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Master Thesis DLR

Modelling and Economic Evaluation of Energy Management Storage
Systems in Offshore Wind Farms Using Lithium Batteries

Background: Renewable energy production capacity is increasing in Germany and in the North
Sea region. This region has a high potential for offshore wind farms. The North Sea is relative
shallow, which allows using turbines with fixed foundations. Therefore, all countries in this region
have ambitious plans to build new offshore wind farms. Intermittent nature of renewable energy
generation is a challenge concerning the increase of production capacity. The potential to produce
the energy is not linked to actual demand. When the production potential is the best, the market
price can plummet, as there might not be demand for energy. Therefore, there is a case for storing
renewable energy when the market prices are low to sell it with a higher price later.

Objectives: This thesis will address the economical feasibility of energy storages for offshore
wind farms considering common lithium-ion batteries.

[Obj1] Define a system model where an energy storage system can be located in an offshore or an
onshore location considering a cluster of wind farms connected with a high voltage DC cable to
the shore. For example, the case could be build considering the existing cluster consisting of Veja
Mate, Deutsche Bucht, and Albatros wind farms that are connected through BorWin Beta platform
and BorWin2 cable.

[Obj2] Define an energy management system to define rules when the electricity should be stored
and when it should be provided to the grid. Energy management system should consider following
inputs:

1. Current / momentary electricity production capacity of the cluster (based on the
weather);

2. Weather forecast, defining near future production capacity of the cluster (reasonable
accurate weather forecast can be expected for up to 2 or 3 days);

3. Current price of the electricity;

4. Price forecast for electricity (Can be expected to be reasonable accurate also for to 2 or 3
days); and

5. Current amount of stored energy.

[Obj3] Calculate the amount of revenue that could be created annually by the energy storage.
Compare this potential revenue to rough lifecycle cost calculation. Can the energy storage be
profitable considering the historical electricity market prices?

Material:

1.Historical weather data: https://www.ecmwf.int/en/forecasts/dataset/ecmwf-reanalysis-v5
2.Historical electricity prices from German market for industrial customers: SMARD

Download market data (We also considered households, but the variability of prices seems to be higher
in the electricity market for industrial customers)

3.Simulink model: DLR-MI has an existing simple model combining weather data with a power
curve from a wind turbine that can be used as a starting point for a new model: Part 10
Cybersecurity and Functional Safety in Hazardous System & Research Challenges

Concerning Sustainability, Safety and Security — European Safety and Reliability Conference
ESREL 2024 (pp. 39-48)

Dr. Arto Niemi, arto.niemi@dir.de
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Abstract

Germany’s rapid expansion of offshore wind energy necessitates solutions to manage
production variability and capitalize on market opportunities. This thesis investigates
the economic viability of lithium-ion battery energy storage systems (BESS) inte-
grated with offshore wind farms for energy arbitrage in the German day-ahead market
(DAM), exploiting price volatility to maximize revenue. A system model evaluates
onshore and offshore BESS placement, focusing on BESS-related investment costs,
using a case study of wind farm clusters connected to the BorWin2 platform in the
German North Sea. An energy management system, employing mixed-integer linear
programming and model predictive control, optimizes charging and discharging based
on wind power production, weather forecasts, electricity prices, and storage levels,
while incorporating realistic battery degradation to balance revenue and longevity.
Simulations using historical data from 2021 to 2024 assess a 125 MW BESS with
energy capacities ranging from 125 to 625 MWh. The optimal configuration was
identified as an onshore 5-hour (625 MWh) storage system under 2023 day-ahead
market price levels, which demonstrated marginal economic viability with an inter-
nal rate of return of 8.10%. Under a 7% discount rate assumption, this corresponds
to a net present value of 11.29 M€ and a payback time of 16.8 years, emphasizing
the need for patient capital and supportive financing. Offshore configurations were
found economically unfeasible due to elevated installation and maintenance costs.
Sensitivity analysis indicates that capital expenditure and market price volatility are
key drivers, while Germany’s continued renewable expansion may influence electric-
ity prices and, consequently, arbitrage opportunities. Exploring additional revenue
streams, such as intraday markets or ancillary services, could further enhance prof-
itability or mitigate risks.

Keywords: Battery energy storage system, energy management system, energy
arbitrage, MILP optimization, lithium-ion battery, economic evaluation




Kurzfassung

Der schnelle Ausbau der Offshore-Windenergie in Deutschland erfordert Losungen,
um die Produktionsschwankungen zu bewiéltigen und Marktchancen zu nutzen. Diese
Arbeit untersucht die wirtschaftliche Tragfahigkeit von Lithium-Ionen-Batteriespei-
chersystemen (BESS), die in Offshore-Windparks integriert sind, zur Energiearbitrage
auf dem deutschen Day-Ahead-Markt (DAM), um Preisvolatilitaten zur Maximierung
der Erlose auszunutzen. Ein Systemmodell bewertet die Platzierung von BESS an
Land und auf See, wobei der Schwerpunkt auf den BESS-bezogenen Investition-
skosten liegt, anhand einer Fallstudie von Windpark-Clustern, die mit der BorWin2-
Plattform in der deutschen Nordsee verbunden sind. Ein Energiemanagementsystem,
das gemischt-ganzzahlige lineare Programmierung und modellpriadiktive Steuerung
einsetzt, optimiert das Laden und Entladen auf der Grundlage der Windenergiepro-
duktion, der Wettervorhersagen, der Strompreise und der Speicherfiillstinde und
beriicksichtigt dabei eine realistische Degradation der Batterien, um ein Gleichgewicht
zwischen Ertridgen und Langlebigkeit herzustellen. Simulationen mit historischen
Daten von 2021 bis 2024 bewerten ein 125 MW BESS mit Energiekapazititen von
125 bis 625 MWh. Die optimale Konfiguration wurde als ein landgestiitztes Speich-
ersystem mit einer Speicherdauer von 5 Stunden (625 MWh) unter den Day-Ahead-
Marktpreisniveaus des Jahres 2023 identifiziert, das mit einer internen Verzinsung von
8,10% eine grenzwertige wirtschaftliche Rentabilitiat aufwies. Bei einem angenomme-
nen Diskontsatz von 7% entspricht dies einem Kapitalwert von 11,29 Mio. € und einer
Amortisationszeit von 16,8 Jahren, was die Notwendigkeit von geduldigem Kapital
und einer unterstiitzenden Finanzierung unterstreicht. Offshore-Konfigurationen er-
wiesen sich aufgrund der erh6hten Installations- und Wartungskosten als wirtschaftlich
nicht tragfahig. Die Sensitivitdtsanalyse zeigt, dass die Investitionsausgaben und die
Marktpreisvolatilitdt die Haupttreiber der wirtschaftlichen Ergebnisse sind, wihrend
der fortgesetzte Ausbau der erneuerbaren Energien in Deutschland die Strompreise
und damit auch die Arbitragemoglichkeiten beeinflussen kénnte. Die Erschlieffung
zusétzlicher Erlosquellen, etwa durch Intraday-Mérkte oder Systemdienstleistungen,
konnte die Rentabilitit weiter steigern oder Risiken abmildern.

Schliisselworter: Batteriespeichersystem, Energiemanagementsystem, Energiearbi-
trage, MILP-Optimierung, Lithium-Ionen-Batterie, Wirtschaftlichkeitsbewertung
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Chapter 1

Introduction

Recent years have seen considerable progress in Europe’s renewable energy genera-
tion. In order to transition towards a competitive low-carbon economy, the European
Union (EU) aims at reducing greenhouse gas emissions by 80-95% by 2050 compared
to 1990 [1]. Germany, in particular, has made significant progress in increasing its
renewable energy generation capacity, in line with the EU’s strategic directives. In
2024, Germany'’s total electricity production amounted to about 515 billion kWh, of
which approximately 57% was derived from renewable energy sources. Within this
renewable share, wind power contributed the largest portion at 28%, followed by
photovoltaic energy at 15% [2], as illustrated in Figure 1.1.

28 %
Wind power

515 bn kWh

total

15 %
Photovoltaic
energy

9 % Biomass energy
4 % Water power

1 % Household waste

B Renewable energy sources [l Brown coal B Natural gas Hard coal Other

Figure 1.1: Gross Electricity Production in Germany as of 2024 2]

Germany has set itself the target of increasing its gross green electricity production
to a minimum of 80% of its overall electricity production by 2050 [3]. In addition, it
has committed to ceasing all coal-fired power generation by 2038 [3]. To support this
transition, a strong policy framework for renewable energy production is essential.
In order to facilitate the ongoing renewable energy transition, there has been rapid
development of offshore wind power in the European region. As of the latest figures,
the total capacity of offshore wind turbines (OWT) in Germany is estimated to be
approximately 9.2 GW at the end of 2024 [4|. Higher rates of expansion are antic-
ipated by the end of the decade. The Federal Government set targets of increasing
the installed offshore wind turbine capacity connected to the grid to a minimum of
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30 GW by the year 2030 and at least 70 GW by 2045 [5, 6]. These offshore wind
turbines are primarily located in the North Sea region, within Germany’s exclusive
economic zone, leveraging the strong and consistent wind resources available in this
area [4].

The intermittent and seasonal nature of renewable energy generation necessitate the
development of efficient energy storage solutions to mitigate imbalance between de-
mand and supply [7]. Energy storage systems have been crucial in enhancing grid
stability, resilience and flexibility by contributing to frequency regulation, peak load
management, voltage control, and black start capability [7]. Over the past decades, a
variety of electricity storage systems have been developed, with battery energy stor-
age systems (BESS), particularly lithium-ion batteries, exhibiting high potential for
grid-level energy storage applications due to their high energy density, high efficiency
and long cycle life [8]. Despite their potential, the substantial costs of lithium-ion
battery energy storage systems limit their broader implementation, thereby driving
research into their economic feasibility for specific energy storage applications |7, §.
In 2024, Germany saw a substantial increase in its installed battery capacity, rising
from 8.6 GW to 12.1 GW [9]. Its storage capacity also grew from 12.7 GWh to 17.7
GWh [9], indicating an increase of 5 GWh of total energy reserve.

1.1 Research Motivation

Offshore wind energy is a cornerstone of Germany’s renewable energy transition, of-
fering significant economic potential due to its reliable wind resources [2|. However, a
significant challenge persists: the inherent mismatch between wind power generation
and electricity demand. Wind farms often produce more electricity than the market
needs, resulting in wasted energy or curtailed production. Conversely, during periods
of high demand and high prices, wind generation may be insufficient, resulting in
missed revenue opportunities. Therefore, storage technologies could be adopted to
ensure an appropriate balance between energy demand and supply [10].

This is where a battery energy storage system (BESS) become crucial. The core
economic benefit of BESS lies in energy arbitrage [11]. This strategy directly ad-
dresses the temporal mismatch between wind power production and grid demand,
transforming what would otherwise be lost energy into a significant revenue stream.
Energy arbitrage is a key factor in ensuring the profitability of energy storage sys-
tems [11]. Lithium-ion BESS, in particular, with their high power density, rapid
recharging time, and extended storage life, offer a promising avenue for strategic en-
ergy arbitrage within Germany’s day-ahead market (DAM) [12].

While the initial capital investment for BESS technology is substantial [10, 11|, the
potential for lithium-ion BESS to significantly boost the economic viability of offshore
wind farms through arbitrage is a powerful motivator for this research. This study
will delve into the technical and economic feasibility of integrating BESS with offshore
wind farms, comparing onshore and offshore deployment scenarios to provide critical
insights for stakeholders navigating Germany’s evolving renewable energy landscape.
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1.2 Research objectives

The main objective of this thesis is to evaluate the economic feasibility of integrating
lithium-ion BESS with offshore wind farms within the context of energy arbitrage
in Germany’s day-ahead market (DAM). To manage this integration and maximize
revenue, an energy management system (EMS) will be developed. Furthermore, the
analysis will be grounded in a case study of an offshore wind farm cluster.

