclear.
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1.3 Purpose of the Thesis and Contributions
To address these gaps, this thesis aims to investigate battery degradation
and the economic performance of BESS providing FCR in the Nordic area.
This thesis specifically aims to use ageing models based on experimental data
to quantify calendar and cycling ageing under different FCR services and to
compare the three services to assess their impact on total battery ageing and
economic performance.

This thesis are summarized as follows:

1. Development of a BESS modeling framework for Nordic FCR services
(FCR-N, FCR-D up/down and combined services) in compliance with
ENTSO-E requirements and applying SOC management based on en-
ergy management states (NEM/AEM).

2. Parameterization of calendar and cycling ageing models using experi-
mental data, where calendar ageing is expressed as a function of time
and SOC, and cycling ageing is modeled as a function of ∆SOC, C-rate,
mean SOC, and EFCs.

3. Development of a dynamic ageing model based on the derivatives of
calibrated calendar and cycling ageing models to continuously quantify
degradation across all FCR services.

4. Analysis of the impact of SOC deadband selection and micro-cycles on
battery degradation across different FCR services.

5. Comparison of battery degradation and economic performance for FCR
services by linking ageing results with revenue.

1.4 Thesis Outline
This thesis is organized into nine chapters:

• Chapter 1 introduces the research background, objectives, and main
contributions of the thesis.

• Chapter 2 presents the theoretical foundations of frequency control
and ancillary services in power systems.
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• Chapter 3 provides the theoretical background of lithium-ion batteries.

• Chapters 4 and 5 describe the system setup, case studies, and battery
pack design.

• Chapter 6 develops and validates the battery ageing model.

• Chapter 7 Presents the methodology in order to evaluate battery per-
formances.

• Chapter 8 presents the results and discussion, including technical and
economic evaluations.

• Chapter 9 and 10 Conclude the thesis and outline directions for future
research.
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CHAPTER 2

Theory 1: Frequency Control and Ancillary Services in
Power Systems

2.1 Power System Frequency Dynamics

2.1.1 Frequency as a Stability Indicator
The frequency of a power system reflects the real-time balance between power
input from generation (Pin) and electrical power consumption (Pcons) [19].
An excess of generation relative to consumption increases frequency, while a
deficit decreases it. The primary goal of frequency control is to maintain this
equilibrium within an acceptable tolerance band (±0.1 Hz) to ensure proper
operation of connected apparatus and prevent equipment damage [20].

2.1.2 The Swing Equation and Inertia
In power systems, inertia, provided by the kinetic energy stored in the rotat-
ing masses of synchronous machines (generators and turbines), resists rapid
frequency changes caused by power imbalances. The inertia constant H is
defined as the time a machine can supply its rated power using only its stored
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kinetic energy[21]. The swing equation describes this dynamic behavior,

2H

ωs

d2δ

dt2 = Pm − Pe − D∆ω, (2.1)

where H is the inertia constant (s), ωs is the synchronous speed (rad/s), δ is
the rotor angle (rad), Pm and Pe are the mechanical and electrical powers (pu),
D is the damping coefficient, and ∆ω is the speed deviation (rad/s). Higher
system inertia slows frequency deviations, allowing control mechanisms more
time to respond [22].

2.1.3 Inertia in Traditional and Modern Grids
In traditional power systems, synchronous generators provide substantial iner-
tia, stabilizing frequency. However, the rise of inverter-based renewable energy
sources, such as wind and solar, which are lacking inherent inertia, increases
the risk of rapid frequency fluctuations [23]. Higher inertia results in faster
frequency recovery compared to systems with lower inertia. This highlights
the critical role of frequency ancillary services in compensating for reduced
inertia and maintaining grid stability[24, 25].

2.2 Overview of Frequency Ancillary Services
Frequency ancillary services manage frequency deviations across different time
scales to maintain grid stability [20]. Frequency ancillary services include Fast
Frequency Response (FFR), FCR, Automatic Frequency Restoration Reserve
(aFRR), Manual Frequency Restoration Reserve (mFRR), and Replacement
Reserve (RR). Each service addresses specific aspects of frequency control,
from immediate stabilization to long-term balance [26, 27].

2.2.1 Comparison of Activation and Control Mechanisms
The key characteristics of frequency ancillary services include activation times,
roles, and control mechanisms are summarized in Table 2.1, based on European
Network of Transmission System Operators for Electricity (ENTSO-E) stan-
dards [20]. The first line of defense against frequency deviations is provided
by FFR and FCR, which both activate within seconds using the automatic
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droop control. These services are designed to rapidly reserve frequency de-
viations and stabilize the system. In contrast, aFRR and mFRR operate
over longer timeframes to restore frequency to its nominal value and support
system recovery [28].

Table 2.1: Comparison of frequency ancillary services based on activation times,
roles, and control methods [20].

FFR FCR aFRR mFRR

Activation <2 s <15 s 30 s to 300 s 300 s to 900 s

Role Rapid stabilize Stabilize freq. Restore freq. Support restore

Control Automatic Automatic Automatic Manual

2.3 Frequency Containment Reserve (FCR)

FCR is one of the primary mechanisms for stabilizing frequency deviations,
focusing on its operation, and energy management strategies for Limited En-
ergy Reservoir (LER) assets. FCR is an automatic service that activates
within seconds to limit frequency deviations caused by disturbances, such as
generator outages or load changes, preventing system instability [29].

2.3.1 FCR Activation and Control

In the Nordic power system, FCR comprises FCR-N and FCR-D, which are
traded in advance and activated based on frequency deviations. These ser-
vices use droop control to adjust power output proportionally to frequency
changes. While FCR-N is designed to continuously manage small, stochas-
tic frequency variations around the nominal frequency, FCR-D is intended to
rapidly respond to larger system disturbances. The main technical and opera-
tional characteristics governing the activation behavior of FCR-N and FCR-D
are summarized in Table 2.2.
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Table 2.2: Summary of Frequency Containment Reserves

Parameter FCR-N (Normal Opera-
tion)

FCR-D (Disturbance Op-
eration)

Purpose Manages short-term stochas-
tic variations in power to im-
prove frequency quality.

Addresses larger frequency
disturbances, supplementing
FCR-N.

Operation Symmetrical (production and
consumption).

Non-symmetrical; Up and
Down traded separately.

Frequency Range droop 49.9 Hz to 50.1 Hz Up: 49.5 Hz to 49.9 Hz
Down: 50.1 Hz to 50.5 Hz

Activation Time 63% in 60 s, 100% in 3 min. 50% in 5 s, 100% in 30 s.

Endurance 1 h 20 min

Minimum Bid Size 0.1 MW 0.1 MW

2.3.1.1 Droop Control Mechanism

FCR employs droop control to adjust power output in response to grid fre-
quency deviations, ensuring stability in power systems. For FCR-N, the
power output PFCR-N is modulated based on the frequency f relative to the
nominal frequency f0 = 50 Hz, as defined in (2.2). The response is linear
within the frequency range of 49.9 Hz to 50.1 Hz, with a maximum deviation
∆fmax

FCR-N = 0.1 Hz, and saturates at the maximum capacity P Max
FCR-N for larger

deviations [30]

PFCR-N = P Max
FCR-N ×


1, if f ≤ 49.9 Hz,

f0 − f

∆fmax
FCR-N

, if 49.9 Hz ≤ f ≤ 50.1 Hz,

−1, if f ≥ 50.1 Hz,

(2.2)

where f0 = 50 Hz, ∆fmax
FCR-N = 0.1 Hz, and P Max

FCR-N is the maximum FCR-N
capacity [30]. For FCR-D, which addresses larger frequency deviations, the
upward (PFCR-Dup) and downward (PFCR-Ddown) regulations are defined in
(2.3) and (2.4). Upward regulation activates for frequencies between 49.5 Hz
and 49.9 Hz, with a maximum deviation ∆fMax

FCR-D = 0.4 Hz, while downward

10



2.3 Frequency Containment Reserve (FCR)

regulation operates between 50.1 Hz and 50.5 Hz.

PFCR-Dup = P Max
FCR-Dup ×


f0 − f

∆fMax
FCR-D

, if 49.5 Hz ≤ f ≤ 49.9 Hz,

1, if f ≤ 49.5 Hz,

0, otherwise,

(2.3)

PFCR-Ddown = P Max
FCR-Ddown ×


f − f0

∆fMax
FCR-D

, if 50.1 Hz ≤ f ≤ 50.5 Hz,

1, if f ≥ 50.5 Hz,

0, otherwise,

(2.4)

Figure 2.1 illustrates the activation profiles for FCR-N, FCR-D Up and FCR-
D Down as a function of frequency, showing the linear droop response and
saturation points as defined in (2.2)–(2.4). These profiles demonstrate how
FCR-N and FCR-D effectively stabilize frequency by adjusting power output
in response to deviations.
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Figure 2.1: FCR activation profiles for FCR services as a function of frequency
(2.2)–(2.4).

2.3.2 Providers and Technologies
Traditional providers, such as hydroelectric and thermal generators, deliver
reliable FCR due to their large energy reserves [21]. Emerging providers,
including BESS,that can provide Vehicle to grid (V2G), and wind turbines
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with synthetic inertia, offer faster response times but are limited by energy
capacity, classifying them as Limited assets, LER [31, 32].

2.3.3 Energy and Capacity Requirements
LER assets must meet specific requirements for FCR-N and FCR-D. For FCR-
N, assets reserve energy for 1 h of full capacity and 34% of sold capacity for
State Of Energy (SOE) restoration, requiring a rated power 1.34 times the
sold capacity. For FCR-D, assets reserve energy for 20 min (0.33 MW h per
MW) and 20% of energy in the opposite direction for recovery [30]. Table 2.3
presents these requirements for a 1 MW/1 MW h BESS.

