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1. Introduction

Faced with the significant challenges of global climate change,
countries worldwide are formulating and executing strategies for
“carbon peaking” and “carbon neutrality” to accelerate energy
transitions [1]. Offshore wind energy, a key renewable and abun-
dant resource with a high utilization potential [2], has gained
widespread international attention [3,4]. Commercial offshore bot-
tom-fixed wind turbines have been extensively deployed in near-
shore areas with a cumulative global installed capacity exceeding
60 GW, thereby reducing industry costs. However, nearly 80% of
global offshore wind energy resources lie in waters deeper than
60 m. For offshore bottom-fixed wind turbines, costs increase sig-
nificantly with increasing water depth, challenging the economic
exploitation of deep-water offshore wind energy [5]. In this con-
text, offshore floating wind turbines (FWTs), which are less sensi-
tive to water depth and more cost competitive in deep waters,
have considerable potential for expanding the development hori-
zon of offshore wind power in remote sea areas [6].

The growing demand for renewable energy in China has moti-
vated the development of the floating wind power industry,
although its growth remains highly dependent on sustained tech-
nological advances. Nevertheless, a systematic review summariz-
ing the state-of-the-art development and identifying the future
challenges of FWT technologies from a holistic system-level and
full-industry-chain perspective is important for both the Chinese
market and global stakeholders.

2. Major FWT technologies and projects in China and worldwide

The origins of FWTs can be traced back to the 1970s [7]. However,
owing to technological constraints during that period, particularly in
terms of turbine size, scientific research specifically dedicated to FWTs
emerged gradually in Europe until the 2000s. Over the past decade, the
floating wind power industry has experienced rapid growth, driven by
technological advancements. However, it has still not been commer-
cialized widely at large scale yet. By the end of 2024, the global FWT
installed capacity reached 278 MW, distributed as follows: Norway
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(101 MW), the United Kingdom (UK) (78 MW), China (40 MW), France
(27 MW), Portugal (25 MW), Japan (5 MW), and Spain (2 MW) [8].
Various FWT substructure types, including spar, semi-submersible,
barge, and tension leg platforms (TLPs), have been deployed across
various projects [9]. Each type exhibits distinct technical characteris-
tics suited to specific sea conditions, as listed in Table 1 [9,10]. Among
these, spar and semi-submersible FWTs have been the most widely
adopted. Major FWT projects from China and worldwide with detailed
information and the key technological features are listed in Table 2.

2.1. Worldwide

Europe pioneered the exploration of FWTs for industrial appli-
cations. The Hywind and WindFloat series are the most successful
and representative projects.

Developed by the Norwegian company Equinor and deployed in
Norway and Scotland, the Hywind spar concept pioneered FWT
technology. The implementation series, progressing from concept
design through numerical analysis to experimental validation,
began in the 2009 Hywind Demo in Norway. This evolved into
Hywind Scotland (2017) [11] and Hywind Tampen (2022) [12]
FWT projects. Hywind Tampen, currently the largest FWT farm in
the world, is notable for being the first to utilize concrete floaters
and supply power to offshore oil and gas platforms; it is a novel
integration model for FWT energy consumption. While the deep-
water sites and nearshore depths in Norway facilitate the construc-
tion, transportation, and installation of Hywind, these processes
remain complicated owing to strict depth requirements (larger
than 80-120 m draft), particularly for floater upending [13,14].

Led by the American company Principle Power, the WindFloat
semi-submersible FWT concept has primarily been deployed in Portu-
gal (demonstrated in 2011 and decommissioned in 2016) [15] and
Scotland (WindFloat Atlantic (2020) [16] and Kincardine (2021) [17]).
WindFloat pioneered the use of active ballast systems to enhance sta-
bility by compensating for wind-induced overturning moments. Fur-
thermore, the combination of wet-towing with shipyard installation
streamlines transportation and deployment processes.

2.2. China

Compared with Europe, the floating wind power industry in
China started relatively late but has developed rapidly,
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Table 1

Technical characteristics of different types of FWTs [9,10].
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Floater type Applicable water  Occupied sea Floater Mooring Installation
depth area system
Spar Requires deep Large due to  Deep draft; ballast stabilized Catenary Challenging tow and installation operations due to its
operational water its catenary deep draft; requires a deep dock or sheltered area and
due to its deep mooring large offshore crane to install FWT; and upending
draft system operation is challenging
TLP Good adaptability Small due to  Poor self-stability; tendon Tendons Challenging towing due to its floater with poor self-
to water depth its tendon stabilized with stability and tendon system installation
system large
tension
Semi-submersible Good adaptability Large due to  Large waterplane area moment;  Catenary Good self-stability allows quayside integrated assembly;
to water depth its catenary buoyancy stabilized FWT can be towed out to site by tugs and installed via
mooring mooring-hookup
system
Barge Good adaptability Large due to  Large waterplane area; buoyancy Catenary Simple hull and large deck enable efficient onshore
to water depth its catenary stabilized; large motion response integrated assembly; shallow draft facilitates towing
mooring due to poor seakeeping capability from most ports
system
Table 2

Detailed information and key technological features of typical FWT projects.

