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ABSTRACT
Onshore, fixed-bottom offshore, and floating offshore wind turbines (FOWTs) represent distinct technological pathways for large-

scale wind energy deployment, yet comparative assessments often emphasize descriptive characteristics rather than quantified

performance trade-offs. This study presents a structured comparison of these three wind energy systems across technology

maturity, levelized cost of energy (LCOE), environmental impacts, and socio-regulatory constraints. A harmonized literature

synthesis of recent techno-economic data (2018–2024) reveals that onshore wind remains the lowest-cost option (typical LCOE:

30–55USD/MWh), while fixed-bottom offshore wind exhibits higher but declining costs (60–100USD/MWh) driven primarily by

installation and foundation expenses. Floating offshore wind systems currently show the highest LCOE (90–160USD/MWh),

dominated by platform and mooring costs, yet demonstrate the strongest long-term cost-reduction potential due to access to

superior wind resources and deep-water sites. Environmental and social analyses indicate increasing public acceptance challenges

for onshore projects, while offshore and floating systems face regulatory complexity and higher capital risk rather than social

opposition. The study’s contribution lies in a balanced, criterion-based framework that exposes cost drivers, maturity gaps, and

deployment constraints across wind technologies, highlighting floating offshore wind as a transitional technology whose com-

petitiveness depends on platform standardization and supply-chain learning effects. The analysis demonstrates that cost parity

between floating and fixed-bottom offshore wind is not turbine limited but platform- and financing-driven, with regulatory clarity

having a comparable impact to capital expenditure (CAPEX) reductions.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.
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1 | Introduction

The global energy sector is undergoing a fundamental transition
driven by the urgent need to mitigate climate change, reduce
greenhouse gas emissions, and meet rapidly growing electricity
demand [1]. Conventional fossil fuel–based power generation is
increasingly constrained by environmental regulations, resource
depletion, and sustainability concerns [2]. Within this context,
renewable energy technologies have emerged as essential com-
ponents of future power systems, with wind energy playing a
particularly prominent role due to its technological maturity,
scalability, and declining cost trends [3, 4]. Over the past two
decades, wind energy deployment has expanded significantly
across diverse geographical regions, supported by advances in
turbine design, power electronics, and grid integration [5]. Ini-
tially dominated by onshore installations, wind energy develop-
ment has progressively extended offshore to exploit stronger and
more consistent wind resources [3, 6]. More recently, floating
offshore wind technology has been introduced to enable access
to deep-water sites that are unsuitable for fixed-bottom founda-
tions [7, 8]. These three platforms onshore, offshore, and floating
offshore wind turbines (FOWTs) represent distinct technological
pathways, each characterized by different resource conditions,
infrastructure requirements, economic profiles, and environmen-
tal considerations [9].

Wind energy has been adopted in more than 90 countries world-
wide, reflecting its growing role in global electricity generation
[10, 11]. By 2020, the cumulative installed wind power capacity
reached ~742GW, of which about 35GW corresponded to off-
shore installations as shown in Figure 1. At the end of 2020, 12
countries had surpassed 10GW of installed wind capacity, while
a further 20 countries had exceeded the 5GW threshold [13].
Regional distribution of installed capacity (IC) reveals a strong
concentration in Asia largely driven by China with ~288GW
followed by Europe, where Germany leads with around 62GW,

and North America, dominated by the United States with an IC
of about 122 GW is shown in Figure 1. Overall, global wind power
capacity expanded at an average annual growth rate of nearly
14.2% over the period from 2006 to 2020 [12].

Existing research has extensively investigated the performance,
design, and optimization of individual wind turbine platforms.
Numerous studies focus on cost reduction strategies for onshore
wind, power conversion and structural challenges for offshore
wind, or mooring and stability issues associated with floating off-
shore systems. However, the majority of this literature remains
fragmented, addressing each technology in isolation. As a result,
there is limited integrated understanding of how these wind
energy platforms compare when evaluated simultaneously across
technical performance, economic feasibility, environmental
impact, social acceptance, and policy support.

This lack of comprehensive comparative analysis presents a chal-
lenge for energy planners and policymakers who must determine
optimal deployment strategies under region-specific constraints
such as land availability, water depth, grid access, environmental
sensitivity, and public perception. Decisions made without a holis-
tic perspective risk suboptimal investment, inefficient resource
allocation, and delayed progress toward renewable energy targets.

1.1 | Contribution of This Study

This work does not introduce a new wind energy technology;
instead, it contributes a structured and balanced comparison
that integrates recent techno-economic data with social and regu-
latory considerations. By applying identical evaluation criteria
across onshore, fixed-bottom offshore, and floating offshore
wind systems, the study clarifies trade-offs that are often fragmen-
ted across separate reviews. The analysis highlights that the pri-
mary barriers to floating offshore wind are not aerodynamic
performance but platform-related capital costs and regulatory
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FIGURE 1 | Total installed capacity (IC) of wind energy by region [12].
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uncertainty, thereby redirecting attention toward supply-chain
learning and standardization as key enablers of future competi-
tiveness. Unlike existing reviews that examine floating offshore
wind primarily from a technological or project-specific perspec-
tive, this study systematically decomposes levelized cost of energy
(LCOE) into platform, installation, O&M, and financing compo-
nents using harmonized post-2018 data, enabling cross-technology
cost attribution.

2 | Comparative Analysis Framework

This section presents a structured comparison of onshore wind,
fixed-bottom offshore wind, and floating offshore wind technolo-
gies using a unified evaluation framework. Each technology is
assessed across five dimensions: (i) technology and design matu-
rity, (ii) techno-economic performance, (iii) environmental
impacts, (iv) social and regulatory challenges, and (v) future out-
look. Applying identical criteria ensures transparency and enables
direct comparison of trade-offs that are often obscured in
technology-specific reviews.

2.1 | Technology and Design Characteristics

Wind energy systems are governed by a combination of aerody-
namic, structural, electrical, and control-related design charac-
teristics that collectively determine their performance, reliability,
and economic viability [14, 15]. The fundamental objective of
wind turbine design is to maximize energy extraction from vari-
able wind resources while ensuring structural integrity and oper-
ational safety over the system’s lifetime [16]. Modern wind
turbines primarily operate on the lift-based aerodynamic princi-
ple, where rotor blades convert kinetic wind energy into mechan-
ical torque [17]. Blade geometry defined by airfoil shape, chord
length, twist angle, and material composition plays a critical role
in optimizing the power coefficient (Cp) and minimizing fatigue
loads [16]. Advanced composite materials, such as glass- and
carbon–fiber–reinforced polymers, are increasingly adopted to
achieve high strength-to-weight ratios and enhanced durabil-
ity [18].

From a structural perspective, turbine design must withstand
aerodynamic loads, gravitational forces, and cyclic fatigue [19].
Towers are commonly constructed using tubular steel, concrete,
or hybrid configurations to provide adequate hub height and
stability [20]. Taller towers enable access to higher wind speeds
but increase material usage and installation complexity, requir-
ing careful techno-economic optimization [21]. The drive train
configuration is another defining design aspect. Conventional
systems employ a gearbox coupled with a doubly fed induction
generator (DFIG), while newer designs favor direct-drive perma-
nent magnet generators (PMG) to reduce mechanical complexity
and maintenance requirements [22]. Power electronics and grid-
interface systems ensure voltage regulation, frequency control,
and compliance with grid codes [23]. Control systems integrate
sensors, actuators, and algorithms to regulate turbine operation
under fluctuating wind conditions [24]. Key mechanisms include
yaw control for wind alignment, pitch control for power regula-
tion and load mitigation, and supervisory control systems for
fault detection and operational optimization [25]. Collectively,
these technological and design characteristics form the

foundation for both onshore and offshore wind energy systems,
with adaptations based on site-specific constraints [26].

2.1.1 | Onshore Wind Systems

Onshore wind turbines are the most mature and widely deployed
form of wind energy technology [27]. Commercial installations
typically employ turbines rated between 2 and 6MW, with hub
heights exceeding 100–140m and rotor diameters above 120m
[28]. Foundations are predominantly gravity-based or piled struc-
tures, tailored to site-specific soil conditions [29]. Onshore wind
technology has reached technology readiness level (TRL) 9, sup-
ported by standardized turbine designs, established supply chains,
and extensive operational experience [30]. Onshore wind systems
represent the most mature and widely deployed segment of the
global wind energy industry, owing to their relatively lower capital
costs, technological maturity, and ease of installation compared to
offshore alternatives [6]. These systems are typically installed on
land-based sites with favorable wind resources, such as plains,
ridgelines, and coastal hinterlands [31]. Technologically, onshore
wind turbines are predominantly horizontal-axis wind turbines
(HAWTs) with rated capacities ranging from a few 100 kilowatts
to over 6MW [32]. Their design emphasizes cost-effectiveness,
logistical feasibility, and adaptability to diverse terrain conditions.
Standardized components and modular construction facilitate
large-scale deployment and reduce manufacturing and mainte-
nance costs [33, 34].

Site selection is a critical factor influencing the performance of
onshore wind systems. Wind resource assessment, terrain rough-
ness, land availability, and proximity to transmission infrastruc-
ture directly affect energy yield and project economics [35].
However, onshore installations often face constraints related to
land-use conflicts, visual impact, noise emissions, and environ-
mental concerns, which may limit turbine size and spacing [36].
From an operational standpoint, onshore wind farms benefit
from simpler access for installation, inspection, and mainte-
nance, leading to lower operational expenditures (OPEX) [37].
Grid integration is generally less complex than offshore systems,
although variability in wind generation necessitates forecasting
tools and grid management strategies to maintain system stabil-
ity [38, 39]. Despite these advantages, onshore wind systems
experience increasing limitations in regions with high land satu-
ration and stricter regulatory frameworks [40]. As a result, tech-
nological advancements in turbine efficiency, digital monitoring,
and hybrid energy systems are being pursued to enhance energy
output without expanding land footprints [41]. Consequently,
onshore wind continues to play a vital role in global renewable
energy transitions, particularly in developing and land-abundant
regions [42].