The specific objectives are:

e Develop and simulate offshore wind power generation. This model will use
historical wind speed data and turbine-specific power curves to determine power
output of an offshore wind farm. The case study for this analysis will be the
wind farm cluster connected to the BorWin Beta platform in the German North
Sea.

e Design and implement an energy management system (EMS) optimization
framework to maximize revenue through energy arbitrage in the German day-
ahead market using a lithium-ion BESS specifications. The framework will
employ mixed-integer linear programming (MILP) and model predictive con-
trol (MPC) optimization techniques, to determine optimal BESS charging and
discharging schedules.

e Assess the economic viability of BESS-integrated offshore wind farms using a
financial evaluation methodology.

e Conduct sensitivity analysis on relevant parameters including day-ahead market
price volatility and BESS system parameters.

By addressing these objectives, this research aims to offer insights and potential
guidance for policymakers, investors, and grid operators. This will help inform the
effective and economically viable integration of large-scale offshore wind with lithium-
ion BESSs into the German electricity grid, supporting the transition to a more
sustainable, reliable, and efficient energy landscape.

1.3 Scope of the thesis

To effectively address the research objectives of this thesis, it is necessary to delimit
its scope. The study is confined to the following key aspects:

e Technology focus: Lithium-ion BESS are exclusively considered, chosen for
their high energy density, efficiency, rapid response times and suitability for
grid-scale applications [13].

e Integration strategy: The study specifically examines the viability of inte-
grating a new BESS system into an existing offshore wind farm, where invest-
ment costs relate to the BESS only.
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e Market focus: The scope is limited to energy arbitrage within the German
day-ahead market (DAM).

e BESS energy flow: To minimize reliance on external energy inputs and opti-
mize renewable energy use, the BESS is designed for exclusive charging by the
wind farm’s generation, without drawing energy from the grid.

1.4 Thesis structure

To present the research conducted in this thesis, it is organized into six chapters.

Chapter 1 provides an overview of the energy transition in the German market,
emphasizing the role of renewable energy and storage in addressing climate change
challenges. It outlines the research motivation, objectives, and scope, highlighting
the potential of BESS to enhance the economic performance of offshore wind farms.

Chapter 2 establishes the foundational research and materials addressing the thesis
objectives, covering wind energy systems, the German electricity market, optimiza-
tion techniques, and battery energy storage systems (BESS). It focuses on lithium-ion
BESS, detailing their electrochemical properties, components, key characteristics, and
their degradation.

Chapter 3 presents the research methodology, detailing the technical framework for
wind power generation modeling and the mixed-integer linear programming (MILP)
model for energy arbitrage, including its operational constraints and battery degra-
dation considerations. It also describes the economic evaluation framework and in-
troduces the case study.

Chapter 4 presents the simulation results, showing the influence of key parameters
on financial metrics such as the net present value (NPV), the internal rate of return
(IRR), and the payback time (PBT). The results specifically present the outcomes
of wind power generation, energy arbitrage operations, economic performance, BESS
configurations, and sensitivity analysis.

Chapter 5 discusses the results of the study and describes the conditions under
which BESS integration achieves economic viability. It also examines the effects of
parameter variations revealed by the sensitivity analysis and addresses the study’s
assumptions and limitations.

Chapter 6 summarizes the key findings, underscoring the marginal economic feasi-
bility of BESS-integrated offshore wind farms under current market conditions and
discussing the scope for future research to enhance project viability.
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Literature review

This chapter provides an overview of energy storage systems (ESS) for offshore wind
farms, focusing on lithium-ion battery energy storage systems (BESS). It explores
wind turbine technology, ESS types, and the key characteristics and degradation
mechanisms of BESS. The chapter also outlines the structure of the German electric-
ity market to establish the economic context. Finally, optimization techniques and
simulation frameworks are reviewed to support the modeling presented in this thesis.

2.1 Wind energy systems

2.1.1 Wind turbine technology

Wind turbines (WTs) are systems that convert the kinetic energy from wind into
mechanical energy, which is then converted into electricity [14]. As illustrated by
Figure 2.1, the blades are mounted on the rotor hub, which is connected to the
gearbox via the main shaft. The nacelle accommodates the gearbox and generator,
while the tower supports the entire structure. W'T controls adjust the pitch and yaw
angles of the blades to control power production. Blades can be mounted on either
a vertical or horizontal axis. Those mounted on a vertical axis are called vertical
axis WTs (VAWT), while those mounted on a horizontal axis are called horizontal
axis WTs (HAWT). HAWTs are mostly used nowadays due to their higher power
efficiencies and capacity factors [15, 16]. Wind turbines are also classified based on
their installation environment. Onshore wind turbines are deployed on land, whereas
offshore wind turbines (OWTs) are installed in water bodies.

Working principle

Wind turbines harness kinetic energy from the wind and convert it into electrical
energy. When wind passes over the turbine’s blades, the difference in air pressure on
either sides of the blades generates a lift force, causing them to rotate. This rota-
tional mechanical energy is then transmitted through a drivetrain (which may include
a gearbox for geared turbines) to a generator, which converts it into electricity. The
amount of energy generated depends on the wind speed, as well as the technical spec-
ifications of the wind turbine [15, 14].
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nacelle
/ gearbox

hub <

\ g_enﬂrﬂt()r

blade

tower

B VY
v

Figure 2.1: Simplified structure of a WT [17]

The theoretical power (Py;,q) harnessed by the wind turbine is given by equa-
tion 2.1 [18]:
Pind = %pAvg (2.1)
where:
e p is the air density (kg/m?)
o A is the swept area of the turbine blades (m?)

e v is the wind velocity (m/s)

In practice, wind turbines can only capture a fraction of this theoretical power due
to fundamental physical and engineering limitations. The actual electrical output is
given by equation 2.2 [18]:

Paectrical = nCprind (22)

where:
e 1) is the turbine’s overall efficiency
e (), is the power coefficient

The overall efficiency 7 is a composite of multiple component efficiencies, specifically
gearbox efficiency (7)gear), generator efficiency (7gen), and electrical efficiency (7egec),
as shown in equation 2.3 [14].
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7 = TNgearT)genlelec (2 3)

The generator efficiency reflects losses from electrical and mechanical sources within
the wind turbine, including those due to copper, iron, friction, and from other miscel-
laneous sources. The electrical efficiency accounts for combined power losses in the
converter, control systems, switches, and cabling [14].

The power coefficient (C},) quantifies the theoretical mechanical power a turbine rotor
can extract from the wind. Combined with the overall efficiency (7), these factors
determine the turbine’s actual power generation. C), itself is influenced by aerody-
namic operating conditions [18|. The theoretical maximum C), also known as the
Betz limit, is 0.5926 [18]. While this represents the total power available, the ac-
tual power generated by a wind turbine is described by its power curve, a crucial
characteristic provided by the turbine manufacturer, illustrating the power output at
different wind speeds [18|.

Power curve

The power curve of a wind turbine (WT) defines the relationship between wind speed
and the generated power. The operating limits of the turbine are defined by the cut-
in and cut-out speeds. There is little or no power output at wind speeds below the
cut-in speed threshold. The rated speed is the speed at which the power output
reaches its maximum value; any further increase in speed will not increase the power
output [16, 18]. The control system of the WT inhibits power production when the
wind speed reaches a value that could potentially damage the W'T. This value is the
cut-out speed [14, 15|. The design characteristics of a wind turbine and the weather
conditions at its installation site also influence the shape of its power curve [15].
Figure 2.2 shows a typical power curve of a WT [16].

Rated power

Power

i Cut-out speed

VAN

V.

Cut-1 d
Hiin Spee Rated speed

Wind speed

Figure 2.2: Typical power curve of a WT [16]
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2.1.2 Offshore wind energy systems
Overview

Offshore wind energy has emerged as a crucial component of the global renewable
energy landscape, offering significant potential for large-scale power generation while
simultaneously enhancing security of supply and system quality through its reliabil-
ity [19]. Offshore wind farms typically consist of multiple wind turbines which are
located in water bodies. A distinguishing feature of modern large-scale offshore wind
projects is the utilization of offshore converter platform [20]. These platforms play a
crucial role in reducing electrical losses by increasing voltage levels before transmis-
sion [20].

For instance, in the North Sea off the coast of Germany, power from offshore wind
farms is transmitted to the BorWin2 offshore converter platform via 155-kV three-
phase alternating current (AC) cables, where the AC current is converted to direct
current (DC) [21]. From the offshore platform, power is transmitted via submarine
and underground high voltage (HV) cables to the land station where it is converted
back into AC and fed into the grid as shown in Figure 2.3 [22]. The choice between
high voltage alternating current (HVAC) and high voltage direct current (HVDC)
cables is primarily influenced by the transmission distance. Although HVACs do
not require additional converters at the shore, their high capacitance significantly
reduces power ratings over longer distances, making them ideal for short-distance
power transmission. Conversely, HVDC cables are preferred for long-distance power
transmission due to their significantly lower transmission losses [20].

————— DC (direct current)
— AC (three-phase
alternating current)
converter station at sea

extra high
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Figure 2.3: Overview of offshore wind system configuration [22]

Offshore wind farms generally achieve higher energy yields than their onshore coun-
terparts, attributable to the stronger and more consistent wind resources prevalent
in deeper marine environments [23]. However, this benefit is offset by the high initial
investment required for offshore projects, as well as challenges related to maintenance
under harsh marine conditions, logistical constraints, and limited site availability due
to conflicts with maritime activities and conservation areas [24].
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Current state of offshore wind development

In 2024, global offshore wind power saw an increase of 11 GW in new capacity,
bringing the total operational capacity worldwide to approximately 78.5 GW [25].
Europe alone contributed approximately 2.6 GW of this capacity, bringing its total
operational offshore wind power capacity to 21 GW [26]. Germany contributed sub-
stantially to Europe’s offshore wind growth. As of June 2024, it had connected 1,602
offshore wind turbines to the grid, primarily in the North and Baltic Seas, accumu-
lating an installed capacity of approximately 8.9 GW [6]. In 2024, Germany further
increased its offshore capacity by integrating two wind farms into the grid: the Baltic
Eagle (477 MW) and the Gode Wind 3 (253 MW), contributing a combined capacity
of 730 MW and raising the total offshore capacity to 9.2 GW [4, 6].

Offshore wind farms in Germany

The majority of offshore wind farms in Germany are located off the German coast, at
a minimum distance of 40 kilometers from the shore and in water depths of at least
20 meters [6]. German offshore wind projects are located in the North Sea and the
Baltic Sea, with the North Sea being a major contributor [6]. Figure 2.4 shows the
distribution of offshore wind farms in Germany across the North Sea and Baltic Sea
as of mid-2024, while Table 2.1 summarizes key data for selected offshore wind farms
in these regions during the same period.

Table 2.1: Selected offshore wind projects in Germany as of mid-2024

Region Project Capacity (MW) | Status Source
Borkum Riffgrund 1, 2 312, 448 | Operational
Borkum Riffgrund 3 913 | Not yet operational | [6, 27|
Gode Wind 1, 2, 3 330, 252, 253 | Operational
Kaskasi 342

North Sea | Nordsee Ost 295
Nordsee One 332 .
Deutsche Bucht 252 Operational 161
Veja Mate 402
Albatros 112
Baltic Eagle 476

. Arkona 378 .

Baltic Sea EnBW Baltic 1, 2 48, 302 Operational 6]

Wikinger 366

2.2 Energy storage system (ESS)

An energy storage system (ESS) is designed to capture energy, usually electricity, con-
vert it into a storable form, and then release it back as electricity when required [28].
The growing penetration of variable renewable energy sources like wind and solar
necessitates ESS for modern power grids to address their intermittency [10]. These
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Figure 2.4: Offshore wind power facilities near Germany’s North Sea and Baltic Sea

shores as of mid-2024 (6]
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systems are crucial for maintaining grid stability by ensuring a continuous and unin-
terrupted power supply, especially through services like frequency regulation or load
balancing [12]. Energy storage systems typically operate through three key stages;
charging, storing, and discharging [12].

Energy storage systems (ESS) are broadly classified by the form of energy they store,
distinguishing between their physical and chemical principles [28]. As shown in Fig-
ure 2.5, these technologies generally fall into the categories of mechanical, electro-
chemical, chemical, thermal and electrical storage [28]. Mechanical storage, such as
pumped hydroelectric, compressed air, and flywheels, stores energy as potential or
kinetic energy [10, 12, 29]. Thermal energy storage (TES) uses temperature changes
or phase transitions, like sensible or latent heat storage [10]. Chemical energy storage
(CES) stores energy in chemical bonds and releases it through chemical reactions [10].
Electrical storage, such as supercapacitors, uses electrostatic principles but is limited
by high self-discharge rates [12, 29]. These technologies are not the focus of this
study.

