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Abstract

Floating offshore wind (FOW) has the potential to unlock access 
to wind resources in deep water where fixed-bottom turbines are 
not feasible, enabling coastal regions around the world to meet 
growing energy demands. Although fixed-bottom offshore wind is 
commercially mature, FOW, which may be needed for water deeper 
than 60 m, must progress in multiple ways to reach full commercial 
viability. In this Perspective, we examine the status of the global  
FOW industry’s commercial development across three key areas —  
technical innovation, industrialization and cross-cutting value. 
Technical innovation has enabled FOW turbines to perform as well as 
fixed-bottom turbines, with the promise of future cost reductions. 
However, the complex architecture of FOW turbines, combining 
floating structures with more than 8,000 electrical and mechanical 
parts in wind turbines, requires industrialization efforts such as 
standardization and supply-chain integration to enable commercial 
project deployment. FOW can potentially offer unique benefits, 
including reduced environmental impacts and strengthened 
economic development in coastal regions, through substantial 
regional economic activity. Successful coordination across these 
three areas could help to position FOW as a major contributor to a 
competitive, reliable and resilient global energy system.
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These value-adders — including economic growth opportunities and 
the mitigation of challenges such as extreme weather events, energy 
price volatility and transmission congestion — require further region-
specific analysis, but show strong potential to elevate the strategic 
value of FOW within global energy systems12–15.

In this Perspective, we explore three areas — technical innovation, 
design for industrialization and delivering cross-cutting value — as 
critical components of FOW’s route to industry maturity (Box 1). The 
technical feasibility of FOW has been demonstrated by the successful 
deployment of prototypes and pilot-scale projects with capacities of 
about 50 MW (refs. 16,17) but with high above-market costs18. This ini-
tial phase has been essential for validating the loads and performance 
of wind turbines on floating support structures19, scaling up turbine 
technology20 and understanding the challenges of single-turbine 
deployment logistics21. However, the long-term economics of off-
shore wind energy favour larger projects, and sustained innovation 
at the over-one-gigawatt scale is necessary to drive meaningful cost 
reductions22,23. Achieving this scale depends on the development of 
the enabling port, fleet and grid infrastructure24, and the industrializa-
tion of the technology4,22,25 to decrease cost and shorten development 
timelines4,25,26.

Technical innovation
The FOW industry is not yet mature and sustained technical innovation 
has the potential to further reduce costs. Until the early 2020s, the focus 
of innovation was on advancing the necessary design capabilities and 
demonstrating FOW prototypes to validate both technical feasibility 
and design accuracy17,19,27. As the FOW industry progresses towards 
commercial-scale projects, the emphasis is likely to shift to optimizing 
production processes and mitigating risks associated with scaling up 
turbine technology20,28. Once production at scale is achieved, inno-
vation targets could shift towards tackling operational challenges, 
enhancing performance optimization and system reliability, addressing 
infrastructure constraints and uncovering additional cost reduction 
pathways to reach FOW competitiveness.

FOW systems have three conventional archetypes, which are 
adapted from years of experience in the oil and gas community (Fig. 2). 
New designs are building on these foundational archetypes to enhance 
scalability for mass production while driving down the total lifetime 
costs of each unit29. FOW design is inherently complex, shaped by 
the dynamic interactions between the turbine, the tower, the buoy-
ant floating substructure, the moorings and the control systems.  
A holistic design approach manages these interactions and overcomes 
market inertia tied to existing supply chains. For instance, current 
turbine technologies are primarily developed for fixed-bottom off-
shore wind applications and are only minimally adapted for floating 
platforms30. Advancing FOW will involve continued development of 
advanced modelling tools that can capture these system complexities, 
enabling optimized designs that balance performance and cost.

Integrated designs
Floating wind turbines experience greater dynamic motion and poten-
tially higher loading conditions than fixed-bottom designs16,31. As a 
result, many of the initial floating wind prototypes installed during 
the 2010s were aimed at validating the performance of wind turbines 
mounted on floating substructures, as predicted by engineering mod-
els. These early prototypes typically featured smaller turbines than 
those in today’s commercial market — ranging from 2 MW to 7 MW 
(ref. 32). At these smaller scales, wave loads were a primary design 

Key points

	• Floating wind unlocks new opportunities of wind resource utilization 
worldwide, where ocean depths are too deep for conventional fixed-
bottom offshore technology, thus more than doubling the offshore 
wind energy potential.

	• Cost reductions are needed to reach industry maturity, with the 
potential to be cost-competitive with fixed-bottom offshore wind by 
the mid-2030s.

	• Continued innovation is possible through optimized production 
processes and risk mitigation, enhanced performance optimization 
and system reliability.

	• Industrialization will likely transition from single-unit production to 
rapid serial production, by simplifying the design, standardization and 
modularization of subcomponents, by expanding the supply chain and 
by developing the infrastructure.

	• Reaching gigawatt-scale floating wind projects will likely lower costs, 
but will involve major investments in ports, vessels, grid connections 
and industrialization. To incentivize these investments, the industry 
needs stable technology designs that allow for mass production and 
longer product lifespans.

	• Floating wind can offer cross-cutting societal value, because 
the wind farms are farther from shore, with fewer community and 
environmental impacts, as well as higher and more consistent wind 
resources, better matching of load profiles, increased market values 
and higher resilience to extreme events.

Introduction
Offshore wind energy is becoming a key part of some national energy 
portfolios. However, 65–80% of offshore wind resources are located 
above water depths exceeding 60 m (ref. 1) (Fig. 1a). Although engi-
neering innovations could enable some  fixed-bottom offshore wind 
installations at depths greater than 60 m (ref. 2), floating offshore wind 
(FOW) technology can unlock areas beyond the reach of fixed-bottom 
technologies. FOW is at an earlier stage of development compared with 
fixed-bottom offshore wind, but coastal areas in Europe, the Americas 
and Asia are launching or operating pilot test projects2. To compete with 
other power sources in terms of cost, value and reliability, FOW necessi-
tates investments on the order of billions of US dollars in infrastructure, 
technology and supply-chain development3–5. International growth in 
FOW capacity is expected between 2025 and 2029 (Fig. 1b), with a sharp 
increase in deployment of larger, commercial-scale projects after 2026 
(ref. 6). Between 2022 and 2024, FOW has seen a sharp increase in the 
project pipeline capacity that has advanced to the permitting phase6.