Figure 2 presents a schematic representation of a conventional
onshore HAWT system, highlighting its key structural, mechani-
cal, and control components. The turbine consists of a rotor with
aerodynamic blades, which captures the kinetic energy of the
wind. The blades are equipped with a pitch control system that
adjusts their angle to optimize power generation under varying
wind conditions and to protect the turbine during high wind
speeds.

The rotor is mounted on a nacelle, which houses critical drive
train components such as the gearbox and generator. The
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gearbox increases the rotational speed of the low-speed shaft
from the rotor to match the operating requirements of the gener-
ator [43]. A yaw control system enables the nacelle to rotate
horizontally, ensuring continuous alignment of the rotor with
the prevailing wind direction for maximum energy capture.
The tower, typically constructed from steel or reinforced con-
crete, elevates the turbine to higher altitudes where wind speeds
are stronger and more consistent. Electrical power generated in
the nacelle is transmitted through internal cables down the tower
and delivered to the onshore grid, as indicated in the figure. The
entire structure is supported by a foundation system, which
anchors the turbine securely to the ground and transfers mechan-
ical loads to the underlying soil. Overall, Figure 1 illustrates the
integrated operation of aerodynamic, mechanical, and electrical
subsystems in an onshore wind turbine, emphasizing how coor-
dinated control and structural design enable efficient and reliable
land-based wind energy generation [44].

2.1.2 | Floating Offshore Wind Systems

FOWTs decouple turbine deployment from seabed conditions,
enabling installation in water depths exceeding 60m and extend-
ing to several 100 m [45]. Current projects typically use turbine
ratings of 8–15MW, mounted on spar-buoy, semi-submersible, or
TLPs. While turbine technology itself is mature, floating support
structures and mooring systems remain under development. Con-
sequently, floating offshore wind is assessed at TRL 6–7, reflecting
pilot- and early-commercial-stage deployment [46]. Figure 3 pre-
sents the three principal floating offshore wind platform config-
urations that enable wind turbine deployment in deep-water
environments where fixed-bottom foundations are not feasible.
These platform concepts are designed to provide stability while
accommodating dynamic wind, wave, and current loads [47].
The spar-buoy platform achieves stability through a deep, slender
cylindrical structure with heavy ballast positioned below the
waterline. This configuration lowers the center of gravity and

Mooring lines

(a) (b) (c)

FIGURE 3 | Main floating offshore wind platform concepts. (a) Spar buoy. (b) Semi submersible. (c) Tension leg platform.

Pitch control

Gearbox

To onshore grid

Steel or concrete

Tower foundation

Yaw control

FIGURE 2 | Typical configuration of an onshore wind turbine system.
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minimizes platformmotion, making spar systems suitable for very
deep waters. However, their large draft requires deep-water ports
and specialized installation procedures. The semi-submersible
platform consists of multiple buoyant columns connected by hori-
zontal pontoons. Stability is provided by distributed buoyancy
rather than deep ballast, allowing for a shallower draft compared
sparring designs [48]. Semi-submersible platforms are well suited
for assembly in port and towing to site, offering flexibility across a
range of water depths and installation conditions. The tension-leg
platform (TLP) maintains stability using taut mooring lines
anchored to the seabed. These tensioned tendons restrict vertical
motion, resulting in minimal heave and pitch responses. TLP sys-
tems provide high stability but require precise anchoring and sea-
bed conditions, which can increase installation complexity. All
three platform types are secured using mooring and anchoring
systems that allow controlled movement while maintaining
station-keeping [49]. Figure 3 highlights the structural and opera-
tional differences among floating platform concepts, illustrating

how each design balances stability, installation requirements,
and suitability for deep-water offshore wind applications.

Table 1 provides a side-by-side comparison of onshore and off-
shore wind turbine systems using critical design and operational
indicators [50]. Offshore wind turbines operate in stronger and
more uniformwind regimes, with average hub-height wind speeds
of ~9m/s and capacity factors frequently exceeding 50%, which
enables individual turbine ratings in the range of 10–15MW. In
contrast, onshore turbines are typically exposed to lower wind
velocities, generally between 5 and 8m/s, resulting in capacity
factors of about 30%–40% and comparatively smaller unit capaci-
ties of 2–4MW [51]. The offshore environment allows greater
scalability through the deployment of larger rotor diameters and
higher hub heights, supported by more consistent wind resources.
However, these advantages are accompanied by elevated capital
investment requirements and technically demanding installation
procedures. Onshore wind systems, by comparison, benefit from
lower levelized costs of electricity often around 50USD/MWh—

TABLE 1 | Assessment of structural design and operational performance characteristics of onshore versus offshore wind turbines [50].

Offshore wind Onshore wind Aspect

Peak voltage reaches 123V under a wind velocity
of 9.7m/s.

Peak voltage reaches 39.5V at a wind
velocity of 8.2m/s.

Voltage output (simulated)

Turbulence intensity rises by as much as 20% in
irregularly optimized layouts, leading to elevated
fatigue loads on the structure.

Surface roughness and obstacles
introduce variability in wind speeds,
while turbulence intensity remains

lower than offshore.

Turbulence impact

Employs larger turbines equipped with advanced
systems, including floating foundations, featuring
hub heights of approximately 150m.

Uses smaller turbines with simpler
designs to enable easier installation and
upkeep, generally at hub heights of

~100m.

Turbine size

Consistently elevated power density results from
stronger mean wind speeds across the vertical
profile, while the wind shear effect is reduced,
yielding hub-height velocities of about 9m/s.

Lower and more variable, with average
hub-height wind speeds of ~5–8m/s.

Wind speed

Regularly exceeds 50% due to elevated and steady
wind regimes.

Usually 30%–40%, with performance
strongly dependent on site-specific

wind conditions.

Capacity factor

Peak power attains 6W under a wind velocity of
9.7m/s.

Peak power attains 1.9W under a wind
velocity of 8.2m/s.

Power output (simulated)

Turbines with 10–15MW ratings generate
substantially higher energy output.

Turbines rated 2–4MW produce
comparatively lower energy output.

Energy output

Deployment necessitates deep-water foundation
structures and high-performance materials to
endure hydrodynamic and wave loading.

Surface roughness and obstacles result
in variable wind conditions,

emphasizing the importance of optimal
sitting.

Geographic challenges

Scalability is enhanced by the deployment of larger
turbines and access to consistent wind regimes.

Deployment potential is restricted by
land-use constraints and community

acceptance issues.

Scalability

Characterized by stable wind regimes, resulting in
elevated and continuous energy output
throughout the year.

Pronounced seasonal fluctuations
demand comprehensive wind profiling

and system optimization.

Seasonal variation

LCOE is roughly $80 per megawatt-hour. LCOE is roughly $50 per megawatt-
hour.

Levelized cost of energy (LCOE)
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and simpler construction and maintenance logistics. Nevertheless,
their expansion is increasingly restricted by land-use limitations,
social acceptance concerns, and visual and acoustic impacts.
Recent offshore developments, including floating foundation tech-
nologies, have further expanded deployment potential into deeper
waters, albeit at the expense of increased costs associated with
complex marine operations and harsh environmental conditions
[52]. Overall, the tabulated comparison underscores the inherent
trade-offs among performance, scalability, and economic feasibil-
ity, thereby supporting informed, site-specific decision-making in
wind energy planning.

2.1.3 | Fixed-Bottom Offshore Wind Systems

Fixed-bottom offshore wind turbines extend conventional wind
technology into marine environments, enabling access to stronger
and more consistent wind resources [53]. Typical turbine capaci-
ties range from 6 to 15MW, with monopile, jacket, and gravity-
based foundations used depending on water depth and seabed
conditions [54]. Fixed-bottom systems are generally limited to
water depths below 50–60m. The technology is commercially
mature, with TRL 8–9, although foundation design and offshore
installation remain site-specific and capital-intensive [55]. Fixed-
bottom offshore wind systems constitute the most commercially
established offshore wind technology and are predominantly
deployed in shallow to intermediate water depths, typically up to
50–60m [7]. These systems utilize seabed-mounted support struc-
tures that provide a stable foundation for large-capacity wind tur-
bines operating in marine environments characterized by higher
and more consistent wind speeds than onshore locations [56]. The
technological configuration of fixed-bottom offshore turbines
largely mirrors that of advanced onshore systems, with HAWTs
dominating commercial installations [57]. However, offshore tur-
bines are generally larger in scale, with rated capacities exceeding
8MW, optimized rotor diameters, and increased hub heights to
maximize energy capture. Enhanced structural reinforcement and
corrosion-resistant materials are essential to withstand harsh
marine conditions, including wave loading, saltwater corrosion,
and cyclic fatigue [58].

Foundation design is a defining feature of fixed-bottom offshore
systems and varies according to seabed conditions, water depth,
and environmental loads [59]. Common foundation types include
monopiles, widely used in shallow waters due to their simplicity
and cost-effectiveness; jacket structures, suitable for deeper waters
and complex soil conditions; and gravity-based foundations, which
rely on mass and seabed preparation for stability [60]. The selec-
tion of an appropriate foundation type is critical for ensuring long-
term structural integrity and minimizing installation risks. Instal-
lation and logistics represent significant cost components in fixed-
bottom offshore wind projects [59]. Specialized vessels, heavy-lift
cranes, and precise marine operations are required for foundation
installation, turbine erection, and cable lying. Despite higher capi-
tal expenditures (CAPEX) compared to onshore systems, fixed-
bottom offshore wind benefits from higher capacity factors,
reduced visual and acoustic impacts on populated areas, and
large-scale project development potential [61]. From an opera-
tional perspective, maintenance activities in offshore environ-
ments are more complex and weather-dependent, leading to
increased OPEX [62]. Consequently, advanced condition monitor-
ing systems, remote diagnostics, and predictive maintenance

strategies are increasingly employed to enhance reliability and
reduce downtime. Overall, fixed-bottom offshore wind systems
represent a critical transitional technology, bridging the gap
between mature onshore winds and emerging floating offshore
wind solutions in the global expansion of renewable energy infra-
structure [63].