Energy storage technologies

Electro-chemical Electrical

) e N
Secondary
B Pun;?:rigg dro lﬁ:_esry I(f_]:(;ﬁ, Hydrogen I Sensible heat Supercapacitor
L Ni-Cd, etc.) )
Flow battery
| | Compressed air (vanadium L
storage redox and Zn- Latent heat
L Br)
EEEE—
—  Flywheel ‘|  Chemical
—

Figure 2.5: Energy storage system classification by storage medium [28|

2.2.1 Electrochemical energy storage

Electrochemical ESSs store and release energy through chemical reactions that result
in the transfer of electrons in a battery [12]. This study focuses on lithium-ion
batteries, though other technologies like lead-acid and flow batteries exist |28, 30].

Lithium-ion batteries

Lithium-ion batteries represent the dominant electrochemical ESS due to their high
energy and power densities [28]. A typical lithium-ion cell fundamentally consists of
a lithium metal oxide cathode, a carbon anode made of graphite, and a non-aqueous
electrolyte containing a lithium salt [30]. These components, along with a separator
and two current collectors, facilitate the movement and storage of lithium ions, while
the separator prevents direct electron flow within the battery [20].

11



Chapter 2. Literature review

In the charging phase, lithium cations migrate from the cathode to the carbon anode,
where they combine with electrons and deposit as lithium atoms between the carbon
layers, as shown in Figure 2.6. Conversely, during discharge, these lithium atoms at
the anode release electrons and lithium ions [30]. The ions then travel back through
the electrolyte to the cathode, generating free electrons that can flow through an
external circuit to power a device [30]. For instance, the overall reversible chemical
reaction for a lithium-ion battery employing a lithium cobalt oxide (LiCoOsz) cathode
can be represented as shown in equation 2.4 [30]:

LICG + COOQ - CG + LICOOQ (24)

— | I € —p
Charge ! | Discharge

Anode Cathode

‘_,.T"Dischargé Ve

Non-aqueous  Separator
electrolyte

Figure 2.6: Charge and discharge operations in a Li-ion Cell [31]

The main types of lithium-ion batteries include lithium cobalt oxide (LCO),
lithium nickel cobalt manganese oxide (NMC), lithium nickel cobalt aluminum oxide
(NCA), lithium manganese oxide (LMO), lithium iron phosphate (LFP), and lithium
titanate oxide (LTO) [32]. Lithium-ion technology offers superior performance met-
rics including high efficiency, high energy density, minimal self-discharge rates (1.5-2%
monthly), and extended cycle life [30, 33]. Despite these benefits, the high capital
cost remains the primary barrier to the widespread adoption of these batteries for
large-scale applications |28, 33].

2.3 Battery energy storage system (BESS)

Battery energy storage systems are electrochemical ESSs that capture and store en-
ergy from various sources in rechargeable batteries for later use [34]. The primary
components of a BESS as shown in Figure 2.7 include:

e Battery system: The foundation of any BESS lies in its battery system,
comprising individual electrochemical cells that convert chemical energy into

12
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Figure 2.7: Functional blocks of a BESS [34]

electrical energy [34]. These cells are systematically organized into modules,
which subsequently form larger battery packs [34]. The battery is made up
of rechargeable secondary cells that are designed for repeated charging and
discharging cycles [35].

e Power Conversion System (PCS): The PCS is critical for converting direct
current (DC) from the battery into alternating current (AC) suitable for grid
or facility use [35]. Equipped with bidirectional inverters, it facilitates both
charging and discharging while maintaining power quality [34].

e Battery Management System (BMS): The BMS ensures operational safety
by monitoring battery parameters such as state of charge (SOC) and state
of health (SOH) [34]. It prevents overcharging, overheating, and other risks
through real-time data analysis and external interfacing [35].

e Energy Management System (EMS): The EMS oversees the entire BESS
operation, coordinating the PCS and BMS to optimize energy flow. It deter-
mines optimal charging and discharging schedules to maximize efficiency and
safety (34, 35].

Beyond these core components, BESS often incorporates safety systems such as fire
suppression, smoke detection, and temperature control (cooling, heating, ventilation,
and air conditioning) [34|. These auxiliary systems monitor operational conditions
and respond to emergencies, ensuring safe and reliable operation [34].

BESS serve a variety of critical purposes across transmission and distribution grids.
Primarily, they support ancillary services, with frequency containment reserve (FCR)
being a dominant application. This helps stabilize the grid by rapidly balancing sup-
ply and demand. Furthermore, BESS are crucial for renewable energy integration,
mitigating the variability of wind and solar generation [10]|. In addition, BESS can
be used for energy arbitrage [36], a concept that will be explored in this thesis in the
context of offshore wind energy production.
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As of January 2025, Germany’s installed BESS capacity reached 2.2 GWh with a
combined power of 1.7 GW. This represents a substantial increase from December
2022, when the total installed capacity was 863 MWh /787 MW, indicating a doubling
of capacity in just two years and highlighting the rising interest in BESS [36].

2.3.1 BESS characteristics

Several characteristics define the performance and suitability of a BESS for specific
applications:

e Power and Energy Specifications: The fundamental metrics of a BESS
include both power and energy specifications. The Rated power capacity, mea-
sured in kilowatts (kW) or megawatts (MW), represents the maximum instanta-
neous electrical power a BESS can discharge or absorb [37]. It signifies the high-
est rate at which the battery can supply power from a fully charged state [37].
Complementing this, energy capacity defines the total amount of stored en-
ergy, expressed in kilowatt-hours (kWh) or megawatt-hours (MWh), represent-
ing the maximum energy that can be stored and subsequently delivered by the
system [37]. The relationship between these parameters, also known as the
energy-to-power ratio (E/P), determines the storage duration [38].

e Storage duration and C-rate: The storage duration and the C-rate are also
important BESS parameters. The storage duration refers to the time required
to fully discharge the system’s usable energy capacity at its nominal power
rating, starting from a fully charged state [37, 38, 39]. The C-rate quantifies
the maximum charging or discharging rate relative to the battery’s nominal
energy capacity, indicating the speed at which the battery can be charged or
discharged [39]. It is expressed as a multiple of the battery’s nominal capac-
ity [40]. For example, a C-rate of 1C corresponds to a full discharge in one
hour, while a 2C rate implies a discharge time of 30 minutes.

The C-rate is inversely related to the energy-to-power (E/P) ratio, which de-
fines the maximum storage duration [38|. For instance, a 1 MW /2 MWh BESS
has an E/P ratio of 2, corresponding to a storage duration of 2 hours and a
C-rate of 0.5C. The relationship is expressed as shown in equation 2.5.

1

Storage _duration,, =E/P . = Crate
-rate

(2.5)
While the C-rate sets the maximum charge or discharge rate, a BESS can op-
erate at lower rates. Through its controller module, the system can adjust the
C-rate below its maximum, enabling flexible control of storage duration during
charging and discharging [39]. This adaptability is valuable in energy manage-
ment systems, allowing operators to tailor power flow to specific requirements.

e Round-trip efficiency (RTE %): This is the ratio of energy discharged from
the BESS to the energy put into it during a full charge-discharge cycle, reflecting
energy losses during power conversion [37, 38|.
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e State of charge (SOC %): The SOC indicates the percentage of the current
energy level in the battery relative to its maximum capacity [37].

e Depth of discharge (DoD %): This refers to the percentage of the battery’s
total capacity that has been discharged [41].

e State of health (SoH %): The represents the ratio of the current usable
energy capacity of the battery to its nominal energy capacity [38].

e End of life (EOL %): The EOL represents the SoH at which the BESS
is considered no longer suitable for service and is retired [38]. In essence, it
marks the point at which the battery’s performance has deteriorated beyond
an acceptable threshold [38].

e Cycle life: This represents the number of complete charge-discharge cycles
a battery can undergo before its capacity drops below a predefined threshold
(e.g., 80% of initial capacity) |38, 41].

e Calendar life: This represents the duration in years, until the battery reaches
EOL without being operated on [38].

2.3.2 Battery degradation

Battery degradation represents a critical factor in assessing realistic performance
expectations for a BESS. It represents a series of occurrences that diminish a battery’s
capacity to retain charge and produce power over time, primarily due to a gradual
decrease in mobile lithium ions or charge carriers through intricate chemical and
physical processes [42|. Battery degradation is broadly categorized into two main

types:

e Calendar degradation: This type of degradation occurs irrespective of bat-
tery usage and is primarily a function of time [43|. It is sometimes referred to as
self-degradation and represents the corrosion of internal materials unrelated to
charging and discharging cycles [44|. The main influencing factors on calendar
degradation are the average SOC and the temperature during operation [43, 45].

e Cycle degradation: Cycle degradation, in contrast, directly results from the
operational use of the battery through charging and discharging processes [42,
43]. A complete battery charge cycle encompasses the full discharge of a battery
to 0% followed by complete recharging to 100%, though partial cycles also
contribute to overall degradation [42]. The cycle life refers to the total number
of complete charge-discharge cycles a battery can endure before reaching its
EOL [42]. Key factors influencing cycle degradation include the DOD for each
cycle, the C-rate (charging/discharging rate), the temperature, and the average
SOC during operation |10, 43, 45].

The mathematical formulation of battery degradation within battery energy storage
system modelling poses significant challenges. However, its incorporation is imper-
ative for a realistic assessment of battery performance. From an optimisation per-
spective, degradation effects can be integrated in two primary ways: by reducing
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the cyclable capacity of the BESS during operation, or by defining a degradation
penalty in the objective function to discourage excessive cycling [43|. In this study,
both approaches will be employed. A simplified framework for cycle and calendar
degradation, adapted from the literature and utilized in this work, is described in
Section 3.3.2. For the optimization problem, cycle degradation will be introduced
as a penalty in the objective function, to discourage excessive cycling and mitigate
overall battery degradation

2.4 Electricity market in Germany

The German electricity market is a key component of the wider European energy
market, with trading primarily occurring on the European Power Exchange (EPEX
SPOT) [46, 47]. This market is organized into two main segments: the day-ahead
market (DAM) and the intraday market (IDM) [46, 47|. These markets use a system
of bidding zones to manage transactions and price formation [48].

2.4.1 Bidding zones

Within Europe, the electricity market is divided into multiple bidding zones [48]. A
bidding zone is a geographical area where market participants can submit bids and
offers, and a uniform, single price applies to all transactions within that zone, ignoring
internal transmission capacity limitations [48]. Germany and Luxembourg together
form a bidding zone known as the German-Luxembourgish zone [48]. This zonal
pricing model promotes transparency and liquidity across a large region [48|. How-
ever, uniform pricing creates significant challenges, particularly in Germany where
strong wind generation in northern regions must be transported to southern demand
centers [48]. If the transmission lines become congested, costly redispatch actions are
required by transmission system operators (T'SOs) to stabilize the grid, with Germany
incurring 3.1 billion € in redispatch costs in 2023 [48].

2.4.2 Day-ahead market (DAM)

The day-ahead market operates as a daily auction for the physical delivery of elec-
tricity on the following day [47, 49]. Trading on the EPEX SPOT for the German-
Luxembourgish bidding zone closes daily at noon (12:00 CET) [46, 47]. In this
auction, market participants submit bids and offers for hourly products that cover
the 24 hours of the next day [46, 47, 49|.

Available power plant capacities are sorted by their marginal costs, and the price is
set by the marginal cost of the last and most expensive power plant needed to meet
the demand for that hour [49]. Renewable energy sources like wind and solar, which
have zero marginal costs, are offered at the lowest possible price, thus displacing
conventional power plants and reducing the overall electricity price. This is known
as the merit-order principle [49]. The intersection of the supply and demand curves
in the auction sets the market clearing price (MCP), which applies to all accepted
bids and offers for that specific hour [49].
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2.4.3 Intraday market (IDM)

The intraday market (IDM) complements the day-ahead market by allowing contin-
uous trading until shortly before delivery, enabling participants to adjust for forecast
deviations and optimize schedules [50]. The necessity for intraday trading arises
from inevitable mismatches between actual demand and supply that emerge after
day-ahead market closure, as real-time conditions provide more accurate predictions
than those available during initial planning [51].