The competitiveness of FOW in electricity markets depends on 
technology cost, policy drivers, grid and transmission constraints, 
and siting constraints as compared with other energy alternatives7. 
Costs are projected to decline substantially over the next decade with 
the deployment of commercial-scale projects, potentially becom-
ing competitive with fixed-bottom offshore wind by the mid-2030s8. 
Potential benefits from non-price criteria have been modelled and 
leveraged to support energy policy goals and build public backing9–11. 
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Fig. 1 | Locations of floating offshore wind. a, Distribution of shallow (0–60 m) 
water depth, where fixed-bottom offshore wind systems can be used, versus deep 
water (61–1,000 m), where floating wind is expected to be needed. Data are taken 

from ref. 51. b, Estimated cumulative floating offshore wind capacity by location, 
based on announced commercial operation dates until 2029. MW, megawatts. 
Data are taken from ref. 6.
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driver, in contrast to the larger, inertia-dominated systems being 
developed for commercial-scale deployment33.

Since about 2023, commercial FOW suppliers have been working 
with 15-MW turbines, which are planned for operation on fixed-bottom 
support structures in 2025 (refs. 34,35). Turbine original equipment 
manufacturers (OEMs) are advancing designs with rotor diameters of 
at least 260 m, alongside substantially larger nacelle weights and hub 
heights36. Prototypes with a power rating of up to 21.5 MW and a rotor 
diameter of 276 m are undergoing testing37, and a turbine with a 310-m 
rotor and a rated capacity of 25 MW is under active development38. 
Despite this progress, challenges remain in bringing these large tur-
bines into widespread commercial use on floating platforms37. Most 
commercial floating projects are still in the conceptual design phase, 
with further work needed to optimize designs, de-risk technologies 
and scale up deployment39.

Optimized FOW system design involves integration of a wind tur-
bine and a floating substructure; however, in the precommercial phase, 
the turbine and substructure are often developed independently40,41. 
Integration of these two components usually occurs after designs are 
established, limiting opportunities for designers to optimize the com-
bined system’s response to wind and wave forces. Lack of early collabo-
ration can negatively affect both cost and performance42. Conversely, 

a fully optimized design envisioned during the commercial phase will 
be collaborative from the start. Collaboration enables management 
of the complex interactions between turbine and substructure40. To 
accelerate progress towards such an optimized floating wind system, 
the initial design phase could allow for rapid iterations between the 
floating substructure designer and the turbine OEMs, ideally fostering 
a fully integrated design approach from the outset.

In practice, a fully integrated design process requires a degree 
of commercial success in the industry to incentivize the required col-
laborations. Early engagement and information exchange between 
the floating substructure technology teams and turbine OEM teams 
is key to achieving synergy. Given the substantial resources required 
to develop new turbines, it is not expected that OEMs will be incentiv-
ized to customize turbine designs specifically for floating applications 
until the market size and market certainty increase18,43. In the interim, 
incremental adaptations of fixed-bottom turbines are helping to unlock 
performance improvements and cost efficiencies in FOW systems. 
Given turbine design constraints, most turbine adaptations have been 
made to the tower and controllers44,45, and especially to controller 
features that contribute to the reduction of extreme and fatigue loads46.

The tower is the structural member that transfers most of the loads 
between the wind turbine and the floating substructure. In FOW designs 

Box 1 | Pathway to industry maturity for floating offshore wind
 

Achieving commercial-scale production for floating offshore 
wind (FOW) will mark a critical milestone in the industry’s path to 
maturity. For FOW to achieve market competitiveness with other 
electricity-generating technologies, cost reductions are essential 

(see the figure) — and these cost reductions hinge on reaching 
commercial scale. Once achieved, widespread deployment at this 
scale will drive the industry towards full maturity over time. 

LCOE, levelized cost of energy; TRL, technology readiness level.
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(excluding tension-leg substructures), the tower’s natural frequency 
is considerably higher than it is in fixed-bottom wind turbines47; it can 
potentially coalesce with the frequency at which the turbine blades 
pass the tower (three times per revolution). This can lead to resonance 
and higher structural loading41,45.

If the tower’s natural frequency is modified by design to be below 
the blade passing frequency, the FOW turbine is said to operate in a 
soft–stiff regime. If the tower’s natural frequency exceeds the blade 
passing frequency, it operates in a stiff–stiff regime, which generally 
requires a heavier, stiffer tower. Smaller turbines that rotate faster 
typically operate in the soft–stiff regime48. As turbines grow larger, 
their rotational speed and blade passing frequency decrease, making 
it harder to separate the blade passing excitation from the tower fre-
quency and to maintain the soft–stiff regime. A stiff–stiff design regime 
could be more advantageous for FOW systems. However, this regime 
requires early-stage design changes to the tower, which can only be 
achieved effectively through integrated design processes that consider 
both the turbine and substructure properties from the outset40,49.

The turbine control systems, which adjust blade pitch, rotor yaw 
and generator parameters to optimize performance, have an important 
role in managing the dynamic response of FOW turbines50,51. These 
control systems must be tuned so that floating substructures can avoid 
complex issues such as the pitch control feedback amplification caused 
by apparent wind generated through substructure pitch motion52. 
Floating-specific controls are needed to manage system motion, such 
as adjusting the rotational speed to avoid resonance with the platform’s 
natural frequency. Although fixed-bottom control systems can be 
adapted to reduce dynamic loads, these modifications often come at 
the cost of reduced turbine performance53,54.

Better integrated control systems that can account for the specific 
behaviour of a floating platform are envisioned for the commercial 
phase of FOW. Custom controls come at a relatively low capital cost but 
can enhance power output and minimize operational loads, for instance, 
when paired with substructure features like active ballasting46,55. 
Advanced controls can further optimize turbine behaviour during 

startup and shutdown and under high-stress conditions, reducing 
fatigue and improving structural efficiency. By making targeted adjust-
ments to control strategies, particularly at low frequencies, fatigue 
loading can be substantially reduced, thereby increasing overall system 
reliability52,56. Ideally, designing the control system and floating sub-
structure concurrently — a strategy known as control co-design — would 
maximize load reduction and enable more streamlined, cost-effective 
floating substructure designs. Realizing the full benefits of control 
co-design, however, depends on a collaborative and integrated design 
process between the turbine OEM and the substructure designer57.

Control strategies at the wind-farm level offer opportunities to 
improve overall energy production. Because each turbine generates 
a wake, coordination across turbines can help to maximize total farm 
output rather than solely focusing on individual turbine performance58. 
A key area of interest is wake steering, in which an upwind turbine is inten-
tionally yawed slightly away from the wind direction to redirect its wake 
away from downstream turbines, thereby reducing energy losses across 
the array59,60. Farm-level control strategies for floating wind systems will 
differ because of the platform’s compliant motion, potentially increas-
ing the effectiveness of approaches like wake steering. These strategies 
involve adjusting turbine orientation and leveraging platform movement 
to further displace wakes and reduce downstream energy losses61.