Region/country Time Project Leading developer Floater type Water depth Draft (m) Key technological features
(m)
Norway 2009 Hywind Demo Equinor Spar 100-300 70-100 Common features:
(2.3 MW x 1) e Location: deep-water
UK 2017 Hywind Scotland Equinor Spar 100-300 70-100 o Draft: deep
(6 MW x 5) e Mooring system: 3 x 1Hywind
Norway 2022 Hywind Tampen Equinor Spar 100-300 70-100 Tampen innovations:
L]
(8.8 MW x 11) Concrete floater
e Shared anchors
e Supply power to nearby offshore oil
and gas platforms
Portugal 2011 WindFloat 1 (2 MW x 1)  Principle Power Semi- 50-100 10-15 Common features:
submersible o Location: relative shallow water
Portugal 2020 WindFloat Atlantic Ocean Winds Semi- 50-100 10-15 e Floater: equipped ~with heave
(8.4 MW x 3) submersible plates ]
UK 2021 WindFloat Kincardine Kincardine Offshore Semi- 50-100 10-15 i Dféft: relative  shallow  and
(2 MW x 1+9.5MW x 5) Wind submersible adjustable
e Mooring system: 3 x 1WindFloat
foundation innovation:
o Ballast: dynamic ballast system
France 2023 Provence Grand Large Electricité de France TLP 100 15-20 o Floater: light
(8 MW x 3) (EDF) Renouvelables o Draft: shallow
e Mooring system: tendons
China 2021 Yin Ling (5.5 MW x 1) China Three Gorges Semi- 28-32 135 Unique technical features in
submersible comparison with worldwide FWT
2022 Fu Yao (6.2 MW x 1) Haizhuang Wind Semi- 65 18 projects:
Power submersible e Location: shallow water
2023 Gong Xiang (4 MW x 1) China Energy Semi- 35 14 e Wind turbine: typhoon-resistant
submersible e Mooring system: 3 x 3 catenary
2023 GuanLan (7.25 MW x 1)  China National Semi- 120 20  FWT integrated with fish farm
Offshore Oil submersible (Gong Xiang)
Corporation (CNOOC)
2025 Ling Hang (16 MW x 1) China Three Gorges Semi- Assembly at 19
submersible quayside
complete
2024 OceanX (8.3 MW x 2) MINGYANG Semi- 45 15 Ocean X innovations:
submersible e Wind turbine: twin-rotor, down-

wind, and equipped with a cable-
stayed tower

o Floater: concrete

e Mooring system: single-point

demonstrating strong growth momentum [18]. To date, six repre-
sentative FWT projects are in operation in China (Table 2), all of
which utilize semi-submersible platforms. Most operate in shallow
water and are equipped with typhoon-resistant wind turbines and
3 x 3 catenary mooring systems, reflecting adaptations to unique
domestic marine environmental challenges.

The primary challenge stems from the broad continental shelf
in China, which results in shallow depths even far offshore. This

imposes strict draft limitations on the floaters during operation
and transportation. Moreover, a shallow water depth complicates
the design of a feasible and economical catenary mooring system,
primarily because of its nonlinear restoring stiffness under such
conditions [6,19]. Consequently, semi-submersible platforms with
conservative catenary configurations serve as initial, albeit cau-
tious, solutions to the “shallow water problems” in China. How-
ever, it should be commented that, many of these prototypes in
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China were developed as one turbine in a bottom-fixed offshore
wind farm in the water depths less than 70 m. It is expected that
for commercial development, a water depth of 80-100 m might
be considered economically more competitive for FWTs.

The second significant challenge arises from typhoon loads that
require typhoon-resistant wind turbines and subject towers, floa-
ters, and mooring systems under extreme design conditions.
Despite its reliability, its cost-effectiveness remains a barrier to
wider industry adoption.

Notable innovative explorations during FWT development in
China include the Gong Xiang platform that integrates FWTs with
aquaculture cages, and the OceanX project which features a
twin-rotor, a downwind turbine equipped with a cable-stayed
tower, and a single-point mooring system.