2.3.4 State of energy management for battery storage
LER assets providing FCR rely on effective SOE management to maintain
appropriate energy margins. Two strategies are employed: NEM and AEM,
which adjust SOE based on adaptive thresholds.

2.3.4.1 Normal Energy Management (NEM)

NEM ensures adequate energy availability for FCR operation by applying a
power adjustment, NEM is active when the grid frequency deviation |∆f |
is within ±100 mHz of the nominal 50 Hz and at specific SOE thresholds,
(SOEenable, NEM) and deactivates at target levels (SOEdisable, NEM)

KNEM(t) =


+1 if |∆f | < 100 mHz and SOE > SOEenable, NEM, upper

−1 if |∆f | < 100 mHz and SOE < SOEenable, NEM, lower

0 otherwise
(2.5)

The SOE thresholds for NEM activation are defined as

SOEenable, NEM, upper = 1 − CFCR-X · Tendurance

60 /E (2.6)

SOEenable, NEM, lower = CFCR-X · Tendurance

60 /E (2.7)

where CFCR-X is the FCR-N or FCR-D capacity, Tendurance is the remaining
endurance (30 minutes for FCR-N and 20 minutes for FCR-D), and E is the
energy capacity of the storage system.

12



2.3 Frequency Containment Reserve (FCR)

Table 2.3: Energy and power requirement verification for FCR-N and FCR-D
using a 1 MW/1 MW h BESS

Case Requirement & Calculation Verification & Result

FCR-N Only (0.5 MW symmetrical)

Operating Conditions Reference power: 0 MW, Initial
SOE: 0.5 MW h

Target capacity: 0.5 MW

Power Requirement 1.34×CFCR-N = 1.34×0.5 MW =
0.67 MW

BESS power rating: 1 MW

0.67 ≤ 1 MW
✓ Satisfied

Energy Requirement CFCR-N = 0.5 MWh ≤ E0 and
≤ Emax − E0

BESS energy: 1 MW h

0.5 ≤ 0.5 MWh and 0.5 ≤
0.5 MWh
✓ Satisfied

Conclusion System supports 0.5 MW FCR-N, constrained by energy storage capacity

FCR-D Up Only (1.0 MW up-regulation)

Operating Conditions Reference power: 0 MW, Initial
SOE: 1.0 MW h

Target capacity: 1.0 MW

Power Requirement CFCR-D,up = 1.0 MW ≤ Pp BESS power rating: 1 MW
0.2 × CFCR-D,up = 0.2 MW ≤ Pc 1.0 ≤ 1 MW and 0.2 ≤ 1 MW

✓ Satisfied

Energy Requirement 1
3 ×CFCR-D,up = 0.33 MWh ≤ E0 BESS energy: 1 MW h

0.33 ≤ 1.0 MWh
✓ Satisfied

Conclusion System supports 1.0 MW FCR-D up, limited by production capacity

FCR-D Down Only (1.0 MW down-regulation)

Operating Conditions Reference power: 0 MW, Initial
SOE: 0 MW h

Target capacity: 1.0 MW

Power Requirement CFCR-D,down = 1.0 MW ≤ Pc BESS power rating: 1 MW
0.2 × CFCR-D,down = 0.2 MW ≤
Pp

1.0 ≤ 1 MW and 0.2 ≤ 1 MW

✓ Satisfied

Energy Requirement 1
3 × CFCR-D,down = 0.33 MWh ≤
Emax − E0

BESS capacity: 1 MW h

0.33 ≤ 1.0 MWh
✓ Satisfied

Conclusion System supports 1.0 MW FCR-D down, sufficient capacity available
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Chapter 2 Theory 1: Frequency Control and Ancillary Services in Power
Systems

A 5-minute rolling average generates the control signal

KNEM(t) = 1
300

300∑
n=1

NEMAllowed(t − n) (2.8)

The total power setpoint combines FCR and NEM contributions

Ptotal(t) = PFCR(t) + PNEM(t) (2.9)

where PNEM = 0.34 ·CFCR-N ·KNEM(t) for FCR-N and PNEM = 0.20 ·CFCR-D ·
KNEM(t) for FCR-D. Providers can choose higher charging or discharging rates
up to a maximum of 50% for FCR-N and 34% for FCR-D. Figure 2.2 shows the
influence of NEM on the total power set point Ptotal(FCR+NEM) during the
activation of the FCR. The plot shows Ptotal in blue, FCR contribution in red,
and NEM adjustment in gray over time. The NEM reduces the total power
setpoint, moderating the rate at which power changes in order to maintain
the SOE within operational limits[33].

Figure 2.2: Effect of NEM on Total Power Setpoint During FCR Activation

2.3.4.2 Alert Energy Management (AEM)

AEM activates when the SOE of an FCR providing entity falls outside the op-
erational range [SOEenable, AEM, lowerr, SOEenable, AEM, upper]. The thresholds
are defined as

14



2.3 Frequency Containment Reserve (FCR)

SOEenable, AEM, upper = 1 − CFCR-X × Tendurance

60 /E (2.10)

SOEenable, AEM, lower = CFCR-x × Tendurance

60 /E (2.11)

where CFCR-X is the FCR-N or FCR-D capacity and E is the energy capacity
of the storage system. These thresholds allow a smooth deactivation of the
steady-state FCR response over 5 to 10 minutes. The frequency reference
during AEM is set to the nominal value f0 = 50 Hz outside the critical SOE
range, as defined by

fAEM(t) =
{

f0 if SOE /∈ [SOEenable, AEM, lower, SOEenable, AEM, upper]
f(t) otherwise

(2.12)
A smoothed frequency reference is calculated using a 5-minute rolling mean
with 1 second resolution[33]

fref(ti) = 1
300

300∑
n=1

fAEM (2.13)
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CHAPTER 3

Theory 2: Lithium-ion-battery

3.1 The Electrochemical Cell
The electrochemical cell is the fundamental unit of a battery and is responsi-
ble for the conversion between chemical and electrical energy. During the dis-
charge, chemical energy is converted into electrical energy, while the charging
phase involves the conversion of electrical energy back into chemical energy.

A typical electrochemical cell consists of two electrodes, a positive and a
negative electrode separated by a separator. The electrodes serve as the loca-
tions where oxidation (anode) and reduction (cathode) reactions occur. Dur-
ing discharge, electrons flow from the negative electrode working as anode to
the positive electrode working as cathode) through the external circuit, while
ions migrate through the electrolyte to maintain charge neutrality.

During discharge:

LiC6 −−→ C6 + Li+ + e−

Li1−xMO2 + xLi+ + xe− −−→ LiMO2

During charge: the reverse process occurs, resulting in the full-cell reac-
tion
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Chapter 3 Theory 2: Lithium-ion-battery

Li1−xMO2 + LixC6
charge−−−−−−⇀↽−−−−−−

discharge
LiMO2 + C6, 0 < x < 1 (3.1)

where MO represent a metal oxide. Electrodes contain active materials which
can be pure metallic or belonging to an insertion type. Metallic electrodes
facilitate reactions only at their surface, whereas insertion electrodes allow
redox reactions to occur throughout their bulk structure, providing higher
capacity and improved reversibility[34].

The electrolyte acts as an ionic medium enabling the movement of ions be-
tween the two electrodes. It usually contains one or more salts dissolved in sol-
vent. The electrolyte should have high ionic conductivity, strong chemical and
electrochemical stability, and good compatibility with both electrodes. Liq-
uid electrolytes composed of Lithium hexafluorophosphate (LiPF6) dissolved
in organic carbonates such as ethylene carbonate (EC), dimethyl carbonate
(DMC) or diethyl carbonate (DEC) offer high ionic mobility but limited me-
chanical strength[34].

A separator is a porous polymeric membrane that is saturated with an
electrolyte solution. The role of the separator is to prevent direct interaction
between the electrodes in order to avoid internal short circuits. The separator
must exhibit high porosity, robust mechanical integrity, thermal stability, and
excellent wettability with the electrolyte[34].

The current collectors function as conductors enabling the transfer of elec-
trons between electrodes and the external circuit. These collectors are com-
posed of thin metal foils: aluminum for the positive electrode and copper for
the negative electrode, chosen due to their excellent electrical conductivity
and chemical stability.

The casing provides mechanical protection, containment, and environmen-
tal stability. It prevents evaporation or degradation of the electrolyte and to
various extent protects internal components from mechanical damage or con-
tamination. The performances of an electrochemical cell depend on material
selection and cell design[34],[35]. Figure 3.1 shows an electrochemical cell,
illustrating the migration of lithium ions between the two electrodes.

3.2 Lithium-Ion Cell Properties
The operation of a lithium-ion cell is driven by fundamental electrochemi-
cal processes. During charge and discharge, lithium ions move between the
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3.2 Lithium-Ion Cell Properties

Positive electrode
material

Negative electrode
material

Negative electrode (-)
Copper Current

Collector

Positive electrode (+)
Aluminium Current

Collector

Electrolyte

Separator

Li+

Li+

Load I

Figure 3.1: Schematic of a lithium-ion battery illustrating lithium-ion transport
between the negative and positive electrode during operation.

negative and positive electrodes through the electrolyte, while electrons flow
through the external circuit to provide power. These movements of ions and
electrons determine key characteristics of the battery such as voltage, capacity,
and internal resistance.

These characteristics are described using electrical variables that relate the
internal electrochemical processes to measurable quantities.

The SOC represents the remaining charge in the battery relative to its
nominal capacity and is defined as

SOC(t) = Qremaining(t)
Q

(3.2)

where Qremaining(t) is the available charge in the cell at time t, and Q is the
nominal capacity of the battery.