Numerical modelling
Offshore wind systems are subject to a complex interplay of forces from 
wind, waves and currents62. Accurately modelling the resulting loads 
on turbine structures requires the development and application of 
robust numerical modelling capabilities. For FOW systems, the inherent 
compliance of the support structure introduces additional degrees of 
freedom, amplifying the dynamic system coupling and raising concerns 
about system stability. Gaining a deep physics-based understanding 
of the interactions between wind, waves and the structural response is 
critical for making informed design trade-off decisions. However, dis-
crepancies between current engineering design tools and field obser-
vations point to the need for improved modelling accuracy. Advanced 

a b cSpar floating substructure Semisubmersible floating substructure Tension-leg platform

Blades
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Tower

Moorings

Anchors
Vertical-load
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Fig. 2 | Three basic archetypes for floating offshore wind systems derived from the oil and gas industry. a, Spar floating substructure. b, Semisubmersible floating 
substructure. c, Tension-leg platform.
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simulation tools that can capture intricate, multiscale dynamics are 
required to bridge the gap and enable design optimization — ultimately 
reducing costs and improving system reliability across a wide range of 
operating and extreme conditions18.

Reducing the cost of FOW calls for modelling and optimization 
frameworks that balance simulation accuracy with computational 
efficiency. Multi-fidelity modelling offers one such approach by 
integrating high- and low-fidelity simulations in one capability for 
design optimization63. High-fidelity models capture the detailed phys-
ics and serve as benchmarks, whereas lower-fidelity models enable 
rapid exploration of design alternatives. Artificial intelligence (AI) and 
machine learning techniques are valuable tools in this context, offer-
ing the ability to develop fast, data-driven surrogate models trained 
on high-fidelity simulations or field data. These surrogate models can 
accelerate the iterative design process while retaining the ability to 
resolve critical system behaviours. A layered, multi-fidelity modelling 
approach — integrated within a broader optimization framework —  
allows engineers to refine designs intelligently and systematically, 
improving reliability and cost-effectiveness while managing the 
computational burden63,64.

In practice, turbines operate as part of larger wind farms, col-
lectively generating amounts of power similar to that generated by 
thermal power plants65. In these farm-scale systems, the cost of elec-
tricity is based not only on the capital expenditures, but the long-term 
operations and maintenance (O&M) expenses66,67. Numerical modelling 
plays a key part in both phases: design and O&M. The use of a ‘digital 
twin’ — a real-time, virtual model of the wind farm that mirrors the 
actual physical system — can allow operators to better understand 
farm behaviour, optimize energy capture and manage load distribution 
effectively. These models also facilitate condition-based monitoring, 
reducing the need for costly on-site inspections and supporting pre-
dictive maintenance strategies that can prevent costly system failures. 
Digital twins, especially when coupled with AI modelling, can enhance 
operational efficiency and lower maintenance costs, contributing to 
the overall cost reduction and commercial viability of floating wind 
technology68.

To ensure the accuracy of these advanced modelling approaches, 
rigorous validation against empirical data is essential. Initial validation is 
often conducted through scaled experiments in wind tunnels and wave 
tanks, but these facilities struggle to accurately replicate the combined 
effects of wind and waves52. The scaling laws that govern wind and wave 
dynamic behaviour diverge when the scale of the test article is changed, 
preventing accurate physical subscale representations69. Consequently, 
full-scale validation using data from commercial FOW systems is often 
necessary to achieve the accurate modelling capabilities that are needed 
to accelerate industry maturity. This level of validation hinges on industry 
cooperation — sharing data from field-testing of actual turbines — which 
can be challenging in a competitive industry. A coordinated validation 
effort among technology-agnostic government agencies, universities 
and industrial partners would help the FOW industry to move more 
rapidly towards the necessary cost reductions and industry maturity70.

Innovation areas
One of the primary cost drivers for FOW is the weight of the floating 
substructure21. Reducing substructure weight has a compounding 
effect on overall costs — lower material and manufacturing expenses, 
reduced loads on the station-keeping systems and less demanding 
infrastructure requirements for fabrication and installation71. Weight 
reduction is particularly effective for some substructure designs, such 

as those developing composite- or hybrid-structure platforms to reduce 
material usage and promoting modular production to shorten the 
construction period. These design optimization steps may also result 
in further reductions in the life-cycle carbon footprint for FOW72,73.

Increasing reliability and minimizing the maintenance needs of 
floating wind substructures are important for enhancing the overall 
lifetime value of FOW systems and reducing O&M costs56. Future sub-
structure designs could prioritize ease of maintenance and minimize 
the need for corrective interventions. Innovations in materials, such 
as those focused on corrosion management, and low-maintenance hull 
designs will be key areas for advancement. Automated inspection and 
maintenance solutions using embedded sensors, drones and autono-
mous underwater vehicles are expected to reduce operational risks, 
enhance safety and further drive down O&M costs74. Increased digi-
talization would enable the transition to more remote and automated 
O&M. In addition, developing designs and strategies that allow for 
efficient in situ component exchange can help to minimize downtime 
and improve system availability75.

Station-keeping systems represent another priority area for inno-
vation, particularly in the design and installation of components that 
are both reliable and easy to maintain. As with floating substructures, 
mooring components must be designed to be industrialized for mass 
production. These systems would be versatile and capable of installa-
tion in a wide range of water depths, from shallow to ultradeep waters. 
Furthermore, novel anchor designs would address challenging seabed 
conditions, such as hard or cemented soils, while minimizing vessel 
and installation footprints76.

Effective station-keeping systems for FOW could be designed to 
protect the subsea power export system, given that the development 
of reliable offshore high-voltage electric infrastructure is a major fac-
tor in achieving utility-scale deployment77. Array power cables connect 
the FOW turbines to a substation, and the export cables relay energy 
to an onshore substation. This electricity-delivery infrastructure is a 
mature technology in fixed-bottom offshore wind plants where the 
cables are static along their entire length, but FOW farms at utility scale 
might require floating substations78, which produces the challenge of 
accommodating the dynamic movements inherent to floating systems 
while ensuring reliable power flow22,79. The FOW solution is expected to 
entail a co-optimization trade-off to achieve a cost-effective balance 
between reasonable measures to constrain substation motion and 
increased cable durability80,81.

As FOW projects are likely to be sited farther from shore, high-
voltage direct current (HVDC) cables and meshed network configu-
rations could be necessary to efficiently transmit energy to reduce 
losses80,82. Wind farms with sector-coupled storage options in the 
form of electrolyser capacity have been shown by modelling to benefit 
particularly from the use of HVDC83. Developing HVDC backbones that 
link multiple floating wind farms could further drive down costs, mak-
ing them pivotal to overcoming barriers to utility-scale deployment of 
floating wind technology21.