Figure 4 illustrates the main foundation solutions adopted for
fixed-bottom offshore wind turbines, highlighting their suitabil-
ity across different water depths and seabed conditions. These
foundation types provide rigid structural support by directly
transferring turbine loads to the seabed and are commonly
applied in shallow to intermediate offshore environments. The
monopile foundation, shown on the left, consists of a single large-
diameter steel pile driven into the seabed. It is widely used in
shallow waters due to its simple design, rapid installation, and
cost-effectiveness. Monopiles efficiently withstand lateral loads
generated by wind, waves, and turbine operation.

The jacket foundation, depicted in the center, is a lattice-type steel
structure supported by multiple piles. This configuration is typi-
cally employed in intermediate water depths, where monopiles
become less economical or structurally efficient [64]. Jacket foun-
dations distribute loads across several support points, offering
enhanced stiffness and improved performance under complex
marine loading conditions [65]. The gravity-based foundation,
shown on the right, relies on its substantial mass to maintain
stability without deep penetration into the seabed. Constructed
mainly from reinforced concrete, this foundation type is suitable
for shallow waters with firm seabed conditions [66]. Stability is
achieved through self-weight and friction between the foundation
base and the seabed. Overall, Figure 2 demonstrates how the selec-
tion of fixed-bottom offshore wind foundations depends on site-
specific parameters such as water depth, seabed characteristics,
and environmental loads, ensuring safe and reliable operation of
offshore wind turbines.

2.2 | Techno-Economic Performance

The techno-economic performance of wind energy systems is
assessed using three widely accepted indicators: CAPEX, OPEX,
and LCOE [67]. These metrics collectively capture the upfront
investment requirements, long-term operational costs, and overall
cost-competitiveness of electricity generation. The values dis-
cussed in this section represent harmonized ranges reported in
the literature for wind projects commissioned between 2018 and

Monopile Jacket Gravity base

Shallow water Intermediate depth Gravity base

FIGURE 4 | Foundation types used in fixed-bottom offshore wind

systems.
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2024, ensuring comparability across different technologies and
deployment environments [68].

2.2.1 | Capital Cost Structure

Among the three wind energy configurations, onshore wind sys-
tems demonstrate the lowest capital intensity, reflecting their
technological maturity, standardized turbine designs, and rela-
tively simple installation processes [69]. The majority of onshore
CAPEX is associated with turbine supply, which dominates total
investment due to the cost of blades, nacelles, and towers. Foun-
dations and civil works constitute a smaller share of total costs, as
land-based construction is less complex and does not require
specialized equipment or vessels [70]. In contrast, fixed-bottom
offshore wind systems require significantly higher capital invest-
ment, primarily due to the challenges associated with marine
construction. While turbine costs remain substantial, a large por-
tion of total CAPEX is driven by the fabrication and installation
of offshore foundations [71]. These structures must withstand
combined wind, wave, and current loads, necessitating robust
designs and the use of heavy-lift vessels, which increases overall
project costs. Floating offshore wind systems currently exhibit
the highest capital costs among wind technologies. Unlike
fixed-bottom offshore systems, where foundations are anchored
directly to the seabed, floating wind relies on complex platform
structures and mooring systems to maintain stability in deep
waters [72]. As a result, the floating platform and mooring infra-
structure represent the dominant cost components, surpassing
turbine-related expenses. This cost distribution indicates that
the primary economic challenge of floating offshore wind lies
in structural and marine engineering requirements rather than
in turbine technology itself. Overall, the capital cost structures of
onshore, fixed-bottom offshore, and floating offshore wind sys-
tems reflect increasing technical complexity and environmental
exposure, which directly influence investment requirements and
shape their respective techno-economic competitiveness [73].

Table 2 summarizes and compares the capital costs, operational
expenses, performance metrics, and overall cost competitiveness
of onshore, fixed-bottom offshore, and floating offshore wind
technologies. Table 2 highlights how increasing technical

complexity and environmental exposure influence both invest-
ment requirements and electricity generation costs.

Onshore wind systems exhibit the lowest CAPEX, reflecting their
technological maturity, standardized turbine designs, and rela-
tively simple construction and maintenance logistics [71]. Turbine
supply constitutes the dominant share of total capital costs, while
foundations and installation represent comparatively smaller con-
tributions [74]. OPEX, driven by easy site access and routine main-
tenance practices were results in the lowest LCOE among the
three technologies, despite moderate capacity factors [75]. Fixed-
bottom offshore wind systems require significantly higher CAPEX
due to the need for robust seabed-mounted foundations, special-
ized installation vessels, and offshore electrical infrastructure.
Although OPEX is also higher because of weather-dependent
access and marine maintenance activities, these systems benefit
from higher capacity factors enabled by stronger and more consis-
tent offshore wind regimes [76]. As a result, fixed-bottom offshore
wind achieves a competitive but higher LCOE compared to
onshore systems. Floating offshore wind systems currently dem-
onstrate the highest CAPEX and OPEX, primarily driven by the
cost of floating platforms, mooring systems, and dynamic power
cables required for deep-water deployment [77]. While their pro-
jected capacity factors are comparable to or higher than fixed-
bottom offshore systems, the limited commercial experience and
complex marine engineering requirements lead to the highest
LCOE in the current deployment phase [73].

Overall, Table 2 illustrates the techno-economic trade-offs among
wind energy technologies, showing a clear progression from cost-
efficient onshore systems to more capital-intensive offshore and
floating configurations. The comparison underscores that while
offshore and floating wind offer superior energy yields and scal-
ability, their economic competitiveness is strongly influenced by
infrastructure maturity, technological learning, and future cost
reductions.

2.2.2 | LCOE

This provides a unified metric to evaluate and compare the eco-
nomic performance of different wind energy technologies by
expressing the average cost of electricity generation over a project’s

TABLE 2 | Comparative techno-economic performance of onshore, fixed-bottom offshore, and floating offshore wind systems.

Parameter Fixed-bottom offshore wind Floating offshore wind Onshore wind

CAPEX (USD/kW) 2800− 4500 4500− 7500 1200− 1700

Turbine supply share (%) 30− 40 25− 35 65− 70

Foundation/platform share (%) 30− 40 40− 50 10 − 15

Electrical infrastructure (%) 15− 20 15− 20 5 − 10

Installation & logistics (%) 10− 15 10− 15 5− 10

OPEX (USD/kW/year) 80− 120 100− 160 30− 50

Key OPEX drivers Vessel hire, offshore access,
corrosion protection

Mooring inspection, dynamic cables,
marine operations

Routine maintenance,
land access

Capacity factor (%) 45− 55 45− 60 ðprojectedÞ: 30− 40

LCOE (USD/MWh) ∼70− 100 ∼90− 140 ∼40− 60

Technology maturity Commercially mature Early commercial/pre-commercial Fully commercial
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entire lifetime [78]. It incorporates capital investment, operation
and maintenance (Q&M) costs, grid connection, and decommis-
sioning, normalized by the total discounted energy output [79].
For wind power, LCOE is strongly influenced by technologymatu-
rity, installation environment, capacity factor, and financing con-
ditions, leading to noticeable differences among onshore wind,
fixed-bottom offshore wind, and floating offshore wind systems.
Onshore wind exhibits the lowest LCOE amongwind technologies
due to its high level of technological maturity and relatively simple
installation requirements. Capital and operation costs are compar-
atively low because turbines are installed on land with straightfor-
ward foundations and easy access for maintenance [80]. Although
onshore wind generally experiences lower andmore variable wind
speeds than offshore locations, its modest capacity factors are off-
set by reduced expenditures, resulting in a typical LCOE range of
~25–55USD/MWh. Consequently, onshore wind remains the
most cost-competitive option for large-scale deployment, particu-
larly in regions with suitable land availability [81]. Fixed-bottom
offshore wind shows a higher LCOE than onshore wind but ben-
efits from superior wind resources and increased energy produc-
tion. Turbines installed on monopile, jacket, or gravity-based
foundations in shallow to intermediate waters achieve higher
capacity factors due to stronger and more consistent offshore
winds. However, these advantages are counterbalanced by ele-
vated capital costs associated with offshore foundations, special-
ized installation vessels, and subsea grid connections, as well as
higher Q&M expenses. As a result, the LCOE of fixed-bottom
offshore wind typically falls in the range of 45–85USD/MWh,
reflecting a balance between enhanced energy yield and increased
system complexity [82]. Floating offshore wind currently has the
highest LCOE among wind technologies, primarily because it is
still at an early stage of commercial development. The use of
floating platforms, complex mooring systems, and dynamic export
cables significantly increases capital and operational costs. Despite
these challenges, floating offshore wind can access deep-water
sites with exceptional wind resources, leading to very high capacity
factors. At present, its LCOE is typically estimated between 70 and
130USD/MWh; however, substantial cost reductions are expected
as the technology matures, supply chains develop, and large-scale
deployment is achieved [83]. Table 3 presents a harmonized com-
parison of LCOE ranges and cost shares across the three wind
technologies.

Onshore wind remains the most cost-competitive option, benefit-
ing from mature supply chains and low installation complexity.
Fixed-bottom offshore wind shows higher LCOE but has demon-
strated a consistent downward trend driven by turbine upscaling
and serial installation practices. Floating offshore wind currently
exhibits the highest LCOE; however, this is primarily attributable
to platform fabrication, installation logistics, and regulatory risk
rather than inferior energy conversion efficiency [84].

2.3 | Environmental Impacts

Wind energy technologies are widely regarded as environmentally
sustainable due to their very low lifecycle greenhouse gas emis-
sions compared to fossil-fuel-based power generation. However,
the nature and magnitude of environmental impacts vary signifi-
cantly between onshore and offshore wind systems because of
differences in installation environments, construction techniques,
and ecological interactions. These impacts primarily occur during
the manufacturing, construction, and installation phases, while
operational impacts are generally limited and site dependent.