The open circuit voltage (OCV) corresponds to the equilibrium voltage of
the cell when no current is flowing. It is a nonlinear function of SOC and
reflects the difference in electrochemical potentials between the electrodes.

The capacity of a lithium-ion cell, expressed in ampere hours (Ah), repre-
sents the total charge that can be delivered. This capacity decreases over time
due to ageing of the cells.
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Chapter 3 Theory 2: Lithium-ion-battery

The energy flowing in and out of the battery is given by

E(t) =
∫

Vbatt(t) icell(t) dt (3.3)

while the instantaneous power flowing in and out of the batteryis defined as

P (t) = Vbatt(t) icell(t) (3.4)

where P (t) is the instantaneous power, Vbatt(t) is the terminal voltage of the
battery, and icell(t) is the cell current. The power capability is limited by
internal resistance and thermal constraints, which lead to increased losses at
high current levels.

Finally, the C-rate describes the charge or discharge current relative to the
nominal capacity, where a rate of 1C corresponds to a full charge or discharge
in one hour.

Lithium-ion batteries typically should be operated temperature range of
10–35◦C [36]. The temperature variations significantly influence cell perfor-
mance. Elevated temperatures accelerate parasitic side reactions, such as
growth of the Solid Electrolyte Interphase (SEI), which accelerate capacity
degradation. In contrast, at lower temperatures, the ionic conductivity of the
electrolyte decreases and the resistance to charge transfer increases [37].

Lithium-ion batteries gradually lose capacity over time, both duing stor-
age and during operation. Ageing is typically classified into calendar ageing,
which occurs during periods of rest and is effected by storage conditions such
as temperature and SOC, and cycling ageing, which results from battery op-
eration [38], [39]. Calendar ageing mainly occurs because of ongoing chemical
side reactions, such as the continuous growth of the SEI layer on the negative
electrode, electrolyte decomposition, and transition metal dissolution from the
positive electrode.
Cycling ageing instead arises from mechanical and electrochemical stresses
caused by lithiation and delithiation, including electrode expansion and con-
traction, lithium plating on the negative electode, and cracking of active ma-
terial particles. The magnitude of these strongly depends on operating param-
eters such as the C-rate, the SOC window and number of cycles [39]. Table
3.1, summarises the key differences between calendar and cycling ageing in
LFP batteries.
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3.3 Lithium-Ion Cell Modelling

Table 3.1: Ageing Modes and Mechanisms in LFP Batteries

Calendar Cycling

Mechanisms SEI growth SEI growth, plating, cracking
Key factors High T, high SOC large SOC window, high C-rate, T>25◦C

3.3 Lithium-Ion Cell Modelling
To capture and predict the behaviour described in the previous sections, math-
ematical models are employed to represent the electrochemical cell. Battery
modelling bridges the gap between physical processes and system-level per-
formance, supporting evaluation, control, and optimization.

3.3.1 Equivalent Circuit Model (ECM)
The equivalent Circuit Model (ECM) provides an empirical representation of
electrochemical processes in lithium-ion batteries by using electrical elements
such as resistors, capacitors, and voltage sources. This approach allows fast
simulation of voltage, current and SOC. A first-order RC ECM is presented
in figure 3.2[40].

(SOC,T)

(SOC,T)

Figure 3.2: Schematic of the first-order RC equivalent circuit model for a lithium-
ion battery.

The terminal voltage is determined by

Vbatt(t) = ocv(t) − ut(t) − icell(t)Rs, (3.5)

where ocv(t) is the open circuit voltage. ut(t) is the voltage drop across the
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Chapter 3 Theory 2: Lithium-ion-battery

parallel RC branch which in principe models the diffusion-limited and charge-
transfer polarization effects. Resistance R1 mainly models the charge-transfer
resistance while capacitance C1 mainly represents the double-layer capacitance
at the electrode-electrolyte interfaces. icell(t) is the current and Rs is the
series resistance, presenting ohmic losses due to electrical resistance of the
electrode materials, current collectors, and ionic resistance of the electrolyte.
The dynamics of the RC branch and SOC are determined by

dut(t)
dt

= − ut(t)
R1C1

+ icell(t)
C1

,
dSOC(t)

dt
= − icell(t)

Q
, (3.6)

3.3.2 Ageing models for calendar and cycling degradation
To quantify and predict ageing, semi-empirical models are commonly used to
quantify battery ageing. These models describe how capacity loss changes as a
function of temperature, SOC, charge throughput and C-rate. These models
provide mathematical expressions that capture the dominant stress factors
associated with calendar and cycling ageing [38]. A commonly adopted semi-
empirical model to describe calendar ageing losses is expressed by

∆Qloss, cal = A e−Ea/(RT ) SOCα tz (3.7)

where A is a pre-exponential factor, Ea is the activation energy, R is the
universal gas constant, T is the temperature, α and z are fitted parameters
derived from experiments and t is the storage time [41], [42].

Concerning the capacity loss associated with cycling, the loss can be de-
scribed by

Qloss = δ · exp
(

− Ea

R T

)
(Ah)z (3.8)

where δ is the pre-exponential factor, Ea is the activation energy, R is the gas
constant with value 8.314 J/(K·mol), T is the absolute temperature, z is the
power-law factor and Ah is the ampere hour throughput [38], [43].

3.4 Composing cells into battery packs
The BESS consists of multiple cells. These cells are first grouped into modules
and then several modules are connected in series to create a battery string that
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3.5 Economic Modelling

provides the required operating voltage. To increase the total energy and
current that the system requires, multiple strings are connected in parallel,
forming the complete battery pack.

The number of parallel strings required to meet the total energy specifica-
tion of the battery is calculated as

mstrings = Ebatt

Unom
batt Qcell

, mstrings ∈ N, (3.9)

where Ebatt is the desired energy capacity, Unom
batt the nominal pack voltage,

and Qcell the nominal capacity of a single cell.
The current flowing through a single cell is given by

icell(t) = pbatt(t)
ubatt(t)

1
mstrings

(3.10)

To achieve the required pack voltage, cells are connected in series. The
number of series-connected cells is given by

ncell =
⌈

Unom
batt

Unom
cell

⌉
(3.11)

where Unom
cell denotes the nominal voltage of an individual cell. The total

energy content of the resulting battery pack becomes

Ebatt = Unom
cell ncell Qcell mstrings. (3.12)

3.5 Economic Modelling
The economic value of BESS can be assessed using its NPV [44]. The NPV
of a battery can be expressed by

Cbat = (1 − rSV) CREP

(1 + i)L
+ COM (1 + i)L − 1

i(1 + i)L
CREP (3.13)

where CREP is the battery replacement cost, i is the interest rate, COM rep-
resents the operation and maintenance cost of the battery cost per year, L is
the estimated lifetime of the battery, EOL is the end-of-life of battery and rSV

is the salvage value ratio, which represente the revenue that can be recovered
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from recycling or selling battery parts at the end of life. The cost associated
with calendar ageing or cycling ageing is calculated based on

Costcal/cyc = Cbat ∆Qloss, cal/cyc

100% − EOL (%) (3.14)

where Qloss, cal/cyc is the capacity loss due to calendar/cycling ageing. The an-
nual profit is calculated by subtracting the degradation costs from the market
revenue. This can be mathematically represented as

Profitannual = Revenuemarket −
(

Costcal + Costcyc
)

(3.15)

where Revenuemarket represents the income from market participation, while
Costcal and Costcyc account for calendar and cycling degradation [45].

3.6 Rain-flow counting

Rainflow counting is a cycle counting method used in fatigue analysis to con-
vert irregular load or stress time series into equivalent fatigue cycles. The
method was introduced by Matsuishi and Endo in 1968 [46]. It operates by
identifying local extrema in the signal and evaluating successive sets of four
points to extract individual cycles; Si, Si+1, Si+2, and Si+3. It computes the
ranges ∆S1 = |Si+1 − Si|, ∆S2 = |Si+2 − Si+1|, and ∆S3 = |Si+3 − Si+2|. If
∆S2 ≤ ∆S1 and ∆S2 ≤ ∆S3, a full cycle with range ∆S2 (between Si+1 and
Si+2) is identified, counted, and stored. The intermediate points Si+1 and
Si+2 are then removed from the sequence, allowing the algorithm to extract
smaller cycles first [47]. This four-point rule is applied repeatedly until no
additional cycles can be identified. Any remaining unmatched extrema are
treated as residual half-cycles and are either paired separately or counted as
open reversals [48]. Figure 3.3 illustrates this iterative cycle detection and
residue handling process. Figure 3.4 example loading sequences and the pro-
gressive extraction of cycles.
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3.6 Rain-flow counting
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Figure 3.3: Rainflow counting algorithm: Flowchart of cycle detection and residue
handling
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Figure 3.4: Graphical demonstration of the Rain flow Algorithm for cycle extrac-
tion from a Loading Sequence.26



CHAPTER 4

Case set-up 1

4.1 System Description
This section describes the setup of case studies in which batteries provide
FCR services, highlighting the operational conditions and inputs used for the
analysis. The focus is on three specific services: FCR-N, FCR-D up, and
FCR-D down. Measurement data was used to estimate degradation and the
associated economic cost.

4.1.1 Battery Setup
For this case study, three identical 1 MW/1 MWh battery are deployed:

• Battery 1: provides FCR-N (Symmetrical service, absorbs and injects
power from/to grid).

