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Abstract

Floating offshore wind turbines (FOWTs) are essential for expanding renewable energy
capacity into deep-water regions. However, the deployment of semi-submersible FOWTs
faces significant operational and financial hurdles, primarily driven by the high costs and
logistical complexity of towing these structures to site. This perspective paper critiques
current transportation processes, noting that existing offshore guidelines typically fail to
account for the hydrodynamic drag generated by the unique bluff-body geometries of these
hulls. The substantial pressure drag inherent in these structures leads to excessive fuel
consumption and elevated carbon emissions during long-distance transit. Consequently,
potential drag-reduction strategies must be explored to address these hydrodynamic ineffi-
ciencies. Among various technologies, fairings attached to the FOWT structure emerge as
a promising solution, with potential drag reductions of around 40%. However, extensive
research is required to ensure these designs do not compromise system stability, while also
providing a net carbon emission reduction that justifies their production for large-scale
deployment. Ultimately, integrating effective drag-reduction technologies is a vital step
towards improving both the economic viability and the environmental footprint of the
FOWT industry, ensuring its long-term sustainability in the global energy transition.

Keywords: FOWT; semi-submersible platform; towing resistance; drag reduction

1. Introduction
The increased global push for renewable energy generation has led to a boost in

offshore energy sources, maximising the potential of global natural resources. By 2024, a
total of 1136 GW of wind power was generated globally, of which 83.2 GW was generated
by offshore wind farms, equivalent to around 7.3% of offshore energy [1]. Fixed-bottom
projects accounted for around 99.7% of the offshore energy capacity, while floating projects
only represented a small percentage due to being in the early stages of commercialisation [2].
With ever increasing energy demands and advances in technologies, the 2025 Global
Offshore Wind Report published by the Global Wind Energy Council (GWEC) forecasts that

Energies 2026, 19, 797 https://doi.org/10.3390/en19030797

https://crossmark.crossref.org/dialog?doi=10.3390/en19030797&domain=pdf&date_stamp=2026-02-09
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0002-0407-2082
https://orcid.org/0000-0003-3957-1030
https://orcid.org/0000-0002-8989-4762
https://orcid.org/0000-0003-1117-9467
https://doi.org/10.3390/en19030797


Energies 2026, 19, 797 2 of 20

by 2034 floating wind energy generation capacity will reach around 19 GW [2]. Meanwhile,
the growth of fixed-bottom structures is progressively being constrained due to the scarcity
of shallow waters suitable for such structures. The deployment of floating foundations will
therefore allow to further extend offshore wind capacity into deeper waters, expanding the
use of wind energy to more nations worldwide.

Floating Offshore Wind Turbines (FOWTs) offer several benefits that make them a
practical alternative where fixed-bottom structures are not feasible. These traditional
bottom-fixed turbines are limited to water depths of approximately 50 to 60 m, restricting
their application to around 20% of offshore wind potential globally [3]. By contrast, floating
technologies could unlock the majority of remaining potential, including around 80% of
offshore zones in Europe and Japan, as well as around 60% of those in the United States [4].
As offshore structures are deployed in deeper waters, they are exposed to harsher weather
conditions, including strong currents, high waves, and corrosive marine environments.
These factors can present additional challenges in the design, installation, and operation of
such structures. Nevertheless, current floating technologies have already proven capable
in such operating conditions, benefiting from the knowledge transferred from the oil and
gas (O&G) industry, which has extensive experience in deploying large floating structures
in deep offshore sites [5]. Additionally, FOWTs also reduce visual and noise impacts,
typically associated with onshore or close to shore wind turbines, due to their distance
from coastlines. Furthermore, since floating structures do not require the use of seabed
foundations, seabed disturbance and the associated ecological impacts are greatly reduced,
or even eliminated. However, given that the FOWT sector is still in an early stage of
development and commercialisation, research on their long-term environmental impacts is
still limited. It is therefore essential that comprehensive research and data collection are
carried out to confirm the anticipated reductions in environmental impact.

Although FOWTs have many benefits, they also face several limitations that create
technical, operational, and financial challenges. The main barrier for FOWT development
is the significant capital investment required. With the FOWT technology still in a pre-
commercial stage, each project demands hundreds of millions of euros for operational
lifetimes that can extend beyond 20 years. The shift toward larger turbines, reaching 15 to
20 MW per turbine, also necessitates significantly large financial support. These increase
the demand for port and manufacturing infrastructure, both during manufacturing and for
maintenance, which many countries currently lack. In such cases, the FOWTs would have
to be assembled in neighbouring countries and individually towed to the required sites,
requiring complex logistical planning which further increases the high operational costs
during their deployment. Furthermore, the transportation and installation of such large
structures are highly dependent on specific weather conditions due to difficulties in marine
operations that are faced during significant wave heights and high wind speeds. Ideal
weather windows are typically quite narrow; therefore, careful scheduling and organisation
are essential for safe operations [6]. The efficiency and cost of FOWT towing are heavily
influenced by the hydrodynamic drag experienced by the platform. Consequently, the
development and implementation of effective drag-reduction technologies are paramount
to improving the economic feasibility of FOWT projects. The importance of these technolo-
gies is further underscored by the need to tow platforms back to port for periodic major
maintenance. Once the FOWTs are installed and in operation, their maintenance introduces
further complications. It is expected that in the 25-year operational lifetime of FOWTs, they
are towed back to port at least three times for major maintenance, making optimisation of
transportation processes essential for more efficient and sustainable towing.
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1.1. Current FOWT Technologies

FOWTs employ several different types of floating platforms, typically distinguished
by the stability mechanism employed. These are sub-divided as buoyancy-stabilised,
ballast-stabilised, and mooring-stabilised [4]. The choice of platform is dependent on a
range of factors, including site-specific conditions and technological characteristics, as
well as logistical and economic requirements. Figure 1 depicts the most common types of
platforms available. The transportation and installation of FOWTs are critical phases of any
offshore project, presenting significant costs and logistical hurdles. These processes vary
considerably depending on the specific type of floating structure and the characteristics
of the installation site. The deployment of a floating platform involves either onshore or
offshore assembly. In the former, the platform is built in a port and towed to site, while the
latter requires transporting the separate components offshore for final construction using
specialized vessels. Different vessels are available for different transportation procedure,
with the main vessel types used being tugboats, crane barges, heavy lift vessels, and
purpose-built jack-up or construction vessels [7].