2.3.1 | Onshore Wind

The principal environmental impacts of onshore wind energy are
associated with land use, visual intrusion, noise emissions, and
interactions with wildlife, particularly birds and bats [36]. Wind
farms require substantial land areas for turbine spacing and access
roads; however, the physical footprint is relatively small, allowing
land to remain available for agriculture or grazing [85]. Visual
impact is often the most significant public concern, especially in
densely populated or scenic regions, and can influence social
acceptance of projects. From a climate perspective, onshore
wind exhibits very low lifecycle greenhouse gas emissions, typi-
cally in the range of 7–12 gCO2/kWh, with the majority of emis-
sions arising from turbine manufacturing, foundation
construction, and transportation [86]. During operation, direct
emissions are essentially zero. Noise impacts, including aerody-
namic and mechanical noise, are highly site specific and generally
decrease rapidly with distance from turbines. These effects can be
effectively mitigated through appropriate setback distances, mod-
ern turbine design, and operational curtailment strategies. Wildlife
impacts primarily involve avian and bat collisions, which depend
on site location, migration routes, and turbine layout [87]. Envi-
ronmental impact assessments, micro-sitting, and seasonal shut-
downs during peak migration periods have proven effective in
reducing ecological risks. Overall, while onshore wind presents
localized environmental challenges, these impacts are well under-
stood and manageable through established regulatory and techni-
cal measures [36].

2.3.2 | Fixed-Bottom Offshore Wind

Fixed-bottom offshore wind largely eliminates land-use and visual
impacts on coastal communities, making it attractive from a social
acceptance standpoint [88]. However, it introduces a distinct set of
marine environmental interactions, particularly during the con-
struction and installation phases. The most significant impacts
arise from seabed disturbance and underwater noise, especially
during pile driving for monopile and jacket foundations. Seabed
preparation and foundation installation can temporarily affect

TABLE 3 | Techno-economic comparison of wind energy technologies (2018–2024).

Technology CAPEX (USD/kW)
Turbine cost
share (%)

Foundation/
platform (%)

O&M
share (%)

LCOE
(USD/MWh)

Onshore wind 1200–1700 65–70 10–15 15–20 30–55

Fixed-bottom offshore 2800–4500 35–45 30-40 20–25 60–100

Floating offshore 4500–7500 25–30 40-50 20–25 90–160
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benthic habitats and sediment transport patterns. Although these
disturbances are typically localized, they may influence marine
organisms such as benthic invertebrates and demersal fish species
[89]. Underwater noise generated during pile driving poses poten-
tial risks to marine mammals and fish, including behavioral dis-
turbance and temporary hearing impairment. To mitigate these
effects, measures such as bubble curtains, noise dampening tech-
nologies and seasonal construction windows are increasingly
adopted. Lifecycle greenhouse gas emissions for fixed-bottom
offshore wind are slightly higher than those of onshore wind, gen-
erally ranging between 8 and 14 gCO2/kWh, due to the energy-
intensive nature of offshore foundations, installation vessels, and
subsea cabling. Nevertheless, these emissions remain orders of
magnitude lower than fossil-fuel-based generation. During opera-
tion, offshore wind farms may also create artificial reef effects
around foundations, which can enhance local biodiversity under
certain conditions. Overall, while fixed-bottom offshore wind pre-
sents specific marine environmental challenges, these impacts are
largely temporary and can be effectively managed through careful
planning, monitoring, and mitigation strategies [59].

2.3.3 | Floating Offshore Wind

Floating offshore wind systems enable wind energy deployment in
deep-water environments, thereby avoiding many of the seabed-
related impacts associated with fixed-bottom foundations. Because
floating platforms are anchored using mooring lines rather than
rigid foundations, direct seabed disturbance is significantly
reduced, particularly during installation [66]. This characteristic
makes floating offshore wind especially attractive in regions with
deep coastal waters and sensitive benthic ecosystems. The primary
environmental concerns for floating offshore wind relate to moor-
ing systems, dynamic cables, and increased offshore activity.
Mooring lines and anchors can interact with benthic habitats,
although the spatial footprint is generally smaller and more dis-
persed than that of fixed-bottom foundations [90]. Dynamic export
cables, which accommodate platformmotion, introduce additional
complexity and may affect marine organisms through electromag-
netic fields and localized heating; however, current evidence sug-
gests these impacts are limited and highly site specific. Underwater
noise impacts during installation are typically lower than those of
fixed-bottom offshore wind, as pile driving is not required for most
floating configurations. Instead, noise is mainly generated by
anchor installation and vessel operations, resulting in reduced
acoustic disturbance to marine mammals and fish. During opera-
tion, floating turbines may also contribute to artificial reef effects,
potentially enhancing local biodiversity around mooring and
anchoring structures [91]. Lifecycle greenhouse gas emissions for
floating offshore wind are currently estimated to be slightly higher
than those of fixed-bottom offshore systems, typically in the range
of 10–16 gCO2/kWh, due to the additional material requirements
for floating platforms, mooring systems, and dynamic cables.
Despite this, floating offshore wind remains a low-carbon energy
technology with emissions far below those of conventional ther-
mal power generation. As the technology matures and
manufacturing processes are optimized, further reductions in life-
cycle emissions are expected [92].

Table 4 presents a comparative overview of the key environmen-
tal impacts associated with onshore wind, fixed-bottom offshore
wind, and floating offshore wind technologies, highlighting how

the installation environment influences the type and intensity of
environmental interactions.

For onshore wind, the most prominent impacts are related to land
use and visual intrusion, particularly in populated or environmen-
tally sensitive areas [36]. Although wind farms require relatively
large spatial areas for turbine spacing, the actual land permanently
occupied by foundations and access roads is small, allowing con-
tinued agricultural or grazing activities. Wildlife interactions, espe-
cially with birds and bats, are highly site dependent and represent
the main ecological concern during operation. Onshore wind
demonstrates the lowest lifecycle greenhouse gas emissions among
the three technologies, reflecting its simpler construction require-
ments and minimal material use [93]. In contrast, fixed-bottom
offshore wind largely eliminates terrestrial land-use conflicts and
reduces visual impacts for coastal communities. However, envi-
ronmental impacts are transferred to the marine environment,
with seabed disturbance and underwater noise during foundation
installation being the dominant concerns. Pile driving can tempo-
rarily affect marine mammals and fish, while seabed preparation
alters benthic habitats. Despite these challenges, lifecycle green-
house gas emissions remain very low and only slightly higher than
onshore wind due to energy-intensive offshore construction activ-
ities [94]. Floating offshore wind further reduces environmental
pressures on both land and seabed by enabling deployment in
deep-water regions and avoiding rigid seabed foundations. As indi-
cated in Table 4, seabed disturbance is limited to anchor points
andmooring lines, and underwater noise levels during installation
are generally lower than those associated with fixed-bottom sys-
tems. The primary environmental considerations relate to moor-
ing systems and dynamic cables, which may interact with marine
habitats but over a relatively dispersed area. Although lifecycle
greenhouse gas emissions are currently the highest among wind
technologies, they remain low overall and are expected to decline
as floating wind technology matures.

Overall, Table 4 demonstrates that while each wind technology
exhibits distinct environmental impact profiles, all three options
offer substantial environmental advantages compared to conven-
tional fossil-fuel-based power generation. The table underscores
the importance of site-specific planning and targeted mitigation
strategies to minimize localized environmental effects while max-
imizing the sustainability benefits of wind energy deployment.

2.4 | Social and Regulatory Challenges

The deployment of wind energy technologies is increasingly
shaped not only by technical and economic factors but also by
social acceptance and regulatory complexity. These dimensions
play a critical role in project timelines, investment risk, and overall
feasibility, with distinct challenges observed across onshore, fixed-
bottom offshore, and floating offshore wind systems [95]. For
onshore wind, social acceptance has emerged as one of the most
significant constraints on future expansion. Public concerns are
primarily associated with visual intrusion, perceived noise
impacts, and competition for land use, particularly in densely
populated or agriculturally valuable regions. While technological
advancements have reduced actual noise emissions, perception-
related concerns continue to influence local opposition. As a
result, permitting processes have become more stringent and pro-
longed in many regions, with increased requirements for public
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consultation, setback distances, and legal review. These extended
permitting timelines introduce uncertainty for developers and can
significantly delay project commissioning, thereby increasing
development and financing costs. In comparison, fixed-bottom
offshore wind generally encounters fewer issues related to public
opposition due to its offshore location and reduced visibility from
coastal communities [7]. Nevertheless, the regulatory environment
for offshore projects is inherently complex. Developers must navi-
gate marine spatial planning frameworks, comprehensive environ-
mental impact assessments, and multiple permitting authorities
governing maritime activities, navigation safety, and ecological
protection. Additionally, securing approvals for offshore substa-
tions and grid connections often involves coordination between
national regulators and transmission system operators. These reg-
ulatory requirements can extend development timelines and
increase project risk, particularly as projects move into deeper
waters and farther from shore [96]. Floating offshore wind faces
comparatively limited social opposition because projects are typi-
cally located far offshore and have minimal visual or noise impacts
on coastal populations. However, the primary challenge lies in
regulatory immaturity. Many jurisdictions lack established legal
and permitting frameworks for floating platforms, deep-water
leasing, and dynamic cabling systems. Uncertainty regarding own-
ership rights, safety standards, and long-term liability increases
perceived investment risk [97]. Consequently, floating offshore
wind projects often face higher financing costs, as lenders and
insurers account for regulatory uncertainty alongside technologi-
cal novelty. Addressing these regulatory gaps is critical for accel-
erating commercial deployment [98].

2.5 | Future Outlook and Research Priorities

The future development trajectories of wind energy technologies
differ significantly in terms of cost reduction potential, deployment

constraints, and research focus. Understanding these trends is
essential for guiding policy design and research investment [99].
For onshore wind, future cost reductions are expected to be incre-
mental rather than transformative. Continued turbine scaling,
improved power electronics, and digital optimization techniques
such as predictive maintenance and advanced wind forecasting
will contribute to modest efficiency gains and operational cost
reductions. However, further large-scale expansion is increasingly
constrained by land availability, social acceptance, and permitting
challenges, suggesting that onshore wind growth may plateau in
some mature markets despite its low LCOE [100]. Fixed-bottom
offshore wind is likely to experience continued and more substan-
tial LCOE reductions in the near to medium term. Key drivers
include the deployment of larger-capacity turbines, improved
installation logistics, and the adoption of standardized and modu-
lar foundation designs. However, as offshore wind farms are devel-
oped farther from shore, grid integration and transmission
infrastructure are emerging as critical bottlenecks [38]. Research
efforts must therefore focus on offshore grid optimization, high-
voltage transmission technologies, and coordinated planning
between generation and transmission assets. Floating offshore
wind represents the most dynamic and transformative develop-
ment pathway among wind technologies. Unlike onshore and
fixed-bottom offshore wind, future cost reductions are expected
to arise primarily from platform standardization, serial
manufacturing, and supply-chain learning effects, rather than fur-
ther aerodynamic improvements. Key research priorities include
mooring system optimization, reduction of structural fatigue in
floating platforms, advanced control strategies to manage platform
motion, and the development of harmonized regulatory frame-
works [101]. Progress in these areas is essential to reduce project
risk, lower financing costs, and unlock the vast deep-water wind
resources required for long-term global decarburization [102].