• Battery 2: provides FCR-D up (injects power to the grid).
• Battery 3: provides FCR-D down (absorbs power from the grid).
Figure 4.1 illustrates the required power ability and energy content for a 1

MW/1 MWh battery providing different FCR services as summarized table
2.3: For FCR-N, a symmetrical service, the battery delivers 0.5 MW of power
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Figure 4.1: Required battery capacity and energy for each FCR service: (a) FCR-
N, (b) FCR-D up, and (c) FCR-D down, based on the technical spec-
ifications outlined in Section 2.3.3. The contracted capacity is (N)
0.5 MW for FCR-N and (D) 1 MW for FCR-D services.

with an energy requirement of 1 MWh, with 0.5 MWh allocated in each di-
rection. To allow fast adjustment of the power setpoint when the NEM is
activated, 34% of the battery capacity must be reserved in each direction.
For FCR-D services, the power requirements are asymmetric: for FCR-D up,
the system must deliver 1 MW, while for FCR-D down, it can absorb −1 MW.
Each direction has an energy requirement of 0.33 MWh, corresponding to a 20-
minute endurance. Additionally, 20% of the battery capacity must be reserved
in the opposite direction of each service to enable rapid setpoint changes and
ensure reliable provision of the reserve. These requirements demonstrate how
both nominal power and usable energy must be carefully allocated to meet
technical specifications and operational flexibility for each FCR service.

4.2 Power and SOE Calculation
The power profile of each battery is determined based on the grid frequency
profile and the specific FCR service requirements. Frequency data from 2022
for the Nordic region is used as the input, and the corresponding power is cal-
culated according to each service requirement as described in Section 2.3.1.1.

To monitor the energy content within the battery, the SOE is computed by
integrating the power profile over time relative to the battery’s rated energy
capacity Erated. The SOE represents the fraction of usable energy stored
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4.2 Power and SOE Calculation

in the battery, expressed as a percentage of the total energy capacity. It is
constrained between 10 % and 90 % to prolong the battery’s lifetime.

In this study, SOE is used to directly capture the battery’s energy during
the provision of FCR services. SOE is calculated based on

SOE(t) = SOE(t0) + 1
Erated

∫ t

t0

η P (t) dt (4.1)

where SOE(t0) is the initial state of energy, Erated is the nominal energy
capacity of the battery, η represents the battery efficiency, and P (t) is the
battery power at time t. Positive power values correspond to discharging,
while negative values indicate charging. SOE recovery is implemented based
on the strategy described in Section 2.3.4. As described in Section 2.3.4, the
recovery states are activated and deactivated based on predefined hysteresis
thresholds.

Figure 4.2 illustrates when each SOE recovery state is activated and deac-
tivated for the three FCR services, showing how batteries recover their SOE
and preventing overcharging or excessive discharge.
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Figure 4.2: SOE recovery activation and deactivation for each FCR service (a)
FCR-N, (b) FCR-D up, and (c) FCR-D down, based on the
strategy outlined in Section 2.3.4.
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4.3 Base verification

The simulation was conducted under a synthetic frequency profile designed
to activate the three FCR services. These profiles were designed in order to
provide the desired service with activation of the NEM state to see how it
controls the battery behavior and state.

Figure 4.3: System Response: (a) Synthetic Frequency to activate FCR-N, (b)
Power, and (c) SOE.

Figure 8.2 illustrates the operation of a battery providing FCR-N service,
showing (a) the synthetic grid frequency, (b) the total power output, and
(c) the SOE over time. Initially, the frequency exceeds 50.1 Hz, causing the
battery to charge at its maximum power of −0.5 MW and increasing the
SOE from 0.67 to 0.76. At t = 751 s, the SOE has crossed the NEM upper
activation threshold of 0.75, triggering NEM. As the SOE is elevated, NEM
responds in the discharge direction, gradually superimposing a positive bias
of 0.34×CFCR-N = +0.17 MW via a 300 s rolling average. This causes the net
power to shift from −0.39 MW toward −0.23 MW, effectively countering the
FCR-N charging component and stopping the SOE rise. At t = 1350 s, the
frequency drops to 49.9 Hz, committing the FCR-N response to full discharge
at +0.5 MW. The residual NEM bias in the rolling average causes a temporary
increase in total power to +0.67 MW. The 34% power reserved for NEM
allows recovery to be applied without affecting the contracted FCR-N capacity,
enabling the battery to support frequency regulation while restoring its SOE.
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Figure 4.4: System Response: (a) Synthetic Frequency to activate FCR-D down,
(b) Power, and (c) SOE.

Figure 4.4 present FCR-D down event. Initially, the frequency remains stable
at 50 Hz. It then increases to 50.06 Hz, then to 50.08 Hz, remaining within
the NEM range. Finally, the frequency jumps to 50.5 Hz, leaving the NEM
range. During the NEM phase, the battery discharges until it reaches the
critical SOE limit of 0.1. Since the battery’s operating range is between 0.1
and 0.9, it stops injecting power once it reaches 0.1, even if the frequency
remains within the NEM range. When the frequency rises above 50.1 Hz, the
battery resumes charging to provide FCR-D down support.

Figure 4.5 illustrates the behaviour of the battery during an FCR-D up
event. Initially, the frequency remains stable at 50 Hz. It then gradually
decreases to 49.98 Hz, remains at that level for a short period, and is still
within the NEM range. Finally, the frequency drops to 49.5 Hz, leaving the
NEM range. During the NEM phase 20% of the battery operates in the
opposite direction, effectively recovering energy while still providing FCR-D
up support. This allows the battery to restore its SOE when it was previously
discharging for FCR-D up. The battery continues charging until it reaches
the critical SOE limit of 0.9. Since the battery’s operating range is between
0.1 and 0.9, it stops absorbing power once it reaches 0.9, even if the frequency
remains within the NEM range. When the frequency falls below 49.9 Hz, the
battery resumes discharging to provide FCR-D up support.
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Figure 4.5: System Response: (a) Synthetic Frequency to activate FCR-D up, (b)
Power, and (c) SOE.

The base verification demonstrates that the battery can track the synthetic
frequency signals across all FCR services while effectively using the NEM
mechanism to manage its SOE. During FCR-N events, the battery adjusts
its power output dynamically to support grid frequency while allowing par-
tial recovery of SOE. For FCR-D up and FCR-D down events, the battery
operates within its prescribed limits, with the NEM mechanism acting in the
opposite direction of the service to restore SOE. The findings confirm that the
control strategy operates as designed, providing accurate frequency response
and effective energy management.
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CHAPTER 5

Case set up 2

5.1 Cell selection and specifications

For this study, a battery made up of a base the cell, tested by [49] is used. Its
specifications are listed in Table 5.1.

Table 5.1: Specifications of the Sony/Murata US26650FTC1 LiFePO4 cell
Parameter Value
Nominal capacity 3.0 Ah
Nominal voltage 3.2 V
Max. charge voltage 3.65V
Min. discharge voltage 2.00 V
Max. continuous charge current 2.85 A
Max. continuous discharge current 20 A
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5.2 Module and pack design
LFP chemistry is well suited for FCR services. These services value long cycle
life and strong thermal stability more than high energy density. As FCR
services are stationary grid services, weight and volume are not a constraint.
In addition, LFP batteries typically exhibit lower cost compared to other
lithium-ion battery chemistries.

5.2.1 Module Design: 25S9P configuration
A module is using a 25S9P arrangement of LFP cells is used in this thesis. The
series connection increase the operating voltage, while the parallel branches
increase the current capability and reduce effective internal resistance. Under
nominal operating conditions, this configuration produces a module voltage
of 80 V, a usable capacity of 27 Ah, and an energy content of 2.16 kWh. Each
module contains 225 cells and serves as the fundamental building block for
constructing higher voltage strings and full battery packs.

5.2.2 Series string sizing
To achieve a target DC voltage of approximately 400 V, five modules are
connected in series, forming one string. This results in a string voltage of
400 V. The actual operating voltage is defined by the cell-level limits: a fully
charged string reaches 456.25 V, while a fully discharged string drops to 250 V.
This voltage window determines the required ratings of the power converter,
insulation coordination, and pack-level protection devices.

5.2.3 Parallel string sizing for a 1 MWh pack
To achieve a total energy of 1 MWh, the required number of parallel strings
is determined from the energy provided by a single series string. Each 400 V
string consists of five 25S9P modules with a nominal energy of 10.8 kWh.
In order to reach 1 MWh, 93 parallel strings is required, corresponding to a
total pack energy of 1004.4 kWh.

The series structure of each string remains fixed throughout the design.
By keeping the series topology constant and adjusting only the number of
parallel strings, the architecture remains electrically consistent while allowing
diect scaling of total energy capacity.
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5.3 Assumptions Regarding BMS and Power
Conversion

The battery management system (BMS) and the power-conversion equipment
(inverter/PCS) are essential elements for connecting the battery to the grid.
However, in this study, their dynamic behaviour and efficiency characteristics
are not modelled. Both are treated as ideal, assuming perfect balancing,
protection, control, and loss-free power transfer. This simplification allows
the analysis to focus solely on the stored energy in the battery.
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CHAPTER 6

Development of the ageing model

6.1 Ageing Data and testing
The ageing models developed are based on experimental data from two long-
term studies using commercial Sony/Murata US26650FTC1 LFP cells [50],
[51]. The calendar ageing data originate from a 29 month storage study in
which cells were kept at a fixed temperature and fixed SOC conditions, with
periodic check-up measurements. The dataset includes two temperature levels
and two SOC levels. The four storage conditions considered in this work are:

• 25◦C, 50% SOC,

• 25◦C, 100% SOC,

• 40◦C, 50% SOC,

• 40◦C, 100% SOC.

