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Summary

This project introduces a comprehensive framework to enhance the efficiency and reliability of
offshore wind farm (OWF) collection grid design. By addressing critical aspects of OWF planning
and operation, it evaluates emerging trends and technological advancements to identify eco-
nomically viable connection configurations while exploring pathways to accommodate larger
and more efficient wind farms. Special emphasis is placed on the role of high-voltage AC and
VSC-based DC transmission systems in optimizing both design and operational performance.

Central to this research is the development of an advanced optimization model for offshore
wind farm cable routing and offshore substation siting and sizing, utilizing a Mixed-Integer
Linear Programming (MILP) approach. The model aims to minimize total costs, encompass-
ing both capital and operational expenses (including cable and VSC losses, as well as wind
energy curtailment), while maximizing revenue. Key input parameters include historical wind
speed and direction data, turbine power curves, cable specifications, and hourly energy market
prices. The optimization framework incorporates sophisticated techniques such as interpola-
tion to dynamically estimate power output, the lower convex envelope linearization method-
ology to accurately calculate energy losses in medium-voltage inter-array and high-voltage
transmission cables as well as VSCs, and grid-based layouts to maximize energy capture while
mitigating wake effects.

The findings validate the efficacy of the proposed MILP optimization framework through com-
prehensive scenario analysis, demonstrating its effectiveness in addressing key challenges in
offshore wind farm collection grid design. The study evaluates various configurations, includ-
ing radial, ring, and star layouts, highlighting their distinct advantages and trade-offs, partic-
ularly in the context of reliability under medium-voltage (MV) cable contingencies. The star
configuration, despite higher initial investment costs due to its dedicated cable connections
from each turbine to the offshore substation, emerges as a robust solution. This design effec-
tively isolates the impact of a cable failure to a single turbine, ensuring uninterrupted operation
for the rest of the system. Its fault isolation capability enhances both reliability and profitability,
making it particularly suitable for scenarios with frequent cable contingencies or where high
operational uptime is critical. The ring configuration offers a balanced approach by incorporat-
ing redundancy into the collection grid. Each turbine is connected to the offshore substation
through two independent pathways, which ensure an alternative route for power transfer dur-
ing a single cable failure. This redundancy enhances fault tolerance and minimizes the risk of
widespread energy curtailment. Although the ring configuration entails slightly higher invest-
ment costs compared to radial configurations, its capacity to sustain power flow during cable
outages guarantees stable and efficient grid operation. In contrast, the radial configuration,
known for its simplicity and cost-effectiveness, stands out as the most economical option un-
der normal operating conditions. However, it is highly vulnerable to cascading failures in the
event of a cable outage. A single cable failure can disrupt power transfer for an entire branch of
turbines, resulting in significant energy curtailment and economic losses. This limitation high-
lights the importance of adopting more resilient designs, such as the star or ring configurations,
in scenarios where system reliability and fault tolerance are critical. These comparative insights
emphasize the need to align grid configuration choices with specific operational requirements
and contingency planning priorities. The MILP framework facilitates a detailed evaluation of
these trade-offs, which enables decision-makers to select the most suitable design based on
project-specific objectives, such as minimizing costs, maximizing reliability, or achieving a bal-
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anced approach. The ability to model and optimize diverse scenarios highlights the robustness
of the proposed framework in guiding the development of efficient and reliable offshore wind
farm collection grids.

The research highlights the critical role of optimizing offshore substation placement in enhanc-
ing the overall performance and economic viability of OWFs. By comparing fixed substation lo-
cations with scenarios featuring multiple candidate locations, the study demonstrates finan-
cial advantages achieved through strategic substation placement. Optimal siting minimizes
cable losses and operational costs, leading to an increase in revenue. This finding shows the
transformative potential of integrating substation optimal placement into the planning and
design phases of OWFs.

Ultimately, this project contributes to the advancement of offshore wind energy by offering
practical strategies and detailed insights for designing cost-effective, reliable, and efficient
collection grids. By supporting the transition to renewable energy, this research contributes to
global efforts to achieve decarbonization and energy security, essential for building a greener
and more sustainable future.

The source code for this project, i.e., OWFOptimizer, is publicly available is available on GitLab
at https://gitlab.tsn.tno.nl/moradisepahvandm/0OWFOptimizer.
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1

Introduction

The ongoing global transition toward renewable energy sources has placed offshore wind farms
(OWFs) at the forefront of sustainable electricity generation. OWFs leverage the abundant and
consistent wind resources over the oceans to produce clean energy, offering a reliable alter-
native to traditional fossil fuel-based systems. By harnessing higher wind speeds and steadier
wind patterns compared to onshore installations, offshore OWFs have become a critical com-
ponent in achieving net-zero emission goals. However, their development also introduces sig-
nificant engineering and economic challenges, particularly in the design and optimization of
collection grid systems.

Within the Real COE project’s Work Package (WP) 7.6, the primary focus is to develop an effi-
cient grid connection concept tailored for offshore wind farms. The collection grid serves as the
backbone of the OWF electrical system, consolidating the electricity generated by numerous
turbines dispersed over extensive maritime areas. This energy is transferred to a centralized
offshore substation, where it is stepped up in voltage for efficient long-distance transmission to
onshore power grids via high-voltage undersea cables. The design and performance of the col-
lection grid system directly impact the efficiency, reliability, and cost-effectiveness of offshore
wind energy production.

The offshore environment presents unique challenges for OWF collection grid systems. Harsh
marine conditions necessitate robust engineering solutions to ensure the durability of critical
infrastructure, including inter-array and export cables, as well as substations. Furthermore, the
variable and often unpredictable nature of wind speeds adds complexity to grid design, requir-
ing advanced optimization techniques to balance energy capture, transmission efficiency, and
overall costs. Addressing these challenges is essential for scaling up offshore wind installations
to meet future energy demands.

This report outlines the project’s objectives and contributions, with a primary aim of enhancing
the efficiency and reliability of OWF collection grids. The project investigates key challenges,
such as optimizing grid configurations for variable wind conditions, selecting optimal offshore
substation locations, and incorporating high-voltage AC and DC transmission solutions to im-
prove operational performance. By leveraging advanced modeling and optimization method-
ologies, the project seeks to provide actionable insights for addressing these challenges and
driving innovation in offshore wind energy systems.

The report is structured to guide the reader through the critical aspects of the project. It be-
gins with an overview of the project’s scope and goals, followed by a comprehensive litera-
ture review to situate the research within the current state of the art. Subsequent sections
detail the problem formulation and modeling approaches, which integrate mixed-integer lin-
ear programming (MILP) to optimize cable routing, substation placement, and overall system
configuration. The results of the analysis are presented and discussed, providing insights into
the comparative performance of different grid configurations, including radial, ring, and star
layouts. Finally, the findings are synthesized into actionable recommendations for advancing
OWF design, with considerations for economic and operational factors.

This work aims not only to address immediate challenges in OWF grid design but also to set the
stage for future advancements in sustainable energy systems. By delivering cost-effective and
reliable solutions, the outcomes of this project contribute to the broader goal of transitioning
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to a decarbonized energy landscape.
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2

2.1

2.2

Problem Definition and
Main Goals

This project aims to establish a comprehensive framework to enhance the efficiency, reliability,
and cost-effectiveness of offshore wind farm (OWF) collection grids. By systematically ad-
dressing critical design and operational challenges, this research explores innovative solutions
that can support the sustainable growth of offshore wind energy systems. The project focuses
on three interrelated objectives:

Objective 1: Optimizing Offshore Wind Farm
Collection Grid Configurations

This objective provides a foundation for designing OWF collection grids by analyzing current
practices and exploring innovative opportunities:

+ Trend Analysis: A detailed evaluation of existing grid configurations, industry advance-
ments, and emerging technologies to identify best practices and performance gaps. This
analysis highlights potential avenues for improvement in grid design and operation.

« Upscaling Potential: Investigating strategies to accommodate larger wind farms with
increased turbine capacities. This includes optimizing spatial configurations, intercon-
nection strategies, and exploring advanced materials to improve performance and re-
duce costs.

+ Cost Assessment: Conducting a thorough cost-benefit analysis of different grid config-
urations to balance investment, operational expenses, and revenue optimization. The
findings guide the adoption of economically viable and technically efficient configura-
tions.

The outcomes aim to equip offshore wind farms with scalable and future-ready collection grid
frameworks.

Objective 2: Enhancing Offshore Substation
Placement and Transmission Systems

This objective addresses the critical role of offshore substations and transmission technologies
in OWF performance:

« Substation Optimization: Developing optimization methodologies to strategically locate
offshore substations, minimizing cable losses, reducing costs, and maximizing energy
delivery efficiency.

+ Transmission System Evaluation: Assessing the feasibility and performance of high-
voltage AC (HVAC) and voltage source converter-based HVDC (VSC-HVDC) systems for
connecting offshore substations to onshore power grids.
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+ Operational Impacts: Analyzing the reliability, efficiency, and long-term operational costs
of various transmission systems under diverse scenarios, including those involving re-
mote offshore wind farms.

This objective ensures that design choices for transmission systems and substations enhance
the technical and financial viability of OWFs.

2.3 Objective 3: Reliability and Flexibility of OWF
Systems

This objective focuses on designing resilient and adaptive OWF systems to meet future energy
demands:

« Reliability Analysis: Investigating the resilience of radial, ring, and star collection grid
configurations under fault scenarios, such as cable outages. This ensures minimal energy
curtailment and maximum fault tolerance.

+ Dynamic Adaptability: Enhancing offshore wind farms’ ability to adapt to changing wind
conditions and grid demands by analyzing representative data of wind turbine output
power and electricity market. This approach ensures optimized operations, improved
grid balance, and maximized energy capture.

« Efficient Grid Integration: Facilitating the efficient integration of offshore wind farms
into power grids by evaluating hybrid HVAC/HVDC transmission systems, assessing ad-
vanced grid support features, and ensuring compatibility with existing infrastructure to
enhance grid stability, reliability, and efficiency.

This objective emphasizes the need for robust and flexible offshore wind farm designs that
contribute to the long-term stability and adaptability of the power grid.
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3 Literature Survey

The integration of OWF into the global energy mix is an essential step towards achieving a
sustainable and carbon-neutral future. OWFs, benefiting from the sea’s constant and strong
winds, offer a reliable and substantial source of RES. This shift is imperative in today’s rapidly
changing energy landscape, where the emphasis is increasingly on RESs such as wind and solar
power to mitigate climate change impacts.

As the world moves away from fossil fuel dependency, the challenge of integrating remote RESs
with existing power grids becomes apparent. The distance between OWFs and consumer cen-
ters presents technical, financial, and logistical challenges which necessitate advancements
in grid capacity and stability. Ensuring the continuous and reliable operation of this critical in-
frastructure, alongside addressing cybersecurity risks brought about by digitalization, is very
important.

The role of RESs, including both onshore and OWFs, is becoming more significant, contributing
to a considerable reduction in carbon dioxide emissions. Specifically, OWF requires robust grid
connections to transport electricity from production sites in the North sea to land-based con-
sumers. This process involves complex coordination between OWF design and grid connection
planning to synchronize work and minimize financial risks.

Transmission technologies are evolving to address the challenges of connecting OWFs to on-
shore grids efficiently. Current proposals include high voltage alternating current (HVAC), high
voltage direct current (HVDC), and low-frequency alternating current (LFAC) or fractional fre-
quency AC transmission, each with its advantages and considerations depending on distance
and technical requirements [1]. Specifically, LFAC transmission is notable for its efficiency in
extending transmission distances and capacities by operating at a reduced system frequency,
which optimizes charging power, reduces skin effects, and enhances real power capacity [2, 3].

The installation and operational complexities of OWFs are greater compared to their onshore
counterparts. These complexities necessitate innovative approaches in construction, installa-
tion, and power transmission. The literature suggests a preference for HVDC transmission sys-
tems for long-distance integration of OWFs to overcome limitations related to AC cables such
as cable charging current and reactive power loss [4], [5]. Recent studies also explore hybrid-
HVDC and diode rectifier-based HVDC (DR-HVDC) systems based on LCC and VSC technologies,
aiming to reduce costs and improve efficiency in OWF integration [6], [7], [8]. DR-HVDC sys-
tems represent an innovative approach in the field of electrical engineering, particularly in the
transmission of power from RESs like OWFs to the main grid. Unlike traditional HVDC systems,
which typically use complex and expensive converter technology for converting AC to DC and
vice versa, DR-HVDC systems simplify the rectification process by employing diodes. By em-
ploying diodes, which are generally cheaper than active converter components like thyristors
and insulated gate bipolar transistors (IGBTs), DR-HVDC systems reduce the overall cost of the
transmission infrastructure. While DR-HVDC offers several advantages, it also faces limitations,
particularly in terms of control and flexibility. Unlike active converter-based systems (e.g., VSC-
HVDC), DR-HVDC systems offer limited control over the power flow, making them less adaptable
to rapidly changing grid conditions. Additionally, the lack of reversal capability in current flow
means that DR-HVDC systems are primarily suited for unidirectional power transmission. A
study on the control of parallel operation of DR-HVDC and VSC-HVDC links connected to OWFs
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3.1

is presented in [7]. That study focused on a grid-forming control strategy, where VSC-HVDC
manages voltage and frequency for OWF startup, and DR-HVDC handles power transmission
once operational. This approach allows for the VSC-HVDC to be sized for system energization,
with the bulk of power transmission handled by the more cost-effective DR-HVDC. Continued
innovation and development in this field are likely to further enhance the viability and efficiency
of DR-HVDC systems which can make them an integral part of the world RES infrastructure.

Globally, Europe leads in the installed capacity of OWF, followed by Asia and America, reflect-
ing the significant potential and growing reliance on this RESs [3]. The development and de-
ployment of advanced power transmission technologies are crucial in harnessing OWF’s full
potential, ensuring its efficient integration into the global energy system, and paving the way
towards a more sustainable and climate-resilient future.