Buoyancy-stabilised platforms, or waterplane-stabilised platforms, rely on a substan-
tial waterplane area to achieve the righting moment necessary for stability. This geometry
provides the high second moment of area required to counteract rotational displacements
and return the system to equilibrium. Semi-submersible platforms are the most common
type of buoyancy-stabilised structures, being suitable for a wide range of depths. These are
typically composed of several large columns, typically employing three or four columns,
connected using bracing or submerged pontoons [4]. Semi-submersible structures can be
manufactured and assembled onshore or in a dry dock and transported to the required site
by towing the whole structure. To allow for easier transportation, a ballast system varies the
platform’s draught, which is typically reduced to below 10 m to lower the drag experienced
while being towed [6]. Tugboat-assisted towing procedures often require multiple days to
complete due to low speed, typically in the range of 2 to 4 knots, and can take even longer
due to the need for specific weather conditions [8].

Ballast-stabilised platforms depend on the distance between the total system’s centre
of gravity and the centre of buoyancy. By including large ballasts at the bottom of the
structure, the centre of gravity is moved further below the centre of buoyancy, hence
increasing the stabilising righting moment required to offset rotational displacements
generated as the floating platform tilts due to environmental conditions to return the
structure to its equilibrium position. The most common ballast-stabilised platforms are spar
floaters, which are composed of a long cylindrical structure with a heavy ballast at its base
to lower its centre of gravity [4]. Spar-type platforms can have structures that extend to
around 85 m below the water surface for a 10 MW wind turbine, limiting their use to water
depths of beyond 100 m [9]. Their transportation and installation can be quite complex
due to their large draught, requiring offshore assembly with increased logistical demands.
The ballast is towed to site using tugboats and water-ballasted to upend the structure. The
water ballast is then replaced by a fixed ballast to keep the structure upright, and the wind
turbine is installed to the ballasted platform using a heavy-lift vessel.

In contrast to ballast- and buoyancy-stabilised platforms, mooring-stabilised platforms
rely on their mooring systems, which are highly tensioned, to provide the required righting
moment to bring the platform back to equilibrium. The mooring system is composed of
different mooring lines, called tendons, which are secured to the seabed to provide the
required tension. Tension leg platforms (TLP) are the main type of mooring-stabilised
platforms, typically comprised of a central column with arms that are connected to the
tensioned tendons [4]. TLPs are mostly suitable for intermediate water depths, typically
between 70 and 200 m [6]. The taut mooring lines create a fixed draught for the platform,
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making it behave like a constrained structure in the vertical direction while resembling
a floating structure horizontally. Due to their small and light structure in comparison to
other platforms, TLP can be assembled onshore and then transported to site. However,
since TLPs depend on the mooring system for stability, the structure is inherently unstable
during towing. Temporary buoyancy modules or a bespoke barge platform can be used for
towing the TLP, with the added modules being ballasted once the platform has reached the
required installation site.

 

Figure 1. Different types of floating platforms [10]. Barge and semi-submersible are buoyancy-stabilised;
articulated multi-spar and spar are ballast-stabilised; and tension-leg platform is mooring-stabilised.

1.2. Aim

Semi-submersible platforms are considered to be the most mature FOWT technology,
having most knowledge adopted from the O&G industry and a Technology Readiness
Level (TRL) of around 8 to 9. Multiple projects and demonstrators are already operating
around the world. However, multiple challenges are faced when transporting these semi-
submersible platforms by towing. These often result in an increase in costs and carbon
emissions, mainly as a result of the platform drag. In the near future, floating offshore wind
farms are expected to expand worldwide, with numerous large-scale projects planned to
be operating by 2050, each containing dozens of turbines.

This paper will present the current transportation process employed for semi-
submersible FOWT platforms and the main challenges faced due to the drag present.
In this context, the aim of this paper is to present different methods that can be poten-
tially used during the transportation process of semi-submersible platforms to reduce the
platform drag, hence reducing costs and towing requirements and increasing the overall
energy efficiency of the towing process. It also aims to highlight different knowledge
gaps in research about towing of semi-submersible FOWTs and drag-reduction systems for
such platforms.

2. Transportation of FOWT
The transportation and installation processes are highly dependent on the type of

floating structures being employed, as well as the final installation site of the structure.
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Different vessels are available for different transportation and installation procedures. The
use and selection of these vessels are mainly driven by structure type and installation
requirements, constrained by both market availability and the project’s budget. The main
vessel types available are tugboats, crane barge, heavy lift vessel, jack-up barge, purpose-
built jack-up, or construction vessels [7].

Different FOWTs require different installation procedures. These can either be assem-
bled offshore or onshore and then towed to site. Regardless of the assembly process, the
anchors and moorings are first installed at the required site. A remotely operated vehicle
(ROV) is later on used to retrieve the mooring end and hook it to the floating structure.

For offshore installation operations, a combination of tugboats, barges, and heavy lift
vessels are used to transport the different turbine components to site, either by wet towing
or dry towing. A heavy-lifting operation is then required to install the turbine onto the
floating platform at the installation site. With increasing turbine sizes, available vessels
are becoming inadequate in size, and hence more specialised vessels are being required.
This increases the logistical demands and operational costs of installation processes due to
the limited number of purpose-built vessels worldwide [7]. Offshore assembly is the only
viable option for spar-type structures due to their very large draughts.

The installation of FOWTs is made significantly simpler through onshore assembly,
where the structure is towed to the required location already fully assembled. Onshore
assembly permits the use of economical and widely available tugboats for the tow-to-site
procedure. Semi-submersibles are most commonly assembled onshore and towed to site,
as shown in Figure 2 [11].

 

Figure 2. 9.5 MW turbine being towed to Scotland (photo courtesy of Principle Power) [12].