During the storage period, temperature was controlled using temperature
chambers, and SOC was maintained via voltage holds to ensure stable open-
circuit conditions. At each scheduled time, the cells were removed from storage
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Chapter 6 Development of the ageing model

and characterised at 25◦C using two consecutive 1C CCCV charge discharge
cycles, as reported in [50]. Figure 6.1 shows how storage temperature and
SOC influence calendar ageing, as anticipated. Capacity loss increases when
either the temperature or the SOC is higher, with the greatest loss occurring
at 40°C and 100% SOC. In comparison, cells stored at 25°C and 50% SOC
show only minor ageing, which indicate that keeping both temperature and
SOC low during storage is an effective way to limit irreversible capacity loss
and extend battery life.

Figure 6.1: Capacity loss under different storage conditions.

The cycling ageing dataset was obtained from a complementary 29 month
experiment in which a test matrix comprising of the same type of cell was
subjected to continuous charge discharge cycling under controlled conditions
[51]. The experiment involved altering four primary factors to determine how
they contributed to degradation:

• Temperature: 25◦C and 40◦C,

• SOC window: 10%, 80%, and 100%,

• Mean SOC: 25%, 50%, and 75%,

• C-rate: 0.2C, 0.5C and 1C.

Figure 6.2 shows the effect of different cycling conditions on capacity loss
as a function of EFC.
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Figure 6.2: Capacity loss under different cycling conditions.2.3.4.
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Fig.(a), sow that an increase of C-rate from 0.2C to 1C leads to faster
degradation, with a capacity loss of 26% for 1C, compared to 14% for 0.2C.
The same behaviour is observed in Fig. (b), where higher temperature (40◦C)
accelerate capacity loss more than at 25◦C.

The strongest effect is observed in Fig. (c), where increasing ∆SOC from
10% to 100% leads to an increase in degradation. Full cycling (100%) results
in 30% capacity loss, while shallow cycling (10%) remains at 20% of capacity
after 10000 EFC.

Finally, Fig. (d) shows the effect of mean SOC. Operating at 75% results
in higher capacity loss compared to lower SOC (25%), which indicate that
degradation increases with average SOC.

6.2 Ageing model

6.2.1 Calendar Ageing model
Calendar ageing is modelled using a semi-empirical model that follows an
Arrhenius-type relationship combined with power-law time dependence. This
model was selected because it has been repeatedly validated for LFP chemistry
in long-term storage studies. It captures exponential sensitivity of degrada-
tion to temperature, the increase in ageing at high SOC, and the sub-linear
progression of capacity fade over time. The capacity loss, denoted as Qcal is
given by the equation

Qcal = A e−Ea/(RT ) SOCα tn (6.1)

where Qcal represents the capacity in percent loss, A is the pre-exponential
factor, Ea is the activation energy in joules per mole, R is the universal gas
constant (8.314 J/mol·K), T is the temperature in kelvin, t is the storage
time in hours, α is the exponent describing the SOC dependence, and n is the
time exponent. The model parameters were estimated using non-linear least-
squares optimization. The objective function minimized the sum of squared
residuals between measured and predicted capacity values

min
A,Ea,α,n

N∑
i=1

(Qmeas,i − Qcal(ti, Ti, SOCi))2
. (6.2)

The fitting procedure used physical constraints: A > 0, Ea > 0, α ≥ 0, and
n > 0.

40
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6.2.2 Cyclic Ageing model
Cycling ageing is modelled using a semi-empirical expression that involves the
influence of cycle range ∆SOC, SOCm, C-rate, temperature and number of
cycles.

Qcyc = A · (∆SOC)a · (SOCm)m · (Crate)b · e−Ea/(RT ) · (EFC)z (6.3)

where Qcyc is the capacity loss (%), A is the pre-exponential scaling factor,
∆SOC is the SOC range (%) for each cycle, SOCm is the mean SOC for
each cycle (%), Crate is the charge discharge rate, Ea is the activation energy
(J/mol), R is the universal gas constant (8.314 J/mol·K), T is the temperature
(K), EFC is the equivalent full cycles, and a, m, b, z are the respective
exponents. The estimation of the parameter was performed using constrained
nonlinear regression similar to the calendar ageing case.

6.3 Parametrization of Calendar and Cycling
Ageing Models

The evaluation of the calendar and cycling ageing models focuses on how
accurately they reproduce the degradation behaviour observed in long-term
storage and cycling experiments. The analysis considers the influence of tem-
perature, SOC swing, C-rate, and average SOC, and assesses the parameter
values obtained from fitting each model to the experimental datasets.

6.3.1 Calendar Ageing: Model Validation and Parameter
Analysis

The calendar ageing model defined in 6.1 was fitted to the experimental data
shown in figure 6.1. Across all four storage conditions, the model matches
the measured capacity loss. The model successfully captures the non-linear
behaviour of degradation and the combined accelerating effects of elevated
temperature and high SOC.

The results confirm the expected behaviour: capacity fade increases signifi-
cantly with temperature and SOC. Storage at 40◦C leads to faster degradation
than at 25◦C, and cells maintained at 100% SOC degrade more rapidly than
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those stored at 50% SOC. The most pronounced ageing occurs under the
combined condition of 40◦C and 100% SOC.

Parameter estimation gives a pre-exponential factor of A = 0.46 and an
activation energy of Ea = 14.22 kJ mol−1, indicating moderate temperature
sensitivity consistent with LFP storage behaviour. The SOC dependence is
reflected in the exponent α = 0.863, showing a strong influence of SOC on
degradation rate. The A is based on SOC expressed in percentage. When
SOC is expressed as a fraction, the pre-exponential factor must be adjusted
accordingly, such that Afrac = A% · 100α.

The fitted time exponent n = 0.493 indicates that capacity loss increases
at a slowing rate over time.

The model accuracy is supported by the low RMSE values, which range
from 0.8584 to 0.4973 for the four conditions. The best fit occurs in 40◦C and
100% SOC, where the calender degradation is the most pronounced.

Figure 6.3: Measured and model-predicted calendar ageing of a 2.85 Ah LFP cell
under different temperatures and SOC.
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6.3.2 Cycling Ageing: Validation and Parameter Analysis
The cycling ageing model 6.3 was fitted to all 11 experimental degradation
data shown in figure 6.2. Overall, the model captures the combined influence
of temperature, C-rate, SOC window, and mean SOC, and reflects the main
degradation behaiour observed in the data.
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Figure 6.4: Measured and model-predicted cycling ageing of a 2.85 Ah LFP
cell. 2.3.4.

Figure 6.4 compares the measured capacity retention with the corresponding
model predictions. As expected, cycling at higher temperatures, using larger
SOC windows, operating at higher C-rates, and maintaining higher mean
SOC levels all lead to faster capacity retention. The model provides a good
representation of these behaviours across most test conditions. Two cases
however, the 10% SOC window in (c) and the lowest mean SOC condition in
(d) show slight capacity increases in the experimental data, which the model
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cannot reproduce. The recorded behaviour at this low SOC condition cannot
be captured well by the selected model. (a) highlights the effect of cycling
rate. The fitted exponent is b = 0.40, and the model reaches RMSE values of
0.50, 0.85, and 0.57 for 0.2C, 0.5C, and 1C, respectively. These results indicate
that the model reliably captures the increase in degradation with higher C-
rates. The temperature effect, shown in (b), give an activation energy of
Ea = 10.05kJ mol−1. As commonly observed for LFP cells, cycling at 40◦C
causes faster capacity loss than at 25◦C. The influence of SOC window is
shown in (c) with an estimated exponent of α = 0.17. RMSE values range from
5.65 to 0.57 across the different SOC amplitudes. Apart from the irregular
10% window case, the model correctly reproduces the expected behaviour of
increasing degradation for deeper cycles. (d) shows the effect of mean SOC,
for which the fitted exponent is m = 0.29. RMSE values vary between 6.15
and 0.71, with the best agreement obtained at a mean SOC of 25%.

Across all test conditions, the fitted pre-exponential factor is A=0.89. Over-
all, the identified parameters show that the model can represent the ageing
behaviour over a wide range of operating conditions. The remaining devia-
tions appear to be related mainly to irregularities in a few of the experimental
datasets rather than limitation in the model itself. The calibrated parameters
of the calendar and cycling ageing models are summarized in table 6.1.

Table 6.1: Calendar and cycling ageing model parameters used in (6.1) and (6.3)
Calendar Value Cycling Value

Acal 0.46 Acyc 0.8914
Ea,cal 14221.59 a 0.1731

α 0.8628 m 0.2886
n 0.4932 b 0.3979

z 0.5758
Ea,cyc 10000

44



CHAPTER 7

Analysis of BESS operation

7.1 Controller and Performance Model

The controller used in this study is shown in Figure 7.1 and is based on the
FCR activation droop and the EMS described in section 2.3. It takes the
measured grid frequency as its input and determines the corresponding power
request using the droop characteristics defined for FCR-N, FCR-D down, and
FCR-D up (2.2, 2.4, 2.3). In this way, the BESS adjusts its output directly
in response to deviations from the nominal grid frequency, which allow to
fulfill the technical requirements of FCR services. Once the required power
is calculated, a possible adjustment is done in order to remain within the
operating limits of the battery to ensure that the delivered power remains
consistent with the technical capabilities of the system. The delivered power
is supplied to the grid and is also used as input to the SOC estimation part
of the model, as shown in figure 7.1.

The SOC is continuously estimated to ensure that the BESS operates within
the 0.1–0.9 range. Due to the flat voltage plateau characteristic of LFP chem-
istry, which limits the usefulness of voltage-based energy estimation, SOC
and SOE are fairly equivalent within this operating range, as illustrated in
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Figure 7.1: Block diagram of the FCR controller with SOC estimation

the figure.7.2.