TABLE 4 | Comparative environmental impacts of onshore, fixed-bottom offshore, and floating offshore wind technologies.

Onshore wind Fixed-bottom offshore wind Floating offshore wind Impact category

Requires terrestrial land; small
physical footprint with continued
agricultural use

No land use onshore; offshore
spatial occupation

No land use onshore; offshore
deployment in deep waters

Land use

High in populated or scenic areas Low to moderate; visible from coast
depending on distance

Very low; typically far from
coastline

Visual impact

Not applicable Significant during foundation
installation

Low; limited to anchors and
mooring lines

Seabed disturbance

Not applicable High during pile driving;
temporary

Moderate during anchoring; lower
than fixed-bottom

Underwater noise

Birds and bats; site dependent Fish and marine mammals during
construction

Marine species interaction via
moorings and cables

Wildlife interaction

Not applicable Moderate; foundations may
enhance biodiversity

Moderate; moorings and anchors
may support habitats

Artificial reef effect

7–12 8–14 10–16 Lifecycle GHG
emissions (gCO2/kWh)

Construction and operation Construction and installation Construction and installation Dominant impact
phase

High (siting, curtailment) High (noise control, timing) High (optimized mooring design) Mitigation potential
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2.6 | Policy Implications

The comparative assessment of onshore, fixed-bottom offshore,
and floating offshore wind technologies highlights the need for
technology-specific and adaptive policy frameworks to support
cost-effective and sustainable deployment [103]. Given the differ-
ing social, environmental, and regulatory challenges associated
with each technology, a uniform policy approach is unlikely to
yield optimal outcomes [104].

• For onshore wind, policy efforts should prioritize streamlining
permitting processes and improving public engagement
mechanisms [105]. Clear land-use planning, standardized set-
back regulations, and early-stage community consultation can
reduce opposition and shorten approval timelines. Addition-
ally, policies that support community ownership models or
local benefit-sharing schemes may enhance social acceptance
and facilitate continued deployment in mature markets [106].

• In the case of fixed-bottom offshore wind, policy attention
should focus on coordinated marine spatial planning and
grid infrastructure development. Integrated permitting fra-
meworks that align environmental assessments, maritime
safety regulations, and grid connection approvals can sig-
nificantly reduce development risk and project delays. Pub-
lic investment in offshore transmission infrastructure and
shared grid assets may further lower costs and accelerate
large-scale deployment [107].

• For floating offshore wind, targeted policy intervention is crit-
ical to address regulatory uncertainty and financing barriers
[98]. Governments should establish clear legal frameworks for
deep-water leasing, floating platform certification, and

dynamic cabling systems. Support mechanisms such as pilot
project funding, contracts for difference, and risk-sharing
instruments can help de-risk early commercial projects and
attract private investment. International collaboration and
regulatory harmonization are also essential to enable technol-
ogy standardization and accelerate cost reductions [108].

Overall, the findings suggest that well-designed, technology-
specific policies play a decisive role in unlocking the full potential
of wind energy. By aligning regulatory frameworks with the
maturity level and technical characteristics of each wind technol-
ogy, policymakers can reduce investment risk, accelerate deploy-
ment, and support long-term decarburization goals.

3 | Offshore Wind Turbines

OWTs are a key renewable energy technology, enabling access to
strong and consistent offshore winds. Operating in dynamicmarine
environments, OWTs are designed to withstand wind, wave, and
current forces. Structures are primarily made from steel or con-
crete, ensuring robustness and durability in harsh offshore condi-
tions. Offshore wind offers higher capacity factors (20%–40%)
compared to onshore turbines, although deeper waters and greater
distances from shore increase development and operational costs.

3.1 | Offshore Wind Turbine Technology

Offshore wind energy has emerged as a relatively recent chal-
lenge in the global wind industry, with current global installa-
tions standing at 8.76GW shown in Figure 5. Global deployment
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FIGURE 5 | In 2014, the global offshore capacity evolution and cumulative share by nation (in MW), as well as the European cumulative share by sea

basin, were examined [109, 110].
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of offshore wind power has expanded rapidly in recent years, reach-
ing ~8.76GWof IC,which corresponds to nearly 2.4% of total global
wind installations [111, 112]. Europe accounts for the overwhelm-
ing majority of this capacity, hosting about 8.1GW (around 92.5%)
and producing roughly 29.6TWh of electricity per year. Offshore
wind projects are operational in 14 countries worldwide, with the
United Kingdom leading at 4.49GW, followed by Denmark (1.27
GW), Germany (1.05GW), Belgium (0.71GW), and China (0.66
GW). Japan, with 50MW installed, ranks eighth among participat-
ing nations [113]. Advancements in offshore wind technology have
largely evolved from accumulated experience in onshore wind
development as well as engineering practices derived from the oil
and gas sector. Modern offshore wind turbines, with rated capaci-
ties reaching up to 6MW, must be specifically designed to with-
stand harsh marine environments, including strong winds, wave
loading, corrosion, and complex installation conditions [114].

Figure 6 shows offshore wind farm ancillary structures and their
percentage of European installations [117–119]. Foundation
types used on behalf of OWT include mono-piles, jackets,
gravity-based structures, and floating platforms, each suited for
different water depths and seabed conditions. The installation of
OWTs involves a range of specialized approaches, including jack-
up vessels, heavy-lift installation ships, and emerging assembly-
based concepts designed to streamline offshore construction pro-
cesses [120]. OWP generally achieves higher capacity factors typ-
ically between 20% and 40% primarily because wind speeds over
open seas are stronger and more consistent than those near the
coast [114]. Despite this advantage, projects located in deeper
waters face significantly higher capital and OPEX, which can
partially offset the gains in energy production. Overall, the eco-
nomic performance of offshore wind is becoming increasingly
comparable to onshore installations, although it still entails
greater upfront investment and maintenance costs [121]. Contin-
uous technological progress aims to enhance performance while
reducing lifecycle costs. Current research efforts focus on scaling
turbine ratings, strengthening structural reliability, optimizing
aerodynamic and electrical design, and developing advanced

next-generation support structures suitable for deeper and
more challenging marine environments [122].

Representative developments in this field include:

• The adoption of advanced engineering and monitoring strat-
egies aimed at enhancing wind turbine reliability while simul-
taneously optimizing maintenance procedures to achieve
faster interventions and reduced operational costs [114].

• The deployment of next-generation, purpose-designed instal-
lation and service vessels that support both construction and
maintenance activities, thereby extending the operational
‘weather window’ and improving the overall efficiency of
offshore interventions [123].

• The integration of innovative materials and advanced engi-
neering techniques within a comprehensive turbine design
framework to ensure structural resilience under severe
marine conditions, alongside the incorporation of real-time
condition monitoring and diagnostic systems for improved
operational reliability [124].

The upscaling of turbine ratings and the development of new
offshore-specific configurations such as mounting wind turbine
towers on floating platforms for deep-water applications enable
access to stronger and more stable wind resources while reducing
visual intrusion from coastal areas [114]. These approaches
enhance energy yield, improve economic returns, and expand
deployment potential beyond shallow-water sites. Ongoing tech-
nological progress in offshore wind turbines continues to prioritize
higher power output, enhanced conversion efficiency, improved
durability, and cost reductions. Collectively, these innovations
strengthen the role of offshore wind as a competitive and sustain-
able contributor to the global energy transition.

3.2 | Environmental Considerations

OWTs provide renewable electricity, reduce greenhouse gas
emissions, and create artificial habitats, but offshore deployment
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introduces marine-specific environmental impacts. Construction
activities can generate underwater noise, seabed disturbance, and
electromagnetic fields from submarine cables, affecting marine
mammals, fish, and benthic organisms [125]. Operational noise
is minimal, and sitting, monitoring, and mitigation measures can
minimize ecological disruption. Comprehensive environmental
assessments are essential to ensure sustainable offshore wind
deployment [126].

3.3 | Policy and Regulatory Frameworks

Government policies and regulatory frameworks are pivotal for
offshore wind development [127]. Key measures include:

• Clear licensing and permitting procedures [128].

• Offshore zoning for wind development [129].

• Grid connection facilitation [130].

• Financial incentives (feed-in tariffs, tax credits, RE targets)
[131].

Collaboration among government, industry, and local communi-
ties ensures sustainable and socially accepted projects [132].

3.4 | Case Studies of Successful Offshore Wind
Projects

Case studies provide real-world examples of how offshore wind
projects contribute to renewable energy deployment, technology
validation, and sustainable development [133]. They allow

researchers, policymakers, and industry stakeholders to under-
stand the technical, environmental, and economic implications
of different offshore wind solutions [6]. The comparative case

study Table 5 highlights key offshore wind projects across different
countries, showcasing the diversity in capacity, foundation tech-
nology, and contributions to renewable energy generation. The

London Array in the UK, with a capacity of 630MW, demonstrates
the feasibility of large-scale offshore wind deployment using
monopile foundations in relatively shallow waters [134]. It gener-

ates ~2.5TWh annually, contributing significantly to CO2 emis-
sion reductions and exemplifying efficient project management
and grid integration strategies [135].