Offshore Wind AC Collection Grid Topology

Offshore wind farms with turbine capacities in the megawatt (MW) range, collectively con-
tribute to significant power generation. These farms which are capable of producing from
a few hundred to several thousand MW, require robust interconnections with the mainland
power grid. This necessitates the collection grid, a critical infrastructure designed to link all
wind turbine generators (WTG) for efficient energy transmission over long distances. The con-
figuration of an offshore wind farm’s collection grid is crucial, as it influences the length of
undersea cables and the setup of electrical parameters and connections.

AC collection grids have become the standardized approach in constructing offshore wind
farms. This section aims to elucidate the concept of AC collection grids for offshore wind power
applications. The primary topologies identified include radial, ring, and star configurations,
which have emerged as leading models for these grids [9, 10, 11]. Moreover, a range of hybrid
or composite topologies has been introduced, which indicate the potential for innovative de-
sign approaches [12]. While other topologies are present, they are generally seen as variations
of these primary models. Therefore, an analysis of these fundamental topologies provides a
thorough understanding of AC collection grids. The critical components of AC collection grids
are cables, connectors, and transformers.

Choosing an appropriate topology is influenced by various factors, such as the capacity of the
wind farm, its distance to the mainland grid, and the system’s reliability standards. This choice
is critical, as it affects undersea cable lengths, electrical parameters, and the configurations of
electronic devices linking the farm to the grid. Therefore, these factors play a decisive role in
determining the reliability and efficiency of the offshore wind farm’s connection to the onshore
grid. An examination of the three primary collection grid topology configurations is presented
in the following sections.

+ Radial: Radial clusters enable wind turbines to integrate their power into a unified feeder
in which wind turbines are configured in series. In this regard the feeder bus is adjusted
to a high enough voltage to accommodate the sum of power produced by the feeder.
To Address the variance in voltage between WTGs and the feeder bus, each turbine re-
quires the installation of a step-up transformer to increase the output voltage. The radial
configuration, as shown in Figure 3.1, is distinguished by its operational simplicity and
economic viability, although it is compromised by reliability concerns. Any instance ne-
cessitating maintenance of the network cable or its associated equipment, forces the
disconnection of the entire system. Nevertheless, the radial collection framework re-
mains the most economically favorable and very commonly adopted grid topology in

) TNO Internal 15/77



) TNO Internal ) TNO 2024 Rxxxxx

2 o N ¢
+ T
R

Figure 3.1: Radial Connection Configuration for Collecting Offshore Wind Farms Generated Power
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Figure 3.2: Ring Connection Configuration for Collecting Offshore Wind Farms Generated Power

current use. This approach has been extensively applied across numerous offshore wind
projects, with Denmark’s Horns Rev2 wind farm serving as a prime example [13].

+ Ring: In offshore wind farms, the ring connection configuration links wind turbines in
a circular pattern which create a closed loop. This design, as shown in Figure 3.2, sig-
nificantly increase the system’s resilience by providing an alternate circuit for electricity
in the event of a failure in any line or component. It simplifies maintenance operations
and minimizes the likelihood of total power failures. Nonetheless, the increased reliability
and flexibility come with higher complexity and cost, marking a trade-off against more
straightforward configurations such as the radial connection.

« Star: Within the star collection system, as shown in Figure 3.3, each WTG establishes a di-
rect connection to a nodal point via cables, which vary in capacity from small to medium,
and incorporates a transformer situated on the offshore platform. Subsequent to this
transformer, the cumulatively generated electricity is transferred to a central collection
point through cables of larger capacity. The star topology is renowned for its exceptional
reliability; however, it introduces certain limitations. The requirement for a greater assort-
ment of electrical equipment, such as circuit breakers and isolating switches, renders this
topology financially less attractive compared to other topologies. As a result, its imple-
mentation within wind farms is typically reserved for situations characterized by distinct
demands.
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3.1.1

3.1.2

3.1.3

Figure 3.3: Star Connection Configuration for Collecting Offshore Wind Farms Generated Power

AC Collection Voltage Level

Typically, the voltage levels for offshore AC collection grids fall within the medium-voltage
range to facilitate the efficient collection and initial transmission of power before it is stepped
up to a higher voltage for long-distance transmission. Currently, there is no commercial stan-
dard established for voltage level of AC collection grid in offshore wind farms [9]. However, the
AC collection grids voltage level typically spans from 11 kV up to 36 kV. Most of the designs are
in 11 kV range. Some newer and larger projects might utilize voltages towards the higher end
of this range (33 and 36 kV) to reduce losses and improve efficiency [14].

Cost of AC Collection Grids

The cost of AC collection grids for offshore wind farms varies depending on the topology used.
For instance, ring formation systems can have a capital cost 2.5 to 5 times higher than star or
radial topologies for a collector system of 33 kV [9]. However, smaller offshore wind farms be-
low 100 MW often opt for less redundancy to reduce installation costs. The choice of topology
significantly impacts the overall investment and operational expenses.

AC Cables

In offshore wind farms, there are two main types of cables: inter-array and export cables.
Inter-array cables connect individual turbines to each other and to the offshore substation,
typically operating within a voltage range of 33 to 66 kV. Export cables transfer power from the
offshore substation to the onshore grid connection point at voltages of 132 kV or higher, de-
signed to handle larger amounts of power over longer distances with reduced losses. The most
common type of subsea AC cable used in offshore wind farms features cross-linked polyethy-
lene (XLPE) insulation with a copper conductor. XLPE cables are used both as inter-array cables,
typically rated between 33 kV and 66 kV, and as export cables, which can be rated up to 220 kV
or higher. In addition to XLPE cables, Ethylene Propylene Rubber (EPR) cables can also be used
forinter-array connections. These cables, less commonly used than XLPE, are more flexible and
can be advantageous during installation and in dynamic cable applications where movement
is expected.

Generally, depending on the physical stresses of cable installation locations, they can be cat-
egorized into static and dynamic cables. Static power cables in offshore wind farms are used
for connections that do not require frequent movement. They are typically installed on the
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3.1.4

3.2

seabed between turbines in a wind farm (inter-array cables) and from the wind farm to the
shore (export cables). On the other hand, dynamic power cables are essential for applications
where the cable needs to withstand mechanical loads and movements. These are commonly
used in floating wind turbines, which are anchored to the seabed but can move with the wind
and waves. A dynamic cable is estimated to be 30-60% more expensive than a static cable for
a system voltage of around 36 kV [9].

Transformers

Transformers play a crucial role in power systems and are used for a variety of functions. They
come in numerous forms, each customized for particular needs. These devices can operate in
either dry or wet conditions and use various types of insulation based on the safety needs of
the environment. Commonly, transformers are either oil-filled, referred to as liquid-immersed,
or air-insulated, known as dry-type transformers. On land, AC transformers designed to handle
more than 1000 MVA and 800 kV are commonly employed. The selection of insulation mate-
rial is vital for offshore applications due to the potential environmental consequences of their
failure. Although transformers suited for moist conditions are available on the market, they
have not achieved the same levels of power and voltage as their dry-environment counter-
parts. Various manufacturers provide options up to 145 kV and 100 MVA [15, 16]. Structurally,
a wet-environment transformer mirrors a dry-environment one but includes a liquid filling and
is pressurized to align with the subsea depth pressures. The cost of a dry-type transformer is
about 1.3 times that of a comparable liquid-immersed transformer, while a transformer de-
signed for wet environments may cost up to seven times more than one intended for dry con-
ditions.

Offshore Wind DC Collection Grid Topology

This section introduces the various topologies applicable for DC collection grids in offshore wind
farm setups. Currently, AC collection systems serve as the prevalent model for the construc-
tion of offshore wind farms due to the ready availability of protective technologies and their
well-established framework. Nevertheless, the potential of DC collection grids has begun to
capture attention, with advancements in protective solutions making them a viable option.
While large-scale operational examples of DC wind farms are yet to be realized, the pursuit of
research and the development of small-scale models indicate a growing interest in this tech-
nology globally [9]. Moreover, the transmission of power from offshore wind farms, particularly
those located at significant distances from the coast, commonly employs HVDC systems. How-
ever, the internal networks within these farms typically continue to rely on AC solutions [14].
An illustrative representation of the overall composition of an offshore wind farm is provided
in Figure 3.4 [17].

The implementation of DC collection grids within offshore wind farms involves the amplification
of generator voltage to a medium level through the use of power converters. These systems
employ medium-voltage submarine DC cables for the linkage of wind-energy conversion sys-
tems to a central DC platform. The exploration and consideration of DC grid systems are driven
by the prospect of reduced capital costs and enhanced reliability for large offshore wind farms,
particularly those positioned further from coastal lines to leverage more substantial wind re-
sources [17]. Generally, as shown in Figure 3.5, there are three DC collection grid topologies,
including parallel, series, and series-parallel. The connection system between each of the tur-
bine generators and DC converters in a DC collection grid topology is illustrated in Figure 3.6
[10].
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Figure 3.4: Schematic Overview of an Offshore Wind Farm
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Figure 3.5: DC Collection Grid Topologies for Offshore Wind Farms
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Figure 3.6: Turbine generators connection in a DC Collection Grid Topology
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Parallel Configuration: In a parallel configuration, as depicted in Figure 3.7, all com-
ponents (such as wind turbines) are connected such that the voltage across each one
is the same and the total current is the sum of the currents through each component.
This setup maintains a consistent voltage level across the array and allows for flexibil-
ity in adding or removing components without significantly impacting the overall system
voltage. A parallel configuration is common in applications where maintaining a stable
voltage is important and where individual components might need to be isolated or dis-
connected without affecting the entire system.

Series Configuration: In a series configuration, as illustrated in Figure 3.8, components
are connected end-to-end, so the current flowing through each component is the same,
and the total voltage is the sum of the voltages across each component. A series con-
figuration is useful for increasing the voltage level of the entire system without requiring
high-voltage components. This configuration is used in systems where space is limited
or where high voltage is required, but each component produces a relatively low voltage.
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+ Series-Parallel Configuration: This configuration combines elements of both series and
parallel setups. Some components are connected in series to increase the voltage, while
these series groups are then connected in parallel to increase the current capacity. The
series-parallel configuration allows for optimization of both voltage and current within
the system, providing a balance that can be tailored to specific power requirements and
operational conditions. This configuration is typically used in larger installations where
both high voltage and high current are necessary, such as in sections of wind farms where
multiple turbines need to be efficiently integrated into the power grid. Moreover, series-
parallel configuration can save the offshore HVDC stations.

In [18] the utilization of DC series-parallel collection systems for integrating offshore wind
farms is explored. This paper tries to deal with the wind power curtailment challenge
inherent in offshore wind farms. Through mathematical analysis, it devises an optimiza-
tion model that accounts for wind power curtailment. Evaluation on a 56-turbine off-
shore wind farm demonstrates the benefits of considering wind power curtailment dur-
ing planning which can lead to cost savings in the long horizon. Furthermore, it suggests
optimizing the layout of the series wiring to align with prevailing wind directions to en-
hance power generation efficiency and lowering expenses.
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Figure 3.7: Parallel Configuration in a DC Collection Grid
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Figure 3.8: Series Configuration in a DC Collection Grid
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The study in [19] introduces a concept called the multifunctional DC collector (MDC) for
constructing efficient and cost-effective all-DC offshore wind power systems. The MDC
serves to smooth energy collection and boost processes to reduce system costs and com-
plexities while enhancing reliability and flexibility. By implementing MDC, inter-turbine
coupling is minimized which can enable each wind turbine unit to operate independently.
The challenges associated with series networking approaches and the limitations of ex-
isting solutions are highlighted in [19]. In general, the proposed MDC can be a practical
pathway for the development of large-scale offshore wind farms.

Choosing Between AC and DC Collection Grids for Wind Farms: Offshore wind farms
that utilize HVDC transmission have the option to implement either an AC or DC collection
grid. The conversion from a medium voltage AC grid to an HVDC transmission system
requires the use of complex equipment, such as large transformers and power electronics
converters. This complexity leads to the construction of extensive offshore platforms
and increases the maintenance demands for the transformers due to power frequency
adjustments. Opting for a medium voltage DC collection grid is seen as a progressive
approach which can mitigate these issues through recent technological innovations.

A medium voltage DC collection grid is strategically advantageous compared to its AC
alternative, primarily because it bypasses issues related to reactive power and potential
resonance effects. Tt ensures a consistent output voltage from each wind turbine with-
out necessitating an initial voltage step-up, thereby reducing switching losses. While a
DC system still requires a booster station, the space needed for a DC booster’s power elec-
tronics converter is significantly smaller. This approach offers additional benefits, such as
cost savings on generator drives and enhanced overall system reliability, by eliminating
the need for a Voltage Source Converter (VSC) at each turbine location.

In [20] Offshore Wind farm Layout (OWL) optimizer tool is developed for optimizing off-
shore wind farm electrical layouts, achieving cost savings and efficiency improvements.
By using techniques like MIP and Benders’ decomposition, the model in In [20] tried to
reduce computation time and accounts for key variables like wind variability and com-
ponent failures. An integer linear programming models to optimize the cable network
in wind farms is proposed in [21]. The main goal of the model in [21] was minimizing
both infrastructure costs and energy loss costs while considering technical constraints.
In[22] atwo-layer hybrid optimization approach for planning of large-scale offshore wind
farms is proposed with aiming to balance economic efficiency and output stability in the
collector system. The method in [22] combines deterministic and heuristic algorithms
to optimize the placement and clustering of wind turbines and substations, as well as
the cable connections within each cluster. The outer layer of the hybrid model utilizes
fuzzy C-means clustering and genetic algorithms to partition wind turbines into groups
and determine optimal substation locations for effective power collection and transmis-
sion. The inner layer employs genetic algorithms integrated with the deterministic Clark
and Wright’s saving algorithm to arrange optimal cabling within these groups, aiming to
minimize both initial investment costs and long-term power loss.