De-risking new designs ensures bankability and lowers the finan-
cial costs of development. The adoption readiness level framework is 
an example of a tool focused on establishing a path to commercializing 
technological innovation84. As of 2024, the industry has built 287 MW 
of floating wind capacity6 with prototypes and precommercial pilot 
projects, comprising archetypal designs such as semisubmersibles19 
and spars17, as well as more novel hybrid spar designs like the Tetraspar 
and the Wheel floating substructures. Beyond technological innova-
tion, the rapid and safe adoption of promising technologies requires a 
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supportive framework that ensures that the most cost-effective solu-
tions can be considered for commercialization without compromising 
the industry’s high standards for reliability and safety85. Demonstrating 
these innovations and their effectiveness through field experience will 
help FOW become as competitive as possible for global energy needs.

Design for industrialization
Once the global FOW industry achieves commercial scale, deploy-
ment at this larger scale is expected to enable cost reductions through 
industry learning and economies of scale that exploit that growth. With 
field experience, increases in reliability and lower costs can be achieved 
through greater design efficiencies and volume production (Box 1). 
Accelerating production rates for commercial-scale deployment are 
likely to involve supply chains and supporting infrastructure to transi-
tion from single-unit production to rapid serial production. This indus-
trialization involves the integration, simplification and regionalization 
of custom prototype designs and automation of their manufacturing, 
assembly and installation for the major components25,26,28.

Standardization has an important role in the industrialization 
process by establishing uniformity and modularization across compo-
nents and subcomponents, simplifying the design and expanding the 
supply chain’s potential vendor base. However, it would be beneficial 
to balance standardization to avoid stifling technological innovation, 
as FOW technology is still at a nascent stage2,25,26. Although all com-
ponents of FOW will benefit from industrialization, this Perspective 
article focuses on the two largest components: the turbines and the 
floating substructures.

Major component manufacturing and assembly
Turbine technology has achieved a more mature level of industriali-
zation than floating substructures because the same turbine models 
are shared by both fixed-bottom and floating wind applications. The 
fixed-bottom wind sector has widely deployed 15-MW turbines, and 
these have achieved lower costs in competitive auctions36,86; 15-MW 
turbines require fewer units per project to meet energy targets than 
their lower-rated predecessors, but rapid upscaling over the past 
few years could have temporarily slowed some aspects of industry 
learning while the larger manufacturing facilities were being built and 
retooled20,87. By comparison, USA-land-based wind reached substan-
tial cost reductions through a decade of steady production of 2-MW 
turbines starting around 2008, achieving a 63% cost reduction over 
13 years28,88. OEMs have acknowledged the challenging trade-offs 
between turbine upscaling and technology maturity, with some advo-
cating for a temporary halt on upscaling to allow the technology to 
mature and stabilize89.

Manufacturing processes for floating substructures are at an early 
stage in 2025, as production has been limited to small demonstration 
projects6. Consequently, there is considerable potential to improve effi-
ciency through the development of more streamlined, scalable produc-
tion methods. The complexity of industrializing floating substructure 
manufacturing has increased because of the large number of substruc-
ture designs competing for the available floating wind infrastructure90. 
The current precommercial one-off manufacturing methods must be 
adapted to serial manufacturing methods to establish serial production 
lines for the most promising designs. This will require large supply-chain 
investments and design modifications to facilitate industrialization.

Modularization of floating substructure subcomponents can 
facilitate the on-site assembly of the floating substructures and tur-
bines. Modular designs allow construction operations to take place 

closer to project sites and enable greater diversity and competition 
in the supply chain. To address the anticipated shortage of skilled 
welders, some substructure designs could favour bolted or pinned 
fastener systems, while others could explore welding robots at the 
assembly location26,91. Industrialization must also extend to the final 
offshore assembly, including anchors, mooring lines, electrical cables 
and connections to the floating substructure, creating a comprehen-
sive framework for efficient, large-scale production and deployment 
of FOW farms.

Floating substructure material drivers
Both concrete and steel are being considered as the base materials for 
floating substructures, the heaviest and most costly part of the FOW 
turbine system. The choice of substructure materials could have broad 
implications for the pace of industrialization and commercialization, 
driving full-system design, the life-cycle cost of energy, infrastructure 
requirements and regional economic development24,26.

Concrete substructures can be up to five times heavier than steel 
structures for the same turbine size, and because concrete needs 
several weeks to cure before assembly and load-out, more inshore 
storage space is needed to hold multiple units26. Consequently, the port 
area capacity requirements at the fabrication sites for concrete sub-
structures are much greater than for steel substructures. Fabrication 
facilities do not need to be co-located at staging and installation ports 
(S&I ports), which means that steel hulls additionally benefit from the 
pre-existing worldwide supply chain of modular steel units92.

Although concrete structures are heavier and require more 
material than steel structures, the unit price of concrete is much 
less than the unit price of the imported plate steel needed for steel 
substructures93. One solution under investigation to reduce infra-
structure cost and speed up production includes fabricating concrete 
substructures in the water on submersible platforms to eliminate the 
need for dry-land transport and storage25. Other possible advances aim 
to accelerate concrete-curing times, which could streamline produc-
tion and reduce the inshore storage footprint93,94. Another innovation 
is the use of lightweight aggregates that can reduce concrete density by 
as much as 50% without any loss of strength but at some additional cost 
and higher porosity94,95. However, more analysis is needed to determine 
the scalability of the supply chain for these raw materials for offshore 
grade concrete near prospective floating offshore wind sites.

A large fraction of the weight in a concrete substructure is the 
reinforcement steel, or rebar, that is needed to carry the tensile loads. 
Rebar-reinforced concrete is often used by the construction industry 
and can usually be sourced locally which might make it attractive 
from the perspective of increased job creation, energy security and 
decreased supply-chain risk94. In general, more analysis and demon-
stration is needed to determine cost and value chain trade-offs between 
concrete and steel, as rapidly evolving design innovations (outlined 
above) could disrupt conventional industrialization strategies. 

Standardization
With roughly 8,000 mechanical and electrical parts per turbine, wind 
energy systems are inherently complex96. Standardization of certain 
components and subcomponents can simplify designs, create con-
sistency, increase mass production and broaden the vendor base, as 
is already the case in onshore wind. This in turn can lower costs and 
increase the reliability. One example is in the solar photovoltaic indus-
try, in which a learning rate of 20% in the production of silicon-based 
solar panels resulted in an 80% reduction in utility-scale life-cycle cost 
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between 2010 and 2024 (refs. 97,98). Although the lower solar project 
life-cycle cost is largely attributable to lower-cost panels, the expo-
nential growth of the solar industry since 2010 has also driven lower 
operating expenses and increased project design life97,98. Wind turbines 
are more complex than solar panels, but benefit from the accumu-
lated experience standardizing onshore and offshore fixed-bottom 
windfarms. Precommercial FOW systems must transition in a similar 
manner to the solar industry to reap similar benefits25.