In contrast, the Block Island Wind Farm in the USA, with a
capacity of 30MW, represents the country’s first operational off-
shore wind project. Utilizing monopile foundations and a direct
connection to the mainland grid, this project serves as a regula-
tory and technological benchmark for U.S. offshore development,
supplying clean energy to thousands of households [46]. The
Borssele Wind Farm in the Netherlands is a multi-phase project
totaling 1.4GW, employing a combination of monopile and
jacket foundations. Its phased development approach enables
optimized cost management and energy yield, while also creating
job opportunities and supporting regional economic growth
[136]. Notably, floating offshore wind technologies are repre-
sented by Hywind Scotland and Japan’s Fukushima Floating
Wind Project [137]. Hywind Scotland, a 30MW commercial float-
ing farm, uses spar-buoy foundations to access deep-water wind
resources, illustrating the potential for energy generation in areas
where traditional fixed-bottom solutions are infeasible [138]. The
Fukushima Floating project, with a 2MW semi-submersible
foundation, highlights technological innovation and resilience
to extreme conditions such as typhoons, providing valuable les-
sons for floating wind deployment and research [139].

Overall, Table 5 underscores the growing variety of offshore wind
technologies and deployment strategies, emphasizing the impor-
tance of site-specific foundation selection, energy generation
potential, and broader environmental and economic contribu-
tions. It also illustrates the trend toward floating platforms,
which open opportunities in deeper waters and regions previ-
ously unsuitable for offshore wind development.

3.5 | FOWTs

FOWTs extend deployment to deep-water sites, accessing stron-
ger, less turbulent winds and enabling higher energy yields while
minimizing visual impact and coastal disruption.

3.5.1 | Platform Types and Technology

Floating offshore wind technology integrates advanced naval
architecture with large-scale wind turbines to unlock high-
quality wind resources in deep-water regions. Spar-buoy plat-
forms are particularly suited for harsh offshore environments
due to their low center of gravity and excellent dynamic perfor-
mance, although their deep draft limits port compatibility [140].

TABLE 5 | Comparative summary of offshore wind case studies.

Project
name Country

Capacity
(MW)

Foundation
type

Annual
generation (TWh) Notable contribution

London
Array

UK 630 Monopile 2.5 Large-scale deployment, CO2 reduction

Block Island USA 30 Monopile 0.1 First U.S. offshore wind farm, regulatory benchmark

Borssele Netherlands 1400 Monopile &
Jacket

5.5 Phased development, economic growth, grid
integration

Hywind
Scotland

UK 30 Floating
(Spar-buoy)

0.1 First commercial floating offshore wind farm, deep
water

Fukushima
Floating

Japan 2 Semi-
submersible

0.007 Typhoon resilience, technological R&D demonstration

International Journal of Energy Research, 2026 13 of 25

 ijer, 2026, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1155/er/9999516 by B

attelle M
em

orial Institute Pacific N
orthw

est D
ivision, W

iley O
nline L

ibrary on [28/07/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Semi-submersible platforms offer greater deployment flexibility
and scalability, making them attractive for early commercial pro-
jects and pilot farms [141]. Tension leg platforms (TLPs), while
offering superior motion control and reduced fatigue loading on
turbines, remain technologically complex and capital-intensive.
Across all platform types, dynamic mooring systems and flexible
subsea power cables are critical components, enabling stable
operation under continuous wave, wind, and current loading
[142]. Figure 7 illustrates the three principal floating offshore
wind platform concepts spar-buoy, semi-submersible, and TLP
which enables wind energy deployment in deep waters exceeding
60m, where fixed-bottom foundations are technically or econom-
ically infeasible. The spar-buoy concept relies on a deep, slender
cylindrical structure stabilized by ballast, providing excellent
hydrodynamic stability and reduced motion response. Semi-
submersible platforms achieve stability through multiple inter-
connected columns and pontoons, offering easier assembly and
installation using conventional port infrastructure. TLP systems
employ vertical tendons anchored to the seabed, minimizing
platform motion but requiring highly precise installation and
anchoring systems [143]. Collectively, Figure 7 highlights how
different platform designs balance stability, installation complex-
ity, and site adaptability, demonstrating the technological flexi-
bility of floating offshore wind systems.

3.5.2 | Development and Operational Challenges

Despite its strong potential, floating offshore wind faces several
development and operational challenges. Platform motion
induced by waves and currents increases structural fatigue and
complicates turbine control strategies [47]. Mooring systems
must withstand long-term cyclic loading while maintaining
station-keeping accuracy, and dynamic power cables are subject
to higher mechanical stresses compared to fixed-bottom systems
[144]. Installation andmaintenance operations are also more com-
plex, particularly in remote deep-water locations where weather
windows are limited. Additionally, the lack of standardized design
practices and limited long-term operational data contribute to

higher perceived project risk, influencing financing costs and
insurance requirements [145].

3.5.3 | Research and Development

Ongoing research and development efforts are central to improv-
ing the competitiveness of floating offshore wind. Key research
priorities include reducing platform mass through advanced
materials, optimizing mooring configurations to minimize cost
and fatigue, and improving aero-hydro-servo-elastic modeling for
more accurate performance prediction [146]. Digital twins and
condition monitoring systems are increasingly being applied to
enhance reliability and reduce Q&M costs. Furthermore, R&D
efforts are shifting toward industrial-scale manufacturing, mod-
ular platform designs, and standardized certification frame-
works, which are essential for accelerating commercialization
and investor confidence [147].

3.5.4 | Cost Considerations

Cost considerations play a decisive role in determining the com-
mercial viability of offshore wind technologies, particularly when
comparing fixed-bottom and floating offshore wind systems. The
total project cost is dominated by CAPEX, followed by O&M
costs, and financing conditions, all of which directly influence
the LCOE [148].

3.5.5 | CAPEX

For fixed-bottom offshore wind, CAPEX is primarily associated
with turbine procurement, foundation fabrication, offshore
installation, and grid connection [149]. Due to decades of deploy-
ment experience, these costs have declined significantly through
standardized monopile and jacket designs, optimized installation
vessels, and well-established supply chains [150]. As a result,
fixed-bottom projects currently benefit from relatively predict-
able cost structures and lower investment risk. In contrast, float-
ing offshore wind projects incur higher CAPEX, driven by the
complexity of floating platforms, mooring systems, and dynamic
export cables. Platform fabrication requires substantial steel or
concrete volumes, while mooring lines and anchors must be
designed to withstand continuous cyclic loading in deep-water
environments. Additionally, the limited availability of specialized
installation vessels and ports capable of handling large floating
structures further increases upfront costs [151]. These factors
collectively explain the higher LCOE values observed for floating
offshore wind in Figure 8.

Figure 8 presents a comparative analysis of the LCOE for fixed-
bottom and floating offshore wind technologies. Fixed-bottom off-
shore wind currently exhibits lower LCOE values due to techno-
logical maturity, established supply chains, and optimized
installation practices [73]. In contrast, floating offshore wind
shows higher present-day LCOE, driven primarily by elevated
CAPEX related to platform fabrication, mooring systems, and
dynamic cabling, as well as higher financing costs stemming
from technological uncertainty. However, Figure 8 also illustrates
a clear cost convergence trend. As floating offshore wind projects
scale up, cost reductions are expected through platform standardi-
zation, serial manufacturing, and learning-by-doing effects across
the supply chain. Unlike fixed-bottom systems where further cost

Sea level

Mooring lines Anchors and anchors

FIGURE 7 | Floating offshore wind platform concepts.
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reductions rely mainly on turbine upscaling floating wind cost
declines are expected to arise predominantly from structural and
logistical optimization. Over the medium to long term, floating
offshore wind is projected to achieve LCOE levels comparable to
fixed-bottom systems, particularly in regions with deep waters and
strong, consistent wind resources [95].

3.5.6 | O&M Costs

O&M costs represent a significant portion of lifetime project
expenditure and differ substantially between fixed-bottom and
floating systems. Fixed-bottom offshore wind benefits from
mature maintenance strategies, including scheduled inspections,
condition monitoring, and the availability of established service
infrastructure [152]. However, as projects move farther offshore
into deeper waters, accessibility challenges increase, and raising
O&M costs. Floating offshore wind presents both challenges and
opportunities in this regard. While increased platform motion
and harsher offshore environments can accelerate component
fatigue and maintenance requirements, floating systems also
offer the possibility of tow-to-port maintenance, allowing tur-
bines or entire platforms to be serviced onshore. This approach
has the potential to reduce long-term O&M costs, provided that
logistical planning and port infrastructure are adequately devel-
oped [62].

3.5.7 | Financing and Risk Premiums

Financing conditions are a critical determinant of LCOE, partic-
ularly for capital-intensive offshore wind projects. Fixed-bottom
offshore wind enjoys lower financing costs due to its technologi-
cal maturity, extensive operational track record, and well-defined
regulatory frameworks [153]. Investors and lenders typically per-
ceive these projects as low-risk infrastructure investments. Float-
ing offshore wind, by contrast, faces higher risk premiums.
The limited number of commercial-scale projects, absence of

standardized design codes, and uncertainty in long-term perfor-
mance data contribute to higher weighted average cost of capital
(WACC) [154]. As illustrated in Figure 8, these elevated financ-
ing costs significantly impact LCOE, even when technical perfor-
mance is comparable to fixed-bottom systems.

3.5.8 | Cost Reduction Pathways

Cost reduction pathways for offshore wind particularly floating
offshore wind are fundamentally different from those of onshore
and fixed-bottom systems. While early offshore cost reductions
were driven largely by turbine upscaling, floating offshore wind
relies more heavily on structural, logistical, and supply-chain opti-
mization. One of the most critical pathways is platform standardi-
zation. Current floating projects often employ bespoke platform
designs tailored to specific sites, which increases engineering, cer-
tification, and fabrication costs [155]. Moving toward standard-
ized, modular platform designs would allow serial production,
reduce engineering overhead, and accelerate learning effects
across projects. Another major cost reduction mechanism lies in
industrialized manufacturing and assembly processes. Floating
platforms can be partially or fully assembled at quayside using
conventional shipyard infrastructure, minimizing the need for spe-
cialized offshore installation vessels. This shift from offshore-
intensive to port-based construction reduces weather-related
delays, lowers vessel day rates, and improves overall schedule
certainty. As port infrastructure adapts to floating wind require-
ments, economies of scale are expected to significantly lower fab-
rication and installation costs [156].