In [23] an approach to assessing the reliability of large-scale offshore wind farms is in-
troduced by integrating multi-state Markov processes with the universal generating func-
tion. The approach simplifies computational efforts by dividing the network into feeders
while maintaining dependencies between wind turbine outputs. The study in [23] high-
lights the importance of considering inter-array cable reliability due to significant repair
times and their impact on farm output. The study also suggests replacing traditional bi-
nary reliability models with multi-state models to capture the complex failure dynamics
of wind farm components more accurately.
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In [24], a multi-layer optimization framework is proposed that combines cross-substation
incorporation (CSI) with radial topology to enhance power-sharing capabilities among
substations. The framework’s three layers—offshore substation refinement, offshore
wind farm partition, and intra-zone cable connection—jointly optimize the collector sys-
tem, which can address the unique challenges presented by wind turbine capacity de-
viations and the need for efficient cable routing. Moreover, the authors of [24] enhance
existing algorithms, such as the minimum spanning tree and Clark and Wright’s saving
algorithms, to account for cable type selection and the avoidance of cable crossings.
Their approach is validated through comparative studies with traditional radial and ring
topologies.

3.3 Overview of Offshore Energy Transmission Sys-
tems

To minimize transmission losses and current ratings of equipment, large offshore energy farms
use either HVAC or HVDC systems to transport electricity power to shore. Initially, large offshore
wind farms employed HVAC for this purpose. Yet, with the growth in farm size and the extension
of distances to shore, the adoption of HVDC technology has risen [25]. The main reason for
using HVAC is the possibility of utilizing standard transformers to change the voltage levels
and the simple design of protection systems compared with HVDC.

An overhead HVAC transmission line can typically be categorized in three types depending on
the length, short, medium, and long lines [26].

« Short lines: Short lines are typically less than 80 kilometers in length. At these distances,
the capacitive effects of the line are usually negligible, so they are oftenignored in calcu-
lations. The primary concerns with short lines are the resistance and inductance of the
conductors, which cause voltage drops and power losses.

+ Medium lines: Ranging between 80 kilometers and 250 kilometers, medium lines ex-
hibit significant capacitive properties. For these lines, the capacitance starts to have a
noticeable effect on the performance of the transmission line. The modeling of these
lines is more complex and often involves considering the line as a series of distributed
inductance, resistance, and capacitance (distributed parameters).

* Long lines: These are lines that extend beyond 250 kilometers. Long lines require a more
detailed model that includes all the distributed parameters. The effects of the line’s ca-
pacitance become even more noticeable, impacting not just the voltage along the line
due to reactive power flow but also the stability and control of power transmission. These
lines are often modeled using hyperbolic functions or by using numerical methods to
solve the transmission line equations.

Submarine HVAC cables are characterized by high capacitance, leading to resonance compli-
cations and a decrease in power transmission capacity due to the raised charging currents.
Long cables with significant charging currents may require the use of Static VAR compensators
for mitigation. This solution, however, is technically demanding and financially expensive. Ide-
ally, compensation should be distributed at multiple points along the cable, but practical con-
straints usually confine installation to just the ends of the cable. In contrast, HVDC cables ex-
perience little or no charging current, which not only reduces losses and voltage drop but also
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increases the transferable power capacity relative to HVAC systems, thereby obviating the need
for expensive compensation units. Additionally, HVAC systems connected synchronously to the
grid are prone to fault propagation, which means a fault in one part of the grid can affect other
areas. However, HVDC grids, due to their lack of synchronous connection, do not substantially
affect the short-circuit current in the main HVAC grid. Another advantage of HVDC, especially
when combined with voltage source converter (VSC) technology, is the capability to provide an-
cillary services to the main HVAC grid. This includes quick adjustments to active and reactive
power and frequency response, enhancing grid stability and functionality. Expanding on these
topics, the review in [27] discusses the role of dynamic modeling in HVDC systems, emphasiz-
ing their efficiency in managing reactive power and improving system stability, which is crucial
for long-distance, high-capacity power transmissions. They also highlight how HVDC, particu-
larly through VSCs, enhances grid stability by enabling rapid control mechanisms that adapt
to fluctuations, thus supporting grid services more effectively than traditional HVAC systems.
These findings confirm the operational advantages of HVDC in modern power systems.

One limitation of HVDC transmission is that it requires more power electronic components than
traditional HVAC systems, which raises initial investment costs. The construction of AC/DC and
DC/AC converter stations also contributes significantly to these higher costs. However, HVDC
tends to have lower operational costs per kilometer due to reduced cable material needs and
lesser power losses. Although HVDC has higher upfront costs, it becomes more cost-effective
than HVAC at greater distances. Several studies have evaluated the break-even distance—the
point where the costs of HVDC and HVAC equalize. For example, research suggests that for
lower capacity systems (like a 100 MW wind farm), this distance might be around 90 km, while
for larger systems (like a 1 GW farm), it extends to 120-160 km. These distances vary based
on factors including the need for reactive compensation, voltage levels, and rights-of-way.
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4 Problem Modeling

In this section, we present a detailed formulation for modeling the offshore wind farm ca-
ble routing and offshore substation sitting and sizing problem as a Mixed-Integer Linear Pro-
gramming (MILP) optimization. The optimization process involves a systematic approach that
includes data collection, analytical techniques, and the use of specialized tools. The method-
ology adopted for this project is described below.

4.1 Introduction

The comprehensive formulations presented in this project for optimizing the collection grid of
an offshore wind farm consist of several parts. The primary objective is to minimize the total
cost, which includes both investment and operational expenses, and to maximize the total
revenue. This must be achieved while ensuring technical feasibility and avoiding cable cross-
ings. The following sections delve into the specifics of the MILP model, including the variables,
constraints, and the overall optimization process. The approach consists of several key steps:

4.1.1 Data Collection

Comprehensive data is crucial for effective optimization. The data required includes:

+ Wind Speed and Direction Data: Obtained from historical weather records specific to
the offshore site. This data is used in conjunction with turbine power curves to calculate
the wind factor for each hour of operation. Alternatively, if historical data of wind farm
output power is available, the wind factor can be calculated directly without the need for
turbine power curves.

+ Power Curve Data: Provided by the turbine manufacturer, detailing the power output as
a function of wind speed and direction. This curve is essential for estimating potential
power generation, particularly when calculating the wind factor using wind speed and
direction data.

+ Cables, HVAC, and HVDC System Specifications: Includes costs, resistances, and capaci-
ties of different types of HVAC cables, HVDC cables, HVAC substation (including transform-
ers), and HVDC converters. This information is critical for calculating both the investment
and operational costs associated with the electrical infrastructure.

+ Energy Prices: Hourly energy prices are used to calculate revenue from the generated
power. This economic data is vital for determining the operational profitability of the
offshore wind farm.

4.1.2 Analysis Techniques

Several analytical techniques are employed to solve the proposed complex optimization prob-
lem:
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« Interpolation: To calculate the power output of turbines for varying wind speeds and

directions, interpolation methods are applied over the given power curve data (see [28]
for details on interpolation techniques).

+ Linear Programming: The nonlinearity in the calculation of losses for both medium-

voltage (MV) cables in the collection grid structure and high-voltage (HV) cables in the
transmission side is linearized. Therefore, linear programming is utilized to formulate
and solve the optimization problem.

+ Grid-Based Layout: The turbines are arranged in a grid pattern to ensure uniform spacing

which can optimize wind capture and minimize wake effects. This layout simplifies the
design and enhances the efficiency of the wind farm.

4.1.3 Wind Farm Layout

The considered offshore wind farm consists of turbines arranged in a grid layout. The layout
details are as follows:

Number of turbines: 20

Arrangement: 4 rows and 5 columns

 Distance between turbines (columns): 1500 meters

- Distance between rows: 1500 meters

The offshore substation candidate locations and the Point of Common Coupling (PCC) location
are as follows:

) TNO Internal

+ Offshore Substation Location: It is a decision variable in the model that can be opti-

mized. In the initial phase of the simulation, for simplicity, a single fixed location is cal-
culated based on the average position of the turbines. The position of fixed substations
is calculated based on the following considerations:

The fixed substation is positioned centrally relative to the turbine array. This central po-
sition is calculated as:
(num of columns — 1) x distance between turbines (columns)

Fixed Substation X = 5

Fixed Substation Y = —(distance between rows)

This ensures that the fixed substation is centrally located among the turbines, minimizing
the average cable length required for connecting the turbines to the substation.

In general, in addition to the mentioned fixed substation candidate location, the best
candidate locations for offshore substations are obtained using a hierarchical clustering,
as detailed in [29], to group the turbines based on their coordinates. The central locations
within these clusters can then serve as potential candidate locations for the offshore
substations.

PCC Location: The fixed point onshore. PCC is centered between the columns and main-
tains a consistent distance offshore. The installed offshore substation can connect to
the PCC via transformers and long HVAC cables or using a Voltage Source Converter (VSC)
with HVDC cables. The distance between the PCC and the first row of turbines ranges
from 60,000 to 100,000 meters, enabling the evaluation of the hybrid HVAC/HVDC trans-
mission system’s performance.
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Locations of Turbines and Potential Substation Locations
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Figure 4.1: Locations of Turbines and the Fixed and Clustering-based Candidate Offshore Substation Loca-
tions

The Figure 4.1 illustrates the layout of the turbines and the fixed and clustering-based candi-
date offshore substation locations. Also, the candidate locations for offshore substation based
on the clustering results are separately depicted in Figure 4.2 to show which turbines are in a
same cluster based on the their coordinates. Additionally, Figure 4.3 depicts the PCC location,
considering the positions of the turbines and the fixed and clustering-based candidate offshore
substations. The turbines are arranged in a grid with a reqgular spacing to optimize wind capture
and minimize wake effects. The offshore substation locations are positioned to minimize the
total length of the medium-voltage cables connecting the turbines. The high-voltage cables
connect the substation to the PCC onshore to complete the power transmission path.

4.2 Mathematical Formulations: Objective Func-

tion and Technical Constraints

This part provides the formulations and constraints for the proposed optimization model.

Nomenclature

Index Sets

4.2.1

T Turbines, indexed by i, j
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Turbine Clusters and Candidate Substation Locations
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Figure 4.2: Locations of Turbines and the Fixed and Clustering-based Candidate Offshore Substation Loca-
tions

D Days in the optimization horizon, indexed by d

H Hours in a day, indexed by e

K ;v Medium voltage (MV) AC cable types, indexed by &

K4y, High voltage (HV) AC cable types, indexed by h

Py, Possible HVAC cable paths, indexed by hp

DC High voltage direct current (HVDC) cable types, indexed by de
Trr Transformer types, indexed by ¢

Pr Possible transformer positions, indexed by tp

L Offshore substation candicate locations, indexed by [

G Tangent lines for linearizing losses, indexed by g
Parameters

C,. Cost of MV cables per MW per meter (euro/MW/meter)
C,, Cost of HVAC cables per MW per meter (euro/MW/meter)
C, Cost of transformers (euro/MW)

C,. Cost of HVDC cable per MW per meter (euro/MW/meter)
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Figure 4.3: Locations of Turbines, Fixed and Clustering-based Candidate Offshore Substation Locations, and
PCC

C'V Cost of all required Voltage Source Converters (VSCs) for one HVDC corridor (euro/MW)
C,,.s Cost of losses/wind energy curtailment or non-served energy (euro/MWh)
HP, . Hourly market prices of energy for each day (euro/MWh)

ps Weight of each representative day for calculating the total operation cost
Vi Rated voltage for MV cables (kV)

Viv Rated voltage for HVAC cables (kV)

Vivpe Rated voltage of HVDC (kV)

RC,, Resistance of MV cables (ohm/m)

RC), Resistance of HVAC cables (ohm/m)

R,. Resistance of HVDC cables (ohm/m)

F,. Power rating of MV cables (MW)

F,, Power rating of HVAC cables (MW)

F,. Power rating of HVDC cables (MW)

F, Transformer rated power (MW)
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prym™aexr \ISC rated power (MW)
D, ; Distance matrix between turbines (i, j) (meter)
D7® Distance between turbines i and offshore substation location [ (meter)

DFCC Distance between offshore substation location [ and point of common coupling (PCC)
(meter)

A Total allowed number of offshore substations

I Interest rate

LT Lifetime of the offshore wind farm (years)

B Coefficient representing linear losses in VSC (conduction losses in semiconductors) (£2)
~ Coefficient representing quadratic losses in VSC (switching losses) (Kv)

7! kdeq PArameter for linearizing losses in MV cables between turbines

TriQ’k}l’d,e’g Parameter for linearizing losses in MV cables from each turbine to each offshore sub-
station candidate location

T o 1.d.eq Parameter for linearizing losses in HVAC cables between offshore substation candi-
date locations and the PCC

mh Y e Parameter for linearizing losses in VSC (during converting AC to DC) in offshore sub-

station candidate locations

mhY e Parameter for linearizing losses in HVDC cables and VSC (during converting DC to AC)

in PCC
Variables

Y; ;. Binary variable for MV cables between turbines

Z; 1., Binary variable for MV cables between each turbine and each offshore substation candi-
date location

Wi, npa Binary variable for HVAC cables between offshore substation candidate locations and
PCC

X1+, Binary variable for transformer installation at each offshore substation candidate loca-
tion

S, Binary variable for offshore substation location selection

Y D,., Binary variable for HVDC cables between offshore substation candidate locations and
PCC

7

P, ; ... Hourly power flow through MV cables between turbines (MW)

Qi k.14 Hourly power flow through MV cables from each turbine to each offshore substation
candidate location (MW)

Ry, hp1.a,. Hourly power flow through HVAC cables from each offshore substation candidate
location to PCC (MW)
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4.2.2

4.2.2.1

4.2.2.2

WC; 4. Hourly non-served energy or wind curtailment (MW)

PV 55 Hourly power flow on the AC side of VSC in offshore substation in location [ through
HVDC cables to PCC (MW)

PV 2759 Hourly power flow on the DC side of VSC in offshore substation in location [ through
HVDC cables to PCC (MW)

WP .. Variable for linearizing losses in MV cables between the turbines

\I/f?hhd’e Variable for linearizing losses in MV cables from each turbine to each offshore substa-
tion candidate location