0 0.2 0.4 0.6 0.8 1
SOC

0

0.2

0.4

0.6

0.8

1

SO
E

Ideal (SOC = SOE)
OCV-based
With losses

0 0.2 0.4 0.6 0.8 1
SOC

-0.012

-0.01

-0.008

-0.006

-0.004

-0.002

0

D
ev

ia
tio

n 
(S

O
E 

- S
O

C
)

OCV-based (no losses)
With losses

0 0.2 0.4 0.6 0.8 1
SOC

2.4

2.6

2.8

3

3.2

3.4

3.6

3.8

Vo
lta

ge
 (V

)

OCV-based (no losses)
Terminal voltage (With losses) 

Figure 7.2: SOC, SOE, and OCV Characteristics of an LFP Cell.

The SOC estimation is important for identifying when additional energy
management interventions are required. NEM and AEM, introduced in section
2.3.4, are activated directly based on the SOE. NEM follows the logic defined
in 2.5 2.9, adding a small corrective charging or discharging power when the
SOC approaches its predefined limits. AEM follows the conditions defined
in 2.10,2.13, reducing the FCR response when the SOE moves outside the
acceptable range and allowing the system to recover energy. By linking the
droop-based power request (2.2-2.4) and the NEM/AEM states (2.5-2.13), this
performance model shows how a BESS is providing FCR. It represents both
the quick power response to frequency changes and the energy balancing state
needed to keep the system operating over time.
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7.2 Application of Battery Ageing Models under Dynamic Conditions

7.2 Application of Battery Ageing Models under
Dynamic Conditions

Battery degradation is evaluated by combining the calendar and cycling ageing
approach described in Chapter 6 to estimate degradation over a full year of
FCR operation under dynamic conditions, SOC and current are used as inputs
to the model.

7.2.1 Calendar ageing under dynamic conditions
In this work, the calendar ageing model in (6.1) was used. However, during
FCR operation the SOC varies continuously, and therefore this model (6.1)
can not be applied directly. To represent dynamic operation, the model was
converted into an incremental formulation by differentiation with respect to
time

dQcal

dt
= Kcaln SOC(t)αtn−1. (7.1)

Equation (7.1) describes the instantaneous calendar degradation rate as a
function of the current SOC and accumulated storage time. For numerical
implementation, the degradation increment over a discrete timestep ∆t is
evaluated as

∆Qcal,k = KcalnSOCα
k tn−1

k ∆t (7.2)

where SOCk is the measured SOC at time tk. The total calendar capacity
loss is then obtained by

Qcal(tk) =
k∑

i=1
∆Qcal,i (7.3)

7.2.2 Cycling Ageing under dynamic conditions
Cycling ageing is evaluated using rainflow counting algorithm, that is applied
to the SOC profile from each FCR service. Following the rainflow procedure,
the SOC profile is analyzed to obtain the cycle range ∆SOC and SOCm for
each identified cycle. After performing the rainflow procedure, a deadband
filter was applied to suppress minor SOC fluctuations that do not contribute
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meaningfully to battery ageing based on experimental observations showing
that SOC range below approximately 2% have negligible degradation impact
[52].

The cycling ageing model used in this work was originally calibrated under
constant cycling conditions and expressed as a function of EFC as described
in (6.3). However, during FCR operaton the battery experiences irregular
cycling with continuously varying cycle range, mean SOC, and current pro-
files. Consequently, the (6.3) can not be applied directly. To represent this
dynamic behaviour, the model was reformulated into an incremental form by
differentiation with respect to N , which is the total EFC

dQcyc

dN
= Kcyc(∆SOC)aSOCm

m CbzNz−1. (7.4)

For each identified cycle i, the corresponding degradation increment was
evaluated as

∆Qcyc,i = Kcyc∆SOCa
i SOCm

m,iC
b
i zNz−1

i ∆Ni (7.5)

where ∆Ni is the fractional EFC contribution associated with each detected
cycle. The accumulated EFC are calculated by cumulatively summing the
rainflow derived SOC range and devided by twice the usable SOC window, as
one full cycle consists of two half-cycles. The mean C-rate Ci was computed
as the average absolute battery current divided by nominal battery capacity
over the corresponding cycle interval. Due to rapid current variations during
FCR operation, the calculated C-rate was filtered using a low-pass filter on
order to remove fast oscillations.

Total cycling degradation was then obtained by cumulative summation of
all incremental contributions following

Qcyc =
N∑

i=1
∆Qcyc,i (7.6)

7.2.3 Total Degradation Estimation
Total capacity loss was obtained by additively combining independent calen-
dar and cycling degradation contributions

Qtotal = Qcal + Qcyc. (7.7)
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7.3 Economic Analysis procedure

The incremental calendar and cycling ageing formulations allow degradation
to be evaluated under dynamic FCR conditions. Figure 7.3 summarises the
overall modelling approach, from model parameterisation to application under
dynamic operation.
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Figure 7.3: Overview of the ageing model structure combining rainflow cycle ex-
traction, calendar ageing, and cycling ageing.

7.3 Economic Analysis procedure

The economic model described in Section 3.5 is utilized in this section. The
analysis considers both calendar and cycling degradation costs. The FCR
remuneration price is obtained from the year 2024, Figure 7.4 presents the
FCR capacity remuneration for 2024, illustrating the variation in remunera-
tion price for providing FCR services. The economic parameters used for the
BESS are summarized in Table 7.1.

49



Chapter 7 Analysis of BESS operation

Jan 2024 Apr 2024 Jul 2024 Oct 2024 Jan 2025
0

500

1000

1500

2000

2500

Pr
ic

e 
(S

ek
/M

W
)

FCR-D up
FCR-N
FCR-D dw

Figure 7.4: FCR capacity remuneration (2024). 2.3.4.

Table 7.1: Economic parameters used for the battery energy storage system
(BESS).

Parameter Symbol Value

Battery replacement cost CREP 108 k€ / MW
Interest rate i 5%
Extra cost i 25%
Operation and maintenance cost COM 2%
Battery lifetime L 10 years
End-of-life capacity threshold EOL 80%
Salvage value ratio rSV 0.5

The total profit of the battery system providing FCR services is then cal-
culated using 3.15, which accounts for market revenue and the degradation-
related costs from both calendar and cycling ageing.
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CHAPTER 8

Operation of BESS for grid services

8.1 Input Data
Figure 8.1 presents the grid frequency profile for 2022 used in this work. For
most of the year, the frequency remains close to the nominal value of 50
Hz, which indicate stable system. The frequency consists of small, continuous
deviations, which reflect normal power imbalances that are typically corrected
by FCR-N service. Larger frequency deviations occur occasionally. Overall,
the frequency profile shows that FCR operation is dominated by frequent small
responses around the nominal frequency, with only a few larger deviations.

8.2 BESS Operational Response under single FCR
Services

8.2.1 FCR-N Regulation: Power and SOE Behaviour
Figure 8.2 shows the BESS power response and the corresponding SOE during
FCR-N provision for one year. The power profile in Fig.(a) is concentrated
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Figure 8.1: Grid frequency profile over one year (2022)

around zero and shows frequent bidirectional fluctuations, which reflect the
symmetric activation of FCR-N in response to grid frequency. Even thought
the contracted FCR-N capacity is 0.5 MW, power values goeing up to 0.67
MW are observed. This is due to the additional 34% reserve capacity allocated
for NEM.

The SOE in Fig. (b) remains within the defined operational limits (0.1-0.9)
throughout the entire period.

Figure 8.2: System Response to provide FCR-N, (a) Power and (b) SOE.

52



8.2 BESS Operational Response under single FCR Services

8.2.2 FCR-D Up Regulation: Power and SOE Behaviour
Figure 8.3 shows the BESS power response and the corresponding SOE dur-
ing FCR-D up. Even thought FCR-D up is designed to inject power to the
grid, the power profile in Fig.(a) shows negative power values. This occurs
because, under normal system conditions, when the frequency remains within
the deadband of 49.9–50.1 Hz, the NEM state is activated as the SOE within
the NEM activation. In this case, the battery absorbs power from the grid to
restore SOE.

As a result, the SOE in Fig. (b) remains at relatively high levels for most
of the period, with only small decreases during FCR-D Up activation events.
This figure shows that NEM state can recover the energy lost when providing
FCR-D Up.
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Figure 8.3: System Response to provide FCR-D up, (a) Power and (b) SOE.

8.2.3 FCR-D Down Regulation: Power and SOE Behaviour
Figure 8.4 shows the BESS power response and the corresponding SOE during
FCR-D Down. Although FCR-D Down is designed to absorb power from the
grid, the power profile in Fig. (a) shows mainly positive power values. The
reason is that, under normal system conditions, when the frequency remains
within the deadband of 49.9–50.1 Hz, the NEM state is activated based on
the SOE level. In this case, the battery injects power to the grid to prevent
excessive energy accumulation.
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As a result, the SOE in fig. (b) remains at low levels for most of the period,
with only short increases during FCR-D Down activation events. This figure
shows that NEM operation can reduce the excess energy gained during FCR-
D Down. Therefore, the battery cycling behavior differs from pure FCR-D
Down operation.
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Figure 8.4: System Response to provide FCR-D down, (a) Power and (b) SOE.

8.3 Battery Ageing under FCR Operation

8.3.1 Calendar and Cycling Degradation Comparison
Figure 8.5 illustrates the calendar and cycling capacity loss under FCR-N,
FCR-D up, and FCR-D down operation over one year. The results show that
FCR-D up has the highest calendar capacity loss of 6.3% after one year and
this is due to the high SOC as shown in Figure 8.3, followed by FCR-N about
3.7%, while FCR-D down has minimal degradation, remaining below 0.96%
and the reason being that the battery stays at low SOC for the major part of
the operating period.