Mooring system optimization represents an additional pathway
for cost reduction. Moorings and anchors account for a substan-
tial share of floating wind CAPEX, particularly in deep-water
environments. Advances in synthetic mooring materials, shared
mooring systems between turbines, and optimized anchor lay-
outs can reduce both material usage and installation complexity
[157]. Similarly, improvements in dynamic subsea cable design,
including enhanced fatigue resistance and simplified routing
strategies, are expected to lower lifetime costs and improve sys-
tem reliability. Finally, learning-by-doing and digitalization play
a crucial role. As more floating wind projects are deployed, oper-
ational data will inform improved design standards, maintenance
strategies, and risk assessment models. Digital twins, advanced
condition monitoring, and predictive maintenance tools enable
early fault detection, reduce unplanned downtime, and lower
O&M expenditures [158].

3.5.9 | Long-Term Economic Perspective

From a long-term economic perspective, the competitiveness of
offshore wind technologies cannot be evaluated solely on present-
day LCOE. Instead, broader system-level and strategic factors must
be considered [159]. Floating offshore wind enables access to vast
deep-water wind resources that are unavailable to fixed-bottom
systems [7]. These regions often exhibit stronger and more consis-
tent wind regimes, resulting in higher capacity factors and reduced
intermittency, which enhance the economic value of generated
electricity. As shallow-water sites become saturated and permit-
ting constraints intensify, the marginal cost of fixed-bottom off-
shore wind is expected to rise. In contrast, floating offshore wind
offers a scalable pathway for continued offshore expansion

Cost convergence
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FIGURE 8 | LCOE comparison of onshore, fixed-bottom, and floating

offshore wind.
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without competing for limited near shore space. Over time, this
spatial flexibility is likely to translate into lower development risk,
improved social acceptance, and more predictable long-term
deployment pipelines [160]. From an energy system perspective,
floating offshore wind also contributes to grid stability and decar-
burization goals. Higher capacity factors and smoother power out-
put profiles reduce the need for backup generation and storage,
lowering system-wide costs that are not fully captured by project-
level LCOE metrics. In regions with high electricity demand near
coastal urban centers, floating wind can reduce transmission con-
gestion and associated infrastructure costs by enabling offshore
generation closer to load centers. In the long term, floating off-
shore wind may also benefit from cross-sector integration, such as
coupling with offshore hydrogen production, carbon-neutral fuels,
and energy storage systems [161]. These integrated energy hubs
can enhance revenue streams, improve asset utilization, and
increase overall project bankability. When these additional value
streams are considered, floating offshore wind may achieve eco-
nomic parity or even superiority over fixed-bottom systems in
certain markets [162].

4 | Discussion of Technical and Operational
Challenges Associated With Onshore, Fixed-Bottom,
and Floating Offshore Wind

4.1 | Onshore Wind Energy

Although onshore wind energy is the most technologically
mature and cost-effective wind technology, it faces persistent
technical and operational challenges that increasingly influence
project feasibility [163]. One major technical issue is wind turbu-
lence and shear caused by complex terrain, forests, and built
environments. These effects increase cyclic loading on blades,
towers, and drive train components, accelerating fatigue damage
and raising maintenance requirements over the turbine lifetime.
Cold climate operation introduces additional challenges such as
icing, which reduces aerodynamic efficiency and increases struc-
tural loads. From an operational standpoint, grid integration has
become a critical concern in regions with high onshore wind
penetration [38]. Transmission bottlenecks, curtailment, and
insufficient grid flexibility can significantly reduce effective
energy output. Furthermore, land acquisition and access logistics
particularly in mountainous or remote areas—raise construction
complexity and cost. Social acceptance remains one of the most
influential non-technical barriers, as visual impact, perceived
noise, and land-use conflicts often prolong permitting processes
and create regulatory uncertainty [164].

4.2 | Fixed-Bottom Offshore Wind Energy

Fixed-bottom offshore wind technology benefits from stronger and
more stable wind resources but operates under significantly
harsher environmental conditions [59]. Technically, the combined
loading from wind, waves, and currents imposes complex struc-
tural demands on turbines and foundations. Fatigue resistance
becomes a dominant design consideration, especially for mono-
piles and jacket structures exposed to long-term cyclic wave load-
ing. Seabed variability further complicates foundation design,
requiring extensive geotechnical surveys and site-specific engi-
neering solutions [165]. Operational challenges are closely linked

to offshore accessibility and weather dependency. Installation and
maintenance activities are restricted by limited weather windows,
leading to higher vessel standby times and increased OPEX. Spe-
cialized installation vessels and heavy-lift equipment are required,
which are subject to supply constraints and high charter costs
[166]. Electrical infrastructure poses additional challenges, as
export cable installation, protection, and long-distance transmis-
sion increase both technical risk and system losses. Although
fixed-bottom offshore wind is a mature technology, its deployment
is inherently limited by water depth, restricting scalability in
regions with steep continental shelves [55].

4.3 | Floating Offshore Wind Energy

Floating offshore wind represents the most technically complex
and operationally challenging wind technology due to its interac-
tion with highly dynamic marine environments. Unlike fixed-
bottom systems, floating turbines experience six-degree-of-free-
dom platformmotion, which directly influences aerodynamic per-
formance, structural loading, and control system stability [47].
Managing these coupled aero-hydro-servo-elastic interactions
requires advanced numerical models, real-time control algorithms,
and extensive experimental validation. Mooring systems and
anchoring solutions are subject to continuous cyclic loading,
increasing fatigue, and inspection requirements. Dynamic power
cables face additional stresses due to platform motion, making
cable design, and reliability a critical challenge [142]. Installation
and commissioning are logistically demanding, particularly in
deep-water locations far from shore, where port infrastructure
and specialized vessels may be limited. Maintenance operations
are further complicated by accessibility constraints and harsh envi-
ronmental conditions, although the tow-to-port maintenance
strategy offers potential long-term advantages. In addition to tech-
nical issues, floating offshore wind faces institutional and regula-
tory challenges, including the absence of standardized design
codes and limited long-term operational data. These uncertainties
increase perceived project risk, leading to higher financing costs
and insurance premiums. As commercial-scale projects remain
limited, accelerating knowledge transfer and standardization is
essential for widespread deployment [167].

4.4 | Comparative and System-Level Perspective

From a comparative standpoint, onshore wind is primarily con-
strained by social acceptance and grid integration challenges,
while fixed-bottom offshore wind is limited by environmental
conditions, installation complexity, and water depth constraints
[168]. Floating offshore wind, despite its current technical and
economic challenges, offers a transformative pathway to over-
come spatial limitations and access high-quality wind resources
in deep waters. At the system level, the successful integration of
all three technologies requires coordinated planning, advanced
grid infrastructure, and targeted policy support. Continued inno-
vation in materials, control systems, digital monitoring, and
installation strategies will be critical to addressing these chal-
lenges. As operational experience grows and standardization
improves, floating offshore wind is expected to transition from
a demonstration technology to a central pillar of future offshore
renewable energy systems [95]. Table 6 provides a quantitative
comparison of onshore, fixed-bottom offshore, and floating
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offshore wind technologies across key technical, operational, and
economic dimensions. The table highlights how increasing
deployment depth is accompanied by rising technical complexity,
capital investment, and operational cost share, while also offer-
ing access to higher-quality wind resources.

Onshore wind systems operate entirely on land and therefore
avoid marine-related engineering challenges. Their relatively low
CAPEX, typically ranging from 1.2 to 1.8MUSD/MW, reflects sim-
ple foundation requirements, conventional installation methods,
and well-established supply chains. Q&M costs account for only
10%–20% of the overall LCOE due to easy site accessibility and
mature maintenance practices [169]. However, onshore wind is
constrained by moderate wind resources, higher turbulence inten-
sity, grid congestion in high-penetration regions, and increasing
social acceptance challenges, which limit large-scale expansion
despite its economic advantage [170]. Fixed-bottom offshore
wind occupies an intermediate position in Table 6, both techni-
cally and economically. These systems are typically deployed in
water depths between 5 and 60m and benefit from stronger and
more consistent wind resources than onshore installations [171].
Capital costs increase significantly to ~2.5–4.5MUSD/MW, pri-
marily due to marine foundation fabrication, offshore installation
vessels, and export cable infrastructure. Q&M costs account for
around 20%–30% of LCOE, reflecting weather-dependent access
and higher logistical complexity. Although fixed-bottom offshore

wind is commercially mature, its scalability is limited by seabed
conditions and water depth, restricting deployment in regionswith
steep continental shelves [172]. Floating offshore wind represents
the most technically advanced and cost-intensive technology in
Table 6. These systems operate in deep waters, typically beyond
60m and extending to depths of several 100m, enabling access to
vast and high-quality wind resources. As shown in the table, float-
ing wind currently exhibits the highest CAPEX, ranging from 4.0
to 7.5MUSD/MW, driven by floating platform fabrication, moor-
ing systems, dynamic subsea cables, and higher financing risk.
Q&M costs also represent a larger share of LCOE (25%–35%),
reflecting complex offshore conditions and limited operational
experience. Despite these challenges, floating offshore wind offers
exceptional scalability potential and reduced land-use and visual
impacts, positioning it as a critical technology for long-term off-
shore wind expansion [173].

The discussion interprets the comparative findings presented in
Section 3 by examining the underlying drivers of techno-
economic performance, environmental trade-offs, and socio-
regulatory constraints across onshore, fixed-bottom offshore,
and floating offshore wind technologies. Rather than reiterating
descriptive characteristics, the focus is placed on why observed
differences arise, how they influence deployment decisions, and
what they imply for future wind energy strategies.

TABLE 6 | Comparative technical and operational challenges of onshore, fixed-bottom offshore, and floating offshore wind.