The transportation operations of FOWT draw significant inspiration and knowledge
transfer from the O&G industry. Most of the transportation and installation procedures,
including the choice of vessels used, have been directly adopted to what has been done
in previous O&G operations. Vessels such as anchor handling tug supply and procedures
such as pre-installation of mooring lines were originally developed for the use of O&G
and have been directly transferred to the FOWT industry. The optimization of most O&G
operations is a result of years of field experience, where complex marine procedures have
been refined by the skills of personnel rather than through dedicated research and analysis.

Current FOWT transportation operations are governed by general offshore standards,
including the IMO Guidelines for safe ocean towing, DNV-ST-N001, ISO 29400, and IEC
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61400-3-2 [10,13–16]. While these provide a foundational framework, these standards are
not specialised enough for platforms like semi-submersibles where the tow-to-site phase is
critical. To advance the industry towards more cost-effective and sustainable transportation
methods, further research is essential, especially concerning the critical towing phase of
floating platforms like the semi-submersible platforms.

2.1. Towing of Semi-Submersibles

Each FOWT project demands a different transportation procedure, highly dictated
by the platform type and location. The semi-submersible platform is often considered the
most feasible to transport, as its design allows for complete onshore assembly followed by
a tow to-site installation. The platform can be either wet towed in water by tugboats or dry
towed on a barge or heavy-lift vessel. However, there is significant cost difference between
conventional tugboats, with costs starting from €10,000 per day for each tugboat, and heavy
lift vessels, with costs starting from €50,000 per day and can reach up to €250,000 per day
depending on vessel size. This makes wet towing the preferred transportation option
over dry towing [7,17]. The feasibility of wet towing is reinforced by the semi-submersible
platform’s inherent stability, which ensures it remains stable enough for towing by standard
tugs, even when ballasted to a shallow draught of around 10 m.

In addition to the initial tow out for installation, towing operations are also required
for significant maintenance throughout the semi-submersible’s lifetime. The ‘tow-to-port’
strategy, which involves disconnecting the moorings and towing the FOWT to the nearest
port (a distance that can reach beyond 700 km), is currently the most realistic solution for
major repairs [17]. This operation is expected to occur at least three times during a FOWT’s
lifespan, contributing a significant percentage to the project’s total costs and emissions. It is
therefore crucial that the towing operations are optimised and improved to reduce logistical
and economical demands and make the FOWT installation process more sustainable.

2.2. Towing Conditions

The towing procedure is dependent on several various factors, including the towing
speed, vessel capabilities, weather conditions, and economic consideration. Hence, careful
planning and consideration of different parameters need to be done to ensure seamless
towing operations.

Semi-submersibles are typically towed at very low speeds, between 2 to 4 knots,
equivalent to 1.03 and 2.06 m/s [8]. Due to the large draughts of the floating structures,
specific ports with large water depths are required to assemble the semi-submersible FOWT.
However, there is a limited number of ports that can accommodate such large structures.
This scarcity often forces assembly to take place in a different country from the installation
site, resulting in long-distance towing operations that span over 900 km. The combination
of extended towing distances and reduced towing speeds results in multi-day operations,
which substantially lengthen the total installation timeline. The Kincardine Project is
an example of such installations, where FOWTs were towed between Rotterdam in the
Netherlands and Aberdeen in Scotland, towing them over 700 km in around 10 days [6,17].

Weather conditions have a great impact on towing operations, especially long tows,
which can pass through different weather conditions throughout the towing operations.
Towing operations require suitable weather conditions to ensure safe execution. The towing
operation is therefore limited to specific weather windows that necessitate metocean data
analysis during planning to ensure a suitable weather window without many delays or idle
waiting time. Wave heights, current speeds, and wind speeds are the metocean parameters
that primarily restrict towing operations. Favourable towing conditions involve waves of
less than 1 m, while any height over 1.5 m requires the operation to be halted [6]. It is ideal
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for current speeds to be as minimal as possible, or even zero, to minimise resistance and
towing complexity. During towing, the FOWT is kept in a parked–feathered condition to
minimise wind resistance. Towing operations are mainly limited to mean wind speeds of
below 14 m/s [18].

Due to the wide variations in FOWT designs, each system must be individually anal-
ysed before towing. The DNVGL-ST-0119 standard governs the stability requirements
for this transit phase, focusing on the relationship between the centre of gravity (COG)
and the centre of buoyancy (COB) [19]. A critical part of this analysis is evaluating the
FOWT’s intact stability at its planned towing draught, as the COG location changes with
draught. Using a reduced draught for transportation can decrease the structure’s inherent
stability, potentially leading to increased motions. According to DNVGL-ST-0019 [19],
stability assessments must consider both intact and damaged conditions to ensure the plat-
form maintains sufficient restoring capacity under environmental loads. Key hydrostatic
parameters include the metacentric height, righting arm curves, and the angle of vanish-
ing stability, which collectively quantify a floating structure’s ability to resist capsizing.
Specific requirements for semi-submersible FOWTs must be satisfied to ensure the float-
ing structure maintains sufficient hydrostatic stability under both operational and severe
environmental conditions.

2.3. Towing Equipment and Configurations

The safety and success of the entire towing operation are dependent on the proper
selection and configuration of key equipment, mainly the tugboats and towlines. The
connection system between the FOWT and tugboats consists of structural tow points and
a towline attached via shackles, with the potential inclusion of bridles and fairleads de-
pending on the configuration [20]. Different standards and classification society guidelines
are available that can be followed to design and size the towing configuration and equip-
ment. The DNVGL ST-N001—Marine operations and marine warranty standard is most
commonly used [13].

The DNVGL ST-N001 standard outlines the entire iterative design process that is
required to plan the towing process. Key inputs like platform weight, COG location,
draught, towing route, and weather conditions are repeatedly checked against stability
and strength criteria to ensure adequate strength, stability, and equipment selection. The
standard also defines procedures for tug boat selection, towing equipment, and bollard
pull requirements, amongst others [13].

The towing force necessary to move the floating platform is referred to as the bollard
pull. The choice of tug boat is mainly based on the minimum bollard pull requirement,
typically ranging between 300 and 900 tonnes, subject to the weather conditions and
the mass and shape of the platform [8]. The required bollard pull is typically provided
by a single large tug boat, while two or three other smaller tug boats help stabilise the
motion of the floating platform to ensure that the required course is maintained. The semi-
submersible can either be towed with a single-column facing forwards or double-column
facing forwards, as shown in Figure 3. Multiple tugs can also be used for the towing
operation to provide more steering control and redundancy in case of any failure, such as of
towline or tugs, during the towing operation. Figure 4 displays a multiple tug configuration
that is typically used for towing operation, highlighting the main and auxiliary tugs.

