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Abstract—The expansion of offshore wind energy necessitates
efficient power transmission systems, with High Voltage Direct
Current (HVDC) and High Voltage Alternating Current (HVAC)
being the primary technologies. While HVAC has been traditional
for shorter distances, HVDC is increasingly favored for longer
transmissions due to its improved efficiency and reduced losses.
This article provides a comparative analysis of both technologies,
focusing on their technical, economic, and environmental impli-
cations. The goal is to guide stakeholders in selecting the most
suitable solution for offshore wind energy projects.

Index Terms—HVAC, HVDC, Offshore Wind Energy

I. INTRODUCTION

The growth of offshore wind energy has accelerated over the
past decade, fueled by technological advancements, increased
investments, and supportive government policies. Recognized
as a key player in the renewable energy transition, offshore
wind capacity has expanded, particularly in countries like
the United Kingdom, Germany, and China [18]. Offshore
wind farms benefit from stronger and more consistent wind
speeds, making them a substantial and reliable source of clean
energy. However, the distance between offshore wind farms
and onshore grids can lead to energy losses, necessitating
efficient transport systems [15]. In this work, we compare High
Voltage Direct Current (HVDC) and High Voltage Alternating
Current (HVAC) cables as transmission solutions for offshore
wind energy [3].

This paper is structured as follows. Section II compares
the two types of cables and the differences are discussed in
Section III. Recommendations and conclusions close the paper
in Section IV.

II. DIRECT CURRENT AND ALTERNATING CURRENT
SOLUTIONS FOR OFFSHORE APPLICATIONS

A. Integration with offshore wind turbines

As shown in Figure 1, the cables are needed to connect the
wind turbine system and loads. Key challenges include high
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infrastructure costs, harsh marine conditions affecting cable
integrity, the need for effective energy storage, and integration
with existing electrical grids. This figure illustrates how the
HVDC and HVAC systems are integrated within the offshore
wind farm setup.

B. Comparison of technical parameters

When comparing High Voltage Alternating Current (HVAC)
and High Voltage Direct Current (HVDC) transmission sys-
tems, several key points highlight their differences, advantages,
and applications. Figure 2 illustrates the structural differences
between HVAC and HVDC systems, showcasing how each
system operates.

Both systems require specialized components. HVAC sys-
tems use transformers and alternating current cables, while
HVDC systems rely on converters, rectifiers, and direct cur-
rent cables. The choice of components significantly impacts
the overall efficiency and cost of the transmission system.
HVAC systems require additional equipment, such as reactive
power compensators, to maintain voltage stability over long
distances. This increases the complexity and environmental
footprint of the installation. On the other hand, HVDC sys-
tems require fewer substations and transformers, simplifying
the installation process and reducing the overall spatial and
environmental impact. HVDC systems are generally more effi-
cient for long-distance power transmission, as they experience
significantly lower energy losses compared to HVAC systems.
This makes HVDC particularly advantageous for offshore
wind farms located far from shore, where the distance between
generation and consumption is substantial [8]. Additionally,
HVDC requires only two conductors, reducing material costs
and installation complexity, especially in challenging offshore
environments. HVDC systems also offer better control over
power flows, enhancing grid stability and facilitating the
integration of variable renewable energy sources like wind.

In contrast, HVAC systems are more suitable for shorter
distances and moderate power capacities due to their simpler
design and lower initial installation costs [3]. However, HVAC
systems experience higher losses over long distances due
to reactive power and cable capacitance effects, which can
significantly impact efficiency for offshore wind farms located
farther from shore [17]. HVAC systems require three con-
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Fig. 1. Connections of cables to the wind turbine system and loads

Fig. 2. Schemes of HVAC (a) and HVDC (b) structures adapted from [2]
(CC-BY)

ductors (three-phase configuration), which increases material
costs and installation complexity compared to HVDC. Despite
these limitations, HVAC remains a practical and cost-effective
solution for projects closer to shore, where its efficiency and
power handling capabilities are sufficient.