Aspect Onshore wind Fixed-bottom offshore wind Floating offshore wind

Typical water depth On land (0m) ~5–60m (up to ~70m in
advanced projects)

~60–1000m (commercial focus:
80–300m)

Wind resource quality Moderate wind speeds; high
turbulence

High wind speeds; low turbulence Very high and consistent wind
speeds

Structural loading Turbulence-driven fatigue loads Combined wind–wave–current
cyclic loads

Six-degree-of-freedom motion;
coupled aero-hydro-servo-elastic

loads

Foundation/platform type Shallow concrete or piled
foundations

Monopile, jacket, gravity-based Spar, semi-submersible, TLP

CAPEX range ~1.2–1.8MUSD/MW ~2.5–4.5MUSD/MW ~4.0–7.5MUSD/MW

O&M cost share (of LCOE) ~10%–20% ~20%–30% ~25%–35%

Installation complexity Low; road transport and land
cranes

High; offshore vessels and
weather windows

Very high; port assembly, towing,
deep-water mooring

Operation & maintenance
access

Easy, year-round Weather-limited offshore access Difficult offshore access; potential
tow-to-port advantage

Grid connection Short-distance transmission;
curtailment risk

Long export cables (30–150 km) Long-distance dynamic subsea
cables

Environmental constraints Visual impact, noise, land-use
conflict

Seabed disturbance, underwater
noise

Reduced seabed impact; mooring
and EMF concerns

Regulatory & permitting
risk

High at local level (NIMBY) Moderate; marine spatial
planning

High; regulatory immaturity

Financing risk (WACC) Low (~4%–6%) Medium (~6%–8%) High (~8%–12%)

Technology maturity Fully mature Mature and commercial Early commercial/pre-
commercial

Scalability potential Limited by land availability Limited by shallow-water sites Very high in deep-water regions
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4.5 | Interpreting Technology Maturity and Design
Trade-Offs

The clear stratification in technology readiness among the three
wind systems reflects the cumulative effects of deployment scale,
supply-chain standardization, and operational experience.
Onshore wind has reached full commercial maturity (TRL 9)
due to decades of iterative optimization, enabling incremental
efficiency gains rather than disruptive cost reductions [30]. As a
result, further improvements are expected to be evolutionary,
driven primarily by digitalization, predictive maintenance, and
selective repowering rather than radical design changes. Fixed-
bottom offshore wind occupies an intermediate position where
turbine technology is mature, but foundation and installation
practices remain partially site-specific [174]. Although the turbines
themselves share many design principles with onshore systems,
the offshore environment introduces structural, logistical, and
operational complexities that prevent full cost convergence. The
increasing use of larger monopiles and jacket foundations illus-
trates a shift toward standardization; however, this trend is con-
strained by vessel availability and water-depth limitations.
Floating offshore wind represents a fundamentally different devel-
opment trajectory. While the turbine subsystem has reached com-
mercial maturity, the overall system remains limited by the
readiness of floating platforms and mooring solutions. This decou-
pling explains why floating wind exhibits lower system-levelmatu-
rity despite using turbines comparable in size to fixed-bottom
offshore installations [101].

The discussion thus reinforces that technology maturity in wind
energy should be assessed at the system level rather than at the
component level, particularly for emerging offshore configurations.

4.6 | Economic Drivers of LCOE Differences

The observed divergence in LCOE across wind technologies is
primarily driven by capital cost composition rather than energy
conversion efficiency. Onshore wind benefits from high turbine
cost shares and comparatively low balance-of-plant expenditures,
enabling LCOE values in the range of 30–55USD/MWh under
favorable wind conditions [175]. In contrast, fixed-bottom off-
shore wind exhibits higher LCOE due to the disproportionate
influence of foundation fabrication, offshore installation, and
grid connection costs. Even as turbine ratings increase and capac-
ity factors improve, these non-turbine costs limit the pace of cost
reduction. The results indicate that further LCOE reductions in
fixed-bottom offshore wind are increasingly dependent on logis-
tical optimization and serial installation methods rather than
turbine scaling alone [176]. Floating offshore wind displays the
highest LCOE values, typically exceeding 90USD/MWh, despite
access to superior wind resources. This apparent paradox is
resolved by examining CAPEX structure: platform and mooring
systems dominate total costs, while turbine costs represent a
smaller share compared to other technologies. Consequently,
improvements in aerodynamic efficiency or rotor size have lim-
ited impact on overall economics. Instead, platform standardiza-
tion, modular fabrication, and learning-by-doing across multiple
projects emerge as the dominant cost-reduction mechanisms.
This finding redirects attention away from turbine-centric opti-
mization and toward offshore civil and marine engineering inno-
vation [177].

4.7 | Environmental Trade-Offs Across Deployment
Contexts

Environmental performance across wind technologies is charac-
terized by a shift in impact type rather than magnitude. All three
systems demonstrate low lifecycle greenhouse gas emissions, with
differences largely attributable to material intensity and installa-
tion processes [178]. Onshore wind exhibits the lowest lifecycle
emissions but faces increasing land-use and visual constraints in
densely populated regions [179]. Fixed-bottom offshore wind
transfers environmental interaction from terrestrial to marine eco-
systems. While seabed disturbance and construction noise pose
localized ecological risks, these impacts are largely confined to
installation phases and can be mitigated through regulatory con-
trols and technological measures [125]. Importantly, the opera-
tional phase of offshore wind introduces minimal ongoing
emissions or pollution. Floating offshore wind alters the environ-
mental balance further by minimizing continuous seabed distur-
bance. However, the introduction of dynamic mooring systems
and longer subsea cables introduces new environmental uncer-
tainties that are not yet fully captured in lifecycle assessments.
This suggests that environmental evaluation frameworks devel-
oped for fixed-bottom offshore wind may not be directly transfer-
able to floating systems, highlighting the need for technology-
specific impact metrics as deployment scales [180].

4.8 | Social Acceptance and Regulatory Constraints
as Economic Factors

The analysis confirms that social and regulatory factors increas-
ingly function as implicit economic constraints rather than exter-
nal considerations [181]. Onshore wind faces growing public
resistance in several regions, translating into longer permitting
timelines, increased litigation risk, and higher development
costs. These social constraints partially offset onshore wind’s
inherent cost advantage and limit its expansion potential in
mature markets. Fixed-bottom offshore wind experiences fewer
social acceptance issues but is subject to complex regulatory
environments involving marine spatial planning, environmental
impact assessments, and cross-jurisdictional grid connections
[182]. Regulatory delays in offshore projects directly affect
financing costs, as extended development periods increase expo-
sure to market and policy uncertainty. Floating offshore wind
currently benefits from reduced public opposition due to its dis-
tance from shore; however, this advantage is counterbalanced by
regulatory immaturity. In many jurisdictions, permitting frame-
works for floating platforms, deep-water leasing, and dynamic
cabling remain underdeveloped [183]. The resulting uncertainty
elevates investment risk premiums and contributes to higher
LCOE. These findings indicate that regulatory clarity may be as
influential as technological progress in determining the commer-
cial viability of floating offshore wind.

4.9 | Implications for Deployment Strategy and
Policy

The comparative findings suggest that no single wind technology
represents a universally optimal solution. Instead, deployment
strategies should be context-specific and aligned with regional
constraints [184]. Onshore wind remains the most cost-effective
option where land availability and social acceptance permit. Fixed-
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bottom offshore wind is best suited to regions with shallow conti-
nental shelves and strong grid infrastructure. Floating offshore
wind is strategically relevant for deep-water regions with limited
onshore or shallow offshore potential. From a policy perspective,
the results underscore the importance of aligning supportmechan-
isms with dominant cost drivers. Continued subsidies for turbine
innovation alone are unlikely to accelerate floating offshore wind
competitiveness [185]. Instead, targeted support for platform
industrialization, port infrastructure, and standardized permitting
processes is likely to yield greater system-level cost reductions.
Policymakers should therefore view floating offshore wind not
as an extension of offshore wind policy, but as a distinct
infrastructure-intensive energy system requiring tailored regula-
tory frameworks [186].

4.10 | Limitations and Outlook

While this study provides a harmonized comparison of wind tech-
nologies using recent data, it remains constrained by variability in
regional cost structures and evolving market conditions [187].
LCOE values are sensitive to financing assumptions, capacity fac-
tors, and regulatory environments, which may differ across
regions. Nonetheless, the consistent application of identical evalu-
ation criteria enables robust relative comparison and supports
generalizable insights. Looking forward, the findings suggest
that floating offshore wind should be evaluated through a long-
term transition lens [188]. Its current economic disadvantage does
not reflect fundamental performance limitations but rather early-
stage system integration challenges. As platform standardization
and regulatory clarity improve, floating offshore wind is likely to
transition from a niche solution to a central component of offshore
wind expansion in deep-water regions [189].

5 | Conclusion

This study presents a structured and balanced comparison of
onshore, fixed-bottom offshore, and floating offshore wind energy
systems using harmonized technical, economic, environmental,
and socio-regulatory criteria. Rather than introducing new wind
technologies, the contribution lies in clarifying trade-offs that are
often fragmented across technology-specific studies. The analysis
confirms that onshore wind remains the most cost-competitive
option, with mature supply chains and low capital intensity yield-
ing LCOE values typically below 55USD/MWh. Fixed-bottom off-
shore winds enables access to superior wind resources and higher
capacity factors but incurs higher costs driven primarily by foun-
dations, installation, and grid connection requirements. Floating
offshore wind extends wind deployment into deep-water regions
and minimizes seabed disturbance; however, it currently exhibits
the highest LCOE, largely due to platform fabrication, mooring
systems, and regulatory uncertainty rather than limitations in tur-
bine performance. Environmental impacts differ in nature rather
than magnitude across technologies. All systems demonstrate low
lifecycle greenhouse gas emissions, while site-specific land-use or
marine ecological considerations dominate local impacts. Social
acceptance and regulatory frameworks increasingly act as binding
constraints, influencing permitting timelines, financing costs, and
ultimately deployment feasibility. Overall, the findings indicate
that future wind energy expansion will rely on a portfolio
approach rather than a single dominant technology. Incremental

improvements are expected for onshore and fixed-bottom offshore
wind, whereas floating offshore wind competitiveness will depend
on platform standardization, supply-chain learning, and regula-
tory harmonization. These insights support more informed tech-
nology selection and policy design tailored to regional geographic,
social, and institutional conditions.
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