Towlines are typically connected level to the COG of the system to further ensure a
stable system during towing. The main towline is typically made of steel or synthetic fibres,
in the form of chains or cables. Other towing connecting components, such as the bridles
and shackles, are made of steel to ensure adequate strength [13,21].
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Figure 3. Single- and double-column facing forwards towing configuration.

Figure 4. Multiple tug configuration for the towing operation.

The operational performance of the selected tugs is another key parameter to be
considered, with their fuel efficiency and emissions output being critical factors in the
sustainability and cost of the towing phase. Tugboats burn a large amount of fuel during
their operation, with fuel consumption and carbon emission rates highly dependent on the
tugboat efficiency and operating conditions. The main carbon emissions of the installation
process of these FOWTs stem from the fuel consumed by the towing vessels during the
transportation process. For every tonne of fuel consumed, around 3.15 tonnes of CO2 is
produced [22]. Tugboats can consume up to around 80 tonnes per day of fuel when running
at full speed. The maximum speed of tugboats is typically around 18 knots; however, the
engines would still be required to operate at maximum power when towing large loads at
low speeds, hence producing similar emissions [23].

3. Challenges
3.1. Wet Towing

Wet towing remains the most practical and widely adopted method for transporting
FOWT, primarily due to its substantially lower cost compared with dry towing using heavy-
lift vessels. However, wet towing introduces complex challenges due to the solid–fluid
interaction, dominated by hydrodynamic resistance.

When considering bluff bodies fully immersed in a fluid, the solid–fluid interaction
gives rise to two principal drag components that together constitute the total towing
resistance, RT. The pressure difference between the high-pressure stagnation region at the
front of the body and the low-pressure separated region at the rear results in a significant
drag contribution, commonly referred to as pressure drag. This is combined with the
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viscous resistance, arising from the integrated shear stresses acting on the body surface [24].
The total resistance for a fully submerged body may therefore be expressed as

RT = Pressure resistance + Viscous resistance

However, when a body moves at or near a free liquid surface, the contribution of
wave-making resistance becomes significant [24]. Furthermore, in the case of a FOWT being
towed with the turbine installed, wind loading on the rotor, nacelle, and tower introduces
an additional resistance component acting on the portions of the structure above the free
surface. These effects necessitate an expanded formulation of the total towing resistance,
given by

RT = Pressure resistance + Viscous resistance + Wave Resistance + Wind Resistance

The significance of these hydrodynamic challenges is intensifying alongside the rapid
growth of turbine power ratings. Commercial wind turbines with capacities exceeding
13 MW are already becoming available, such as the Vestas V236-15MW and Siemens Gamesa
SG 14-236 DD, and prototype 18–20 MW units are under development [25–27]. These
larger turbines require significantly larger and more stable floating platforms. The open-
source VolturnUS-S platform, designed for a 15 MW turbine, features three columns, each
approximately 12.5 m in diameter, with an overall footprint exceeding 100 m across [28].
While structurally efficient for dynamic stability, such platforms are bluff-body dominated
and not hydrodynamically optimised for towing, resulting in substantial drag loads.

For a structure like the Maine Volturnus-S, towing speeds of 2 to 4 knots yield Reynolds
numbers (Re) ranging from 1.24 × 107–2.48 × 107. This places the flow regime well
above the critical threshold of 2 × 106, ensuring fully turbulent external flow [29]. Under
these conditions, flow acceleration around the column curvature induces a strong adverse
pressure gradient, preventing boundary layer attachment and forcing flow separation. This
separation generates a broad turbulent wake characterised by unsteady vortex shedding
and a significant pressure deficit on the downstream face. Consequently, resistance is
dominated by pressure drag arising from the differential between the upstream stagnation
zone and the low-pressure wake. While skin-friction drag persists, it is of secondary
importance relative to pressure drag for Re > 5000 [29].

3.2. Quantifying the Total Resistance

Accurately estimating towing resistance remains a major challenge due to the unprece-
dented scale of modern FOWTs and the limited availability of full-scale reference data.
Reliable quantification is critical for the pre-selection of tug configurations, towing gear,
and operational safety margins.

It must be stated that the resistance acting on the structure is not limited to hydrody-
namic forces on submerged elements alone. The exposed tower, nacelle, and rotor blades
above the sea surface contribute significantly to total resistance, particularly under strong
wind conditions. These aerodynamic forces increase the overall drag acting on the structure
and may also introduce yawing and heeling moments that complicate the tow. In addition,
environmental loads acting directly on the floating structure itself such as waves, currents,
and wind play a decisive role in determining towing resistance.

Three main approaches are used to quantify the total resistance: industry guide-
lines, numerical modelling using computational fluid dynamics (CFD), and physical
model testing.
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3.2.1. Industry Guidelines

Industry guidelines, largely adapted from the offshore oil and gas sector, remain the
standard for operational planning. The Oilfield Seamanship Series, Volume 4: Towing
provides a widely referenced framework in which total towing resistance (RT) is the sum
of frictional resistance (Rf), residual resistance (RB), and wind resistance (Rw) [30]. This
method incorporates specific coefficients to account for factors such as hull fouling, bow
shape, and wind effects based on the shape and height of structures above the waterline.

Similarly, the China Classification Society’s Guidelines for Towage at Sea were orig-
inally developed for ship hulls but are often applied to floating platforms. The China
Classification Society (CCS) “GUIDELINES FOR TOWAGE AT SEA” is primarily intended
for ship hulls. It calculates total resistance by summing the water friction resistance (Rf) and
residual resistance (RB) and then multiplying by a safety factor of 1.5 [31]. The formulation
depends on wetted surface area, maximum underwater cross-section, towing speed, and a
shape coefficient.