Not all components can be standardized, especially if it requires 
disclosure of proprietary design information, but some subcompo-
nents common to multiple designs, such as bearings, wire, constituent 
materials and fasteners, might be appropriate for standardization. 
For example, agreeing on standard sizes, weights or voltage limits 
would enable greater uniformity in manufacturing multiple upstream 
parts96,99. However, standardization might not be appropriate for 
fully assembled substructures and turbines, as dictating specific 
designs or architectures could hinder innovation at an early stage of 
maturation29,100,101.

Market forces during the initial commercialization of the FOW 
industry will filter out many floating substructure designs, because only 
a fraction will have all the commercial attributes necessary to incentivize 
their adoption. An example from the fixed-bottom offshore wind market 
is the monopile configuration, which gained substantial cost advantages 
relative to the gravity base or jacket configurations because the mono-
pole supply chain reached industrial scale before its competitors90,102,103. 
The improvements in floating substructure designs are being driven 
by the need to enable large-scale commercial projects. In this con-
text, allowing market forces to determine which designs advance to  
commercial maturity will foster competition and innovation.

Industrial standardization should not be confused with the devel-
opment of standard design practices. The development of international 
standards and certification practices, such as those established by 
the International Electrotechnical Commission (IEC) will help FOW to 
reach technological maturity. The IEC 61400-3-2 Technical Standard 
provides a foundation for safe and reliable design practices across the 
industry104. However, international FOW design standards take 5 years 
or more to develop, and as a result they lag real-time industry experi-
ence and advances104–106. To bridge this gap and help FOW technology 
to mature faster, the industry can leverage best practice from related 
fields like offshore oil and gas107, share insights from pilot projects 
through technical journals, support International Energy Agency 
research initiatives108, hold networking conferences and contribute to 
peer-reviewed industry guidelines78,109. These efforts should expedite 
the adoption of proved methodologies and strengthen the foundation 
for the FOW sector’s growth and maturation.

Enabling infrastructure for serial production
Commercializing FOW is likely to involve extensive enabling infra
structure for full-scale project development during the preconstruc-
tion, construction and operation phases (Fig. 3). Two of the main 
barriers to industrialization and commercialization of FOW are the 
billions of dollars needed in up-front capital investments in ports, ves-
sels and transmission infrastructure and the years required to build 
them3,5,24. The larger the turbines, the greater these costs and time 
commitments become20.

Ports. The construction of S&I ports — facilities where the major com-
ponents are assembled and commissioned — tends to be the pacing 
item for FOW projects24. New S&I ports require high-capacity cranes 

capable of lifting more than 100 tonnes to a height of 150 m or more, 
with quayside drafts 8–10 m deep, channels over 100 m wide and no 
overhead restrictions. In addition, they should ideally be within 100 km 
of ocean deployment sites110–114. The port network development strat-
egy would benefit by being in line with the technology drivers and 
system design. One of the key pieces of equipment that differentiates 
the bespoke FOW S&I port from the many conventional fixed-bottom 
offshore wind ports is the heavy, high-lift ringer crane that must be 
installed and located at the quayside (Fig. 4). These specialized cranes 
assemble the turbines onto the floating substructures prior to com-
missioning and tow-out and take over the primary heavy-lift function 
provided by the wind turbine installation vessels used in fixed-bottom 
wind110,111,115.

Secondary manufacturing ports are also part of the ports network. 
They have fewer height restrictions than the S&I ports and therefore 
can be easier to locate and less expensive to build. Existing industrial 
facilities, such as shipyards, can be well suited to manufacturing some 
tier 1 subcomponents (such as fully assembled wind-turbine nacelles, 
and major components like blades, towers, floating substructures 
and cables) without using high-value space at the primary S&I port24. 
Whereas serial production of the major tier 1 components favours 
coastal regions, smaller tier 2 components and tier 3 raw-material 
manufacturing can rely more on existing local or regional supply 
chains. They are not as constrained by waterfront-access require-
ments, do not have the same geographic sensitivities and their com-
ponents can more easily be obtained from the broader domestic or 
global supply chains.

An example global tier 2  and  3 supply chain could have flat 
panel components being manufactured in East Asia, where ship-
building is traditionally strong116, and cylindrical components fabri-
cated in Europe, where most monopiles are produced117. In the USA, 
heavy industrial capabilities exist that can be adapted for tier 2 and  
tier 3 components but it is desirable also to build up tier 1 capabilities 
to increase domestic manufacturing and lower the cost6. Although 
domestic and/or local content is always desirable, experience from 
fixed-bottom wind projects suggests that commercial scale can gener-
ally be achieved without factory commitments in the region of project 
development.

FOW energy demonstration projects have been too small to 
justify the necessary investment for the critical port infrastructure 
needed for serial production at commercial scale6. Instead, small 
projects have relied on existing port infrastructure, which typically 
does not have the capacity or production scale to serve the current 
turbine technology platform from a single staging area. For pilot-
scale projects, multiple, geographically dispersed ports are typically 
used, with suboptimal production rates and a high levelized cost of 
energy: over US$200 per MWh (ref. 6). Industrialization is likely to 
involve a coordinated and purpose-built network of ports located 
near project sites, each equipped for final assembly, integration and 
commissioning. Regional ports must also support manufacturing and 
O&M activities, with sufficient vessels and logistics infrastructure to 
ensure seamless connectivity between them24,26.

Vessels. The size of the global fleet of vessels for building and maintain-
ing FOW is insufficient to meet the growing demand of the commercial 
FOW project pipeline24. FOW requires smaller, less expensive vessels than 
fixed-bottom wind installations, because most of the heavy-lift wind 
turbine installation and assembly occurs at the quayside36. Early dem-
onstration projects required large and expensive floating cranes118, but 
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through industry learning, semisubmersible and hybrid configurations 
have been designed to avoid the need for large ships118. Nevertheless, 
deep-sea operations for FOW will still rely on specialized ships that have 

not yet been fully adapted. The immature industry lacks large-scale O&M 
plans, posing higher risks and incurring higher O&M costs during initial 
phases119. Industry learning is expected to accelerate cost reductions with 
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larger deployments, and many O&M training programmes have already 
been established to build the needed skills85,120.