3. Future research challenges for FWT industrialization

Several expensive measures have been adopted to address these
unique challenges in China, including the use of heavy foundations,
typhoon-resistant wind turbines, and highly redundant mooring
systems. The unit costs of projects such as Yin Ling (44
000 CNY-kW™1), Fu Yao (48 000 CNY-kW~'), and Guan Lan (30
000 CNY-kW~1) significantly exceed those of bottom-fixed wind
turbines [20] and are not commercially viable. Although proto-
types are expected to incur higher costs, these cases underscore
the need for continuous standard improvements, as cost reduction
for FWTs is essential for future commercial development. Further-
more, the existing FWT standards (Table 3 [21-27]), which are lar-
gely adapted from regulations for oil and gas platforms or fixed
wind turbines, tend to be overly conservative, and therefore do
not facilitate cost reduction. Most standards for the floating wind
power industry have been developed internationally, whereas the
corresponding Chinese standards have been adapted from their
international counterparts and lack sufficient consideration of the
unique challenges in China. Additionally, cost optimization should
be addressed throughout the project life cycle, encompassing plan-
ning, design, construction, installation, long-term operation and
maintenance (O&M), and decommissioning stages.

From a scientific perspective, FWTs integrate large-scale wind
energy systems with floating platform technologies, resulting in
strongly coupled multi-body and multi-field systems that operate
in complex ocean environments [28-32], as shown in Fig. 1. This
inherently interdisciplinary field spans aerodynamics, hydrody-
namics, structural dynamics, control theory, and industrial aspects,

Table 3
Standards for FWTs.
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such as fabrication, installation, and O&M. Within this complex
framework, FWT-coupled dynamics research underpins the system
design, performance analysis, operational strategies, and optimiza-
tion. However, the specific challenges in China, namely shallow
water depths and frequent typhoons, compound the intricacies of
environmental loads and structural responses, thereby impeding
a detailed mechanistic understanding of FWT behavior. Therefore,
a comprehensive understanding of current advancements and the
identification of key research challenges in this domain is essential
to strengthen research and development (R&D), advance theoreti-
cal and numerical methodologies across related disciplines, and
ultimately promote the large-scale commercialization of FWT
technology. The following sections provide an overview of the
main issues and emerging challenges facing future development
of the floating wind power industry.

3.1. Ultra-large wind turbines (20-25 MW)

Increasing the turbine size is regarded as a feasible strategy for
reducing the overall unit cost of FWTs [33,34]. In China, the largest
offshore wind turbine under development has a rated capacity of
26 MW, with blades reaching a length of 153 m. However, typhoon
loads, ultra-long flexible blades, ultra-tall towers, and their associ-
ated dynamics increase the risks associated with structural designs
that satisfy the ultimate and fatigue limit state design require-
ments [35,36]. The current design rules and standards also must
be updated to account for these aerodynamic effects. To address
these challenges, advanced wind turbine control systems [37,38]
or turbine layouts, such as downwind configurations [39,40] with
a focus on structural load reduction, must be developed. The main
concerns and pertinent challenges [41-46] associated with ultra-
large wind turbines are shown in Fig. 2.

3.2. Novel floater design

To support ultra-large wind turbines up to 20-25 MW in China,
particularly by building upon the capability to withstand extreme
environmental loads under typhoon conditions while ensuring
overall system stability, there is a demand for a novel floater design
which is lightweight, exhibits excellent hydrodynamic performance,
and facilitates modular design, mass construction and transportation
in the future [5,47-51]. As shown in Fig. 3, novel floater materials,
such as concrete [52], are attractive owing to their easy accessibility,
but require further investigation with respect to failure modes and

Reference Organization

Standard name

Scope

DNV-ST-0119 [21] Det Norske Veritas (DNV, Norway)

DNV-ST-0437 [22] DNV, Norway
DNV-ST-0126 [23] DNV, Norway

turbines
DNV-ST-0376 [24] DNV, Norway

turbines
DNV-ST-0361 [25] DNV, Norway

turbines

IEC 61400-3-2 [26] International Electrotechnical Commission
(IEC, Switzerland)

turbines

GB/Z 44047-2024 [27] State Administration for Market Regulation

Floating wind turbine
structures

Loads and site conditions
for wind turbines

Rotor blades for wind
Machinery for wind

Design requirements for
floating offshore wind

Floating offshore wind

This standard provides principles, technical requirements, and
guidance for the design, construction, and in-service inspection
of FWT structures, defined here as the support structures and
station keeping systems