Ut 1.4. Variable for linearizing losses in HVAC cables between offshore substation candidate
locations and the PCC

\I/é’c‘flf;:dc Variable for linearizing losses in VSC (during converting AC to DC) in offshore substa-
tion candidate locations

LV Variable for linearizing losses in HVDC cables and VSC (during converting DC to AC)
in PCC

Objective Function

The objective is to minimize the total cost, including both investment and operational costs,
and to maximize the revenue from selling power at the PCC location:

min Investment Cost + Operation Cost — Revenue (4.1)

Investment Cost

The total investment cost includes the costs of MV cables (both between turbines and between
turbines and the offshore substation), HV AC and DC cables, transformers, and VSCs. This cost
is adjusted by the capital recovery factor (CRF) to account for the interest rate and the lifetime
of the wind farm, resulting in an equivalent annual investment cost as described in (4.2):

Investment Cost = (ZZ > Y, ;4D ,CuF,

i€l jeT ke K vy,

+Z Z ZZi,k,sz,?bCka

1€T ke Ky leL

D D D W DPOOC,F, (4.2)

heK py hpE Py, lEL

+Z Z Z Xl,t,tpCtFt

leL teTrg tpePrg

+ > N (DPeCC, F, +CV - PV™)YD,,
dceDC leL

I-(1+ DT
a1

Operational Cost & Revenue

The total operational cost is calculated for the entire year considering several representative
days. Representative days are extracted from historical data using hierarchical clustering [29],
which preserves the correlations between different feature vectors, such as wind data and
market prices. As given by (4.3), the total operational cost includes the losses in MV cables, HV
AC and DC cables, VSC, and wind curtailment costs.
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Operation Cost = Z Py Z (Loss Cost (MV), , + Loss Cost (To Offshore Substation),
deD ecH

+ Loss Cost (HVAC), , + Loss Cost (HVDC), . + Loss Cost (VSC),
+ Wind Curtailment Costd,e)
(4.3)

Loss Costs: The hourly loss costs account for the energy losses in MV cables between turbines
and from turbines to the offshore substation locations, HVAC cables, HVDC cables, and VSC:

V2
Loss Cost (MV)d,e = Z Z Z 3- % “RC} - D; ;- Closs (4.4)
€T jeT keK ( 3- VMV)

Loss Cost (To Offshore Substation), , = Z Z Z 3- ) k Lde . RCy - DS . Clos
" YT kERpy leL (V3-Vay)?

(4.5)
\I/R
Loss Cost (HVAC),, = > > Y 3. Lfelde . pe, . pPOC. G (4.6)
' heK v hpe Py lEL (\/§ Viav)?
\ijvDC ide
Loss Cost (HVDC),, = > Z%Rdcﬂf“.q%s (4.7)
dceDC €L HVDC
PvféCsiZe \P(pJ/AC,:'de
Loss Cost (VSC)yq = > > (B (20 4y (S50 )
PG LA '
+ B("=)+v (—=5)) -G
dc;c;( Virvpe Vivpe” )G

Note that, for simplicity, and since the losses in the collection grid configuration are lower than
those in the transmission cables, this project disregards collection grid losses. Therefore, only
the losses in HVAC and HVDC cables, as well as the losses in VSCs, are considered.

Wind Curtailment Cost: The hourly wind curtailment cost is the cost associated with the non-
served energy:
Wind Curtailment Costy, = Y WC; 4, - Closs (4.9)
€T

The total annual revenue, based on the operation of extracted representative days, is deter-
mined by calculating the product of the hourly prices and the power flow through the HVAC
cables, subtracting the corresponding losses. It further includes the power flow through the
HVDC cables, adjusted for losses within the HVDC system, which account for the HVDC cable
and one VSC at the end of the cable for converting DC to AC. The VSC losses during AC-to-DC
conversion are already included in the HVDC cable losses, as described in (4.20). The complete
formulation is presented in (4.10):
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3 Ui tde
Revenue = Z Pd - Z HP . ( Z Z Z <Rh,hp,z,d,e - m -RC, - DZPCC)

deD ecH hEK 1y hpe Py lEL
. DCside
PvDCszde \I/PV
DC'side de,l,d,e de,l,d,e
+ §: E:(Pvdc,l,d,e _(5‘(7‘/ )+’y~(7v )
dceDC' leL HVDC HVDC
\IlvaCside
_ Ydelde  p o prec
V2 de l
HVDC

(4.10)

4.2.3 Constraints
4.2.3.1 Calculation of Power Output of Turbines (POT)

The hourly power output of each turbine (POT, , ) is calculated based on the available data.
Two methods are considered for this calculation, depending on the input dataset:

1. Using Wind Speed and Direction Data: When historical data of wind speed and wind
direction is available, the calculation follows these steps:

a)

Data Acquisition: The wind speed and wind direction data for each hour of opera-
tion are obtained from the input dataset. These environmental conditions influence
the power output of the turbines.

Power Curve: Each turbine has a power curve provided by the manufacturer, which
defines its power output as a function of wind speed and wind direction. For this
study, we use the power curve data of a 4 GW wind farm located at IJmuiden Ver
in the Netherlands, consisting of 204 turbines, each with a 20 MW capacity and a
rotor diameter of 276 meters [30].

Interpolation: To calculate the precise power output for given wind conditions, an
interpolation method is applied. The RegularGridInterpolator from the SciPy library
performs linear interpolation over the power curve data. Wind speeds and directions
are used as independent variables, with power output as the dependent variable.
Before interpolation, wind speed and direction values are clipped to ensure they fall
within the valid range of the data.

The resulting interpolated power value is scaled by the turbine’s maximum power capac-
ity (typically in MW), providing the final power output for each turbine at each hour.

2. Using Historical Output Power Data: If historical wind farm output power data is directly
available, the wind factor (a measure of the effective power output as a proportion of the
turbine’s maximum capacity) can be calculated without requiring wind speed or direction
data. The hourly wind farm output power data is divided by the total installed capacity of
the farm to derive the wind factor. This factor is then scaled by the capacity of individual
turbines to estimate the power output for each turbine at each hour.

Both methods ensure the accurate representation of dynamic power generation based on his-
torical wind conditions. The calculated power output for each turbine at each hour (POT, ;) is
stored to meet the power balance constraints and support further optimization analysis. Note
that for both methods, hierarchical clustering [29] is employed to extract representative data
while preserving the correlations between different feature vectors, such as wind data and
market prices.
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4.2.3.2 Power Balance Constraint

The power balance constraint presented in (4.11) ensures that the power generated by each
turbine (i.e., POT, , .) plus the incoming power from other turbines equals the outgoing power
plus the curtailed power. This is essential for maintaining the power balance at each turbine
node for every day and hour.

3.9P.
7,4,k,d,e o
POT, 4. + Z Z (Pj,i,k,d,e - m -RCYy, - Dj,z') =

JET k€K ppyr (4.11)
Z Z P jrdet Z ZQi,k,l,d,e +WC4. VieT,deDecH
JET ke K v keK yy leL

where:

* POT; ;. is the power output of turbine 7 during day d and hour e.

* Pj,; r.a. Minus the associated losses is the received power flow to turbine i from turbine

j through medium voltage cable type & during day d and hour e.

* P, r.a. represents the power flow sent from turbine 4 to turbine j through medium volt-
age cable type k during day d and hour e.

* Qi 114, IS the power flow sent from turbine i to the offshore substation location I through
medium voltage cable type k during day d and hour e.

* WC, 4. is the wind curtailment (non-served energy) for turbine i during day d and hour
e.
4.2.3.3 Offshore Substation Power Balance Constraint

This constraint ensures that the hourly power flow received in each offshore substation equals
the power flow sent to the PCC, through HVAC or HVDC cables, as given by (4.12):

3. 99
Z Z (Qz’,k’,l,d,e - ﬁ : ROk : Df#) = Z Z Rh,hp,l,d,e

€T ke K vy heK 1y hpE Py
+ Y PVAGsde wieLdeDecH

deeDC
(4.12)

4.2.3.4 Wind Curtailment Limit

This constraint ensures that the hourly wind curtailment at each turbine does not exceed the
generated power as:
WC,;4.<POT, ;. VieT,dcDecH (4.13)

4.2.3.5 Total Transferred Power Constraint

The constraint presented by (4.14) limits the total power transferred to the PCC through HVAC
cables by the transformer capacity:

S>> Ruppiae< >, >, Xy B VleLdeDeeH (4.14)

heK py hpe Py, teTrg tpePrg
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4.2.3.6 Power Flow Constraints

These constraints limit the power flow through all cables to their respective power capacities
considering the related losses:

P
Vi jk.d,e

3 .

Pi,j,k,d,e—’—m.RCk'Di,j SFk'yi,j,k VZ,]GT,kEKMV,dED,€€H (415)
The constraint (4.15) indicates that the power flow through each installed MV cable between
turbines considering the related losses should be less than or equal to the maximum power
limit of that cable (if it is installed).

3'\I/ilede Sub .
Qi,k’l’d,e+#~RC,€-Dif <Fp -z VieT, ke Kyy,leldeDeeH

(V3 Vi)
(4.16)

The constraint (4.16) ensures that the power flow through each MV cable between each tur-
bine and each offshore substation location considering the related losses does not exceed the
maximum power limit of that cable (if it is installed).

3.9k
Ry ppide + —miblde ey . DPCC < Fy -wy,y Vh € Kppyyhp € Pyl € Lyd € Dye € H

(V3 Vigy)?
(4.17)

The power flow through each installed HVAC cable between each offshore substation location
and the PCC considering the related losses is limited by constraint (4.17).

PvDCside

o
PV side 4 % -Rg.-DF°C < F,,-YD,,, VdceDC,lcLdeDecH (418)
HV D

Finally, the power flow through HVDC cables between each offshore substation location and
the PCC considering the related losses is limited by constraint (4.18).

4.2.3.7 VSC Coupling Constraints

In this project, a VSC-based HVDC transmission system is modeled, with power losses in both
VSCs and the HVDC cable taken into account. The structure of the modeled VSC-based HVDC
transmission system is depicted in Figure 4.4. The power losses for each VSC are calculated as
follows [31, 321:

Input Input \2
LossHVDC — o 4 g(—deldey +’y(%) Vdce DC,le Lyde D,ec H  (4.19)
o Viavpe Vavpe

In (4.19), the parameter o, representing the constant losses (standby, control, cooling), is neg-
ligible and can be ignored.

To account for the HVDC power coupling on both the AC and DC sides of each VSC while con-

sidering VSC losses, the coupling constraint (4.20) is defined. This constraint specifies that the
power on the DC side equals the power on the AC side, reduced by the VSC power losses:
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VSC1 ="~

pyACside  puDCside’,

" pyDCside
delde delde / PVictde
\ ‘

HVDC Cable

HVDC HVDC
LosSyc 1 de LosS g de

Figure 4.4: Structure of the VSC-Based HVDC Transmission System, Including VSCs, HVDC Cable, and PCC

) . P dACl'fiide \IldelAdCszde
PVREE = PVRiie — (5' (ﬁ) +7- (V;V’D’Zg)) Vde € DC,l€ L,d € D,e € H
(4.20)

4.2.3.8 Transformer and Cable Type Constraints

The constraint (4.21) specifies that only one transformer type can be installed at each trans-
former position. Constraints (4.22) to (4.24) ensure that only one cable type is used for each
connection. Additionally, each turbine i can only be connected either to another turbine or to
the offshore substation location to keep the radial connection, as expressed in (4.25).

> Xy <1 Vip€Ppplel (4.21)
teTrg
Z Wihpt <1 Vhp € Pyy,le L (4.22)
heK gy
> Vi1 VijeT (4.23)
keK yy
> Zyy <1 VieT,lel (4.24)
keK v
YD Yigwat D D Ziyy <1 VieT (4.25)
JET keK ppys k€K ppy lEL

4.2.3.9 Offshore Substation Location Constraints

The constraints (4.26) to (4.29) indicate the total allowed number of installed offshore substa-
tions and the connection between the selected location and all cables.

D S<A (4.26)

leL
Zig1 <8 VieT, ke Kyy,lel (4.27)
Wihpt <8 Vh€ Ky, hp € Pyl € L (4.28)
YD, <8, VdeeDC,leL (4.29)
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g=1 Mg=2 Tg=3 Mg=¢

w

Figure 4.5: Utilized lower convex envelope method to linearize the squared power flow of cables

4.2.3.10Linearization of Cable Power Losses

The following constraints linearize the cable power losses using a lower convex envelope ap-
proximation [33]. The power losses in the cables are nonlinear in nature and can be complex
to handle in optimization problems. To simplify the computation, we use a piecewise linear
approximation, which is known as the lower convex envelope method. This method approxi-
mates the nonlinear loss functions by a series of linear segments.

The formulation involves auxiliary variables ¥'*, U@, and ¥%, which represent the linearized
squared power flow of different types of cables to calculate the respective power losses. The
auxiliary variables for HVDC systems are WV*** and wXV"“"** 'which represent the squared
power flow on the AC side and DC side of each VSC. The squared power flow of MV cables
between different turbines can be approximated by a set of tangent lines, considering their
slopes and contact points as given by (4.30). Figure 4.5 illustrates the concept of the utilized
linearization methodology to linearize the squared power flow of cables (MV cables between
the turbines as an example).

Vimde 2 Pijkde 2T jnaes — (Mindey)” Vij€Tk€Kyy,deDieeH ged
(4.30)

The squared power flow of MV cables between each turbine and each offshore substation lo-
cation is approximated by (4.31).

qlgk,l,d,e 2 Qiride- 27Tic,2k,l,d,e,g - (ﬂ—ic,)k,l,d,e,g)Q VieT, ke Kyy,leL,deD,ec H,g G( G3 )
4.31

For HVAC cables between the offshore substation and PCC, the squared power flow is given by
(4.32).