Intraday trading in Germany is conducted on the EPEX SPOT exchange and begins
with a quarter-hourly auction at 15:00 CET the day before delivery. This auction al-
lows market participants to address imbalances between forecasted and actual supply
or demand on a 15-minute resolution [50|. Following the auction, continuous trading
of 15-minute, 30-minute, and hourly contracts is possible up to 5 minutes before de-
livery [46, 47].

Prices in the IDM are determined using a pay-as-bid mechanism, where each trade
is settled at the offered price [50|. This creates characteristically wider price spreads
compared to day-ahead markets, reflecting the increased uncertainty and urgency
closer to delivery time [51]. These broader price spreads can provide opportunities
for electricity arbitrage, though trading volumes remain relatively modest compared
to day-ahead markets [51]. The intraday market’s role is expected to become increas-
ingly significant as variable renewable energy sources (VRES) continue to penetrate
electricity systems, requiring more sophisticated balancing mechanisms [51].

2.5 Optimization techniques in battery energy stor-
age systems

Integrating battery energy storage systems with wind energy production requires
advanced optimization techniques to enhance cost efficiency and ensure reliable op-
eration. Two widely used techniques are mixed-integer linear programming (MILP)
and model predictive control (MPC) [52, 53].

2.5.1 Mixed-integer linear programming (MILP)

Mixed-integer linear programming (MILP) extends traditional linear programming
by allowing both continuous and integer decision variables, making it suitable for
BESS optimization tasks requiring discrete choices, such as switching between bat-
tery charging and discharging modes [54]. Studies such as [43, 55, 56, 57| have also
employed MILP to evaluate the economic viability of BESS in grid energy storage
applications, highlighting its utility in cost-benefit analysis and strategic planning.
For instance, a MILP mathematical representation can be formulated as given by
equation 2.6 [58]:
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minimize 'z 4+ wly+d

subject to Gz + My < h
Ar+ Ny=1»>
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(2.6)

Here, = represents continuous variables, such as power flow or energy levels, while
y denotes integer variables for binary decisions, like whether to charge or discharge
the battery. The matrices G, A, M, N and vectors ¢, w, d, h, b define the problem
constraints [58|, such as power flow limits or battery state of charge boundaries.

2.5.2 Model predictive control (MPCQC)

MPC, also known as receding-horizon control, is an advanced control strategy that
uses a system model to predict future behavior over a prediction horizon and op-
timize control actions while respecting constraints [58]. The fundamental principle
involves solving finite-horizon optimization problems at each sampling instant, using
the most recent state measurement or estimate as the initial condition for the predic-
tion [59, 60]. The schematic of this operation is illustrated in Figure 2.8. The MPC
methodology operates through a systematic process:

e Prediction: At each sampling time, a system model is used to forecast future
system outputs over a prediction horizon [51, 60].

e Optimization: Optimal control signals are calculated by optimizing a cost
function for the entire prediction horizon while respecting operational con-
straints [51, 53, 60].

e Receding Horizon: Only the first element of the optimal control sequence is
implemented, following the receding-horizon principle [58, 59].

e Repeat: The horizon is then shifted forward by one time step, and the process
is repeated with new measurements and updated information [60, 61].

The mathematical foundation of MPC centers on minimizing a cost function over
a prediction horizon, as shown in equation 2.7 [53]:

N
min Z J(z,u) (2.7)
i
where

e 1 represents the system states,
e 1, contains the control decisions,

e J represents the costs and penalties to be minimized.

This receding horizon approach allows the system to adapt to changes and distur-
bances in real time [59]. The ability of MPC to explicitly handle multiple and tight
constraints makes it particularly well-suited for managing complex systems like bat-
tery storage, where constraints on state of charge and power limits are critical [51, 59].
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Figure 2.8: Schematic of MPC operation with prediction and control horizons [60]

2.5.3 Simulation framework and environment

The integration of MPC with a MILP model constitutes a robust framework for ad-
dressing complex, constrained optimisation problems in energy management 58], and
this combination will serve as the foundation for the methodology employed in this

thesis.

There are various frameworks and solvers available for implementing optimization

problems.

e Modeling Frameworks: These are software packages that provide compre-

hensive interfaces for defining objective functions and constraints, solving com-
plex optimization problems such as mixed-integer programming (MIP) and
MILP models, and analyzing the results, while ensuring that all necessary con-
straints are properly incorporated. Some examples of these frameworks, all of
which are open source, include Pyomo and PuLP, developed in the Python
environment, and JuMP, developed in Julia [57, 62].

Solvers: These are algorithms that find the optimal solution to the formu-
lated optimization problem. Examples of open source solvers include SCIP
(Solving constraint integer programs), CBC' (COIN-OR branch and cut), and
GLPK (GNU linear programming kit). Commercial solvers known for their su-
perior performance on large-scale problems include CPLEX, Gurobi, and COPT
(Cardinal optimizer). Many commercial solvers offer free academic licenses for
theses and other academic projects, though a non-academic license can be quite
expensive [62].

In this thesis, the MILP models were formulated using Python with the Pyomo
library. This framework allowed for the precise definition of the objective function
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and all necessary constraints. The GLPK solver was then used to find the optimal
charge/discharge cycles and power dispatch schedules for the BESS over a defined

time horizon for energy arbitrage.
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Research methodology

This chapter outlines the research methodology employed to evaluate the economic
feasibility of integrating a lithium-ion BESS with offshore wind farms. The approach
focuses on simulating energy production from the wind farm, optimizing charging
and discharging strategies for the BESS to enable energy arbitrage, and conducting
a comprehensive economic analysis.

3.1 System overview

The system topology presented in Figure 3.1 illustrates the complete energy man-
agement framework and data flow for the proposed configuration. The methodology
simulates an integrated offshore wind farm system where wind data feeds into the
offshore wind farm to generate variable power output. This wind power generation,
along with real-time electricity prices, serves as input to the Energy Management
System (EMS), which coordinates the optimal operation of the BESS. Energy can
flow to the grid transformer from two sources: directly from the wind farm or from
the BESS discharge. Wind speed data and electricity price information drive the
decision-making process within the EMS.

3.2 Data collection

The following data were collected for the purpose of this thesis to serve as inputs for
the system design:

3.2.1 Wind speed data

Wind speed data were extracted from the ERAD reanalysis dataset provided by the
Copernicus Climate Change Service (C3S) Climate Data Store (CDS) [63, 64|. For
each offshore wind farm location, the lateral wind components u and v (in meters
per second) at 100 meters above ground level were retrieved on a spatial grid with a
resolution of 0.01° in latitude and longitude. The absolute wind speed was computed
as the vector magnitude of these components as shown in equation 3.1 [63]:

speedigg = Vu? + v? (3.1)
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Figure 3.1: BESS system topology

To adjust wind speeds to turbine hub heights, a logarithmic wind profile was applied,
which incorporates surface roughness parameters obtained from ERA5 [64]. The
adjusted wind speed at hub height Ay, is calculated as given by equation 3.2 [63]:

log(100) — log(zo)
log(hhub) — log(zo)

speedp, = speedyg - (3.2)

where 2y represents the surface roughness.

For this thesis, wind speed data was collected with an hourly resolution for the period
from 2021 to 2024.

3.2.2 DAM price data

DAM price data for the German-Luxembourg bidding region were obtained from the
German electricity market platform SMARD [65]. The data were collected for the
period of 2021 to 2024 with an hourly resolution to maintain consistency with the
wind speed data.

In the year 2024, for instance, the minimum DAM electricity price was approximately
-135 €/MWh, while the maximum reached about 936 €/MWh, with an average price
of around 78 €/MWh. This price volatility, as illustrated in Figure 3.2, highlights
potential arbitrage opportunities for BESS by exploiting fluctuations in market prices.
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Figure 3.2: Sample DAM price data showing hourly price variations for the year 2024

3.2.3 Power curve data

Power curves were developed using turbine-specific characteristics for each offshore
wind farm. Detailed data defining the relationship between wind speed and power
output at known points were sourced from manufacturer specifications [66, 67|, from
which turbine-specific power curves were extracted. These curves were combined
with the collected wind speed data to estimate power production for each turbine.
The power curves are interpolated as described in Section 3.3.1, allowing for an
approximate modeling of the overall power output of the offshore wind farm.

3.3 System Design

3.3.1 Wind power generation modeling

This section outlines the steps for approximating wind power generation as part of the
thesis methodology. The approach integrates literature-based power curve modeling,
wake effect considerations, and transmission losses to estimate the total power output
of a wind farm.
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Power curve approximation

Following the standard piecewise definition, the power Py (v) for a turbine type in
wind farm k can be estimated following equation 3.3 [68, 69, 70],:

0 v < Ucut-in, U > Vcut-out
Pk(v) ~ Q(U) VUcut-in <v< Urated (33)

P, T Urated S v S Ucut-out s
where:

® Ucutein, Urated, aNd Ueutout Tepresent the cut-in, rated, and cut-out wind speeds
respectively

e P, is the rated power output

e ¢(v) is an interpolated function derived from wind speed-power data points for
the turbine type in wind farm k.

The function ¢(v) is approximated through cubic spline interpolation [68, 69]. This is
implemented using the scipy.interpolate.interpld function in Python to fit the
curve between the known wind speed and power points.

Power losses

The power output derived from the turbine power curve is subject to various loss
mechanisms that reduce the actual electricity generation. Wake effects, caused by
kinetic energy extraction by upstream turbines, reduce downstream wind speeds and
increase turbulence [27, 71|. Depending on the wind farm layout, turbine spacing,
and site conditions, these effects can result in annual energy losses of approximately
10-40% [27]. In this thesis, a wake effect of 15% is assumed.

Additionally, turbine availability must be considered, as maintenance schedules, com-
ponent failures, and other events can cause turbines to be temporarily offline [72].
Following literature recommendations, a wind farm availability factor of 95% is as-
sumed, corresponding to a 5% reduction in net energy production [73].

Transmission losses also occur during power delivery via HVDC or HVAC lines, av-
eraging 3.5% per 1000 km for HVDC and 6.7% for HVAC at similar voltage lev-
els [74, 75]. These are modeled using a loss rate A scaled by distance dj, to the point
of connection.

The power output for turbine n in wind farm k, as shown in equation 3.4 integrates
these losses.

Pk,n(v) - Pk(v) “ gy * We : (1 - dk : /\) [MW], (34)
where:

e P, (v): Power from turbine n in wind farm k at wind speed v [MW].
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e «,: Availability factor
o W,.: Wake effect factor (0.85 for 15% wake losses)
e d;: Distance from wind farm & to conversion station |[km|

e \: Transmission loss rate per km.

Total wind power generation

The total generation across all wind farms considered is then obtained from equa-
tion 3.5.

Prina(v) Z Z Pyn(v) [MW], (3.5)
k n=1

where:
e N.: Number of turbines in wind farm k.

e P (v): Total generated wind power at wind speed v [MW].

wind

Capacity factor

The capacity factor is a critical performance metric that quantifies the actual energy
output of a wind farm relative to its theoretical maximum production [23|. Expressed
as a percentage, the capacity factor of a wind farm is calculated, as given in equa-
tion 3.6, as the ratio of the total energy generated over a year to the theoretical
maximum energy output for the same period [55].

8760

Ml
F,r= -1 i
CPup =2 100 [%] (3.6)

wind

where:
e CF,s: Wind farm capacity factor [%)|

o P (t): Wind farm power generation at time ¢ [MW]

wind

e At: Time step duration |h]

e Pro™: Nominal wind farm capacity [MW]|.

wind*

The capacity factor serves as a key indicator for assessing the performance the wind
farm model. Offshore wind farms typically achieve annual capacity factors in the
range of 40-50%, attributed to the stronger and more consistent wind resources found
in marine environments compared to onshore sites [23]. As part of the validation
process, the computed capacity factor is used to verify the assumptions made in the
power production estimation for the case study, ensuring that the simulated output
aligns with established industry benchmarks.
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3.3.2 MILP model for energy arbitrage

In this section, the mathematical framework for the energy management system
(EMS) configuration is presented, which optimises the operation of the BESS in-
tegrated with wind power generation to maximise revenue through energy arbitrage.
Energy arbitrage involves storing electricity during periods of low market prices and
discharging it to the grid when prices are high [57, 76]. The EMS determines the
charging power, discharging power, and manages power flows to achieve this objec-
tive.