A third empirical approach, derived from engineering experience with offshore drilling
platforms, decomposes total resistance into four distinct components: water friction (Rf),
waterfront pressure (Rx), eddy resistance (Rc), and wind resistance (Rw). A key feature of
this method is that it approximates eddy resistance as 20% of the friction resistance [32].

While these guidelines constitute the industry standard, their accuracy is limited by
the geometric complexity of FOWTs. Since fluid–structure interaction varies significantly
with platform design, these generalised formulations often fail to capture the specific
hydrodynamic characteristics and interaction effects inherent to unique FOWT geometries.

3.2.2. Computational Fluid Dynamics (CFD)

CFD has become a fundamental tool for the evaluation of hydrodynamic forces and
drag resistance acting on offshore structures, owing to its capability to resolve complex tur-
bulent flow features, vortex shedding, and geometry-dependent flow behaviour. However,
CFD remains computationally demanding, particularly at the high Reynolds numbers and
when large computational domains are required to accurately capture wake development.

Different levels of modelling fidelity may be adopted depending on the objectives of
the analysis. Higher fidelity approaches provide a closer representation of the underlying
physics but incur significantly greater computational cost. Model fidelity is primarily
governed by the treatment of boundary conditions and physical phenomena, including
the modelling of the free surface effects, the choice of turbulence modelling strategy for
capturing viscous behaviour, and the selection between steady Reynolds Averaged Navier–
Stokes (RANS) formulations and unsteady, time-resolved methods such as URANS, LES,
or hybrid approaches [33]. Achieving high-fidelity flow resolution therefore requires
a substantial computational cost penalty, with the overall cost strongly dependent on
mesh size, spatial and temporal resolution, and the level of physical detail required by
the simulation.

As a result, rigorous verification and validation procedures such as mesh independence
studies and comparison against experimental or field data are essential to ensure the
reliability of predicted force and resistance coefficients.

3.2.3. Experimental Methods

Experimental model testing continues to play a critical role in the validation of nu-
merical and analytical towing predictions. However, the simultaneous satisfaction of both
Froude and Reynolds similarity is fundamentally unattainable at any model scale [33]. In
towing applications, Froude similarity is typically prioritised to preserve the correct balance
between inertial and gravitational forces, ensuring accurate representation of wave-making
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resistance and free-surface effects. Additionally, Froude offers the practical benefit of
requiring feasible simulation speeds [33]. As a result, Reynolds numbers in model-scale ex-
periments are significantly lower than full-scale values, leading to discrepancies in viscous
resistance and flow separation behaviour.

To account for this mismatch, viscous resistance is commonly corrected using empirical
or semi-empirical formulations developed within ship hydrodynamics, most notably those
recommended by the International Towing Tank Conference (ITTC) [34]. The ITTC-1957
model-ship correlation line is widely adopted to correct viscous effects when extrapolating
model-scale results to prototype scale [34]. Within this framework, viscous forces are treated
separately and are adjusted analytically to reflect full-scale Reynolds number conditions.

These corrections were originally developed for conventional ship hulls; therefore,
their direct application to floating offshore wind turbines remains uncertain. Given the
relatively early stage of methodological development for scale-model testing in offshore
wind applications, feedback from full-scale devices is required to refine and validate
correction approaches specific to each device type [35]. Such feedback is essential to
compensate for the modelling deficiencies inherent in small-scale experimental testing.

3.3. Influence of Drag on Towing Operation

The trend towards larger FOWTs is driven by the improved economies of scale that
result in a lower cost of electricity generation. Nevertheless, scaling up of FOWT sys-
tems results in substantially higher towing demands. These increased demands manifest
in three primary aspects of towing operations: limitations on achievable towing speed,
higher fuel consumption and associated emissions, and increased overall operational
costs. These factors are inherently interrelated and are governed by a common physical
parameter, the hydrodynamic drag acting on the structure during towing. Consequently,
towing-induced hydrodynamic resistance becomes a critical determinant of the overall
technical and economic feasibility of deploying large-scale FOWTs as a viable renewable
energy technology.

3.3.1. Towing Speed

The fundamental relationship between hydrodynamic drag force (FD) and towing
speed (v) is governed by Equation (1) [29]:

FD =
1
2

ρv2CD A (1)

where FD is the drag force

ρ is the density of the fluid
v is the velocity of the object relative to the fluid
A is the projected frontal area
CD is the drag coefficient

Given that drag scales with the square of velocity, even small increases in towing
speed result in significantly larger bollard pull. Additionally, power demand (P) scales with
the cube of velocity following Equation (2). This cubic relationship implies that marginal
increases in transit speed necessitate a drastic rise in engine output.

P = FDv (2)

In the context of large bluff-body FOWTs, a move from 2 to 4 knots amplifies these
loads to levels that approach the limits of available tug boat power. Chen M. et al. [36]
quantified this by analysing the OC4 platform with an NREL 5 MW turbine using STAR-
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CCM+. The study confirmed that 4 knots is the absolute maximum towing speed in
this scenario; exceeding this threshold requires force beyond the effective power of a
single tugboat.

3.3.2. Towing Emissions

Hydrodynamic drag during towing has a direct and substantial impact on fuel con-
sumption and greenhouse gas emissions from towing vessels. Increased resistance demands
higher thrust, which in turn elevates engine load, fuel burn, and associated emissions. Off-
shore towing operations are therefore a non-negligible contributor to the life-cycle carbon
footprint of FOWTs. These emissions are further compounded over a platform’s operational
lifetime. Floating wind projects typically require multiple mobilisation and demobilisation
campaigns, including tow out to site, tow back for major maintenance, and potential re-
location or decommissioning. As a result, towing-related emissions represent a recurring
and cumulative contribution to the overall environmental footprint of FOWTs. This issue
has gained additional relevance following the introduction of the International Maritime
Organisation’s (IMO) “Well-to-Wake” greenhouse gas guidelines, which formalise the
requirement to assess emissions across the full fuel life cycle of marine operations [37,38].
These regulatory developments place increasing pressure on the offshore wind sector to
improve towing efficiency and reduce emissions at the operational level.