R R R 2
\I]h,hp,l,d,e > Rh,hp,l,d,e : 27Th,hp,l,d,e,g - (’/Th,hp,l,d,e,g) (4 32)
Vh € Kyy,hp € Pyl € Lyd € Dyec Hyge G

For HVDC cables and VSC, the squared power flow on the AC side and DC side of each VSC are
given by (4.33) and (4.34).
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QLVATHE o pyACside  gpPVASside (pPVATI) e e DC,le L,d e D,ec H g€ G

de,l,d,e de,l,d,e de,l,d,e,g Tde,l,d,e,g
(4.33)
PvDCside DC'side PvDCside PvDCside 2
Uoerae =PViiae 2ma1ae9 — Tacidey ). Vde€DC,l€L,deD,e€e H geG
(4.34)

P Q R PvAC’s'ide PvDCside . _
The parameters T i kdie.g Tikbdeg Thhpldeg Tdeldeg and Taeldeg o which are the con

tact points of the considered tangent lines, can be calculated as follows:

—1
wijk’dve’g: (((g¥—1)) -F, Vi,jeT, ke Ky,de D,ec HgeG (4.35)

wffw’d’e’g: (((g¥—1)) F, YieT ke Kyy,le L, decD,ec HgeG (4.36)

g—1
TR hpdidie.g = ((G—l)) -F, YheKyy,hp€Pyy,leLdeD,ec HgeG (4.37)

side - 1
m e = <((g; — 1)) .F,. VdceDC,le L deD,ec H geG (4.38)
(9—1)

PvDCside

Vdc e DC,le L,de D,eec Hyge G (4.39)

'ch

7.rdc,l,d,e,g - (G— 1)

where:

+ G is the total number of tangent lines used for the piecewise linear approximation.

« gis the index for the tangent lines, ranging from 1 to G.

By using these linearization constraints, we can approximate the nonlinear power loss func-
tions with linear expressions, transforming the optimization problem into an MILP problem
solvable using linear programming techniques. This approach significantly reduces computa-
tional complexity, which makes it feasible to solve large-scale optimization problems in the
context of wind farm layout and cable installation design.

4.2.3.11Avoid Inter-array Cable Crossings

Avoiding cable crossings in offshore wind farms is critical to reducing technical risks and eco-
nomic impacts. This is important for medium-voltage (MV) inter-array cables between tur-
bines, and between MV inter-array and high-voltage (HV) transmission cables. Cable crossings
introduce significant installation challenges; the pressure and movement involved can weaken
protective layers and increase the likelihood of faults and repairs. Economically, cable cross-
ings demand extra protective measures like concrete mattresses or rock dumping, depending
on site conditions. These requirements drive up installation costs further, compounded by the
need for specialized vessels and crews. Delays can add tens of thousands of euros daily. Op-
erationally, crossing points are highly vulnerable to seabed activities and anchoring which can
lead to to repair expenses that may reach several million euros. Additionally, the stress at cross-
ing points reduces cable lifespan. Optimal design strategies, such as avoiding cable crossings
through efficient cable routing, can significantly enhance the reliability and cost-effectiveness
of offshore wind farm operations [34, 35].
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The designed constraints for avoiding cable crossings, employing a geometric technique [36],
ensure that no two cables intersect. As mentioned, this is critical for reducing installation and
maintenance costs while mitigating potential faults. The approach has been extended to ad-
dress crossings not only between MV cables connecting turbines and linking turbines to off-
shore substation locations but also between MV cables and HVAC cables, as well as between
MV cables and HVDC cables (i.e., MV interarray and HV transmission cables). This extension
reflects the increasing complexity of offshore wind farm layouts.

To determine if two cables intersect, we use a geometric approach based on the orientations of
the points (i.e., turbines, substation locations, and PCC). The orientation function determines
the relative direction of three points in a 2D plane. Using this function, we can check if the
line segments (i.e., cables) defined by these points intersect. If they do intersect, the defined
constraints ensure that at most one of these segments is selected, thus avoiding crossings.

Orientation Function:

The orientation function calculates the relative direction of an ordered triplet of points (p, q,r)
in a 2D plane. This direction is determined using the cross-product of vectors, as follows:

val = (y, —y,) (@, —x,) — (x, — 2,) (Y, —¥Y,)- (4.40)

Based on the value of val:

« If val = 0, the points are collinear.
« If val > 0, the points are oriented clockwise.

« If val < 0, the points are oriented counterclockwise.

Intersection Check:

The intersection check determines if two line segments (py,q;) and (py, q,) intersect. This is
achieved using the orientations of the points that define the segments. The steps are as fol-
lows:

1. Compute the orientations of the following ordered triplets:
0, = orientation(p,, ¢;,ps), 05 = Orientation(py,q;,qs),
o4 = orientation(p,, ¢5,p1), 0, = orientation(p,y, gs, q7)-
2. The segments (py,q;) and (p,, g5) intersect if and only if:

0, #0y and o5 % o4. (4.41)

Constraints for Avoiding Cable Crossings

Using the orientation and intersection check functions, we define constraints to prevent cable
crossings in offshore wind farm cable routing. These constraints address crossings not only
between MV cables connecting turbines, but also between turbine-to-substation MV cables,
HVAC and HVDC transmission cables.
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1. For MV « MV Cables (Turbine-to-Turbine): To ensure that two MV cables connecting
turbines do not intersect, the constraint (4.42) is applied:

Yiiw+Yix <1 Viojiijj € T,i<j, ii < jj,i#ii, j# jj, Vk € Ky (442)

7

where:

* Y, ;1 is a binary variable indicating whether an MV cable of type £ is installed be-
tween turbine 7 and turbine ;.

* Y, ;;.x IS @ binary variable indicating whether an MV cable of type £ is installed be-

K3

tween turbine 4 and turbine j7.

2. For MV (Turbine-to-Turbine) ++ MV (Turbine-to-Substation): To prevent intersections
between MV cables connecting turbines and MV cables linking turbines to substations,
the constraint (4.43) is defined:

Yiik T Zigs <1, VijeT,i<j, Vke Ky, VlieLl (4.43)

7

where:

* Z, 1, is a binary variable indicating whether an MV cable of type £ is installed be-

1,

tween turbine ¢ and substation location I.

3. For MV s HVAC Cables: To prevent intersections between MV cables and HVAC cables
running between substations and the PCC, the following constraint is imposed:

Yk ¥ Wit <1, Vi jeT,i<j, Yke Ky, Vhe Kyy, Yhp € Pyy, Vi€ L
(4.44)
Additionally, intersections between turbine-to-substation MV cables and HVAC cables are
addressed using:

Ziwd ¥ Winp <1, Vi €T, Vk € Kypy, Vh € Kpy, Vhp € Py, V1€ L (4.45)

4. For MV < HVDC Cables: To ensure that MV cables do not intersect HVDC cables running
between substations and the PCC, the following constraint is applied:

Y, n+YDy, <1, VijeT,i<j, Vke Ky, Vdce DC,Vle L (4.46)

3

Additionally, intersections between turbine-to-substation MV cables and HVDC cables are
addressed using:

7.

7

w1+ YDy, <1, VieT,Vke Ky, Vde € DO, Vi€ L (4.47)

By employing a geometric approach based on orientation and intersection checks, we ensure
that no two cables intersect in the offshore wind farm cable routing.

4.2.3.12Auxiliary Constraints

To accelerate the proposed optimization model, auxiliary constraints can be defined to reduce
the model search space during the solving process.

Symmetry Breaking Constraint: To prevent redundant symmetrical solutions and ensure that
there is at most one MV cable type connecting any two turbines, we define the constraint

(4.48):
N Vit > Y <1 VijeT i#j (4.48)

keK v keK
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4.3

This constraint ensures that if there is an MV cable connecting turbine i to turbine j, there
cannot be another MV cable connecting turbine j to turbine i. This helps to reduce the search
space by eliminating symmetrical solutions.

Maximum Number of Cables from Turbine: To guarantee the radial connection between the
turbines, constraint (4.49) is defined. This constraint ensures that each turbine ¢ can connect
to at most one other turbine through an MV cable. It also simplifies the network design and
reduces the number of potential configurations the solver needs to evaluate.

SN V<1 VieT (4.49)

JET keK vy

Maximum Number of Transformers: To control costs and simplify the design of each offshore
substation, we limit the number of transformers that can be installed by:

YD Xiyp<2 Vel (4.50)

teTrr tpEPrgp

This constraint ensures that the total number of transformer types installed at all positions
in each offshore substation does not exceed two. This helps control the investment cost and
operational complexity of the substation.

Maximum Number of Cables to each Offshore Substation: This constraint limits the total
number of connected cables from turbines to the offshore substation:

Z Z Zi,k:JSa Vie L (451)

i€T kK ypy

In (4.51), o can be equal to the number of columns in turbines arrangement.

Mathematical Formulations: Ring Connection
Configuration

The ring connection configuration links wind turbines in a circular pattern, which can create a
closed loop as illustrated in Figure 3.2. This design increases system resilience by providing an
alternate circuit for electricity if a failure occurs in any line or component. It simplifies main-
tenance and reduces the risk of total power failures. However, the increased reliability and
flexibility come with higher complexity and cost.

In this section the required formulations and modifications to have a ring connection configu-
ration are discussed.

To create a loop or ring connection the constraint (4.52) is defined:

DD Ykt D Vit D > Zigy =2 VieT (4.52)

JET k€K ppr JET k€K ppr k€K 3y lEL

The constraint (4.52) indicates that each turbine can be connected to at least two other tur-
bines or one turbine and one offshore substation. This constraint ensures a loop or ring con-
nection, providing redundancy and improving the reliability. Moreover, the constraint (4.49)
need to be modified as follows:

YD Yik<2 VieT (4.53)

JET k€K ppy
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4.4

Furthermore, the power flow constraint presented in (4.15) must be reformulated to enable
bidirectional power transfer for each turbine. The revised constraint is expressed as follows:

3.9P
Piipde + —m 2 RO Dy S Fy (Y +yin) VijeT, ke KyydeD,ec H

(V3 Vay)?
(4.54)

The constraint in (4.54) ensures power transfer in both directions for each loop or ring.

Note that other constraints remain unchanged.

Mathematical Formulations: Star Connection
Configuration

Within the star collection system, each WTG establishes a direct connection to a offshore sub-
station via MV cables as illustrated in Figure 3.3. The star topology is renowned for its excep-
tional reliability. However, this topology is financially less attractive compared to other topolo-
gies. The required formulations and modifications to have a star connection configuration are
discussed in the following. the constraint (4.25) should be replaced by (4.55).

Z ZZWS? VieT (4.55)

k€K 3y lEL

Moreover, to guarantee the star connection the binary variables for inter-array connection be-
tween the turbines should be fixed to zero, as (4.56):

Y,ir=0 Vi,j € T,Vk € Ky (4.56)

The other required modification is changing « in (4.51) to be equal to the total number of
turbines. The other constrains (4.11) to (4.24), and (4.26) to (4.50) remains unchanged.
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9

5.1

Project Findings

Input Data

The described model is implemented in a case study with 20 wind turbines, arranged in 4 rows
and 5 columns, each with a maximum power capacity of 20 MW. The distance between turbines
in the same row and the distance between rows are considered to be 1500 meters, while the
distance from the offshore location to the onshore PCC is assumed to be 60 kilometers. The
rated voltages for the AC system are set to 66 kV for MV collection grid, and 220 kV for HV
transmission system, while the rated voltage for the HVDC transmission system is set to 320
kV.

The wind curtailment cost (or non-served energy cost) is considered as 100 EUR/MWh. Two
different types of cables are used for both MV and HV cables in the AC system, and one type
of cable is used for the HVDC system. Detailed cable data is provided in Table 5.1. All MV and
HV cable parameters are extracted from [37], while related investment costs are calculated
based on [38, 39, 40, 41]. Cable lengths are calculated based on the relative positions of the
turbines. The electrical resistances of the HV cables are calculated based on the resistivity of
copper (p = 1.68x 108 Q-m). Additionally, transformers of two types, rated at 200 MVA and 300
MVA, are considered for installation at either candidate or fixed offshore substation locations
as reported in Table 5.2. Their respective cost, 0.19 million EUR/MW, is calculated based on a
platform cost of 0.16 million EUR/MW and a substation cost of 0.03 million EUR/MW [42, 43, 44,
45].

For the HVDC system, one type of VSC with a rated power of 200 MW is considered, with a cost
of 0.584 million EUR/MW [42, 45]. The coefficients 3 and ~ used to calculate the VSC losses are
0.87 and 0.279 [32], as reported in Table 5.3. The HVDC cable parameters are extracted from
[37], and its investment cost is calculated based on [39, 40] as presented in Table 5.1.

Note that the total number of tangent lines used for linearizing the cable and VSC losses is
assumed to be 10 lines for computational efficiency.

Table 5.1: All Cable Parameters

Parameter MVAC Cable HVAC Cable HVDC Cable
Cross-Sectional Area (mm?) 95, 150 300, 800 240
Rated Power (MW) 34.29, 42.86 200, 295.31 200
Resistance (©2/m) Ignored 0.000056, 0.000021 0.000015
Investment Cost (EUR/m) 15.89 7.06 2.14
Voltage Rating (kV) 66 220 320

Table 5.2: HVAC Transformer Parameters

Parameter Transformer Type 1 Transformer Type 2
Rated Power (MVA) 200 300

Cost (Million EUR/Unit) 38 57
Platform Cost (M€/MW) 0.16 0.16
Substation Cost (ME€/MW) 0.03 0.03
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5.2

Table 5.3: HVDC VSC Parameters

Parameter Value Unit
Rated Power 200 MW

Cost 0.1 Million EUR/MW
Platform Cost 0.268 Million EUR/MW
Substation Cost (Offshore) 0.268 Million EUR/MW
Topside Adjustment Cost 0.048 Million EUR/MW
Rated Voltage 320 kV
Linear Losses Coefficient (B) 0.87 kV
Quadratic Losses Coefficient (y)  0.279 Q

Extracted Representative Days

The market prices are obtained from the TYNDP Global Ambition scenario study for the 2030
perspective [46], while the weather data is sourced from [47]. Alternatively, historical data
from [48] can be utilized to analyze both market prices and the power generated by offshore
wind farms, providing a comprehensive overview of past trends and variations. Using hier-
archical clustering [29], three representative days are extracted, with their respective cluster
weights as shown in Table 5.4.