This behavior is attributed to differences in SOC, where higher SOC levels
in FCR-D up accelerate calendar ageing. On the other hand, lower SOC levels
in FCR-D down has less impact on calendar ageing.

In contrast, cycling ageing is most significant under FCR-N, reaching 1.1%
capacity loss after about 450 EFCs due to continuous bidirectional activation.

54



8.3 Battery Ageing under FCR Operation

FCR-D up has low cycling degradation of around 0.17% after 21 EFCs over
one year, almost the same for FCR-D down with a capacity loss around 0.14%
even after 28 EFCs and this is due to low SOC level of this service.
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Figure 8.5: Calender and cycling Capacity loss of the battery under FCR-N, FCR-
D up, and FCR-D down operation over one year .

8.3.2 Contribution of Calendar vs Cycling Ageing
Figure 8.6 presents the contributions of calendar and cycling ageing to the
total capacity loss for each FCR service. For FCR-D up, calendar ageing
accounts for 85% of the total degradation (6.4%), indicating that high SOC
is the dominant stress factor. FCR-N is mainly driven by calender ageing
as well, which contributes with 75% of the total capacity loss (4.9%), while
cycling ageing accounts for 1.2%, due to continuous bidirectional activation
and higher equivalent full cycles. FCR-D down remains weakly affected for
both calender and cycle ageing, with calendar ageing contributing 83% of the
total loss (1.1%), confirming that low SOC operation results in limited battery
stress.

8.3.3 SOC Distribution
Figure 8.7 illustrates the distribution of mean SOC as a function of ∆SOC for
the three FCR services, together with the corresponding cycle count density.
In Fig.8.7(a), FCR-N has high cycle count density concentrated at mean SOC
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Figure 8.6: Breakdown of capacity degradation under FCR-N, FCR-D up, and
FCR-D down operation: (a) total calendar capacity loss, (b) total
cycling capacity loss, and (c) total capacity loss over one year.

values between 0.2 and 0.8 with ∆SOC below 0.05, indicating the presence of
micro-cycles. In Fig.8.7 (b), FCR-D up operates mainly at high mean SOC
levels (0.65–0.9) with small ∆SOC, corresponding to micro-cycling around
high SOC. In Fig.8.7(c), FCR-D down is concentrated at low mean SOC
values (0.1–0.55) with moderate ∆SOC liss than 0.5. Overall, for all services,
the majority of cycles occur at ∆SOC below 0.05, confirming the dominance
of micro-cycles in FCR operation.
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Figure 8.8: Sensitivity of Cycling Degradation to ∆SOC deadband Filtering.

8.3.4 Impact of SOC Deadband on Cycling Ageing

Figure 8.8 illustrates the effect of SOC range deadband, implemented as a
filtering that suppresses microcycles below a specified amplitude, on total
cycling capacity loss. For FCR-N, increasing the deadband from 0% to 5%
results in only a negligible reduction in annual capacity loss (from 1.16% to
1.13%). This indicates that, even thought the deadband suppresses some
high-frequency micro-cycling, these cycles contribute little to overall battery
degradation. For FCR-D-up and FCR-D-down, total capacity loss is much
lower than for FCR-N, remaining below 0.2% across all deadband values. In
the FCR-D-up, capacity loss decreases from about 0.17% at 0% deadband to
0.13% at 5%, while for FCR-D-down the reduction is smaller, from 0.14% to
0.13%. Although both services show reduced degradation, the effect is small
due to the largely unidirectional nature of FCR-D. Because FCR-D primarily
responds to large disturbances, micro-cycling is much less pronounced than in
FCR-N.

The results show that battery degradation during FCR operation is mainly
determined by the SOC operating conditions of each service.
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8.3.5 Discussion: Impact of FCR Services on SOC Profiles
and Degradation Behaviour

The degradation behaviour observed for the three different FCR services can
be interpreted using the calendar and cycling ageing models introduced in
Chapter 6. Even thought all services are driven by the same grid frequency
profile, each FCR service operates over a distinct frequency range, as defined
in (2.2), (2.4), and (2.3). Consequently, each service has a different power
response and SOC profile. These SOC profiles lead to different ageing be-
haviour.

For FCR-D up, the battery remains at high SOC for most of the operating
time, as shown in Fig.8.3 and Fig. 8.7 (b). The calendar ageing model in
6.1 shows a strong dependency on SOC, with a fitted exponent α = 0.863.
This value which is extracted from the experimental storage data, where cells
stored at 100% SOC degraded much faster than those stored at 50% SOC.
As results, high SOC values during FCR-D up leads to high calendar age-
ing, which accounts for 85% of the total capacity loss. High SOC increases
electrode potential and accelerates parasitic reactions, such as electrolyte de-
composition and lithium consumption, which are captured by the SOC and
temperature terms of the calendar ageing model [53].

FCR-N on the other is characterised by continuous bidirectional power acti-
vation, with the SOC varies around 50% SOC. This service gives 450 EFCs for
one year with the existence of micro-cycles (Fig.8.7(a)). For FCR-N, calen-
dar ageing remains dominant relative to cycling ageing. However, the cycling
ageing under FCR-N is higher than that for FCR-D up and FCR-D down.
This difference arises from the operational nature of FCR-N, which requires
continuous response to small frequency deviations, whereas FCR-D services
are activated primarily during larger frequency diviations. The cycling ageing
model in (6.3) incorporates SOC swing, mean SOC, and accumulated EFC
with the fitted exponents a = 0.17, m = 0.29, and z = 0.58, indicate that
degradation is mainly driven by EFC and SOC. Consequently, the bidirec-
tional regulation and frequent SOC oscillations during FCR-N cause electro-
chemical and mechanical stress on the electrode which lead to higher capacity
loss.

FCR-D down shows a different operating pattern compared to the other
services. The SOC remains mainly at low levels, as shown in Fig8.4 and
Fig.8.7(c). According to the calendar ageing model, operation at low SOC
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8.3 Battery Ageing under FCR Operation

results in significantly lower degradation due to the strong SOC dependence.
At the same time, FCR-D down is not needed as FCR-N leading to a low
EFCs. Consequently, both calendar and cycling ageing remain small, which
explains the minimal capacity loss observed for FCR-D down.

The SOC deadband analysis aligned with these results. Although increasing
the deadband reduces small SOC fluctuations, it slightly decreases cycling
degradation. This indicates that degradation is driven mainly by the large
SOC range Fig.8.8.

Considering the strong impact of high SOC on degradation, Figure8.9 il-
lustrates the impact of reducing the upper SOC limit of FCR-D up from 0.9
to 0.7 on calendar ageing. By limiting the maximum SOC, the battery op-
erates within a lower SOC range, avoiding prolonged exposure to high SOC
conditions.

As a result, the annual calendar capacity loss decreases from 6.3% to 5.0%,
corresponding to an absolute reduction of 1.3%. This improvement is at-
tributed to the strong dependence of calendar ageing on SOC, where higher
SOC levels accelerate degradation.
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Figure 8.9: Impact of reducing the upper SOC limit on calendar ageing.

To evaluate how the different services impact ageing over the long, Fig. 8.10.
FCR-D up reaches the 80% EOL after 9.95 years. indicating the highest
degradation among the services. However, reducing the upper SOC limit for
FCR-D up increases the battery lifetime, with the capacity reaching 84% In
contrast, after 10 years of operation, the remaining capacity is 94% for FCR-

59



Chapter 8 Operation of BESS for grid services

D down and 84% for FCR-N. These results confirm that FCR-D up shows
higher ageing stress, while FCR-N and FCR-D down exhibit comparatively
lower degradation.
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Figure 8.10: Battery degradation under different FCR services for a duration of
10 years.

8.4 BESS Operational Response under Combined
FCR Services

In addition to single service operation, the battery can provide multiple FCR
services simultaneously. Two configurations are considered: (i) combined
FCR-D (FCR-D up and FCR-D down), where each service represents 50%
of the total reserved capacity, and (ii) combined FCR-N with FCR-D, where
FCR-N accounts for approximately 28% and FCR-D upp and ned each account
for approximately 36% of the total reserved capacity..

8.4.1 SOE Behaviour under Combined Services
Figure 8.11 compares the SOE profile for an example fulfilling combined FCR
services. The FCR-N with FCR-D configuration causes more SOE fluctuations
as FCR-N is a symmetric service that requires both charging and discharging.
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Even with these fluctuations, the SOE stays within the operational limits (0.1–
0.9). In comparison, providing FCR-D up and FCR-D down together results
in a smoother SOE profile with small fluctuations. However, an increase in
SOE is observed over time, indicating more charging than discharging.

This behaviour is explained by frequency distribution in Fig. 8.12, where
f > 50.1 Hz (1.02%) occurs more often than f < 49.9 Hz (0.81%). As a
result, downward regulation is activated more frequently, which lead to battery
charging and an increase in SOE.
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Figure 8.11: SOE evolution under combined FCR services: comparison of FCR-D
up/down and FCR-N with FCR-D operation.

8.4.2 Calendar Ageing under Combined Services
Figure 8.13 shows the calendar degradation for the combined services. FCR-N
with FCR-D leads to a capacity loss of 3.7% after one year, while FCR-D (up
and down) results in 4.6%. This difference is attributed to the SOC profile
Figure 8.11. The inclusion of FCR-N causes continuous fluctuations around
mid SOC, limiting the operation at high SOC levels. In contrast, FCR-D
maintains a higher average SOC, which accelerates calendar ageing.

8.4.3 Cycling Ageing under Combined Services
Figure 8.14 shows the cycling degradation as a function of equivalent full cycles
for the combined services. For FCR-D, the cycling capacity loss remains close
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Figure 8.13: Calendar degradation under combined FCR services.
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to 0% after 2 EFC over one year.
In contrast, for the combination of FCR-N and FCR-D, the cycling degra-

dation is higher, reaching 0.52% after 200 EFC. This is because the battery
operates continuously when providing FCR-N.
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Figure 8.14: Cycling degradation as a function of equivalent full cycles under com-
bined FCR services.