The magnitude of towing emissions can be illustrated by examining data from existing
floating wind projects. The WindFloat Atlantic project, located approximately 18 km
offshore from Viana do Castelo, Portugal, was the world’s first commercial floating wind
farm based on semi-submersible platforms. Fully commissioned in 2020, the project has
a total installed capacity of 25 MW, delivered by three semi-submersible platforms, each
supporting an 8.4 MW wind turbine [39]. The wind farm supplies renewable electricity to
approximately 25,000 households annually, avoiding an estimated 33,000 tonnes of CO2

per year when compared to fossil-fuel-based power generation [39].
Despite these significant operational emissions savings, the installation phase involved

carbon-intensive marine operations. Each fully assembled floating structure was wet towed
from the assembly port in Ferrol, Spain, to the installation site offshore Portugal. The tow
out distance was approximately 155 nautical miles (≈287 km), conducted over a period
of around three days at an average towing speed of roughly 2 knots [13]. The towing
operation employed a primary AHTS vessel, supported by auxiliary vessels for positioning
and safety.

The main towing force was provided by the Bourbon Orca AHTS vessel. This vessel
is equipped with four main engines, each rated at 2888 Kw [40]. To successfully tow the
FOWTs, each engine operates in the range of 85–100% power for the majority of the tow
out operation. Each engine has a fuel consumption of 184 g/kWh, consuming around
54 tonnes of fuel, resulting in a total fuel consumption of 215 tonnes of marine fuel per
floating structure per tow [41]. Using standard emission factors that 1 tonne of marine fuel
emits around 3.15 tonnes of CO2, roughly 680 tonnes of CO2 are emitted per FOWT per
tow out. For the three platforms installed at WindFloat Atlantic, this results in total tow
out emissions of approximately 2070 tonnes of CO2, excluding emissions from auxiliary
vessels and from the return (tow-back) voyages. The emissions from the tow-out phase
alone equate to 6% of the annual carbon offset generated by the wind farm.

To put this figure into perspective, the CO2 emissions generated during the tow out of
the WindFloat Atlantic platforms are approximately equivalent to the annual emissions
of 444 passenger cars [42]. This comparison highlights the disproportionate contribution
that short-duration but high-power marine operations can make to the carbon footprint of
floating wind projects.
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3.3.3. Costs

Wet towing is significantly more economical than dry transport, with tugboat charter
rates averaging approximately 5 times less than heavy lift vessels [7,17]. Despite these
lower daily rates, wet towing remains a cost-intensive activity. This is primarily attributed
to low towing speeds, which necessitate several days of continuous operation even for
moderate distances. Additionally, the transport of large FOWT systems with complex
geometries often requires multiple tugboats to ensure sufficient bollard pull, redundancy,
and manoeuvrability.

These operational costs contribute directly to an increase in the Levelised Cost of
Energy (LCOE), the metric representing the cost to generate one kilowatt-hour of elec-
tricity. Currently, the LCOE for realised offshore wind farms in Europe ranges between
7.3 €ct/kWh and 14.2 €ct/kWh [43], which is notably higher than that of onshore wind
energy or conventional generation technologies [43].

Wiser et al. [44] suggest that fixed and floating offshore wind solutions will reach LCOE
parity by 2030. However, these projections rely on the critical assumption that investment
costs for floating solutions will decrease significantly. Consequently, cost reduction is
essential for the optimisation of the LCOE across the entire lifecycle of an offshore wind
farm [43]. Although towing operations occur intermittently, FOWT systems are expected to
be towed multiple times during their 25-year service life. Therefore, the cumulative cost of
towing constitutes a considerable component of the capital and operational expenditures
captured within the LCOE framework.

4. Perspective on Drag-Reduction Technologies
4.1. Advantages in Implementing Drag-Reduction Technologies on FOWTs

As discussed in previous sections, the feasibility of FOWT systems is strongly influ-
enced by the towing operations required for their transport. Consequently, reducing drag
can significantly improve towing efficiency and overall project viability, making FOWTs
more economically and operationally attractive.

A range of drag-reduction strategies exists, broadly categorised into active and pas-
sive methods, each exhibiting different levels of complexity and effectiveness. Active
approaches typically involve flow control techniques, such as the use of moving compo-
nents or boundary-layer manipulation through pressure control. Passive methods include
fixed or attachable fairings, as well as surface modifications such as perforations or tex-
turing [24]. The use of active or passive fairings has to be carefully considered through
intensive research to ensure that the fairings operate at the most optimum conditions.

However, for drag-reduction solutions applicable to already designed and existing
FOWT platforms, attachable fairing appendages represent the most promising option.
This is primarily due to their versatility, allowing installation and removal during towing
operations, and their relatively low design and implementation complexity. Alternative
approaches, such as ballast adjustment and partial submergence optimisation, may also
offer potential drag reductions; however, these methods require further investigation,
particularly with respect to their impact on long-duration towing performance and dynamic
stability in open-sea conditions. Accordingly, this study focuses primarily on the application
of attachable fairings for drag reduction in FOWTs.

Fairings offer a particularly effective solution as streamlined appendages designed to
mitigate flow separation. They primarily target the reduction of wake-induced pressure
drag (Figure 5), which constitutes a significant portion of the total resistance experienced
by bluff floating structures at towing Reynolds numbers. By reducing this pressure drag,
fairings can lower the overall hydrodynamic resistance acting on the platform during
transit. Preliminary CFD simulations conducted on the VolturnUS-S platform indicate that
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the rectangular pontoon is the primary contributor to the overall hydrodynamic drag. The
results suggest that the installation of fairings on the rectangular pontoon section has the
potential to achieve drag reductions of up to approximately 40% when compared with
the baseline configuration. This drag reduction is achieved through the installation of a
cylindrical leading-edge fairing at the front of the pontoon, combined with a streamlined
rear appendage that promotes attached flow and reduces wake formation. These findings
highlight the importance of conducting detailed investigations into such fairing concepts,
which demonstrate significant potential for hydrodynamic drag mitigation. This reduction
in resistance has several important implications.

Figure 5. Wake behind a cylindrical 2D body (left) and an introduction of a streamline appendage (right).