Table 5.4: Cluster Weights for Extracted Representative Days

Representative Day (Cluster) Weight (days)

1 116
2 202
3 47
Total 365

Additionally, Figure 5.1 illustrates the wind factor in per unit (PU) across the representative
days, while Figure 5.2 shows the corresponding market prices in EUR/MWh for the same repre-
sentative days.

Representative Wind Profiles for Each Cluster

Clhaster 2
— Chster 3

B 1 2 3 H 5 § 7 & s w 12z B M 15 1B ¥ B 13 ™ 2
Howr of Day

Figure 5.1: Wind Factor in PU Across Extracted Representative Days
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Figure 5.2: Market Prices in EUR/MWh Across Extracted Representative Days

5.3 Obtained Results

This section presents the simulation results for the collection grid and transmission system de-
sign along with sitting and sizing of offshore substations for the considered OWF. The analysis
evaluates different cases to identify optimal designs and cost implications. The base case con-
siders a Radial collection grid, focusing on achieving minimum cost and reliability. Alternative
topologies, such as Ring and Star collection grids, are explored as the second and third cases.
The study also examines the impact of multiple candidate locations for offshore substations on
the final design and associated costs. Furthermore, the hybrid HVAC/HVDC transmission sys-
tem is validated through scenario analysis, focusing on cases where the distance between the
offshore substation and the PCC exceeds the break-even threshold of 80 km. Finally, a reliability
assessment compares the operational reliability of radial, ring, and star configurations.

5.3.1 Base Case

The obtained results considering all the formulations (4.1) to (4.51) and the extracted rep-
resentative days of operation with specific hourly wind factors, along with electricity market
prices is presented in the following.

5.3.1.1 Obtained Results Considering a Fixed Offshore Substation Loca-
tion
The simulation begins with the base case, which assumes a single fixed offshore substation

location and incorporates cable crossing avoidance constraints. Figure 5.3 illustrates the layout
of this case, highlighting the positions of the turbines and the fixed substation.

The obtained results for MV collection grid desig are reported in Table 5.5 and illustrated in
Figure 5.4.

The MV cable connections between turbines are selected as 95 mm? cables (Type 1) based
on the power requirements and cost optimization of the system. The 95 mm? cables provide
sufficient capacity for power transfer while minimizing costs, making them an efficient and
practical choice for the given layout.
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Figure 5.3: Layout of the Base Case with a Fixed Offshore Substation

Table 5.5: The Obtained Optimal MV Cable Connection Between the Turbines for Base Case with a Fixed Off-
shore Substation

From To MV Cable Type

6 1 95 mm?
7 2 95 mm?
8 3 95 mm?
9 4 95 mm?
10 5 95 mm?
11 6 95 mm?
12 7 95 mm?
13 8 95 mm?
14 9 95 mm?
15 10 95 mm?
16 11 95 mm?
17 12 95 mm?
18 13 95 mm?
19 14 95 mm?
20 15 95 mm?
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Figure 5.4: The Obtained Results Illustration for Base Case with a Fixed Offshore Substation

The MV cable connections between the turbines and the offshore substation are presented
in Table 5.6. Each turbine is connected using 95 mm? cables (Type 1) to the fixed offshore
substation.

Table 5.6: The Obtained Optimal MV Cable Connection Between the Turbines and the Fixed Offshore Substa-
tion for Base Case

Turbine Type

95 mm?
95 mm?
95 mm?
95 mm?
95 mm?

U~ wN

The fixed offshore substation is then connected to the PCC using an HVAC cable of Type 1, i.e.,
300 mm?, along path 1, as presented in Table 5.7 and illustrated in Figure 5.5.

Table 5.7: The Obtained Optimal HVAC Cable Connection Between the Fixed Offshore Substation and PCC for
Base Case

Type Path
300mm? 1

The only installed transformer in the offshore substation is of Type 1, with a capacity of 200
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Figure 5.5: The Illustration of Connection Between Offshore Substation and PCC for Base Case with a Fixed
Offshore Substation

MVA, as shown in Table 5.8.

Table 5.8: Installed Transformer Type and Position for Base Case with a Fixed Offshore Substation

Type Position
200 MVA 1

The obtained costs, which encompass the total annualized investment cost of installed MV
and HVAC cables also the transformer in offshore substation, total losses cost, wind energy
curtailment cost, and total revenue, are detailed in Table 5.9.

In Figure 5.6, the average total power output, losses, and total delivered power across three
representative days are illustrated for the base case scenario with a fixed offshore substation.
The results highlight differences between the days, with representative day 1 demonstrat-
ing the highest average total power output and delivered power, while representative day 2
records the lowest. These variations correspond to the wind factor trends shown in Figure 5.1,
reflecting the influence of environmental and operational conditions, such as wind speed fluc-
tuations, on the offshore wind farm transmission system. The comparison of total delivered
power and losses emphasizes the efficiency of the HVAC transmission system under different
operational scenarios.
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Table 5.9: The Obtained Costs of Investment and Operation along with Revenue for Base Case with a Fixed
Offshore Substation

Total Cost & Revenue Component  Value (K€)

Annualized Investment Cost 10,275.37
Loss Cost (HV Cables) 615.96
Loss Cost (HVDC Cables) 0
Loss Cost (HVDC VSC) 0
Wind Curtailment Cost 0
Revenue from Energy Sales 69,055.38
Operation Cost 615.96
Revenue - Cost 58,164.05
148,98 47.48
140
120 117.24 116.30
=
= 100
§
;';U 80
2 &0
5 53.13
E
40
20
i 150 pJa 094

2 3
Representative Day

=0 Total Power Output [ lLosses M Total Delivered Power

Figure 5.6: Illustration of Average Total Power Output, Losses, and Total Delivered Power per Representative
Day for the Base Case with a Fixed Offshore Substation

5.3.1.2 Obtained Results Considering Multiple Candidate Offshore Sub-
station Locations

This simulation evaluates multiple candidate offshore substation locations by integrating Al-
driven clustering method and optimization techniques for substation selection. Figure 5.7 illus-
trates the layout for this scenario, showing turbine locations alongside candidate substation
positions. The candidate locations were identified using hierarchical clustering [29], based on
turbine coordinates, as depicted in Figure 4.2.

The results for the MV collection grid design are identical to the previous case, where only a fixed
offshore substation was considered. These results are presented in Table 5.5 and visualized in
Figure 5.4.

In the optimization process, the selected candidate substation corresponds to the fixed sub-
station as also used in the previous case. The associated transformer type and position remain
unchanged, as shown in Table 5.8.

Finally, the cost results for this case match those presented in Table 5.9.
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5.3.2

5.3.2.1

Locations of Turbines and Potential Substation Locations
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Figure 5.7: Layout of the Case with Multiple Candidate Offshore Substation Locations

Ring Connection Configuration

The obtained results considering the constraints (4.52), (4.53), and (4.54), to guarantee a ring
connection configuration, are presented in this section.

Obtained Results Considering a Fixed Offshore Substation Loca-
tion

The turbine locations and the fixed offshore substation location for the Ring Connection Con-
figuration are identical to those shown in Figure 5.3. The obtained results for the MV collection
grid design are illustrated in Figure 5.8.

The results for the MV cable connections between turbines are summarized in Table 5.10. As
illustrated in Figure 5.8, the MV collection grid now adopts a ring configuration instead of the
previously used radial connection. This ring configuration provides improved reliability by en-
suring that power can flow in two directions, enhancing the robustness of the system against
potential faults or failures in the cables. This design improves operational flexibility and ensures
uninterrupted power transfer between turbines and the offshore substation.

The connections between turbines and the offshore substation are summarized in Table 5.11.

The fixed offshore substation is then connected to the PCC using an HVAC cable of Type 1 (300
mm?2), as shown in Table 5.12.
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Figure 5.8: The Obtained Results Illustration for Ring Connection Configuration with a Fixed Offshore Substa-

tion Location

Table 5.10: The Obtained Optimal MV Cable Connection Between the Turbines for Ring Connection Configura-
tion with a Fixed Offshore Substation Location

) TNO Internal

From To MV Cable Type
1 2 95 mm?
6 1 95 mm?
7 8 95 mm?
8 3 95 mm?
9 4 95 mm?
10 5 95 mm?
11 6 95 mm?
12 7 95 mm?
13 14 95 mm?
14 9 95 mm?
15 10 95 mm?
16 11 95 mm?
17 12 95 mm?
17 16 95 mm?
18 13 95 mm?
19 18 95 mm?
19 20 95 mm?
20 15 95 mm?
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5.3.2.2

Table 5.11: The Obtained Optimal MV Cable Connection Between the Turbines and the Fixed Offshore Substa-
tion for Ring Connection Configuration

Turbine MV Cable Type

150 mm?
150 mm?
150 mm?
150 mm?

U w N

Table 5.12: The Obtained Optimal HVAC Cable Connection Between the Fixed Offshore Substation and PCC for
Ring Connection Configuration

HV Cable Type Path
300 mm? 1

The transformer installed in the fixed offshore substation is of Type 1, with a capacity of 200
MVA, as summarized in Table 5.13.

Table 5.13: Installed Transformer Type and Position for Ring Connection Configuration

Transformer Type  Position
200 MVA 1

The obtained costs, which include the total investment cost, total loss costs, wind curtailment
cost, and total revenue, are detailed in Table 5.14.

Table 5.14: The Obtained Costs of Investment and Operation along with Revenue for Ring Connection Config-
uration with a Fixed Offshore Substation

Total Cost & Revenue Component  Value (K€)

Investment Cost 10,412.46
Loss Cost (HV Cables) 615.96
Loss Cost (HVDC Cables) 0
Loss Cost (HVDC VSC) 0
Wind Curtailment Cost 0
Revenue from Energy Sales 69,055.38
Operation Cost 615.96
Revenue - Cost 58,026.96

The total revenue minus cost for the ring connection configuration is 58,026.96 K€, com-
pared to 58,164.05 K€for the radial connection (Base Case). This slight decrease in net rev-
enue demonstrates that the higher reliability provided by the ring configuration comes at a
marginally higher cost due to the additional cable lengths and redundancy required for the
ring design. However, this trade-off enhances the system’s robustness and operational flexi-
bility.

Obtained Results Considering Multiple Candidate Offshore Sub-
station Locations
The turbine positions and offshore substation candidate locations for this case are identical to

those shown in Figure 5.7. The obtained results for the MV collection grid are summarized in
Table 5.15 and illustrated in Figure 5.9.
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Figure 5.9: The Obtained Results Illustration for Ring Connection Configuration with Multiple Offshore Substa-

tion Candidate Locations

Table 5.15: The Obtained Optimal MV Cable Connection Between the Turbines for Ring Connection Configura-

) TNO Internal

tion with Multiple Offshore Substation Candidate Locations

From To MV Cable Type
1 2 95 mm?
2 3 95 mm?
5 4 95 mm?
6 1 95 mm?
7 8 95 mm?
10 5 95 mm?
11 6 95 mm?
12 7 95 mm?
13 14 95 mm?
14 9 95 mm?
15 10 95 mm?
16 11 95 mm?
16 17 95 mm?
17 12 95 mm?
18 13 95 mm?
19 18 95 mm?
20 15 95 mm?
20 19 95 mm?
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The connections between turbines and the selected offshore substation location (Location 3)
are detailed in Table 5.16.

Table 5.16: The Obtained Optimal MV Cable Connection Between Turbines and Selected Offshore Substation
for Ring Connection Configuration with Multiple Offshore Substation Candidate Locations

Turbine MV Cable Type  Substation Location

3 150 mm? 3
4 150 mm? 3
8 150 mm? 3
9 150 mm? 3

The HVAC cable connecting the selected offshore substation to the PCC is summarized in Table
5.17, and its layout is illustrated in Figure 5.10.

Table 5.17: The Obtained Optimal HVAC Cable Connection Between Selected Offshore Substation and PCC
for Ring Connection Configuration with Multiple Offshore Substation Candidate Locations with
Multiple Offshore Substation Candidate Locations

HV Cable Type Path  Substation Location
300 mm? 1 3
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Figure 5.10: Illustration of HVAC Connection Between Selected Offshore Substation and PCC for Ring Connec-

tion Configuration with Multiple Offshore Substation Candidate Locations

The installed transformer in the selected offshore substation is summarized in Table 5.18.
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5.3.3

5.3.3.1

Table 5.18: Installed Transformer Type and Position for Ring Connection Configuration with Multiple Offshore
Substation Candidate Locations

Substation Location  Transformer Type  Transformer Position
3 200 MVA 1

The obtained costs, which include the total investment cost, total loss costs, wind curtailment
cost, and total revenue, are detailed in Table 5.19.

Table 5.19: The Obtained Costs of Investment and Operation along with Revenue for Ring Connection Config-
uration with Multiple Offshore Substation Candidate Locations

Total Cost & Revenue Component  Value (K€)

Investment Cost 10,373.24
Loss Cost (HV Cables) 637.07
Loss Cost (HVDC Cables) 0
Loss Cost (HVDC VSC) 0
Wind Curtailment Cost 0
Revenue from Energy Sales 69,038.74
Operation Cost 637.07
Revenue - Cost 58,028.43

The total Revenue - Cost for this case with multiple offshore substation candidate locations
is 58,028.43 K&, slightly more than the Revenue - Cost of 58,026.96 K€for the previous case
with a fixed offshore substation. This difference, which is small in this case but can be signif-
icant in general, highlights the critical role of optimal offshore substation placement in min-
imizing costs and enhancing system efficiency. Strategic selection of the substation location
can substantially reduce overall system costs while ensuring reliability and optimal operational
performance.