Model assumptions and scope

The optimization framework is based on several key assumptions that define the sys-
tem’s operational boundaries. A fundamental design parameter is the BESS charging
protocol, which restricts the battery to charge only from the offshore wind farm’s gen-
eration, without drawing energy from the grid. This ensures that the BESS operates
using renewable energy and avoiding potentially fossil fuel-based grid electricity.

Also, the battery is assumed to operate under controlled environmental conditions,
with cell temperatures maintained at 25 °C, as is standard in many BESS modeling
studies for arbitrage applications [55, 56].

In addition, all the energy generated by the wind turbines is either injected into the
grid or used to charge the BESS, except during time periods when the DAM electric-
ity price is negative, in which case curtailment is assumed.

Finally, it is assumed unconstrained grid injection, meaning the BESS can always
discharge to the grid without facing capacity or congestion limits. This assumption
is justified because the BESS typically discharges when DAM prices are high, which
aligns with peak system demand [77|. During these periods, grid operators actively
seek additional supply, making congestion unlikely.

Objective function

The primary goal of the optimization is to maximize the total system profitability
over the optimization horizon T' using energy arbitrage. Initially, without considering
degradation, the objective focuses solely on revenue maximization as expressed in
equation 3.7:

max Z (Rwind + RBESS) [€] (37)

where Rying is the revenue from direct wind sales to the grid, calculated following
equation 3.8:

wmd—ZA PES(1) At [€] (38)

with A(t) the electricity price at time ¢ in €/MWh, P2 (¢) the wind power, in MW,

wind

discharged to the grid at time ¢, and At the time step duration in hours.
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Similarly, Rpgss is the revenue from BESS discharges, and it is calculated following
equation 3.9:

T
Rprss = Z A(t) - Pgss(t) - At [€] (3.9)
t=1
where P3i.(t) is the power discharged by the BESS in MW.

However, an objective function focused solely on maximizing revenue can lead to ex-
cessive cycling by the optimizer, prematurely degrading the battery and ultimately
reducing the system’s economic value over its operational lifetime. Following common
practice in literature [55, 56, 57, 78, 79|, the objective function, as shown in equa-
tion 3.10, incorporates a degradation cost term Caging, Which penalizes operations that
cause significant wear.

T
max Z (Rwind + 7?/BESS - Caging) [€] (310)
t=1

This updated formulation explicitly captures the trade-off: higher revenues from
aggressive BESS utilization (e.g., frequent charging/discharging during price peaks)
are offset by increased degradation costs, which represent the economic impact of
capacity loss over time. As such, Cyging accounts for cycling degradation as a proxy in
the objective function, while both cycling and calendar effects dynamically update the
available capacity. This approach ensures that optimal solutions balance immediate
profitability with sustainable operations, avoiding scenarios where short-term gains
erode long-term viability.

Battery degradation model

To ensure the long-term sustainability of operation, the model incorporates battery
degradation effects. As discussed in Section 2.3.2, degradation is categorized into
cycling degradation from charge-discharge cycles and calendar degradation from time,
temperature, and state of charge. Both degradation mechanisms contribute to a
gradual decline in the battery’s available energy capacity. In the model, this loss of
capacity is continuously tracked and used to update the remaining storage capability
of the battery energy storage system (BESS) throughout the simulation.

Cycling degradation

The model evaluates cycling degradation through full equivalent cycles (FEC),
which represent the energy throughput as equivalent complete charge-discharge
cycles. At each time step, when the battery undergoes charging or discharging,
the model calculates the instantaneous cycles to track the state of health (SoH)
in real time. The equivalent full cycle throughput at each time step is given by
equation 3.11 [56].

(t) = Pihss(t) + Pigss(t) At

SR [cycles] (3.11)
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where 7(t) is the equivalent full cycle throughput, PSheg(t) [MW] is the charging
power, Pib.(t) [MW] is the discharging power, Enom [MWHh] is the nominal
battery capacity, and At is the time step duration.

The cumulative equivalent full cycles up to time step t are calculated as:

t

CYCoum (t) = Z 7(i) |cycles| (3.12)

i=1

Having the equivalent full cycles at each time step, the state of health is modeled
and computed accordingly to track the battery’s degradation in real-time. The
relationship between FEC and SOH is derived from the study by [55], which
employs the same battery type (lithium NMC) and similar storage conditions
(25 °C temperature). From their experimental results, a maximum cycle life
of approximately 6,000 equivalent full cycles is estimated to occur when the
battery’s EOL reaches the 70% threshold. This degradation analysis forms the
basis of the degradation modeling approach adopted in this thesis.

The degradation profile, as shown in Figure 3.3, is characterized by a polynomial
relationship with respect to the number of cycles performed. The state of health
as a function of cumulative cycles cyc at time, ¢ is expressed as is described
by equation 3.13 [55].

cum?

SOH(t) = 100 — 5.613732 - cyc (1) + 3.1217%7 - cyc ym (1)®
—6.3537% - cycoum(t)” +6.63071 - ¢ Cum( )
—3.987 . ey (t)° + 1.4357 M - eye. (1) (3.13)
—3.0707% - cyc (1) +3.7467° - t)?
—0.0277 - cyCoum(t)  [%]

cum

The economic impact of cycling degradation is captured in the objective func-
tion by introducing an aging cost per equivalent full cycle, as shown in equa-
tion 3.14 [56]:

Enom . Caging
FECHO!
where 7q4¢q 18 the aging cost per cycle, ¢*8"¢ is the degradation cost per unit of
lost capacity (adjusted as a percentage of the initial capital expenditure based

on desired conservatism in battery usage), and FEC¥OU represents the total
equivalent full cycles at EOL.

Vdeg = [€/cycle] (3.14)

The total cycling degradation cost over the operational period, given by equa-
tion 3.15 and 3.16, is computed by aggregating the per-cycle costs as described
in [56].
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Figure 3.3: Battery degradation profile vs. cycle count
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Calendar degradation

For calendar degradation, the model assumes a simple constant degradation rate
to represent the gradual capacity loss over time. Following [80], the constant
hourly calendar degradation is expressed by equation 3.17.

1.2 x 1074
_ 3.17
o (317)
where Calgeg () represents the calendar degradation during hour ¢, and SOCayerage
is the average state of charge (SOC) of the battery over its lifetime. In accor-

dance with [80] and [13], the adopted model for this study assumes an average
SOC of 50% at 25 °C.

Caldeg(t) — SOCaverage :

The overall degradation at time ¢ is then obtained, in line with the approach of [10]
and [79], as expressed in equation 3.18.

Degyora(t) = max {Cycyey(t), Calacg(t)}  [%] (3.18)

where Deg, . (f) represents the total degradation, Cycgy,,(t) is the cycling degrada-
tion as a function of equivalent full cycles, and Calge(t) is the calendar degradation,
all at time t.
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System constraints

The model includes constraints to ensure feasible and realistic operations of the in-
tegrated wind-BESS system.

Power balance: The power balance constraint, expressed by equation 3.19, allo-
cates wind generation between grid sales, BESS charging, and losses, at each
time step.

PE™ (1) = P2 (1) + Pihes(t) + PS,(t)  [MW] (3.19)

wind wind wind
gen . : : ch
where P, , is the net wind power generated from the offshore wind farm, Pgpeqg

is the BESS charging power, and P!9%,(¢) accounts for wind power losses due
to curtailment.

Power Rating Boundaries: As shown in equations 3.20 and 3.21, charging and
discharging are bounded by the rated power.

0 < Pikss(t) < Pratea - 6an(t)  [MW] (3.20)
0 < Piiiss(t) < Prated - dan(t)  [MW] (3.21)

where P,,eq 18 the rated power, and d, and dq;, are binary variables that indicate
the charging and discharging modes, respectively.

Operational mode constraint: To limit degradation, simultaneous charging and
discharging is not allowed. This is implemented following equation 3.22

den(t) + dan(t) <1 (3.22)

State of charge (SOC) range: Equation 3.23 is used to bound the SOC to
preserve battery health:

SOCimin < SOC(t) < SOCinax  [MWH] (3.23)

where SOC i, and SOC,, .« are the minimum and maximum SOC levels, defined
in this thesis as 20% and 90% of the available capacity respectively. This is
expressed by the equations 3.24 and 3.25.

SOCuin = 0.20 - Eayaitable(t) [MWHh] (3.24)
SOChax = 0.90 - Eapaitable(t)  [MWHh] (3.25)

and Eayailable(f) is the available capacity at time t.

Energy storage evolution

The state of charge (SOC) evolution tracks stored energy, accounting for efficiencies
and losses. For the initial time step, the SOC is expressed following equation 3.26.

dh
SOC(1) = SOChpitial + | Pibes(1) - e — PB%S(D - At [MWHh] (3.26)
dh
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where SOC(1) is the state of charge at time step 1, SOCipia is the initial state of
charge, 7., is the charging efficiency, and ngqy, is the discharging efficiency.
For subsequent time steps, the SOC is expressed following equation 3.27.

dh
SOC(t) = SOC(t — 1) + | Paa(t) - e — PB%S“) At [MWh] (3.27)
dh

where SOC(?) is the state of charge at time t.

Implementation

The proposed mathematical framework was implemented in Python using the Pyomo
framework for MILP formulation and solved using the GLPK solver discussed in
Section 2.5.3. The implementation follows the structured workflow depicted in the
methodology flowchart, Figure 3.4.

Wind Power

Input Data
P Generation

4 )

[Wind Speed Data [v(t)]]

~

Wind Turbine Model

v

Apply Losses

B A

[ Electricity Prices [p(t)] ]

~—

[ Battery Specifications —[Net power generation [P(t)]’

- J 2 5

[Objective Function: Maximize Revenue]

Constraints Decision Variables

 Battery capacity limits . Charge power (Pch) Ar-blt'rag.e
* Charge/discharge rates - Discharge power (Pdis) Optimisation
» Power balance « SOC levels
* SOC limits

v

Optimal Charge/ Battery Operations
Discharge Schedule| [(SOC, Power flows)|| Optimisation

Results

[Revenue & Costs]

v

[Economic evaluatiorﬂ

Figure 3.4: BESS methodology flowchart

Model setup: BESS parameters were first defined, including nominal capacity,
power rating, efficiencies, and degradation coefficients. The model imports wind
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power forecasts and electricity price data over a specified time period with hourly
resolution. The time step duration is set to At = 1 hour, aligning with the resolution
of the input data.

Optimization loop: The core optimization process is modeled as a MILP that uses
an MPC approach to maximize revenue while adhering to the operational constraints
detailed in Section 3.3.2. The algorithm employs a rolling time horizon of 24 hours
with hourly time steps. At each time step, the optimization determines optimal
charging/discharging decisions while anticipating future wind generation and price
conditions. The battery’s state of charge and capacity are updated based on the
optimization results and degradation calculations according to the formulations in
Section 3.3.2. The total profit was computed after completing the optimization across
the entire planning horizon.

Outputs: The process iterated across the optimization horizon, accumulating rev-
enues and costs to compute total profit. Outputs included charge and discharge
profiles, SOC evolution, degradation progression, and economic metrics.

3.4 Economic evaluation framework

3.4.1 BESS cost analysis

The economic feasibility of deploying a BESS requires a clear overview of the associ-
ated investment costs. The primary cost factors for BESS deployment are discussed
in the following sections.

Capital expenditures (CAPEX)

The CAPEX cover the initial investment for establishing a BESS, including equip-
ment and installation costs. These costs are expressed in terms of power capacity
(€/kW) or energy capacity (€/kWh), depending on the analysis [10, 51|. The total
system cost comprises the lithium battery pack and its supporting infrastructure,
known as the balance of system (BOS) [81]. The BOS includes power electron-
ics, such as inverters, transformers, cooling systems, and wiring [82]. The lithium
battery pack typically accounts for about 50% of the total BESS capital expendi-
ture [83|. For utility-scale lithium-ion BESS applications, current CAPEX is es-
timated at 200-400 $/kWh [84]'. Future cost reductions are anticipated due the
combined effects of R&D innovations and economies of scale [81, 86.