First, for a given towing power, higher towing speeds may be achieved, enabling
faster transit to the installation site. Reduced transit time, in turn, decreases the number of
operating hours required from tug vessels, thereby lowering total towing costs. Alterna-
tively, towing operations may be conducted at lower power levels while maintaining the
same transit duration, resulting in reduced fuel consumption and lower CO2 emissions,
particularly if tug engines are operated closer to their optimal efficiency range.

In addition to drag reduction, fairings can provide additionalbuoyancy, increasing
the effective displacement of the FOWT. This added buoyancy may allow the platform to
operate at a reduced draught during port operations, which is particularly advantageous
given the draught limitations of many existing harbours. Improved port accessibility
represents a logistical benefit, potentially expanding the range of suitable assembly ports
for FOWT deployment.

Collectively, these advantages underscore the importance of developing effective
drag-reduction strategies as an enabling technology for FOWTs, which are not inherently
optimised for towing in their current designs. Drag reduction has long been a focus
across multiple engineering disciplines, with applications spanning automotive, rail, and
maritime sectors. While the specific implementations differ, the underlying objective
remains consistent: to reduce resistance, improve energy efficiency, and lower the power
required for motion through a fluid.

For a drag-reduction method to be considered applicable to FOWTs, it must satisfy
two fundamental criteria: it must deliver a measurable reduction in hydrodynamic drag;
and it must not compromise, and preferably should enhance, the stability of the floating
platform. Among the various strategies available, fairings represent one of the most robust
and transferable solutions. They belong to the class of passive drag-reduction devices,
requiring no external energy input while offering substantial efficiency gains. It is important
to note, however, that streamlining is beneficial primarily for bluff bodies operating at
high Reynolds numbers, where flow separation dominates the drag contribution. At low
Reynolds numbers, drag is largely governed by viscous effects, and streamlining may
increase wetted surface area and thus total drag. Consequently, inappropriate or poorly
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designed streamlining can be counterproductive, leading to increased resistance rather
than its reduction [29].

4.2. Knowledge Gap and Drag-Reduction Technologies in Other Industries

A significant knowledge gap exists regarding the implementation of drag-reduction
systems (DRSs) for FOWTs to achieve the performance advantages mentioned previously.
To address the limited research concerning drag-reduction strategies specifically for offshore
floating structures, a cross-industry review was conducted, focusing on fairings and passive
flow-control devices applied to bluff bodies.

In land transport, particularly in heavy-duty trucking, aerodynamic drag constitutes
a major component of energy consumption at cruising speeds. This has driven the de-
velopment of retrofittable drag-reduction devices that minimise wake-induced pressure
losses without requiring extensive structural modifications. Rear-end fairings, such as boat
tails (Figure 6), have demonstrated significant effectiveness, with optimised geometries
delaying flow separation and achieving drag reductions of up to 32% [45]. Additional
devices, including vortex generators, underbody flow-management systems, and cross-
flow vortex traps, further stabilise the wake and increase base pressure, yielding combined
drag reductions approaching 30% and fuel savings of approximately 10% under opera-
tional conditions [46]. Similar design principles have been successfully applied to freight
locomotives (Figure 7), where deployable, origami-inspired nose fairings achieved drag
reductions in the range of 13.8–17.3%, as confirmed by both CFD simulations and wind
tunnel experiments [47].

 

Figure 6. Boat tail-type rear-end fairing [45].

Figure 7. Fairing application in locomotives [47].

Drag reduction within the maritime sector is often directed towards mitigating wave
resistance by utilising a bulbous bow. Le et al. [48] employed CFD simulations to assess
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the benefits of fitting a Non-Ballast Water Ship with a developed bulbous bow compared
to a conventional blunt bow. In calm water, the bulbous bow reduced total resistance by
up to 6%; while this modification slightly increased frictional resistance due to a larger
wetted surface area, it was outweighed by a significant decrease in pressure resistance.
The advantages were notably pronounced in wave conditions, where the bulbous bow
improved seakeeping by reducing added wave resistance by 48% and total resistance by
13% [48].

4.3. Challenges in Implementing Fairings on FOWTs

Despite their potential benefits, the implementation of fairings on FOWTs presents
several significant challenges. First, FOWT platforms exhibit substantial geometric diver-
sity, and a single fairing design is unlikely to be universally applicable. For example, the
OC4 semi-submersible consists of three large cylindrical columns, whereas the VolturnUS-
type platform comprises multiple columns interconnected by large rectangular pontoons,
supporting a central column that houses the turbine tower. In such cases, drag-reduction
solutions may need to address not only cylindrical members but also prismatic and rect-
angular structural components. Consequently, fairings must be tailored to the specific
geometry and dimensions of each platform type, limiting their direct adaptability.

A second challenge concerns the handling, attachment, and removal of large-scale
fairings. Given their size, it is envisaged that fairings would be installed while the FOWT is
in port using large machinery. The platform would then be towed to the installation site
with the fairings attached. However, during the reverse towing route, the fairings may
need to be assembled or reattached on site. Therefore, it is important that the attachment of
the fairings can be performed easily at the installation site under offshore conditions.

If this is not feasible, one may consider fairings that remain attached for the lifetime of
the FOWT, such that installation occurs only onshore. While this approach simplifies off-
shore operations, it may reduce the environmental feasibility of the fairings, as a dedicated
set would be required for each FOWT. This would increase manufacturing demand and
associated environmental loads, as well as overall costs.

In the reusable fairing concept, the fairings would be removed at the installation site
and transported back for use on subsequent units. This operational approach imposes strict
requirements on the detachment mechanisms, which must allow rapid and reliable removal
during offshore operations. If the fairings are designed to be buoyant, their recovery
and relocation could be achieved without dedicated barges, further reducing logistical
complexity and cost.

Manufacturability of these drag-reduction fairings represents an additional constraint.
Owing to their large dimensions, fairings would require dedicated manufacturing facilities
and careful consideration of land transport and handling. It is anticipated that fairings
would be made out of steel, a material that is used for various FOWT structures such as the
UMaine VolturnUS-S platform [28]. By 2024, an average of around 2.18 tonnes of CO2 was
emitted during the production of every tonne of steel [49]. Therefore, each fairing design is
expected to have different emissions associated with its production and manufacturing due
to different designs and material usage. Consequently, it is essential to carry out extensive
research regarding the carbon emissions associated with fairing manufacture, transport,
and installation to ensure that the embodied carbon associated with the fairing does not
outweigh the emissions savings achieved during towing operations. A holistic life-cycle
assessment is thus a prerequisite for their large-scale adoption.