8.4.4 Discussion: Combined Service Provision
The results show that combining FCR services changes the battery behaviour.
For the combined case of FCR-D up and FCR-D down, the SOC stays within
a narrower range compared to single service operation. The battery does not
operate at very high or very low SOE levels. However, the SOC shifts toward
higher values over time. This is because downward regulation is activated
more often than upward regulation. As a result, the battery charges more
than it discharges over time, which increases the SOE.

This higher SOC leads to more calendar ageing compared to the case with
only FCR-D down, but it is still lower than in the case with only FCR-D
up. In addition, the battery shows limited cycling, even though both upward
and downward regulation are present. This is because the operation is not
balanced, and one direction is activated more often than the other. Therefore,
the number of equivalent full cycles remains low.

The obtained number of EFC is 2 over one year. This low value is consistent
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with the total energy throughput. In this case, the total exchanged energy is
about 5 MWh. For a battery with a capacity of 1 MWh, this gives 2.5 EFCS
which is close to the rainflow-based result.

The low EFC is explained by the nature of FCR operation. The battery
mainly performs small and fast power changes, which lead to small SOC vari-
ations instead of full charge and discharge cycles. Therefore, many small
changes only result in a few EFC.

For comparison, the standalone operation of FCR-D up and FCR-D down
gives higher cycling, with 20 and 28 cycles per year, respectively. This is
mainly due to the activation of NEM. During standalone operation, NEM
brings the SOC back to its reference limits (0.9 for FCR-D up and 0.1 for FCR-
D down). This repeated recovery adds extra charge and discharge actions,
which increases the number of cycles.

In contrast, in the combined operation, the SOC does not reach the limits
needed to activate NEM. As a result, the battery mainly operates with FCR-D
only, without frequent recovery actions. This reduces large SOC changes and
leads to a much lower number of EFC.

When FCR-N is combined with FCR-D, the SOC behaviour changes clearly.
The SOC moves up and down continuously because FCR-N operates in both
directions. It stays around medium values instead of being close to the upper
or lower limits.

This leads to more charge and discharge actions, which increases cycling
ageing. At the same time, the battery operates for shorter durations at high
SOC, which reduces calendar ageing compared to the combined FCR-D case.

Overall, the main ageing mechanism depends on the service combination.

8.5 Economic Performance of Battery
Participation in Reserve Markets

Figure 8.15 presents the revenue and net profit for different FCR service con-
figurations using 2025 market prices. Looking first at the individual services,
both FCR Up and FCR Down show relatively limited economic performance.
Both services have similar revenues (0.53 MSEK and 0.52 MSEK), while their
net profits are 0.35 MSEK and 0.49 MSEK, which reflect differences in ageing
costs. FCR Up has lower net profit despite similar revenue, indicating higher
degradation compared to FCR Down.
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When the two are combined into FCR-D, the results improve. Revenue
increases to 0.87 MSEK and net profit to 0.74 MSEK, which demonstrate that
providing upward and downward regulation together is more advantageous
than offering them separately.

FCR-N show higher performance, with 1.18 MSEK in revenue and 1.04
MSEK in net profit. The best service results are observed for the com-
bined FCR-N+D configuration, which achieves 1.22 MSEK in revenue and
1.10 MSEK in net profit.
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Figure 8.15: Comparison of total revenue and net profit for standalone FCR ser-
vices (FCR-N, FCR Up, FCR Down) and the combined FCR-N+D
and FCR-D configurations.

Figure 8.16 presents the cash flow for the different FCR service configura-
tions over the project lifetime. All cases have an initial negative cash flow due
to the investment cost of 1.2 MSEK, followed by positive cash flows during
the operational years. It is assumed that revenue decreases by 10% over time
due to market saturation effects. This reduction is reflected in the gradual
decline in cash flow in later years for all configurations. Among the individ-
ual services, FCR Up and FCR Down generate low annual cash flows, 0.50
MSEK for FCR-D Up and 0.49 MSEK for FCR-D Down, consistent with their
lower revenue. The combined FCR-D configuration shows a higher cash flow
(0.84 MSEK), reflecting the benefit of providing both upward and downward
regulation simultaneously.

FCR-N has higher annual cash flows compared to the individual FCR-D
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services (1.15 MSEK), while the combined FCR-N+D configuration achieves
the highest cash flow of 1.19 MSEK. This confirms that providing multiple
services leads to greater cash generation over time.
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Figure 8.16: Cash flow over the project lifetime for different FCR service configu-
rations.

Figure 8.17 presents the payback period for different FCR service configu-
rations. FCRN, FCRD, and the combined FCRN+FCRD configuration have
the shortest payback time of 2 years. In contrast, FCRD-up and FCRD-down
have longer payback periods about 3 years,
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Figure 8.17: Comparison of payback periods for different FCR service configura-
tions
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Figure 8.18 shows how the payback period changes as the remuneration
price decreases. As the remuneration decreases, all cases show an increase
in payback period, but not at the same rate. FCRD-up and FCRD-down
are more affected, increasing from 3 years to around 9 to 10 years at high
reductions (70%). In comparison, FCRN, FCRD, and FCRN+FCRD increase
from 2 years to around 4–6 years over the same range.

Overall, while reduction of 50% still allow for acceptable payback periods,
larger reductions lead to long recovery times and reduced economic viability.
Figure 8.19 presents the payback period when the remuneration price is re-
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Figure 8.18: Sensitivity analysis of payback period under decreasing remuneration
levels for different FCR service configurations.

duced by 50% and the battery cost increases from 108 $/kWh to 151 $/kWh,
reflecting the price increase observed in 2022 during the Russia–Ukraine con-
flict Figure 1.1.

When the battery cost increases to 151 $/kWh, the payback period increases
across all cases. FCRN rise to 4 years, while FCRD increases to 5 years. The
largest impact is observed for FCRD-up and FCRD-down, which increase to
8 years.

This shows that higher investment cost significantly affects the payback
period, especially for directional services. Despite this increase, most configu-
rations still remain within a moderate payback range, although their economic
attractiveness is reduced compared to the base case.
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Figure 8.19: Payback period under 50% remuneration reduction for two battery
cost levels (108 and 151 $/kWh).

8.5.1 Discussion: Economic Performance of Battery
Participation in Reserve Markets

The results show that the economic performance of battery participation in
reserve markets depends strongly on how the services are combined. Provid-
ing a single service, particularly directional FCR-D (up or down), leads to
lower profitability and longer payback period. In contrast, combining services
improves the utilization of the battery and results in more stable and higher
returns.

Another important observation is the sensitivity to market conditions. The
analysis shows that moderate reductions in remuneration (around 50%) can
still maintain acceptable payback periods. However, larger reductions signifi-
cantly weaken the economic case, as longer recovery times increase investment
risk.

In addition to market uncertainty, investment cost plays a key role. The in-
crease in battery cost from 108 to 151 $/kWh, reflecting the price rise observed
during the 2022 Russia–Ukraine war, further reduces economic attractiveness.
This impact is more pronounced for less profitable configurations, while com-
bined services remain relatively more robust.

Overall, the results suggest that both market price levels and capital costs
are critical factors, and that combining multiple FCR services is an effective
strategy to improve economic performance and reduce risk.
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CHAPTER 9

Conclusion

This thesis evaluated the technical and economic performance of BESS pro-
viding FCR-N, FCR-D up, and FCR-D down services in the Nordic power
system. A dynamic simulation combined with semi-empirical calendar and
cycling ageing models was used to assess degradation and profitability under
real operating conditions.

The results show that degradation is mainly determined by the SOC operat-
ing range of each service. FCR-D up exhibits the highest capacity loss (about
6.4% after one year), dominated by calendar ageing (85%) due to operation
at high SOC. FCR-N results in a total capacity loss of around 4.9% and ap-
proximately 450 EFCs per year, leading to higher cycling degradation (about
1.2%) compared to other services. In contrast, FCR-D down shows the lowest
degradation (around 1.1%) as it operates mainly at low SOC. The deadband
analysis indicates that micro-cycles have only a minor effect on cycling ageing.

Economically, profitability depends on both degradation and market remu-
neration. Under 2025 conditions, the combined FCR-N+D configuration gives
the highest net profit around 1.10 MSEK, followed by FCR-N with net profit
of 1.04 MSEK and FCR-D 0.74 MSEK. In contrast, stand-alone FCR-D up
and FCR-D down show lower profitability, with net profits of 0.35 MSEK and
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0.49 MSEK, respectively.
These results indicate that combining services improves revenue generation

and overall economic performance, while standalone directional services re-
main less attractive. Overall, the results show that the viability of BESS in
FCR markets depends on the combined effect of SOC operation, ageing, and
market conditions.
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Future Work

This study provides an assessment of degradation and economic performance
for individual FCR services, further research could definitely improve the un-
derstanding of how BESS participate in ancillary service markets.

First, future research could combine FCR services with peak shaving in a
V2G is an important direction for future research. Using EV may increase
revenue, but can also increase degradation.

Second, experimental validation based on cycling tests focused on micro-
cycles would be beneficial to validate the simulation results.

Third, an environmental comparison of NMC and LFP batteries, with and
without V2G, is needed to assess sustainability using life-cycle analysis across
different operating strategies.

Finally, alternative storage options, such as redox flow batteries, should be
evaluated for FCR and other grid services by comparing response time, effi-
ciency, and degradation with lithium-ion systems to determine their suitability
for frequency control.
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