The technical comparison in Table I highlights the advan-
tages of HVDC systems for offshore wind turbine connections.
HVDC is particularly well-suited for long-distance transmis-
sion, which is often required for offshore wind farms located
far from the shore. Additionally, HVDC systems offer lower
power losses and better grid stability, making them ideal for
integrating variable renewable energy sources like wind power.
On the other hand, HVAC systems are more practical for
shorter distances due to their simpler design and lower initial
costs.

TABLE I
COMPARISON OF TECHNICAL PARAMETERS BETWEEN HVAC AND

HVDC SYSTEMS

Parameter HVAC HVDC
Transmission
Distance

Effective for short dis-
tances

Ideal for long distances

Power Losses Higher due to reactive
power

Lower due to direct cur-
rent

Number of Con-
ductors

Three-phase system (3
conductors)

Two conductors

Grid Stability Limited control over
power flows

Enhanced control over
power flows

Integration with
Renewable
Energy

Less suitable for vari-
able sources

Highly suitable for vari-
able sources

C. Comparison of economic and environmental factors

While technical parameters are essential, economic and en-
vironmental factors also play a significant role in determining
the feasibility of HVAC and HVDC systems for offshore wind
turbine connections. These aspects include installation costs,
maintenance requirements, and environmental impact, which
are critical for long-term sustainability and cost-effectiveness.
Table II provides a detailed comparison of these factors.

Economic and environmental considerations further em-
phasize the benefits of HVDC systems for offshore wind
turbine connections. As shown in Table II, although HVDC
systems have higher initial installation costs, they become
more cost-effective over time due to reduced maintenance
requirements and lower power losses. Additionally, HVDC
systems have a smaller environmental footprint and emit lower
electromagnetic fields (EMF), making them a more sustainable
choice for large-scale offshore wind projects. HVAC systems,
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TABLE II
COMPARISON OF ECONOMIC AND ENVIRONMENTAL FACTORS BETWEEN

HVAC AND HVDC SYSTEMS

Parameter HVAC HVDC
Infrastructure
Complexity

Requires more equip-
ment (e.g., transform-
ers, compensation de-
vices)

Simpler infrastructure

Installation Cost Lower for short dis-
tances

Higher initial cost, but
cost-effective for long
distances

Maintenance Re-
quirements

Higher due to complex
infrastructure

Lower due to simpler
design

Environmental
Impact

Larger footprint, higher
EMF emissions

Smaller footprint, lower
EMF emissions

while cheaper for short distances, may not be as environmen-
tally friendly or cost-effective in the long run for offshore
applications.

Table II illustrates that HVAC systems are more suitable for
shorter distances and local distribution networks due to their
lower initial costs and established infrastructure. However,
they suffer from higher power losses and require additional
equipment for reactive power compensation, which increases
complexity and environmental impact. On the other hand,
HVDC systems excel in long-distance power transmission,
offering lower losses, better grid stability, and enhanced in-
tegration with renewable energy sources. While the initial
installation costs of HVDC systems may be higher, their long-
term cost-effectiveness and reduced environmental footprint
make them a preferred choice for offshore applications.

III. DISCUSSION AND RECOMMENDATIONS

High-voltage direct current cables offer numerous advan-
tages for the transmission of electricity generated by offshore
wind farms [16]. These advantages can be categorized into
four main areas, such as efficiency, cost-effectiveness, envi-
ronmental impact, and operational flexibility.

A. Efficiency

HVDC systems significantly minimize resistive losses due
to their direct current nature, making them particularly ad-
vantageous for long-distance power transmission [1]. This
efficiency is crucial for maximizing the utilization of energy
generated from offshore wind farms, as it allows more of
the produced energy to reach consumers without substantial
losses. The compact design of HVDC cables enables them
to carry more power within a smaller cross-sectional area
compared to traditional HVAC cables [14]. This efficient use of
space is further enhanced by the multi-terminal capability of
HVDC systems, which allows multiple offshore wind farms
to connect to a single transmission line, optimizing power
transfer. HVDC systems provide enhanced stability by offering
better control over voltage levels, which is essential for main-
taining grid stability [19]. Additionally, their responsiveness to
fluctuations in power demand or generation ensures a reliable
energy supply, facilitating the integration of variable renewable
energy sources like wind power into the grid.