Finally, implementing drag-reduction technologies such as fairings on existing FOWTs
presents a significant design challenge, as these modifications inevitably alter the plat-
form’s mass distribution and restoring forces, potentially compromising stability, both
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static and dynamic stability. Consequently, any proposed solution must strictly adhere
to established standards, such as DNVGL-ST-0019, ensuring that the structure maintains
sufficient restoring capacity, quantified by parameters like metacentric height (GM) and
righting arm (GZ) curves, under both intact and damaged conditions [19]. Specifically for
semi-submersibles, these regulations dictate that the righting moment must remain positive
up to the second intercept and that the area under the righting moment curve must be at
least 130% of the area under the wind heeling moment curve, guaranteeing the platform
can resist capsizing [19]. The effects in dynamic stability of the structure with the added
fairings also needs to be carefully considered to determine the behaviour of the platform
during the towing process and different weather conditions such as waves.

5. Conclusions
The large-scale deployment of FOWTs represents a critical pathway for expanding

offshore renewable energy into deep water regions where fixed bottom solutions are no
longer viable. Among the available floating concepts, semi-submersible platforms have
emerged as the most mature and widely adopted technology. However, as demonstrated
in this paper, the wet towing of such platforms remains a significant technical, economic,
and environmental challenge, primarily due to the high hydrodynamic drag associated
with their bluff-body geometries. As turbine ratings continue to increase and platform
dimensions scale accordingly, towing resistance is becoming an increasingly dominant
factor influencing achievable towing speeds, fuel consumption, greenhouse gas emissions,
and overall project costs.

This paper has highlighted the limitations of existing industry guidelines and em-
pirical methods in accurately capturing the hydrodynamic behaviour of modern FOWTs
platforms during towing. While computational fluid dynamics and experimental testing
offer improved fidelity, both approaches face inherent constraints related to computational
cost, scaling effects and the limited availability of full-scale validation data. Furthermore,
towing-related emissions and costs, which are often underrepresented in lifecycle assess-
ments, can constitute a non-negligible contribution to the overall environmental footprint
and LCOE of floating wind projects, particularly when repeated tow to port operations for
major maintenance are considered. This has become increasingly relevant in the context of
emerging international requirements for the assessment and reduction of emissions from
marine operations.

In this context, drag-reduction technologies, particularly passive solutions such as
fairings, are identified as a promising and largely underexplored opportunity to improve
towing efficiency. By mitigating wake-induced pressure drag, such technologies can either
increase towing speeds for faster transit or reduce the power levels required from tug
vessels, directly lowering fuel costs and the overall LCOE. Reduced engine loading also
results in lower fuel consumption and associated emissions, supporting alignment with
evolving IMO greenhouse gas guidelines.

Nevertheless, the implementation of drag-reduction systems on FOWT platforms in-
troduces important challenges related to platform-specific geometry, structural integration,
installation and removal logistics, stability requirements, and lifecycle emissions. Address-
ing these challenges will require targeted research that combines high fidelity numerical
modelling, carefully designed experimental validation, and holistic lifecycle assessments to
ensure that any drag-reduction solution delivers net economic and environmental benefits.

Ultimately, improving the hydrodynamic efficiency of towing operations should be
regarded as an enabling requirement for the commercial-scale deployment of floating
offshore wind rather than a marginal optimisation. By reducing towing resistance, fuel
consumption, and emissions, effective drag-reduction strategies have the potential to en-
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hance economic viability while supporting compliance with increasingly stringent maritime
decarbonisation objectives.

To facilitate the sustainable expansion of FOWTs at scale, future research efforts must
focus on the following key objectives:

• Quantify the different drag components acting on different FOWT platform designs
and determine which are the most prominent drag components.

• Quantify the wave making resistance component during FOWT towing to determine if
this can be ignored during towing simulations, hence allowing for less computationally
demanding modelling.

• Identify critical areas in FOWT platforms which are subject to the highest drag genera-
tion to determine critical areas of improvement for significant drag reduction.

• Develop, validate, and benchmark diverse range of passive and active drag-reduction
concepts that can be integrated, either permanently or temporarily, onto current
FOWT platforms.

• Investigate alternative drag-reduction strategies, such as optimising towing draft,
modifying surface textures or materials to minimise viscous drag, and adapting
proven hydrodynamic drag-reduction technologies from other industries onto FOWTs.
A comparison analysis of the costs and carbon reduction should then be conducted to
quantify the potential of these alternative measures when compared to the baseline
FOWT model.

• Establish methodologies for reliable experimental testing that accurately simulate the
hydrodynamic realities of full-scale FOWT towing operations.

• Stability analysis, both static and dynamic, of the effects of adding fairings to such platforms.
• Create a detailed framework specifically for FOWT towing, focusing on logistical

optimisation to minimize carbon emissions.
• Embed drag-reduction consideration directly into the design phase of next-generation

FOWT platforms.

Allocating significant resources, both financial and temporal, to research efforts glob-
ally is a critical requirement which is not only essential for the commercialization of FOWT
technology but also for ensuring the industry contributes effectively to the global push for
sustainable renewable energy.
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Abbreviations
The following abbreviations are used in this manuscript:

AHTS Anchor Handling Tug Supply
CCS China Classification Society
CFD Computational Fluid Dynamics
COB Centre of Buoyancy
COG Centre of Gravity
DNV Det Norske Veritas
DRS Drag-Reduction System
FOWT Floating Offshore Wind Turbine
GWEC Global Wind Energy Council
IEC International Electrotechnical Commission
IMO International Maritime Organization
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ISO International Organization for Standardization
ITTC International Towing Tank Conference
LCOE Levelised Cost of Energy
LES Large Eddy Simulation
O&G Oil and Gas
RANS Reynolds Averaged Navier Stokes
ROV Remotely Operated Vehicle
TLP Tension Leg Platform
TRL Technology Readiness Level
URANS Unsteady Reynolds Averaged Navier–Stokes
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