This standard provides principles, technical requirements, and
guidance for the loads and site conditions of wind turbines
(onshore and offshore)

Support structures for wind This standard specifies general principles and guidelines for

the structural design of wind turbine support structures

This standard provides principles and technical requirements
for rotor blades for wind turbines (onshore and offshore)
This is the DNV standard for the design of machinery
components and structures for complete wind turbines

This standard specifies requirements for assessment of the
external conditions at a FWT site and essential design
requirements to ensure the engineering integrity of FWTs
Equivalent to [EC 61400-3-2

(China) and Standardization Administration of turbines—design

the People’s Republic of China (SAC)

requirements
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Fig. 1. Coupled multi-body/multi-field system: FWTs.

long-term durability. In addition, it is essential to accurately deter-
mine the structural loads at critical floater sections under the com-
bined effects of hydrodynamic, aerodynamic, and mooring forces,
which govern floater motion performance and internal stress distri-
bution. Particularly for concrete floaters, special attention must be
paid to the internal stress distribution because of their limitations
in handling only compressive stress.

3.3. Economical and reliable mooring systems

In shallow water, balancing wave-induced motions and coun-
teracting the mean wind turbine thrust loads present a design
challenge for mooring systems [6,19]. To address this unique chal-
lenge in China, the 3 x 3 spread catenary mooring system com-
monly adopted in prototype FWTs has proven to be economically
inefficient. By contrast, taut mooring systems, owing to their linear
restoring stiffness, offer distinct advantages over catenary configu-
rations, leading to substantial reductions in the mooring line
weight and overall cost. Furthermore, as shown in Fig. 3, synthetic
fiber ropes represent a promising alternative for deep-water
applications and warrant further research.

3.4. Accurate and efficient coupled analysis methods and tools
The development of high-fidelity and high-efficiency coupled

analysis methods and tools for FWTs serves distinct purposes [53].
Some representative examples are listed in Table 4. Based on these

tools, environmental load-structure interactions [54,55], structure-
structure coupling effects [56,57], and load transfer mechanisms
[58] within the FWT system should be investigated in depth. How-
ever, these methods and tools require further development and
refinement to predict the nonlinear environmental load effects and
structural responses induced by shallow water and typhoon condi-
tions in China more accurately. Furthermore, there is a demand for
multi-scale coupled analysis methods and tools that can simultane-
ously account for rigid-body motion and flexible floater responses,
including internal structural stress [59-61]. It is also important that
guidance regarding the utilization and limitations of these tools be
provided to engineers for the industrial development of FWTs.

3.5. Advanced experimental methods aligned with physical realities

The diverse and often harsh marine environments in China with
frequent typhoons and complex shallow water conditions demand
highly advanced experimental methods not only for validating
numerical models but also for ensuring that conceptual designs
can withstand extreme site-specific environmental loads [62].
Given that the Reynolds number in ocean basin model tests is typ-
ically two orders of magnitude smaller than the full-scale values, it
is suggested to develop experimental techniques (for example a
hybrid test method [63-65]) that can achieve the overall rotor
aerodynamic performance similarity in terms of integrated rotor
loads such as thrust, while maintaining the Froude number simi-
larity in hydrodynamic model tests. Integrating high-fidelity
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experimental data with regional environmental modeling is critical
for de-risking full-scale deployment and accelerating the commer-
cialization of localized and resilient FWT designs in China.

3.6. Optimizing wind farm layouts

As shown in Fig. 4, the optimization of FWT farm layouts [66-68]
should consider the mooring system layouts and wind farm wake
effects [69]. Shared mooring lines and anchors represent potential
cost-saving solutions [70,71]. Limited experience from other offshore
industries regarding farm-level analyses and development can be
used. Although the shared-anchor configuration was initially
explored in the Hywind Tampen project, developing such innovative
schemes in China remains highly challenging owing to the distinct
environmental conditions and seabed characteristics. Therefore, fur-
ther research is needed on the complex dynamics of interconnected
FWTs and the large tension in inter-array lines owing to motion phase
differences before a consolidated conclusion can be drawn.