One of the main challenges for FOW O&M is conducting large com-
ponent repairs and replacements at sea. The prevailing approach involves 
disconnecting mooring lines and cables and towing the turbine assembly 
to an inshore O&M port, which is likely not to be the most efficient solu-
tion in the long run24. To enable at-sea repair, the FOW industry might 
ultimately require a new class of heavy-lift vessels with a higher degree 
of dynamic motion compensation21. In the specific case of the USA, 
vessel logistics are subject to policy, which restricts access to the global 
fleet, increasing the need for an expanded USA-flagged fleet to support 
all offshore wind deployments121. Building up vessel capacity might be 
discouraged by uncertainty surrounding turbine scaling-up trends. How-
ever, the reduced vessel requirements for FOW might help to mitigate 
this problem. Nevertheless, it is crucial for the industry to converge on 
a stable technology platform to increase the product life cycles, which 
would allow investors in FOW infrastructure to recover their costs122.

Transmission. Attractive areas for offshore wind projects, such as some 
areas off the Pacific coast of the USA, are located hundreds of kilometres 
from access to the bulk power grid123. The construction of adequate 
land-based grid interconnection capacity could be addressed early in the 
preconstruction phase of an FOW project, because transmission planning 
and construction can take longer than FOW project development124. The 
key transmission issue unique to FOW projects, which tend to be farther 
from shore, is the need to develop and demonstrate reliable offshore 
electrical infrastructure hardware such as subsea and floating offshore 
substations, dynamic array and export cables, and HVDC systems124,125.

Without enabling infrastructure such as ports, vessels and trans-
mission, FOW farms are likely to be constrained to a smaller scale and 
higher cost126. Therefore, the offshore wind industry must demonstrate 

sufficient market scale and near-term market certainty to attract infra-
structure investment. A key indicator of market scale is the global 
project pipeline, which is between 100 GW (ref. 6) and 244 GW (ref. 97), 
based on active projects moving through the regulatory process. Most 
FOW projects in these pipelines are in the early planning phase with 
longer timelines and higher uncertainty, which can dampen confidence 
for near-term investment.

However, market demand signals are bolstered globally by 
national and subnational policies that create market certainty. The 
worldwide aggregation of all national ambitions (fixed and floating), 
both implicit and explicit, is over 800 GW, twice the size of the global 
project pipeline, which may potentially boost investor confidence127. 
Because FOW shares more than two-thirds of its supply chain with the 
fixed-bottom wind industry, the advancement of offshore wind in 
general could help to achieve industrialization and commercialization 
goals for FOW128. Some of this crossover might already be happening: 
9 GW of FOW projects advanced to the permitting stage by the end of 
2023, a 40-fold increase since the end of 2022 (ref. 6).

Delivering cross-cutting value
Commercial-scale adoption is expected to achieve some of the neces-
sary cost reductions on the path to market competitiveness (Box 1) 
in global electricity markets. However, life-cycle costs are only one 
element of the cross-cutting value that an energy-generation technol-
ogy can offer. We define this value as the net impact on stakeholders, 
the environment, the market and the economy, based on the cost of 
energy and the additional benefits (or consequences) attributed to 
widespread deployment. Importantly, the value proposition is not 
unique to floating wind; it is relevant for any energy technology and 
may be particularly impactful in nations with strong incentive-based 
systems. The place of FOW in future energy markets will be strongly 

Fig. 4 | High-capacity ringer cranes are integrated 
into the S&I ports that are needed for quayside 
assembly of floating offshore wind turbines. The 
photo in Mandal, Norway, shows an 8.6-MW turbine 
being lifted onto a 107-m spar buoy as part of the 
88-MW Hywind Tampen project in Norway. The 
Hywind Tampen project was installed in 2023 and 
was the largest floating offshore wind (FOW) project 
at the time of its installation156. MW, megawatt; S&I, 
staging and installation. Image courtesty of Mammoet.
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influenced by how well its cross-cutting value aligns with local electric-
ity market design and energy needs. If the benefits of FOW correspond 
to the priorities established by citizens, grid operators, regulators and 
policymakers — which include a combination of affordability, grid 
reliability, low emissions, low environmental impacts, resource avail-
ability and local economic impact129 — then FOW is likely to be able to 
compete effectively in the market.

Achieving a market-competitive state might require the evolution 
of both FOW technology and market design. As an example, poten-
tial FOW markets in Europe, North America and Asia have started to 
encourage non-cost benefits through means including multifactor 
selection criteria in competitive procurement auctions, promised 
investments to local economies or stakeholder groups and regulatory 
frameworks designed to help meet policy targets129–131. Enabling FOW 
to deliver its highest potential cross-cutting value is likely to require 
stable, reliable market demand with predictable offtake mechanisms 
to support a project portfolio large enough to achieve economies of 
scale and to attract the necessary supply-chain and infrastructure 
investment132,133.

With stable and predictable industry development, FOW can 
contribute to grid stability, resource adequacy and resiliency; enable 
commercial-scale projects to be built far offshore, away from regions 
with conflicting land-use or shallow-water spatial constraints; minimize 
environmental impacts; and create local supply chains with associ-
ated jobs and economic benefits14. The costs of FOW are expected 
to decrease substantially as the industry matures and expands to 
commercial-scale deployment8. The timeline to achieve these cost 
reductions could be shortened through coordinated action among 
FOW developers, OEMs, energy-system planners and policymakers. 
Their collaboration should integrate these non-cost value-adders into 
regional energy planning systems, enabling FOW to be evaluated on 
the basis of overall value.

Cost of energy, grid reliability and spatial impacts
Reducing the costs of FOW will likely be a key element of market com-
petitiveness. In some projections, FOW achieves cost parity with fixed-
bottom offshore wind in select scenarios by the mid-2030s, potentially 
reaching a levelized cost of energy (LCOE) below US$100 per MWh 
(refs. 6,8). Building at least 7 GW of FOW in Europe has the potential 
to reduce the LCOE to €53–76 per MWh (ref. 131).

A survey of 140 global wind experts estimated that the LCOE of a 
floating wind project could be 50% lower in 2050 than in 2025 (ref. 134). 
The expected 2050 LCOE was around 45% lower than anticipated by a 
similar survey conducted 5 years earlier, suggesting that optimism 
between 2015 and 2020 about the future cost projections of FOW has 
increased135. Economic headwinds in the early 2020s caused short-term 
cost increases for fixed-bottom offshore wind, but cost projections for 
the industry indicate the potential for long-term reductions136.

Cost reductions are influenced by economies of unit scale, econo-
mies of plant scale, resource economies of scale, grid-system value 
economies and production efficiencies137. The complex system-level 
interactions of a FOW plant make it challenging to isolate the cost 
reduction potential from a single innovation18. Advances in the phys-
ical design, manufacturing, transmission, installation, operation 
and financing of FOW projects will have to proceed concurrently to 
incrementally reduce costs134. However, even assuming these cost 
reductions are realized, power sector capacity expansion models that 
optimize for lowest system costs tend to estimate markedly lower 
FOW deployment than policy targets7,83. This mismatch indicates 
that competing purely based on least cost likely undercounts some 
of the potential value-adders of FOW. As such, the value energy plan-
ners are placing on non-project cost factors is important for FOW 
commercialization.