Operational expenditures (OPEX)

OPEX represents the costs associated with the normal operation of a BESS, encom-
passing maintenance and operational expenses [82, 87|. OPEX is typically expressed
as an annual cost per unit of installed power capacity (€/kW /year) [51]. These costs

! Approximately 184-367 €/kWh based on April 2025 exchange rate [85]
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are typically divided into fixed operation and maintenance (FOM) costs, which de-
pend on the installed capacity, and variable operation and maintenance (VOM) costs,
which vary with the amount of electricity stored [29, 81]. For the sake of simplicity,
this thesis only considers FOM costs, while neglecting costs from VOM.

Replacement costs

As discussed in section 2.3.2, battery usage leads to degradation, reducing energy
storage capacity over time. When the battery reaches its EOL threshold, replace-
ment becomes necessary to maintain system efficiency and profitability [10]. This
constitutes the most significant cost after initial installation costs [10]. In this thesis,
replacement costs are assumed to be 50% of the initial CAPEX, reflecting anticipated
advancements in battery technology and manufacturing efficiency by 2030. This es-
timate accounts for the renewal of storage modules and associated storage-related
BOS components, while assuming that existing cabling and control systems remain
operational [83]. This assumption is consistent with recent projections indicating
that lithium-ion battery costs could decline substantially within the next decade, by
up to 65% by 2030 [86].

Cost summary

Table 3.1 summarizes the main cost assumptions used in this thesis for the BESS
project.

Table 3.1: Summary of BESS cost parameters

Cost Component | Value Unit Source
CAPEXBFSS 200 € /kWh [88]
CAPEXPBOS 250 €/kW [88]
OPEX 1.5 % of CAPEX /year [89]
Replacement 50 % of initial CAPEX | (86, 90]

3.4.2 Financial metrics

The financial performance of BESS will be evaluated using established economic met-
rics. These indicators assess profitability, cost recovery, and the overall attractiveness
of investments. The methods applied in this study are discussed in the following sec-
tions:

Net present value (NPV)

The NPV is a key financial metric used to assess the profitability of BESS projects
by evaluating the present value of all cash inflows and outflows over the project’s
lifetime [38, 91, 92]. As previously seen, the costs incurred in the BESS include
the CAPEX, replacement, O&M, and end-of-life costs. The NPV is calculated by
subtracting the sum of these discounted costs from the sum of discounted revenues,
as expressed in equation 3.28 [38].
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al revenue(n) — cost(n)
NPV = € 3.28
S e (3.28)
N N
_ Z revenue(n) Z CAPEX + replacement + O& M € (3.29)
— (1+nr) (1+r)
where,

e r: The discount rate.
e N: The project lifetime.

A positive NPV indicates that the project’s expected earnings exceed its costs, making
it economically viable, while a negative NPV suggests a financial loss [91, 93]. The
choice of the discount rate is a decisive factor in NPV analysis, as it can substantially
influence the result. Its value is context dependent, shaped by the nature of the
investment and the return expectations of its stakeholders [90]. A common reference
point is the weighted average cost of capital (WACC) [38, 94|, which is entity-specific
and represents the average return required by debt and equity holders, weighted by
their proportion in the capital structure [29, 92].

Internal rate of return (IRR)

The IRR is the discount rate at which the NPV of a project equals zero, indicating the
project’s potential profitability [10, 91]. It’s a useful tool for comparing alternative
investment opportunities [92|. It is calculated by setting the NPV formula to zero
and solving for the discount rate, as shown in equation 3.30 [38].

revenue(n) — cost(n)
(1+ IRR)"

N
NPV =0=)_ [€] (3.30)
n=1

The higher the IRR, the more attractive a project is to investors [92]. In general,
a project is considered financially viable if its IRR exceeds the prevailing discount
rate [91, 93, 95]. In this thesis, a discount rate of 7% is used, consistent with regulated
benchmarks in the electricity generation sector [96]. Projects with an IRR above this
level are regarded as financially attractive, while those below 7% are not considered
financially viable.

Payback period

The payback period represents the time required for a project to recover its initial
investment through cumulative cash flows 38, 94|. For projects with constant cash
flows, it is calculated using equation 3.31 [38].

Initial investment

Payback period = [years] (3.31)

Annual cash flow

However, energy storage projects typically have variable cash flows, necessitating
models to track cash inflows and outflows over time [38]. The discounted payback
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period (DPP) discounts future cash flows before summing them until the initial in-
vestment is recovered [38, 93].

3.4.3 Sensitivity analysis

The economic evaluation of the BESS project includes a sensitivity analysis to en-
sure its reliability. This analysis systematically varies key input parameters such as
CAPEX, OPEX, discount rate, market prices, and round-trip efficiency (RTE) of the
BESS. The goal is to assess the impact of changes in these factors on the NPV, IRR,
and PBT outcomes. This analysis helps to identify the most influential variables af-
fecting project viability, thereby supporting better decision-making to improve design
and reduce uncertainty:.

3.5 Case study description

3.5.1 Overview of the BorWin2 project

The BorWin2 project located in the North Sea will serve as the case study to this
thesis. This project, developed by TenneT, is a HVDC system with a transmission
capacity of 800 MW, specifically designed to integrate offshore wind energy into the
German electricity grid. Operational since January 2015, BorWin2 connects three
distinct offshore wind farm clusters: Deutsche Bucht, Albatros, and Veja Mate, all
located in the North Sea, with a total capacity of approximately 774 MW. Electricity
is transmitted over a 200 km route, consisting of a 125 km submarine cable from
the offshore converter platform to the landing point at Hilgenriedersiel, followed by a
75 km underground cable to the onshore converter station at Diele (see Figure 3.5).
The wind farms’ AC output is collected at their transformer stations, transmitted via
155 kV AC cables to the BorWin beta platform, converted to DC, and then delivered
to the mainland for conversion back to AC [21]. A summary of the key characteristics
of each offshore wind farm cluster, including turbine types, number of turbines, rotor
diameter, and hub height, is presented in Table 3.2 [66, 67, 97, 98, 99, 100, 101, 102].

Table 3.2: Technical Specifications of Selected offshore wind farms

Parameter Deutsche Bucht Albatros Veja Mate
Turbine type MHI Vestas Siemens Siemens
V164-8.4AMW SWT-7.0-154 | SWT-6.0-154
Turbine power [MW] 8.4 7 6
Number of turbines 31 16 67
Total power [MW]| 260.4 112 402
Distance to platform [km)| 41 25 12
Turbine cut-in speed [m/s] 4 3 4
Turbine cut-out speed [m/s] 25 25 25
Turbine rated speed [m/s| 13 13 13
Rotor diameter |m] 164 154 154
Hub height above sea [m)| 100 105 80
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BorWin2
‘;,f)”r‘ ,:,n‘ Albatros

117 MW

Veja Mate
402 MW

Deutsche Bucht
269 MW

Lower Saxony

Offshore
offshore wind farms (OWF)
potential OWF areas
I in operation
offshore grid connection systems (GCS)
eration
station offshore

Onshore
B converter station onshore Y
—— transmission grid (380 kV/220 kV) Bremen
O substation onshore |

Figure 3.5: Schematic of the BorWin2 platform and connected offshore wind clus-
ters [21]

In order to estimate the energy production of the offshore wind farm cluster, wind
speed data were calculated for a representative location (54.38°N, 6.02°E), deter-
mined by averaging the coordinates of Deutsche Bucht (54.31°N, 5.80°E) [97], Alba-
tros (54.50°N, 6.40°E) [98], and Veja Mate (54.32°N, 5.87°E) [99]. These wind speed
time series were combined with turbine-specific power curves to estimate the energy
output of the cluster, as detailed in Section 3.3.1.

Power curves for the Veja Mate turbines (Siemens SWT 6.0-154) were directly sourced
from [66]. For the Albatros turbines (Siemens SWT-7.0-154), which lacked publicly
available data, the power curves were scaled from the Veja Mate turbines’ curves due
to the similarities in design. Similarly, the Deutsche Bucht turbines’ power curves
(MHI Vestas V164-8.4MW) were derived by scaling from the MHI Vestas V164-8MW
turbine power curves [67] (see Appendix A).
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3.5.2 BESS specifications and assumptions

The integration of a battery energy storage system (BESS) into the model under
consideration is critical, as it directly influences the economic evaluation framework
of the case study. Hence, the following sections specify the BESS configuration and
assumptions adopted in this thesis to ensure accurate modeling of its performance
and economic impact.

Power rating and sizing

A thorough investigation of the optimal sizing of the BESS is beyond the scope of
this study. Instead, the power rating is determined based on insights from [103],
which observes that the optimal BESS capacity is approximately 16% of the daily
electricity generation at the full capacity of the offshore wind farm. For the wind
farm under study, with a rated capacity of approximately 774 MW, this translates
to a BESS power rating of about 125 MW.

Energy capacity and storage durations

To determine the optimal storage duration for arbitrage operations, the BESS is mod-
eled with four distinct scenarios, featuring storage durations of 1, 2, 4, and 5 hours.
With a fixed power rating of 125 MW, these scenarios correspond to energy capacities
of 125 MWh, 250 MWh, 500 MWh, and 625 MWh, respectively. These configurations
allow the model to identify the most economically viable storage duration.

Battery technology and performance characteristics

In this thesis, the BESS is assumed to utilize Lithium Nickel Manganese Cobalt Oxide
(NMC) battery cells and operate under a controlled ambient temperature of 25 °C, in
alignment with [55]. These parameters are selected to align with the battery degrada-
tion profile from [55], which is used in the BESS model, ensuring consistent simulation
of its performance. A round-trip efficiency of 90% is also adopted, consistent with
representative figures found in relevant literature [10, 54|

Project lifetime and battery replacement

For this case study, the operational lifetime of the battery energy storage system
(BESS) is assumed to be 18 years. This estimate is based on the BESS’s performance
and degradation profile. However, this lifetime may vary slightly depending on cycle
degradation, which is influenced by the frequency and intensity of charge-discharge
cycles associated with arbitrage activities. Consistent with [55], the battery’s End-of-
Life (EOL) is defined when its capacity degrades to 70% of its initial nominal value.
The model also assumes a one-time battery replacement during the project lifetime.
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Results

This chapter presents the results obtained from the simulations and economic evalua-
tions conducted in this study. The results are structured to first provide an overview
of the wind power generation, followed by the BESS’s operational behavior, an annual
performance evaluation across different years, a comparison of storage durations for
the selected representative year, a comparison between onshore and offshore BESS
configurations, and finally the sensitivity analysis.

4.1 Wind power generation

The wind power generation model was validated using capacity factors for the three
offshore wind farms: Deutsche Bucht, Veja Mate, and Albatros. Table 4.1 summarizes
the annual capacity factors for the years 2021 to 2024. These values align with
literature expectations for offshore wind farms, typically ranging from 40-50% [23].
It should be noted that real production data for these specific wind farms is not
publicly available, so validation relies on literature benchmarking.

Table 4.1: Annual capacity factors for the wind farms

Year Deutsche Bucht (%) Veja Mate (%) Albatros (%)

2021 44.14 41.72 40.60
2022 47.86 45.35 44.22
2023 46.42 43.87 42.82
2024 48.35 45.70 44.57

The power generation profiles exhibit seasonal variations, with higher outputs dur-
ing winter months due to stronger winds. For instance, Figure 4.1 illustrates the
hourly power output for December 2023, a representative winter month, where the
case study wind farm cluster achieves an average power production of approximately
448 MW. In contrast, Figure 4.2 shows the hourly power output for August 2023, a
representative summer month, with lower wind speeds resulting in an average pro-
duction of around 208 MW.
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Figure 4.1: Wind power generation profile for a representative winter month
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Figure 4.2: Wind power generation profile for a representative summer month

4.2 Emergy arbitrage operation overview

The analyzed battery energy storage system (BESS) has a fixed power rating of 125
MW, with energy capacities varying based on storage duration, such as 125 MWh for
a 1-hour duration, 250 MWh for a 2-hour duration, and so forth. For illustrating the
operational behavior, a 4-hour storage duration, corresponding to an energy capac-
ity of 500 MWh, is initially considered. The energy arbitrage strategy, implemented
via mixed-integer linear programming and model predictive control, optimizes BESS

charging and discharging based on wind power forecasts, electricity prices, and cur-
rent state of charge (SOC).