3.7. Integrating multiple marine industries

Integrating multiple marine industries within a defined sea area
can maximize the utilization of marine resources and reduce over-
all costs. To avoid the strong wake effect, FWT in a farm configura-
tion typically leaves a large area between the neighboring turbines.
In view of limited ocean space resources, integrating FWT tech-
nologies with the efficient use of ocean spaces from other marine
industries becomes strategically important. FWTs offer a promising

platform for combining aquaculture cages (Gong Xiang) [72,73],
wave energy converters [74,75], photovoltaic systems [76], and
hydrogen production while also serving as an energy source for
nearby resource exploitation, such as oil and gas production (Guan
Lan FWT) or deep-sea mining operations. Despite pioneering
implementations of FWT projects integrated with other marine
sectors, the Gong Xiang and Guan Lan projects reveal significant
cost barriers to such innovation in China. Therefore, it is important
to explore integration strategies that can enhance economic effi-
ciency while ensuring system safety.

3.8. Monitoring and maintenance

Although the currently installed FWTs in China are still in the
early stages of their life-cycles, the frequent occurrence of
typhoons renders monitoring and maintenance critical for FWT
life-cycle reliability and cost-effectiveness. The key challenges
include the multi-step monitoring process (sensing, acquisition,
extraction, modeling, and decision), diverse structural demands
(rotor nacelle assembly, tower, floater, and mooring), and complex
ocean environments. This necessitates breakthroughs in tech-
niques, such as visual inspection, strain/vibration analysis, and
supervisory control and data acquisition (SCADA) systems [77].
Efficient O&M technologies are critical for large-scale FWT farms.
The tow-to-port maintenance strategy adopted in the Hywind
Scotland project (2024) proved economically inefficient and
unsuitable for large farms. In this context, unmanned and auto-
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Table 4
Representative coupled analysis methods and tools.
Fidelity class Representative numerical tool Hydrodynamics Aerodynamics Mooring Structural
dynamics
ME 2nd PF CFD BEM Fwv CFD Qs LM FE RB MB FE
Mid-fidelity and mid-efficiency OpenFast O (@) O @)
Simulation workbench for marine O O O O
applications (SIMA)
Horizontal axis wind turbine o o O @)
simulation code 2nd generation (HAWC2)
OrcaFlex O O O O
High-fidelity but low- efficiency = StarCCM+ o (@] o o
OpenFoam O O O O

ME: Morison equation; 2nd PF: second-order potential flow theory; CFD: computational fluid dynamics; BEM: blade element momentum; FWV: free vortex wake; QS: quasi-
static method; LM: lumped mass method; FE: finite element method; RB: rigid-body; MB: multi-body. The control strategies are integrated into the aforementioned

simulation tools.

mated maintenance systems, such as robotic technologies, repre-
sent a promising future direction.

4. Conclusions

FWT technology represents a strategically critical pathway for har-
nessing deep-water offshore wind resources and accelerating global
energy transition. Global progress has been spearheaded by European
projects, such as Hywind and WindFloat, which pioneered industrial-
ization. The rapid advancement in China through the nascent stage
demonstrates unique but conservative adaptations to environmental
challenges, namely shallow water and typhoon conditions, resulting
in a critical gap in commercial viability.

To achieve industrialization, standardization requires the dedi-
cated development of FWT-specific regulations (including setting a
proper safety level), moving beyond adaptations from offshore oil
and gas or fixed-bottom wind turbine standards, while giving spe-
cial consideration to the unique challenges faced in China. Several
key research priorities warrant urgent attention. Cost reduction
must be pursued across the entire system and throughout the pro-
ject life-cycle, necessitating optimized designs for ultra-large tur-
bines, innovative lightweight floaters, and cost-effective mooring
solutions. Technological innovation should accelerate high-fidelity
coupled analysis tools, sophisticated experimental validation, and
unmanned O&M strategies. System integration must be advanced
through multiple marine sectors and optimized wind farm layouts
with a shared mooring system infrastructure.
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Fig. 4. Design considerations for FWT farms.

Although technological innovation remains vital, leveraging the
mature experience of the offshore oil and gas industry can signifi-
cantly enhance the FWT development efficiency. Considering the
strong dependence of FWTs on floaters and mooring technologies,
it is essential to attract engineers with offshore expertise to work
together with wind turbine manufacturers, designers, operators,
and so on. The path to commercializing floating wind energy in
China demands a unified national strategy and collaboration across
the entire value chain. Therefore, the government must continue
spearheading large-scale demonstration projects to accelerate the
development of critical software systems for design, prototypes,
and pre-commercial farms. Industry leaders, including utility com-
panies, turbine manufacturers, and offshore engineering firms,
must deepen information sharing and foster closer collaboration.
Universities also play a vital role in bridging the knowledge gap
by offering specialized training and engaging in foundational
research. A collective effort in fundamental research, technological
innovation, supportive policies, and industrial synergy is crucial for
the industrial development of floating wind power.
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