Other factors may influence the selection of FOW in competitive 
tenders or auctions, even at higher costs, depending on how its eco-
nomic and environmental benefits are valued129. Additional bidding 
criteria in offshore wind tenders that weight factors such as local 
content, system integration, ecological mitigation or environmental 
impact in the awards of competitive lease sales have become more 
common since 2018 (ref. 129). System planners develop generation 
portfolios so that the grid can always meet load requirements as well 
as be responsive to high-stress periods and outages. FOW has the 
potential to offer value to the existing electric grid (Fig. 5). FOW has 
a strong correlation between generation and load profiles138,139, it can 
enable higher responsiveness to shifts in load by reducing grid conges-
tion11, and in some scenarios is better suited to extreme events such as 
providing reliable winter energy supply in areas where other energy 
supplies may be limited.

Large FOW projects can be deployed near coastal load centres, 
but farther offshore than fixed-bottom offshore wind, where there 
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are higher and more consistent wind resources138, which results in 
smoother production profiles and potentially less volatile prices. Lower 
price volatility, high-capacity credits and avoided grid losses and/or 
costs are inherently tied to the wind resource and proximity to load. As 
the commercialization of FOW advances, identifying and quantifying 
these value streams by region will be important for incorporating them 
in energy-system planning.

A one-gigawatt utility-scale wind-energy plant requires an area of 
approximately 250 km2 whether it is offshore or on land, although the 
footprint can vary substantially based on project-specific technology, 
terrain and site conditions140,141. Part of the value of FOW comes from the 
opportunity to avoid major land-use conflicts compared with onshore 
wind farms, and to remove site conflict with other ocean users, whose 
needs may overlap more often with fixed-bottom offshore wind closer 
to shore142. Locating projects farther offshore in deeper waters requires 
a thorough understanding of the trade-offs between potentially higher 
wind resource, increased electrical export system costs and potentially 
different environmental impacts143. Balancing these factors can help to 
maximize the value contribution from floating wind projects.

Environmental impact
FOW presents an opportunity to improve both substructure and turbine 
designs with greater consideration for environmental impacts — par-
ticularly related to material use and effects on the marine ecosystem, 
including mammals, fish, birds and aquatic plants. However, the scien-
tific understanding of FOW’s environmental effects remains at an early 
stage144,145. One environmental benefit of FOW that has been acknowl-
edged is that floating support structures do not require pile-driving 
into the seabed, thus avoiding the percussive noise that can disturb 
marine wildlife143. The range of design options for floating substruc-
tures also offers the opportunity for nature-inclusive approaches, such 
as incorporating surfaces that support marine life and the creation of 
habitats for mussels, corals and fish breeding.

The structural flexibility of floating systems allows for innovative 
designs that reduce material consumption, enhance recyclability and 
minimize environmental disruption during decommissioning146. Con-
versely, there is a risk that FOW development could result in negative 
impacts on the environment147. Although the percussive noise during 
anchor installation is less than that of fixed-bottom wind, it could 
still disturb domestic and migratory marine species148. As the FOW 
industry moves towards semi-taut mooring lines, which require anchor 
piles instead of drag-embedment anchors, installation noise might be 
increased, although the spatial extent of the contact with the seafloor 
would be reduced149. Similarly, laying or burying cable or mooring lines 
on the seabed could increase turbidity and negatively affect local fauna. 
Even far-from-shore wind plants could still be visible from the coast 
and have viewshed impacts on local communities.

FOW projects have implications for the fishing industry, which has 
expressed some concern about the impact on navigation safety, ability 
to use mobile gear, ecological influences on the fish resource, potential 
compensation mechanisms, and levels of engagement during the devel-
opment process150. Station-keeping systems and the lateral motion of 
floating turbines (the watch circle) could be of particular interest to 
the fishing community, as the moving turbines and spread of moor-
ing lines and array cables within the water column could affect fishing 
practices and navigation28. Novel designs that reduce the footprint of 
the mooring system could reduce the impacts on fisheries while also 
decreasing project costs, and conceptual designs have demonstrated 
modest increases in acceptance from the fishing community151.

By embracing co-design processes that integrate nature-inclusive 
principles, FOW systems have the potential not only to mitigate nega-
tive environmental impacts but also to add ecological value, benefiting 
both system planners and key environmental stakeholders146.

Local impact
Cost, grid value and environmental impact are key motivators for 
the FOW industry, but perhaps the most cited factor is the opportu-
nity to create local jobs and spur economic growth11,15,100,152. An eco-
nomic impact assessment conducted for a hypothetical one-gigawatt 
commercial-scale project off the coast of California estimates that over 
13,000 full-time-equivalent direct, indirect and induced jobs would be 
needed during the construction phase, along with an additional nearly 
700 jobs during the operational phase. These estimates correspond 
to a gross domestic product in the USA of over US$1.6 billion153. Of 
these estimated construction jobs, 75% would be in the supply chain,  
which has been a particular focus for decision-makers153.

Offshore wind supply chains are already concentrated on the 
coast to be near project development sites, and because the major 
components such as blades, towers and floating substructures are 
too large to transport over land3,154. This component-size constraint 
directly links the economic opportunity associated with offshore wind 
to port communities where the major manufacturing will take place. 
This requirement for coastal manufacturing sites will be particularly 
prevalent for FOW, where the integration of the wind turbine with the 
floating substructure will take place at a regional port that would ide-
ally comprise at least a 100-acre site for an efficient production line24,155.  
A conceptual network of ports along the west coast of the USA has 
been evaluated24 that could provide services throughout the life cycle 
of FOW projects, including subcomponent manufacturing, assembly, 
S&I and O&M. The study indicates that a deployment of 55 GW by 2045 
could require over 50 port sites to be built throughout the region (which 
includes the manufacturing sites needed to fabricate most of the major 
components).

Tier 2 and tier 3 suppliers of subcomponents and subassemblies 
could potentially require five times as many manufacturing jobs than 
tier 1 manufacturers3. As a result, not all of a FOW supply chain would 
need the coastal space and equipment required for tier 1 components, 
offering a substantial role for inland manufacturing facilities as well as 
smaller ports or shipyards. Distributed supply-chain assets represent a 
potential for broader geographic participation where individual states 
or countries can realize economic benefits. As the FOW industry evolves 
through the phases of commercialization and maturity, the supply chain 
must evolve concurrently to optimize substructure designs and sup-
porting infrastructure26,87,111. This would require coordination between 
technology providers and local governments to understand workforce 
and infrastructure requirements, coupled with an attractive business 
environment to foster investment.