Figure 4.3 illustrates a representative example of BESS operation over a 72-hour
period from December 3 to 5, 2023, depicting SOC evolution alongside DAM price
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levels, charging /discharging power patterns, and a comparison between available wind
power and power delivered to the grid. The optimization results demonstrate a clear
correlation between price signals and storage operation. Charging (shown in green)
primarily occurs during below-average price intervals, while discharging (shown in
red) occurs mostly during price peaks. These cycling patterns effectively capture
arbitrage opportunities while adhering to operational constraints.

BESS Results: 2023-12-03 to 2023-12-05
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Figure 4.3: Optimal 4-hour BESS operation for energy arbitrage with SOC, electricity

price, charging/discharging power, available wind power, and power delivered to the
grid (December 3-5, 2023)

The arbitrage operation directly influences the power delivered to the grid relative to
the available wind power. When the BESS charges, the total power delivered to the
grid (blue line) is reduced compared to available wind power (orange line). Conversely,
during discharging periods, the BESS supplements the wind power delivery, resulting
in power delivered to the grid exceeding the available wind power, as observed during
high-price periods.

4.3 Annual economic performance
The economic performance of the BESS is evaluated using historical data from 2021

to 2024. The discount rate assumed in the simulations is 7%, meaning that an inter-
nal rate of return (IRR) below this threshold is non-profitable. Table 4.2 summarizes
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the key financial metrics for a 4-hour storage duration (125 MW / 500 MWh) across
the years 2021 to 2024.

Table 4.2: Annual performance for a 4-hour storage duration
Year IRR (%) NPV (M€) PBT (years)

2021 5.14 -22.33 21.7
2022 34.29 263.18 5.3
2023 8.07 9.23 16.8
2024 6.24 -6.36 18.9

A quick observation of the results shows that the year 2022 stands out with an ex-
ceptionally high IRR of 34.29%, primarily driven by very high price volatility in the
energy markets, which was a direct consequence of the gas shortage following the Rus-
sian invasion of Ukraine |76]. This effect is evident in the annual average DAM elec-
tricity prices, which were around 100 €/MWh in 2021, surged to about 235 €/MWh
in 2022, and then returned to roughly 95 €/MWh in 2023 and 79 €/MWh in 2024.
Hence, 2022 is not representative of typical market conditions and is excluded from
further analysis to avoid over-optimistic conclusions.

For the other years, the project is not strictly profitable with the 4-hour BESS con-
figuration in 2021 and 2024, but 2023 yields an IRR of 8.07%, above the 7% viability
threshold. Hence, the year 2023 is selected as the representative base year for a more
detailed analysis.

4.4 Impact of BESS duration on profitability

Having established 2023 as the representative year, simulations were performed to
determine the optimal BESS storage duration with a fixed power rating of 125 MW.
As discussed in Section 2.3.1, storage durations are inversely related to the C-rate:
shorter durations correspond to higher C-rates, enabling rapid energy dispatch, while
longer durations align with lower C-rates, supporting sustained energy delivery. The
economic results, including the corresponding energy capacities and C-rates, are de-
tailed in Table 4.3.

Table 4.3: Financial performance for different storage durations in 2023

Duration Energy capacity PBT
(hour) (MWh) C-rate IRR (%) NPV (M€) (years)
1 125 1C —7.57 —35.67 38.3
2 250 0.5C 3.28 —16.97 20.2
4 500 0.25C 8.07 9.23 16.8
5 625 0.2C 8.10 11.29 16.8
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Simulation results from the case study show that longer storage durations (corre-
sponding to lower C-rates) improve financial returns, while shorter durations (asso-
ciated with higher C-rates) produce negative NPVs, indicating economic unviability.
The 5-hour duration (625 MWh) exhibits the highest profitability, with an IRR of
8.10% and an NPV of 11.29 M€, making it the selected reference case for further
analysis. Figure 4.4 illustrates the trends in IRR, NPV and PBT across different
storage durations, highlighting improved economic performance as storage duration
increases.
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Figure 4.4: Comparison of internal rate of return (IRR), net present value (NPV)
and payback time (PBT) across storage durations for 2023

4.4.1 Offshore vs. onshore BESS considerations

The physical location of a BESS significantly influences its economic viability. Al-
though detailed cost data for offshore BESS installations is limited, existing literature
suggests that installation and maintenance expenses may be up to 50% higher than
for comparable onshore systems [104]. This assumption was applied to the refer-
ence case (5-hour storage duration, 2023) in order to compare onshore and offshore
scenarios, as summarized in Table 4.4.

Table 4.4: Economic comparison of onshore vs. offshore BESS placement.
Performance metric Onshore BESS Offshore BESS

IRR (%) 8.10 ~0.30
NPV (M€) 11.29 —98.48
PBT (years) 16.8 31
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The results indicate that with current cost assumptions, an offshore BESS is not
economically viable. The 50% increase in CAPEX drastically reduces the IRR to
—0.30% and results in a significant negative NPV. Therefore, an onshore location is
the only feasible option under the studied conditions.

4.5 Reference case analysis

Based on the preceding analysis, the reference case for this study is an onshore,
125 MW /625 MWh BESS operating under 2023 market conditions. This section
presents both the cost structure and operational performance of this reference con-
figuration.

4.5.1 Cost breakdown

The key cost components for this reference project are detailed in Table 4.5. The total
initial investment amounts to approximately 156.25 M€, with additional operational
and replacement costs distributed over the project lifetime.

Table 4.5: Cost breakdown for the reference case project.

Component Cost (M€) Notes

BESS CAPEX 125 Based on 625 MWh at 200 €/kWh

BOS CAPEX 31.25 Based on 125 MW at 250 €/kW

Total Initial CAPEX 156.25

Annual OPEX 2.34 1.5% of total CAPEX per year
Replacement Cost 78.125 50% of initial CAPEX, once during lifetime

4.5.2 Performance metrics

The performance of the BESS over its lifetime is evaluated based on average opera-
tional metrics, including revenue generation, cycling frequency, and degradation rate.
These metrics are summarized in Table 4.6.

Table 4.6: Average performance metrics for the reference case

Metric Value Notes
Annual BESS Revenue (M€) 22.70  Average over project lifetime
Annual Cycle Throughput 281  Equivalent to approx. 0.77 cycles per day

Annual Degradation Rate (%)  3.18  Capacity loss per year

Simulation results demonstrate that the BESS reaches its end of life (EOL) after 18
years of operation, with a battery replacement performed after 9 years.
4.6 Sensitivity analysis

This section presents a sensitivity analysis on the reference case to evaluate the impact
of key parameters on the internal rate of return (IRR), the net present value (NPV),
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and the payback time (PBT). Variations of £20% are applied to capital expenditure
(CAPEX), operational expenditure (OPEX), discount rate, and day-ahead market
(DAM) prices. The round-trip efficiency (RTE) is varied from 70% to 100%, and the

impact of battery degradation is assessed.

4.6.1 Impact of degradation consideration

To evaluate the impact of battery degradation, a comparative simulation was per-
formed without considering degradation effects and assessed against the case with
degradation considerations. The results indicate that battery degradation substan-
tially influences economic performance. As shown in Table 4.7, the net present value
(NPV) decreases significantly: from 32.31 M€ in the case without degradation mod-
eling to 11.29 M€ when degradation is taken into account. This difference is further
illustrated in Figure 4.5.

Table 4.7: Impact of degradation consideration

Scenario IRR (%) NPV (M<€) PBT (years)
With Degradation 8.10 11.29 16.8
Without Degradation 9.97 32.31 15.0
35 | =E RR
- NPV 32.3

B Payback time

= = ] ] w
o o o 7] =}
1 1 1 1 1

Value [IRR (%) / NPV (M£) / PBT (years)]

w
I

With Degradation Without Degradation
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Figure 4.5: Impact of degradation on financial metrics

4.6.2 Sensitivity analysis results

The effects of £20% parameter variations on IRR, NPV, and PBT are summarized
in Table 4.8.
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Table 4.8: Sensitivity analysis results for the reference case

Parameter  Variation (%) IRR (%) NPV (M<€) PBT (years)

Base case — 8.10 11.29 16.8
120 4.20 —32.62 21.8

CAPEX —20 13.32 55.20 12.5
190 7.64 6.57 17.3

OPEX —920 8.55 16.00 16.3
Discount rate 120 8.10 —2.85 18.3
—920 8.10 927.86 15.3

. 120 12.92 64.30 12.8

DAM price —920 92.58 —41.90 24.6

4.6.3 Impact on internal rate of return (IRR)

As shown in Figure 4.6, the sensitivity analysis for the internal rate of return (IRR) in-

dicates that it is most sensitive to variations in day-ahead market (DAM) prices, with

values ranging from 2.6% to 12.9%, representing a deviation of approximately 5 per-
centage points in either direction from the base IRR. Capital expenditure (CAPEX)
also has a comparable influence, yielding IRR values from 4.20% to 13.32%, or a
change of roughly 4 percentage points below and 5 percentage points above the base

IRR. In contrast, operational expenditure (OPEX) has a minimal effect, with IRR

varying only between 7.64% and 8.55%, reflecting a modest shift of approximately
0.5 percentage points in either direction.
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4.6.4 Impact on net present value (NPV)

As illustrated in Figure 4.7, the results indicate that the net present value (NPV)
exhibits the greatest sensitivity to variations in day-ahead market (DAM) prices, with
NPV ranging from —41.9 M€ to 64.3 M€, equivalent to a deviation of approximately
53 M€ in either direction from the base NPV of 11.29 M€. The CAPEX follows
closely in influence, producing NPV values from —32.6 M€ to 55.2 M€, or a change
of about 44 M€ in both directions. Sensitivity to the discount rate is comparatively
lower, yielding NPV values as low as —2.85 M€ or as high as 27.9 M€. The OPEX,
by contrast, exerts a negligible impact, with NPV confined to a narrow band between
6.6 M€ and 16 M€, reflecting a modest variation of roughly 5 M€ in either direction.
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Figure 4.7: Sensitivity analysis for net present value (NPV)

4.6.5 Impact on payback time (PBT)

Regarding the payback time (PBT), as illustrated in Figure 4.8, the results demon-
strate the greatest sensitivity to variations in DAM prices, with PBT ranging from
12.8 years to 24.6 years. The CAPEX exhibits comparable sensitivity, yielding PBT
values from 12.5 years to 21.8 years, where the higher value likewise surpasses the
project lifetime and indicates non-recovery of investment. The discount rate and
OPEX exert more limited influences, producing PBT ranges of 15.3 to 18.3 years and
16.3 to 17.3 years, respectively, both of which remain closer to the project duration.
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Figure 4.8: Sensitivity analysis for payback time (PBT)

4.6.6 Impact of round-trip efficiency (RTE)

Figure 4.9 shows how variations in RTE from 70% to 100% affect the key financial
metrics of the BESS project. As already mentioned, the base case was set at a
round-trip efficiency of 90%. At the lower end, with a 70% RTE, the project exhibits
a negative NPV of approximately —95.5 M€ and a negative IRR of —3.7%, alongside
a lengthy payback time exceeding 50 years. As RTE improves, these metrics steadily
move toward positive values and shorter payback periods. Compared to the base
case, increasing RTE to 95% and 100% significantly enhances performance, with
NPVs reaching 31.8 M€ and 50.8 M€, IRRs rising to 10.0% and 11.7%, and payback
times decreasing to 15 and 13.6 years, respectively.
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Discussion

This chapter discusses the results from the techno-economic optimization model, fo-
cusing on their implications for BESS-integrated offshore wind systems in the German
day-ahead market.

5.1 Optimal system Configuration and economic vi-
ability

The results show that integrating a battery energy storage system (BESS) with off-
shore wind farms can be economically viable under specific conditions. In the ref-
erence case, which uses a 5-hour BESS storage duration (125 MW /625 MWh), the
project achieves an IRR of 8.1%, exceeding the 7% discount rate threshold for prof-
itability. This shows that the project is profitable, although the returns are modest
and require careful optimization of system parameters. The 5-hour configuration
performs better than shorter durations by capturing extended price spreads in the
day-ahead market, which suggests that storage durations of 4 to 5 hours are best
suited for the studied case.