B. Cost-effectiveness

HVDC systems typically require fewer substations and
transformers, which leads to reduced initial capital expen-
ditures [11]. The simplified installation process associated
with HVDC technology also contributes to lower costs and
faster deployment, making it an economically attractive option.
HVDC technology becomes cost-effective at shorter distances
compared to HVAC systems, making it suitable for various
offshore applications [13]. Furthermore, its efficiency in trans-
mitting power over long distances reduces the overall cost
per megawatt-hour delivered, enhancing its economic viability
over time. The advanced materials used in the construction of
HVDC cables enhance their durability and longevity, reducing
degradation over time [5]. This robust design not only leads
to fewer failures and lower maintenance needs but also results
in significant cost savings associated with cable replacement
and system upgrades.

C. Environmental Impact

The compact design of HVDC cables means they are thinner
and lighter than HVAC cables, requiring less space for in-
stallation [6]. This smaller footprint minimizes environmental
disturbance during installation, helping to preserve natural
habitats and reduce the overall ecological impact. HVDC
systems produce lower electromagnetic fields compared to
HVAC systems, which can be beneficial for marine ecosys-
tems [4]. This reduction in electromagnetic interference helps
protect marine life and habitats near offshore installations,
contributing to sustainability. HVDC technology is specifically
designed to connect offshore wind farms to the grid, promoting
the use of renewable energy sources [9]. By effectively inte-
grating these renewable sources, HVDC systems help stabilize
the overall energy grid and reduce reliance on fossil fuels,
leading to lower carbon emissions.

D. Operational Flexibility

HVDC technology allows for the interconnection of differ-
ent power grids that operate at varying frequencies, enhancing
overall grid reliability [7]. This capability facilitates energy
trading between regions, optimizing resource use and improv-
ing resilience against outages and disruptions. HVDC systems
can manage power flows dynamically based on real-time
demand and generation conditions, allowing for enhanced load
management across the grid [12]. This flexibility also enables
the effective integration of energy storage solutions, which is
crucial for managing intermittent renewable sources. Designed
to operate reliably in challenging offshore environments,
HVDC systems ensure consistent power delivery even under
adverse conditions [10]. Their inherent design minimizes the
risk of outages, contributing to a more reliable energy supply
and supporting future expansion without significant overhauls.

IV. CONCLUSIONS AND FUTURE DIRECTIONS

This paper presented a comparative analysis of HVAC
and HVDC transmission systems for offshore wind energy.
The study indicates that HVDC offers substantial advantages

Proceedings of NILES2025:
7th Novel Intelligent and Leading Emerging Sciences Conference

43Authorized licensed use limited to: TU Delft Library. Downloaded on May 04,2026 at 11:08:17 UTC from IEEE Xplore.  Restrictions apply. 



over HVAC when longer transmission distances are involved.
Specifically, HVDC systems exhibit 40–50% lower power
losses than HVAC for distances above 80–100 km, which
makes them the preferred option for large-scale offshore
wind farms situated far from shore. While HVAC remains
more practical for shorter connections due to its lower initial
installation costs and simpler design, its efficiency decreases
significantly with distance, limiting its competitiveness for
offshore applications beyond near-shore projects.

From an economic perspective, HVAC can be attractive
for projects within about 80 km of the coast, yet HVDC
becomes more cost-effective in the long term because of
reduced maintenance requirements, lower operational losses,
and the possibility of simplified infrastructure. In addition,
HVDC solutions present a smaller environmental footprint,
lower electromagnetic emissions, and enhanced compatibility
with marine ecosystems. The ability of HVDC technology
to provide improved grid stability, enable multi-terminal con-
figurations, and integrate variable renewable sources further
reinforces its suitability for future offshore projects.

Overall, HVDC can be considered the most advantageous
solution for long-distance, high-capacity offshore wind trans-
mission, while HVAC remains viable for near-shore devel-
opments with lower capacity requirements. Future work is
expected to focus on modular HVDC architectures and ad-
vanced converter technologies, which may further enhance
cost-effectiveness, scalability, and sustainability, thereby sup-
porting the accelerated integration of offshore wind energy
into modern power systems.
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