Revitalizing marine infrastructure and coastal communities 
through the build-out of FOW projects is attractive to some policy-
makers152. A major industrialized port can serve as an economic hub 
for a community, bringing stability, jobs and a sense of identity; how-
ever, many port communities in potential FOW regions face a range of 
health, environmental, educational, economic and workforce-related 
burdens. Introducing a new industry into these ports has the potential 
to create substantial benefits for these communities in terms of new 
jobs, economic growth and local infrastructure investment. However 
port development may benefit from avoiding exacerbating previous 
issues related to pollution, traffic congestion, creating jobs that are 
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not accessible to the local workforce, affecting local sites of histori-
cal or cultural importance, or disregarding the priorities of the local 
communities24. Commercializing and maturing the floating wind indus-
try will require ports, project developers and manufacturers to be able 
to effectively engage with local communities, consider the trade-offs 
and develop ways to maximize the benefits while minimizing harms.

Summary and future perspectives
In this Perspective, we reviewed the commercial status of FOW tech-
nology development and three critical concurrent areas for reaching 
industry maturity: technological innovation, industrialization and 
articulation of its cross-cutting value to the energy system. We dis-
cussed examples of how technical innovations such as integrated design 
approaches between turbines and floating substructures, advanced 
turbine control systems, digital twins and automation in operation 
and maintenance could contribute to a potential 50% reduction in 
life-cycle costs by 2050.

Scaling FOW from pilot projects to commercial utility-scale 
deployment is likely to require infrastructure investments of tens of 
billions of dollars in the USA alone5,24. These investments will likely 
facilitate near-term cost reductions and lay the groundwork for serial 
production, standardization and industry learning that will lead to 
the goal of long-term industry maturity (Box 1). Additionally, the FOW 
industry needs to understand, quantify, articulate and demonstrate the 
value streams it can provide to build and sustain public confidence in 
large-scale deployment of this new technology. Quantifying the local 
and regional benefits with respect to grid reliability, reduced carbon 
emissions and strengthening coastal economies could help to assure 

stakeholders that FOW can be implemented cost-effectively without 
sacrificing comfort or security.

Industry research has already identified and documented oppor-
tunities for FOW industry growth25 but forward momentum can be 
disrupted by exogenous global economic variables that cast doubt 
on the market’s viability and by endogenous variables that limit com-
mercialization and growth. The FOW industry needs to demonstrate 
long-term market stability and technology consistency at both a 
regional and global level to attract the supply-chain and infrastruc-
ture investments needed to commercialize at utility scale. FOW energy 
resources are large in coastal areas that have a need for reliable energy 
(Fig. 1a), but markets in these areas have not been established and key 
stakeholders responsible for the electric grid need better assurance 
of cost and reliability. Even with numerous national policies that sup-
port offshore wind development, investors need better long-term 
market certainty. Market certainty could be increased by industry 
commercializing the 15-MW turbine technology platform (or some 
agreed upon limit) and stabilizing turbine growth in alignment with 
infrastructure capacity limits28.

Technology consistency, reliability and confidence can likely be 
achieved by the development of mature design tools, standards and 
practices and through accumulated operating experience. Concur-
rently, designs can be optimized with consideration for life-cycle costs 
and existing infrastructure constraints. Ideally, regulatory frameworks 
could be streamlined, and approval/consent timelines shortened to 
facilitate deployment. Building community trust through stakeholder 
engagement and fostering coexistence with other marine activities, 
such as fishing and aquaculture146, are also beneficial key components 

Glossary

Blade pitch
The angle of a wind turbine blade relative 
to the oncoming wind, which can be 
adjusted to control the rotor speed, 
power output and structural loads.

Control systems
The hardware and software used to 
monitor, manage and optimize the 
performance of wind turbines and 
the overall wind farm to ensure safe 
operation, maximize power output 
and coordinate turbine responses to 
environmental conditions.

Draft
The vertical distance between the 
waterline and the bottom of a floating 
wind platform or vessel.

Fixed-bottom offshore wind
Offshore wind turbines that are installed 
on foundations fixed directly to the 
seabed, typically in water depths up to 
60 m; common types include monopiles, 
jackets and gravity-based systems.

Monopile
A single, large-diameter cylindrical steel 
foundation driven into the seabed to 
support offshore wind turbines.

Operations and maintenance
(O&M). O&M activities are those 
required to keep wind turbines and 
associated infrastructure running 
efficiently and safely, including 
inspections, repairs, part replacements 
and performance monitoring (and 
controls updating).

Original equipment 
manufacturers
(OEMs). Companies that design and 
produce the tier 1 components of  
wind turbines, such as blades, nacelles 
and towers.

Rotor yaw
The rotation of the entire wind turbine 
nacelle and rotor around the vertical 
axis to align the rotor with the wind 
direction for optimal energy capture.

Spar
A floating wind turbine substructure 
characterized by a tall, cylindrical 
design that achieves stability through 
deep draft and heavy ballast located at 
the bottom of the structure.

Staging and integration port
(S&I port). Receives, stages and 
stores offshore wind components 
and integrates the wind turbine with 
the floating substructure; additional 
manufacturing activities, such as 
floating substructure assembly, can take 
place at this port.

Tier 1 components
Finished components provided by a 
manufacturer to an offshore wind project 
developer, such as blades, nacelles, 
towers and floating substructures.

Tier 2 components
Subassemblies that have specific 
functions within a tier 1 component, 
such as a pitch system for blades.

Tier 3 components
Commonly available subcomponents 
that are integrated into tier 2 
subassemblies, such as motors, bolts 
and gears.

Transmission congestion
A bottleneck in an electrical grid that 
occurs when transmission lines do 
not have sufficient available capacity 
to transmit enough electricity to meet 
demand.

Wake
The region of slower, more turbulent 
airflow that forms behind a wind  
turbine as it extracts energy from  
the wind.
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of a successful development strategy. The establishment of globally 
optimized supply chains and the development of bespoke S&I port 
facilities near FOW sites are likely to be critical enablers for efficient 
deployment and service. Incentivizing investments in critical FOW 
infrastructure might be necessary to allow FOW to compete based 
on resource adequacy and cost (while delivering broader benefits, 
such as grid stability). By addressing the three areas detailed in this 
paper — technological innovation, industrialization and cross-cutting 
value — FOW has the potential to become economically competi-
tive in new energy markets, contributing26 to a reliable and resilient 
energy system.

Published online: 25 September 2025
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