Star Connection Configuration

The Star Connection Configuration is characterized by a direct connection between each tur-
bine and the offshore substation, resulting in maximum reliability. In this design, a fault in any
single cable impacts only the connected turbine, without affecting the operation of other tur-
bines, which makes it highly fault-tolerant. However, this configuration comes at the cost of
the highest investment due to the requirement for individual cables from each turbine to the
offshore substation. The Star Connection Configuration is ideal for scenarios where ensuring
maximum reliability and operational robustness is prioritized over cost minimization. The ob-
tained results considering the constraints (4.55), (4.56), and the change in the « parameter of
(4.51) (which is set to be equal to the total number of turbines), to guarantee a star connection
configuration, are presented in this section.

Obtained Results Considering a Fixed Offshore Substation Loca-
tion

The turbine locations and the fixed offshore substation location for the Star Connection Con-
figuration are identical to those shown in Figure 5.3. The obtained results for the MV collection
grid are illustrated in Figure 5.11, where all turbines are directly connected to the offshore sub-
station without any inter-turbine connections to ensure star connection configuration. The
details of the connections are summarized in Table 5.20.
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Figure 5.11: The Obtained Results Illustration for Star Connection Configuration with a Fixed Offshore Substa-

tion Location

Table 5.20: The Obtained Optimal MV Cable Connection Between Turbines and the Fixed Offshore Substation
for Star Connection Configuration

) TNO Internal

Turbine MV Cable Type
1 95 mm?
2 95 mm?
3 95 mm?
4 95 mm?
5 95 mm?
6 95 mm?
7 95 mm?
8 95 mm?
9 95 mm?
10 95 mm?
11 95 mm?
12 95 mm?
13 95 mm?
14 95 mm?
15 95 mm?
16 95 mm?
17 95 mm?
18 95 mm?
19 95 mm?
20 95 mm?
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The installed HVAC cable connecting the offshore substation to the PCCis summarized in Table
5.21 and illustrated in Figure 5.12, also the installed transformer is detailed in Table 5.22.

Table 5.21: The Obtained Optimal HVAC Cable Connection Between the Fixed Offshore Substation and PCC for
Star Connection Configuration

HV Cable Type Path
300 mm? 1

Table 5.22: Installed Transformer Type and Position in the Fixed Offshore Substation for Star Connection Con-
figuration

Transformer Type  Position
200 MVA 1
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Figure 5.12: Illustration of HVAC Connection Between the Fixed Offshore Substation and PCC for Star Connec-
tion Configuration

The obtained costs and revenues for this case are detailed in Table 5.23.

The total Revenue - Cost for the Star Connection Configuration with a fixed offshore substa-
tion location is 56,067.91 K€, which is lower than both the Ring Connection Configuration
(58,026.96 K€) and the Base Case (58,164.05 K€) with the same offshore substation location.
While the Star Connection Configuration ensures maximum reliability by directly connecting
each turbine to the offshore substation, it comes at the highest cost due to the cable require-
ments. In this configuration, a fault in a turbine-to-substation connection only impacts the
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Table 5.23: The Obtained Costs of Investment and Operation for Star Connection Configuration with a Fixed
Offshore Substation Location

Total Cost & Revenue Component  Value (K€)

Investment Cost 12,371.52
Loss Cost (HV Cables) 615.96
Loss Cost (HVDC Cables) 0
Loss Cost (HVDC VSC) 0.00
Wind Curtailment Cost 0
Revenue from Energy Sales 69,055.39
Operation Cost 615.96
Revenue - Cost 56,067.91

affected turbine, without disrupting the operation of other turbines. This makes the Star Con-
nection highly fault-tolerant compared to the Ring and Radial Configuration. The trade-off
between the Star Configuration’s high reliability and its increased cost highlights its suitability
for scenarios where operational robustness is prioritized.

5.3.3.2 Obtained Results Considering Multiple Candidate Offshore Sub-
station Locations
The turbine positions and offshore substation candidate locations for this case are identical

to those shown in Figure 5.7. The connection between turbines and the selected offshore
substation (Location 3) is illustrated in Figure 5.13 and reported in Table 5.24.

Table 5.24: The Obtained Optimal MV Cable Connection Between Turbines and Selected Offshore Substation
for Star Connection Configuration with Multiple Offshore Substation Candidate Locations

Turbine MV Cable Type  Substation Location

1 95 mm? 3
2 95 mm? 3
3 95 mm? 3
4 95 mm? 3
5 95 mm? 3
6 95 mm? 3
7 95 mm? 3
8 95 mm? 3
9 95 mm? 3
10 95 mm? 3
11 95 mm?2 3
12 95 mm? 3
13 95 mm? 3
14 95 mm? 3
15 95 mm? 3
16 95 mm? 3
17 95 mm? 3
18 95 mm? 3
19 95 mm? 3
20 95 mm? 3

The selected offshore substation is connected to the PCC using an HVAC cable, as summarized
in Table 5.25, and its layout is illustrated in Figure 5.14.

) TNO Internal 57177



) TNO Internal ) TNO 2024 Rxxxxx

Locations of Turbines and Offshore Substation
164 17 ! 19k 200

A i 4 P A

4000

r
[¥]
—
w

| 14 154
9,

X T

3000 1

-3

2000 4

¥ Coordinate (m}

=]
-

-~
-

N +

_)
-

1000
N
N

Offshore Sut:slatuun}ﬂ

. 1 ! 2 ! 3 al 5 !
1‘] 1000 2000 'i[?ll'lﬂ ﬂﬂlﬂﬂ 5‘]‘0[? GIJI:JO

X Coordinate (m)

Figure 5.13: The Obtained Results Illustration for Star Connection Configuration with Multiple Offshore Sub-
station Candidate Locations

Table 5.25: The Obtained Optimal HVAC Cable Connection Between Selected Offshore Substation and PCC for
Star Connection Configuration with Multiple Offshore Substation Candidate Locations

HV Cable Type Path  Substation Location
300 mm? 1 3

The installed transformer in the selected offshore substation is detailed in Table 5.26.

Table 5.26: Installed Transformer Type and Position in Selected Offshore Substation for Star Connection Con-
figuration with Multiple Offshore Substation Candidate Locations

Substation Location  Transformer Type  Transformer Position
3 200 MVA 1

The obtained costs and revenues for the Star Connection Configuration with multiple offshore
substation candidate locations are detailed in Table 5.27.

The total Revenue - Cost for the Star Connection Configuration with multiple offshore substa-
tion candidate locations is 56,883.42 K€, which is higher than the Star Connection Configura-
tion with a fixed offshore substation (56,067.91 K€). This demonstrates the importance of opti-
mal offshore substation placement in reducing costs. By selecting the best substation location,
overall system costs can be decreased while maintaining the maximum reliability provided by
the Star Configuration.
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Figure 5.14: Illustration of HVAC Connection Between Selected Offshore Substation and PCC for Star Connec-

tion Configuration with Multiple Offshore Substation Candidate Locations

Table 5.27: The Obtained Costs of Investment and Operation for Star Connection Configuration with Multiple

) TNO Internal

Offshore Substation Candidate Locations

Total Cost & Revenue Component  Value (K€)
Investment Cost 11,518.25
Loss Cost (HV Cables) 637.07
Loss Cost (HVDC Cables) 0
Loss Cost (HVDC VSC) 0.00
Wind Curtailment Cost 0
Revenue from Energy Sales 69,038.74
Operation Cost 637.07
Revenue - Cost 56,883.42
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5.3.4

5.3.4.1

The total Revenue - Cost for the Star Connection Configuration with multiple offshore substa-
tion candidate locations is lower than both the Ring Connection Configuration (58,021.16 K€,
Table 5.19) and the Base Case with Radial Configuration (58,164.05 K€, Table 5.9). While the
Star Connection Configuration ensures maximum reliability by connecting each turbine directly
to the offshore substation, it incurs higher costs due to the cable requirements. In contrast,
the Ring and Radial Configurations achieve lower costs but offer reduced reliability. This com-
parison highlights the trade-off between cost and reliability, with the Star Configuration being
suitable for scenarios prioritizing fault tolerance and robustness, while the Ring and Radial Con-
figurations may be preferred for cost-sensitive applications.

HVDC Transmission Systems

High Voltage Direct Current (HVDC) transmission systems offer an efficient solution for trans-
mitting power over long distances, making them ideal for remote offshore wind farms. Unlike
HVAC systems, which face significant power losses and high costs over extended distances,
HVDC systems reduce losses and improve transmission efficiency. By utilizing Voltage Source
Converters (VSCs) and HVDC cables, these systems can ensure reliable and cost-effective power
transfer, particularly for OWFs located far from the PCC. This section explores different scenar-
ios to evaluate the performance and economic impact of HVAC and HVDC systems in remote
OWEFs.

Remote Offshore Wind Farm with HVAC Transmission System

In this case, the offshore wind farm is located remotely, with the PCC positioned 95,000 meters
away from the first row of turbines. The connection to the PCCis achieved through transformers
and long HVAC cables, without the possibility of using HVDC cables in this scenario.

The obtained results for the MV collection grid are identical to those reported in Table 5.5 and
illustrated in Figure 5.4. Similarly, the MV cable connections between the turbines and the
offshore substation remain the same as presented in Table 5.6.

The HVAC cable connecting the offshore substation to the PCC is summarized in Table 5.28,
and the installed transformer is detailed in Table 5.29. The connection between the offshore
substation and the PCC is illustrated in Figure 5.15.

Table 5.28: The Obtained Optimal HVAC Cable Connection Between Offshore Substation and PCC for Remote
Offshore Wind Farm with HVAC Transmission System

HV Cable Type  Path
300 mm? 1

Table 5.29: Installed Transformer Type and Position for Remote Offshore Wind Farm with HVAC Transmission
System

Transformer Type  Position
200 MVA 1

The obtained costs and revenues for this scenario are detailed in Table 5.30.

The total Revenue - Cost for the remote OWF with HVAC transmission system is 53,868.37 K€.
The higher losses and investment costs associated with long HVAC cables make this configura-
tion less economically efficient, emphasizing the need to explore HVDC transmission systems
for such remote OWFs.
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Figure 5.15: Illustration of Connection Between Offshore Substation and PCC for Remote Offshore Wind Farm
with HVAC Transmission System

Table 5.30: The Obtained Costs of Investment and Operation for Remote Offshore Wind Farm with HVAC
Transmission System

) TNO Internal

Total Cost & Revenue Component  Value (K€)
Investment Cost 13,911.78
Loss Cost (HV Cables) 984.48
Loss Cost (HVDC Cables) 0
Loss Cost (HVDC VSC) 0.00
Wind Curtailment Cost 0
Revenue from Energy Sales 68,764.63
Operation Cost 984.48
Revenue - Cost 53,868.37
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The comparison between Figure 5.16 (remote OWF with HVAC transmission at 95 km) and
Figure 5.6 highlights the impact of increased transmission distance on the transmitted power
losses and consequently the delivered power to PCC.
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Figure 5.16: Illustration of Average Total Power Output, Losses, and Total Delivered Power per Representative
Day for the Remote OWF with HVAC Transmission System

1. Losses: The power losses have increased in the remote OWF scenario due to the extended
HVAC cable length. For instance, on Representative Day 1, the losses are approximately 1.50
MW in the base case (60 km) compared to 2.40 MW in the remote OWF (95 km). This trend is
consistent across all representative days.

2. Delivered Power to PCC: The delivered power to the PCC has decreased slightly in the re-
mote OWF case. On Representative Day 1, the delivered power in the base case is 147.48
MW, whereas, in the remote OWF, it is 146.58 MW. This reduction is primarily due to increased
transmission losses over the longer distance.

As a conclusion, while HVAC transmission systems can handle longer distances, they incur
significant losses and reduced efficiency, making HVDC transmission a more attractive solution
for distances beyond 80 km [49].

5.3.4.2 Remote Offshore Wind Farm with HVDC Transmission System

This case considers a remote offshore wind farm located 95,000 meters from the PCC, similar
to the previous scenario. However, in this case, HVDC transmission is allowed for connecting
the offshore substation to the PCC. The results for the MV collection grid remain identical to the
previous case and are detailed in Table 5.5 and Figure 5.4. The HVDC connection between the
offshore substation and the PCC is illustrated in Figure 5.17, while the overall structure of the
VSC-based HVDC system is depicted in Figure 5.18.

The installed HVDC cable, with a power capacity of 200 MW and a cross-sectional area of 240
mm?, is summarized in Table 5.31. Additionally, VSCs with a capacity of 200 MW are installed
at both ends of the HVDC transmission line.

The obtained costs and revenues for this scenario are summarized in Table 5.32.
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Figure 5.17: Illustration of HVDC Connection Between Offshore Substation and PCC for Remote OWF with
HVDC Transmission System
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Figure 5.18: Overall Structure of the VSC-Based HVDC System for Remote OWF, Connecting Offshore Substa-
tion and PCC

Table 5.31: The Installed HVDC Cable for Remote Offshore Wind Farm with HVDC Transmission System

HVDC Cable Type
200 MW / 240 mm?
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Table 5.32: The Obtained Costs of Investment and Operation for Remote OWF with HVDC Transmission Sys-
tem

Total Cost & Revenue Component  Value (K€)

Investment Cost 12,940.21
Loss Cost (HV Cables) 0.00
Loss Cost (HVDC Cables) 123.87
Loss Cost (HVDC VSC) 486.26
Wind Curtailment Cost 0
Revenue from Energy Sales 69,027.07
Operation Cost 610.13
Revenue - Cost 55,476.73

The total Revenue - Cost for the remote OWF with HVDC transmission is 55,476.73 K€, which
is higher than the HVAC transmission system case (53,868.37 K€). Despite the additional cost
of VSCs, the HVDC system demonstrates a slightly lower overall investment cost compared to
the HVAC system for a distance of 95 km. This is due to the higher efficiency of HVDC cables
over long distances. Additionally, the reduced losses and improved operational efficiency of
the HVDC system contribute to lower operational costs and increased economic performance,
making it a more cost-effective solution for remote offshore wind farms.

This comparison demonstrates that for remote offshore wind farms, where the distance ex-
ceeds the breakeven point of approximately 80 km, HVDC transmission systems provide cost
savings and efficiency improvements over HVAC systems.