With a cycling frequency of roughly 0.8 cycles per day, the system uses the battery ef-
ficiently, and supports an 18-year lifetime. However, the payback period of 16.8 years
is relatively extended, resulting in a short profitability window of approximately 1.2
years. This financial profile may appeal to investors who prioritize long-term returns
and are comfortable with prolonged payback periods.

A comparison of onshore and offshore BESS placement highlights significant cost dif-
ferences. Offshore deployment is not viable under current conditions due to the 50%
CAPEX premium assumption, resulting in negative NPV. Offshore BESS deployment
does offer advantages, such as greater space availability compared to land-constrained
onshore sites, but these benefits are outweighed by their higher deployment costs.

For developers, the findings highlight the importance of strategic timing. Since prof-
itability is marginal, project success depends on cost reductions, selecting the right
battery configurations (Energy and power capacities, storage duration, C-rate, etc.),
and favorable market conditions. Long payback periods emphasize the need for pa-
tient capital and supportive financing. In addition, the sensitivity to CAPEX and
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DAM prices means projects require risk assessment and possibly other revenue sources
beyond day-ahead arbitrage to enhance economics.

5.2 Critical sensitivity factors

The sensitivity analysis identifies CAPEX and day-ahead market prices as the pri-
mary drivers of project viability. A 20% reduction in CAPEX increases NPV by
nearly five times compared to the base case, while a 20% increase renders the project
unprofitable. This indicates that predicted future battery cost reductions could sig-
nificantly improve economic performance.

Market price volatility represents a critical determinant of the BESS’s economic per-
formance, as demonstrated by the sensitivity analysis. A 20% price increase raises
NPV by nearly 6 times, reflecting the BESS’s ability to capture larger price spreads.
Conversely, a 20% reduction in prices results in a negative NPV and an IRR of 3.42%,
rendering the project unprofitable. Germany’s ongoing energy transition, character-
ized by rapid expansion of renewable generation, introduces significant uncertainty
in this regard. While near-term market dynamics, driven by renewable intermit-
tency and grid constraints, may sustain price volatility, the long-term increase in
zero-marginal-cost generation is expected to compress price spreads [105]. This dual
potential for volatility, either boosting or limiting arbitrage, poses a key risk to project
feasibility, underscoring diversified revenue strategies to enhance viability.

Round-trip efficiency (RTE) also has a strong influence on profitability. Improving
RTE from 85% to 95% increases NPV by roughly three times, emphasizing the value
of high-efficiency battery technologies. By contrast, OPEX variations have only a
minor impact, since they account for about 1.5% of CAPEX annually, although effi-
cient operations can still support long-term returns.

The battery degradation in the optimization ensures that results reflect realistic op-
erating conditions. Considering battery degradation reduces NPV by about 65%
compared to scenarios where it is ignored, showing how excluding it leads to overly
optimistic projections. The reference case’s average 3.23% annual degradation rate
reflects real life operation. More aggressive cycling could increase revenues but accel-
erate degradation, shortening battery life and reducing long-term profitability.

5.3 Limitations and assumptions

This study is subject to several limitations. First, the model focuses solely on the
day-ahead market, excluding potential revenue streams from intraday and ancillary
services markets, such as Frequency Containment Reserve (FCR) and Manual Fre-
quency Restoration Reserve (mFRR), which could significantly improve the economic
viability of the battery energy storage system.
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The wind power model also simplifies wake loss calculations by applying a fixed
percentage without accounting for wind farm positioning or turbine spacing, and it
disregards wind direction variability. These assumptions may lead to an overestima-
tion of energy yield.

The degradation model estimates cycle aging from total throughput using a polyno-
mial function and approximates calendar aging with a fixed percentage. However,
it may not accurately reflect reality, as this method does not capture more complex
factors like temperature effects or non-linear aging behavior.

The analysis also assumes perfect forecasting by applying historical data retrospec-
tively. In practice, forecast errors could reduce arbitrage opportunities, meaning
actual performance may be lower. Also, the simulation relies on a single year of day-
ahead market price data applied across the entire project horizon, which may not
capture future price trends or market changes.

In addition, the model treats round-trip efficiency (RTE) as constant throughout the
project lifetime, although efficiency is likely to decline as the battery ages.
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Conclusion and future work

6.1 Conclusion

The aim of this thesis was to evaluate the economic feasibility of lithium-ion battery
energy storage systems (BESS) for offshore wind farms, focusing on energy arbitrage
in the German day-ahead market.

To this end, an energy management system (EMS) was implemented using mixed-
integer linear programming (MILP) and model predictive control (MPC) to optimize
charging and discharging cycles, for both onshore and offshore BESS placement in
a wind farm cluster. Annual revenues were then evaluated against lifecycle costs to
determine overall viability. The model was applied to a case study of the BorWin2
offshore grid connection platform, simulating wind power production based on his-
torical wind speed data and turbine power curves. The EMS optimized operations
for a fixed 125 MW BESS power rating with varying energy capacities, while explic-
itly accounting for battery degradation to balance revenue maximization and system
longevity.

The results demonstrate that integrating BESS with offshore wind farms can be
economically viable under specific conditions, although profitability margins remain
modest. In the representative 2023 scenario, the optimal onshore configuration with
a five-hour storage duration (625 MWh) achieved an internal rate of return (IRR) of
8.1%, surpassing the assumed 7% discount rate and yielding a positive net present
value (NPV) of 11.29 M€, with a payback time (PBT) of 16.8 years. Nevertheless,
the long payback period suggests that such projects require patient capital and are
most suitable for investors comfortable with extended return horizons. Conversely,
offshore BESS deployment remains economically unviable due to a 50% CAPEX pre-
mium assumed, resulting in negative returns (IRR -0.30%, NPV -98.48 M€).

Sensitivity analysis highlights that project viability is highly dependent on CAPEX
and day-ahead market price volatility. The latter is particularly relevant in the con-
text of Germany’s ongoing energy transition, where increasing renewable penetration
may reduce price spreads, thereby constraining arbitrage opportunities. The analysis
further demonstrates that neglecting battery degradation leads to overly optimistic
projections, with NPV overestimated by approximately 65%. This underscores the
critical importance of realistic degradation modeling. Round-trip efficiency was also
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identified as a major performance driver: improving efficiency from 85% to 95% could
potentially triple NPV, emphasizing the value of advanced, high-efficiency battery
technologies. By contrast, variations in operational expenditure exhibited minimal
impact, given their relatively small share

These findings are constrained by the focus on day-ahead market operations only,
where multi-market participation including intraday and ancillary services could sig-
nificantly enhance viability. The study’s limitations include simplified wind power
modeling, constant efficiency assumptions, perfect forecasting scenarios, and reliance
on single-year price data extrapolated across the project lifetime, all of which may
lead to performance overestimation.

In summary, while BESS integration with offshore wind farms demonstrates economic
potential under current market conditions, profitability remains marginal and highly
sensitive to cost structures and market dynamics. Future success will depend on
strategic project timing, and diversification of revenue streams. For developers, this
implies a need of comprehensive risk assessment, and adaptive strategies to capture
existing opportunities while preparing for evolving market conditions shaped by the
continued expansion of renewable generation.

6.2 Future work

Future research should address several areas to enhance the practical applicability
and economic viability of BESS-integrated offshore wind systems.

One important direction is to extend the analysis beyond the day-ahead market. For
instance, BESS could participate in intraday, balancing, and ancillary services mar-
kets in addition to day-ahead trading. By stacking revenues across multiple markets,
this approach may enhance profitability and provide a more complete assessment of
the economic potential of storage integration.

Also, future studies should consider how operating conditions, such as temperature
variations, depth of discharge and non-linear ageing dynamics, affect the battery
degradation model. Such refinements would yield more accurate lifetime predictions

of the BESS.

In addition, modelling detailed wind farm power production that incorporate site-
specific turbine layouts, wake interactions, wind direction variability, and atmospheric
conditions would enable more realistic energy yield estimates and improve system siz-
ing accuracy.

Finally, exploring alternative energy storage technologies, such as flow batteries, com-
pressed air energy storage, or other emerging solutions, could identify options that
offer improved cost-effectiveness, durability, or technical suitability for offshore wind
storage applications.
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Appendix A

Wind turbine data and power curves

As discussed in Section 3.5, the case study consists of three offshore wind farms:
Veja Mate uses Siemens SWT-6.0-154 turbines, Deutsche Bucht employs MHI Vestas
V164-8.4MW turbines, and Albatros operates Siemens SWT-7.0-154 turbines. Power
curves for Veja Mate were obtained from manufacturer specifications [66]. Deutsche
Bucht turbine power curves were scaled from MHI Vestas V164-8.0MW wind turbine
curves [67] using a scaling factor of 1.05, while the power curves for the wind turbines
in Albatros were scaled from Veja Mate wind turbine curves using a scaling factor of
1.167. The complete power curve data is presented in Table A.1 and visualized in
Figure A.1.
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Figure A.1: Power curves of the wind turbine models used in the study
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Appendix A. Wind turbine data and power curves

Table A.1: Power curve points for wind turbines used in the study [66, 67|

Wind Speed | Deutsche Bucht Albatros Veja Mate
[m/s] V164-8AMW [kW] | SWT-7.0-154 [kW] | SWT-6.0-154 [kW]

1 0 0 0

2 0 0 0

3 0 0 0

4 105 257 220
5 683 490 420
6 1,208 841 721
7 1,943 1,369 1,173
8 3,045 2,095 1,796
9 4,358 2,937 2,517
10 5,880 3,920 3,360
11 7,455 5,233 4,485
12 8,190 6,757 5,792
13 8,400 7,000 6,000
14 8,400 7,000 6,000
15 8,400 7,000 6,000
16 8,400 7,000 6,000
17 8,400 7,000 6,000
18 8,400 7,000 6,000
19 8,400 7,000 6,000
20 8,400 7,000 6,000
21 8,400 7,000 6,000
22 8,400 7,000 6,000
23 8,400 7,000 6,000
24 8,400 7,000 6,000
25 8,400 7,000 6,000
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Table A.2: Usage of Al tools

Al tool Purpose

ChatGPT Translating and paraphrasing text

Grok Assistance with Python coding and error handling in the code
DeePL Text translation, improving text structure and grammatical accuracy
Overleaf  PDF editing and compilation

68



	Abstract
	Kurzfassung
	Acknowledgements
	List of Symbols
	List of Abbreviations
	Introduction
	Research Motivation
	Research objectives
	Scope of the thesis
	Thesis structure

	Literature review
	Wind energy systems
	Wind turbine technology
	Offshore wind energy systems

	Energy storage system (ESS)
	Electrochemical energy storage

	Battery energy storage system (BESS)
	BESS characteristics
	Battery degradation

	Electricity market in Germany
	Bidding zones
	Day-ahead market (DAM)
	Intraday market (IDM)

	Optimization techniques in battery energy storage systems
	Mixed-integer linear programming (MILP)
	Model predictive control (MPC)
	Simulation framework and environment


	Research methodology
	System overview
	Data collection
	Wind speed data
	DAM price data
	Power curve data

	System Design
	Wind power generation modeling
	MILP model for energy arbitrage

	Economic evaluation framework
	BESS cost analysis
	Financial metrics
	Sensitivity analysis

	Case study description
	Overview of the BorWin2 project
	BESS specifications and assumptions


	Results
	Wind power generation
	Energy arbitrage operation overview
	Annual economic performance
	Impact of BESS duration on profitability
	Offshore vs. onshore BESS considerations

	Reference case analysis
	Cost breakdown
	Performance metrics

	Sensitivity analysis
	Impact of degradation consideration
	Sensitivity analysis results
	Impact on internal rate of return (IRR)
	Impact on net present value (NPV)
	Impact on payback time (PBT)
	Impact of round-trip efficiency (RTE)


	Discussion
	Optimal system Configuration and economic viability
	Critical sensitivity factors
	Limitations and assumptions

	Conclusion and future work
	Conclusion
	Future work

	Bibliography
	Wind turbine data and power curves
	List of Figures
	List of Tables