5.3.5 Reliability Analyzing

This section evaluates the reliability of the three different collection grid configurations: Base
Case (Radial), Ring, and Star configurations, each with a single fixed offshore substation lo-
cation. To assess the impact of reliability, we consider a scenario where one of the MV cables
connecting a turbine to the fixed offshore substation experiences a failure or outage. The anal-
ysis estimates the energy expected not served (EENS) or wind curtailment due to this failure,
and the associated costs for each configuration.

In all three configurations, a cable failure is considered as the critical reliability event. The
specific cable failure is assumed to occur on one of the MV cables directly connecting to the
offshore substation. This outage prevents power transfer from the connected turbine(s) to the
substation, resulting in wind energy curtailment.

To account for real-world conditions, we assume two failures per year, each resulting in 20 days
of interruption. This equates to a total interruption time of:

Total Interruption Time per Year = 2 x 20 x 24 = 960 hours/year.

The amount of curtailed energy and the associated costs are calculated based on the config-
uration’s design and the total interruption hours.

5.3.5.1 Reliability Analysis for Base Case (Radial Configuration)

In the Base Case with a radial collection grid, the failure of a single cable affects not only the
turbine connected to the failed cable but also the entire branch of turbines downstream of the
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failure, as illustrated in Figure 5.19. This cascading impact results in significant wind energy
curtailment, as the power from the affected turbines cannot be transmitted to the offshore
substation.

The total wind curtailment cost for the radial configuration is calculated to be 1,763.44 K€for
960 hours of interruption per year. This significant cost highlights the vulnerability of radial con-
figurations to single-point failures which emphasizes the importance of more resilient designs
for offshore wind farm collection grids.
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Figure 5.19: Impact of a Single Cable Failure in a Radial Collection Grid Configuration

Table 5.33: Wind Curtailment Cost for Radial Configuration Under Single Cable Failure Considering the Total
Interruption Time per Year

Parameter Value (K€/ year)
Total Wind Curtailment Cost 1,763.44

5.3.5.2 Reliability Analysis for Ring Configuration

In the Ring Configuration, each turbine is connected through two paths, providing redundancy.
When a single cable fails, as illustrated in Figure 5.20, the redundancy ensures that the power
from the affected turbine(s) can still be transmitted through the alternative path. This de-
sign mitigates the impact of a single cable failure, resulting in lower wind energy curtailment
compared to the radial configuration.

The total wind curtailment cost for the Ring Configuration is calculated to be 1,227.52 K€for 960
hours of interruption per year. This reduction in wind curtailment cost highlights the improved
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reliability and fault tolerance of the Ring Configuration.
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Figure 5.20: Impact of a Single Cable Failure in a Ring Collection Grid Configuration

Table 5.34: Wind Curtailment Cost for Ring Configuration Under Single Cable Failure Considering the Total
Interruption Time per Year

Parameter Value (K€/year)
Total Wind Curtailment Cost 1,227.52

Compared to the Base Case (Radial Configuration), which has a total wind curtailment cost
of 1,763.44 K€, the Ring Configuration reduces the wind curtailment cost by approximately
30.4%. This demonstrates the substantial reliability benefits of introducing redundancy into
the collection grid, which translates into significant cost savings over the lifetime of the system.

5.3.5.3 Reliability Analysis for Star Configuration

In the Star Configuration, each turbine is directly connected to the offshore substation with its
own dedicated cable. A cable failure only impacts the turbine connected to the failed cable,
and no other turbines are affected. This design isolates failures and minimizes their impact,
ensuring that the overall wind energy curtailment remains significantly lower compared to the
Radial and Ring Configurations.

The EENS for this configuration is determined solely by the power output of the single affected
turbine during the total interruption time. The total wind curtailment cost for the Star Config-
uration is calculated to be 440.86 K€for 960 hours of interruption per year, as shown in Table
5.35. This highlights the advantage of the Star Configuration in minimizing the impact of cable
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failures on system reliability, as each turbine operates independently with no cascading effects
from single cable outages.
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Figure 5.21: Impact of a Single Cable Failure in a Star Collection Grid Configuration
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Table 5.35: Wind Curtailment Cost for Star Configuration Under Single Cable Failure Considering the Total
Interruption Time per Year

Parameter

Value (K€/year)

Total Wind Curtailment Cost

440.86

Compared to the Base Case (Radial Configuration) with a total wind curtailment cost of 1,763.44
K€and the Ring Configuration with a cost of 1,227.52 K€, the Star Configuration achieves a sub-
stantial reduction in wind curtailment costs by 75.0% and 64.1%, respectively. This highlights
the Star Configuration’s superior fault isolation capability, effectively minimizing energy losses

during cable outages.

Table 5.36 highlights the total wind curtailment costs per year for different collection grid con-
figurations under a single cable failure scenario. The results demonstrate that the Star Config-
uration significantly reduces curtailment costs due to its superior fault isolation, while the Ring
Configuration offers moderate reductions through redundancy compared to the Radial (Base

Case).
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Table 5.36: Comparison of Wind Curtailment Costs and Reductions for Different Configurations

Configuration Wind Curtailment Cost (KE) Reduction Compared to Radial (%) Reduction Compared to Ring (%)
Radial (Base Case) 1763.44 0 -

Ring 1227.52 30.4 0

Star 440.86 75 64.1

5.4 Results Comparison

In this section, the obtained results are compared to provide insights into the cost efficiency
of each connection configuration between the turbines.

The comparison of Revenue - Cost (K€) for the Radial (Base Case), Ring, and Star configurations

is shown in Figure 5.22. This comparison highlights the differences in economic performance
among the configurations when considering a fixed offshore substation.

Comparison of Revenue - Cost (KE) for Different Configuration

Revenue - Cost (KE€)

:

10000

Radial [Base Case) Ring Star
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Figure 5.22: Comparison of Revenue - Cost (K€) for Different Configurations with a Fixed Offshore Substation

As presented in Figure 5.22, the Revenue - Cost values for the three configurations are derived
from the following tables: Radial (Base Case) configuration: Revenue - Cost of 58,164.05 K€,
based on Table 5.9. Ring Configuration: Revenue - Cost of 58,026.96 K€, based on Table 5.14.
Star Configuration: Revenue - Cost of 56,067.91 K€, based on Table 5.23.

The Radial (Base Case) configuration demonstrates the highest Revenue - Cost value, followed
by the Ring Configuration, with the Star Configuration showing the lowest value. This highlights
the trade-off between cost efficiency and system reliability among the configurations.

To provide a clearer view of the differences between the configurations, a zoomed-in version
of the chart is presented in Figure 5.23.

Figure 5.23 emphasizes the marginal differences between the Radial and Ring configurations.
Figures 5.24 and 5.25 compare the Revenue - Cost outcomes for Radial, Ring, and Star con-
figurations under fixed and multiple offshore substation scenarios. The results highlight that

multiple substation locations can slightly improve economic performance, particularly for the
Ring and Star configurations.
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Comparison of Revenue - Cost (K€) for Different Configuration (zoomed version)
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Figure 5.23: Comparison of Revenue - Cost (K€) for Different Configurations (Zoomed-In View)

Comparison of Revenue - Cost (K€) for Different Configuration

Revenue - Cost (K€)
g 8
2 ] g

g
g

g
g

Radial (Base Case) Ring Star
Configuration
B Fixed Offshore Substation Multiple Offshore Substation

Figure 5.24: Comparison of Revenue - Cost (K€) for Different Configurations with Fixed and Multiple Offshore
Substation Locations
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Comparison of Revenue - Cost (K€) for Different Configuration (zoomed version)
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Figure 5.25: Zoomed Comparison of Revenue - Cost (K€) for Different Configurations with Fixed and Multiple
Offshore Substation Locations

The figures in 5.26 and its zoomed version 5.27 illustrate the comparison of Revenue - Cost
values for a remote offshore wind farm with two transmission system configurations: HVAC and

HVDC. These comparisons highlight the economic superiority of the HVDC system for remote
offshore wind farms.

As depicted in the charts, the HVDC system achieves a higher Revenue - Cost value of 55,476.73
K€, compared to the HVAC system’s 53,868.37 K€. The zoomed version emphasizes this dif-
ference more clearly, demonstrating the improved cost efficiency of the HVDC configuration.
This economic advantage is attributed to reduced energy losses and enhanced performance
over long-distance energy transmission, as supported by the results presented in Table 5.30
and Table 5.32.

Comparison of Revenue - Cost (KE€) for Different Configuration
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Figure 5.26: Comparison of Revenue - Cost (K€) for a Remote Offshore Wind Farm with HVAC and HVDC Trans-
mission Systems

Figure 5.28 illustrates the comparison of wind energy curtailment costs and reductions for
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Comparison of Revenue - Cost (K€) for Different Configuration (zoomed version)
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Figure 5.27: Comparison of Revenue - Cost (K€) for a Remote Offshore Wind Farm with HVAC and HVDC Trans-
mission Systems (Zoomed Version)
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Figure 5.28: Reliability Assessment: Wind Energy Curtailment Costs and Reductions for Different Configura-
tions
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three different configurations: Radial (Base Case), Ring, and Star. The blue bars represent the
wind curtailment costs in K€, while the green and red lines show the percentage reductions
compared to the Radial and Ring configurations, respectively.

The Star configuration demonstrates the highest reliability with a wind curtailment cost of
440.86 K€, achieving a 75% reduction compared to the Radial configuration and a 64.1% re-
duction compared to the Ring configuration. This highlights the superior fault isolation and
minimal energy loss achieved with the Star configuration, as opposed to the higher curtail-
ment costs observed in the Radial and Ring configurations.
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6

6.1

Conclusions and Future
Directions

Conclusions

This research project establishes a robust framework aimed at enhancing the efficiency, relia-
bility, and cost-effectiveness of offshore wind farm (OWF) collection grids. By employing ad-
vanced optimization techniques, the study holistically addresses key elements of OWF design,
including substation placement, connection configurations, and hybrid HYAC/HVDC transmis-
sion system selection. Through detailed modeling and analysis, it delivers actionable insights
to boost the economic performance and operational stability of offshore wind energy systems.

An important achievement of this project is the development and application of a Mixed-
Integer Linear Programming (MILP) optimization model. This model integrates crucial datasets,
such as historical wind patterns, turbine power curves, cable characteristics, and energy mar-
ket price forecasts, to minimize total costs while maximizing revenue. Its adaptability across
various scenarios, especially those involving multiple offshore substation placement options
and remote offshore wind farm locations, underscores its effectiveness as a decision-support
tool for OWF planning and operations.

The comparative analysis of radial, ring, and star connection configurations reveals trade-offs
among cost, reliability, and energy curtailment. The radial configuration is the most cost-
efficient under standard conditions but is highly susceptible to cable failures, leading to con-
siderable energy curtailment. The ring configuration, offering redundant pathways, improves
reliability with a modest cost increase. Conversely, the star configuration, despite its higher ini-
tial cost, proves to be the optimal solution for minimizing energy curtailment during probable
cable outages. These findings bring out the importance of tailoring grid configurations to the
specific technical and economic needs of each offshore wind farm.

Furthermore, the study highlights the importance of offshore substation location optimization.
Through a comparison of fixed substation placements with scenarios involving multiple can-
didate locations, the research shows that strategic substation placement improves financial
performance. Optimizing substation locations reduces costs and boosts net revenue, under-
scoring its essential role in enhancing the economic viability of offshore wind farms.

Additionally, the research evaluates HVAC and HVDC transmission systems for remote offshore
wind farms. The findings demonstrate that HVDC systems, with reduced energy losses and su-
perior performance over long distances, offer higher cost efficiency. This reinforces the value of
advanced transmission technologies in meeting the challenges of remote, large-scale offshore
wind farms.

In conclusion, this research lays a foundation for the design and optimization of offshore wind
energy systems. By addressing current challenges and aligning with the global transition to
renewable energy, it supports the development of sustainable, reliable power grids to meet
both present and future energy demands.
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6.2 Future Directions

While this research provides meaningful contributions, there are several directions for further
exploration:

1. Integration of Hybrid Transmission Systems: Investigate the potential of combining
HVAC and HVDC systems to leverage their complementary strengths. Hybrid systems
may offer versatile solutions for mid-range distances and intricate grid layouts.

2. Incorporation of Energy Storage: Explore the use of energy storage technologies, such
as batteries or hydrogen-based solutions, to enhance grid reliability and manage power
generation fluctuations. This could enable more efficient energy utilization and reduced
curtailment.

3. Advanced Reliability Assessments: Expand reliability studies to consider multi-failure
scenarios, extreme weather impacts, and aging infrastructure. This would provide a
deeper understanding of grid resilience.

4. Dynamic Thermal Rating for Cable Utilization: Investigate the use of dynamic thermal
rating (DTR) methods to optimize the utilization of submarine cables. By accounting for
real-time thermal loading conditions, DTR can enable higher current-carrying capacity,
reduce losses, and extend cable lifespan, improving the overall efficiency of offshore grid
systems.

5. Economic Feasibility of Emerging Technologies: Examine the cost-effectiveness of cutting-
edge technologies, such as superconducting cables and modular HVDC systems, for off-
shore wind farm applications.

6. Scalability for Large-Scale Offshore Energy Systems: Extend the optimization frame-
work to include future multi-terminal offshore grids and energy hubs, integrating mul-
tiple renewable sources like solar and wave energy. In this project, due to the lack of
access to efficient solvers such as Gurobi, we could not address higher levels of complex-
ity in the optimization process. Future work should explore the use of advanced solvers or
heuristic-based methods to handle the computational demands of more complex sce-
narios.

By pursuing these future directions, offshore wind energy systems can become more efficient,
resilient, and sustainable, contributing to a carbon-neutral energy future. Continued research
and innovation in this field are crucial for achieving global renewable energy goals.

6.3 Code Avadilability

The source code for this project, OWFOptimizer, is publicly available on GitLab. It can be ac-
cessed at the following URL:

https://gitlab.tsn.tno.nl/moradisepahvandm/0OWFOptimizer
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