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The rapid growth of offshore wind energy requires a sustainability assessment beyond
operational emissions, covering impacts across the entire life cycle and across the
environmental, social, and economic dimensions. This study systematically reviews
scientific articles for environmental life cycle assessment, social life cycle assessment, life
cycle costing, life cycle sustainability assessment, and circularity of offshore wind power
publications from 2014 to 2025, following the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) framework. Across the environmental impacts, the
upstream life cycle stages, such as materials and manufacturing, construction and
installation, have consistently emerged, particularly in climate change. This is mainly due to
the material intensity of manufacturing and construction phases, including steel, concrete,
and glass fibers used in the turbines. The operation and maintenance impacts are generally
reported as a smaller contributor. The biodiversity indicators are more frequently associated
with the operational and marine site-specific scenarios. The reviewed studies for social life
cycle assessments have mainly been on the impacts on workers, fisheries, and the coastal
communities, highlighting that labour rights, health, and safety issues are matters throughout
the life cycle. The reviewed literature on life cycle costing mostly reported the levelized cost
of energy, with manufacturing phases contributing approximately 46-64% of the total costs
in the industry. Literature on life cycle sustainability assessment is very scarce and
methodologically heterogeneous. However, decision-support studies use life-cycle
indicators as inputs to multi-criteria decision analysis to rank alternatives across
environmental, economic, and social dimensions. The circularity analysis highlights the



challenges of end-of-life, particularly for wind blade recycling and material recovery. The
existing methods assess strategies extending the lifespan, upgrading, and decommissioning
operations through material recovery and circularity.
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CAPEX Capital expenditure

CF Capacity factor

CIA Cumulative Impact Assessment
CSp Concentrating solar power
D&D Decommissioning and disposal
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LCA Life cycle assessment

LCCA Life cycle cost analysis

LCC Life cycle costing

LCIA Life cycle impact assessment

LCOE Levelized cost of energy

LCOH Levelized cost of hydrogen

LCSA Life cycle sustainability assessment

MCDA Multi-criteria decision analysis

MFA Material flow analysis



MWh
MUOF
NdFeB
NPV
0&M
OMF
OPEX
ow
OWF
OwWP
PDF
PRISMA
PSILCA
QCESA
rCF

RE
SDGs
SETAC
STIA
S-LCA
SOV
TOPSIS
TWh
UNEP
VAWT
WACC
WoS

Megawatt-hour

Multi-Use Offshore Wind Farm
Neodymium—iron—boron (permanent magnet material)
Net present value

Operation and maintenance

Offshore mussel farm

Operating expenditure

Offshore wind

Offshore wind farm

Offshore wind power

Potentially disappeared fraction

Preferred Reporting Items for Systematic Reviews and Meta-Analyses
Product Social Impact Life Cycle Assessment database
Quantitative ecosystem & life-cycle-based approach
Recycled carbon fiber

Renewable energy

Sustainable Development Goals

Society of Environmental Toxicology and Chemistry
Social impact assessment

Social life cycle assessment

Service operation vessel
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United Nations Environment Programme
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Web of Science
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1 Introduction

Currently, global energy demand is rapidly growing, which is putting pressure on energy
systems, and at the same time, climate change continues to threaten the ecological balance
and environmental perspective due to higher reliance on fossil fuels for high-demand energy
production, which is used to supply that demand, resulting in increased greenhouse gas
emissions (Chen and Kim, 2021). As energy underpins socio-economic development, it is
essential to maintain a balance among the three dimensions of sustainability to meet global
energy needs (Bergasse et al., 2013). While the global commitment is to achieve the United
Nation’s Sustainable Development Goals (SDGs), particularly Goal 7, which ensures access
to clean, affordable, and sustainable energy for all, several countries still rely heavily on

fossil fuels, which also poses a challenge due to depletion over time (Yildiz et al., 2021a).

Ylidiz et al.,(2021a), argue that affordable and sustainable energy systems require a major
shift toward clean energy sources, including wind power, to meet 2030 targets and achieve
carbon neutrality by 2050. Lotfizadeh et al. (2024) estimate that wind energy will account
for approximately 11% of total energy production by 2050. However, several challenges
remain for this transition, including rising unit energy costs and uncertainties related to

deployment conditions.

In parallel, societal acceptance of renewable energy (RE) sources, particularly wind energy,
has increased, which is strengthening policy and market pressure on reducing non-renewable
energy sources. Wind energy remains comparatively less impactful than fossil fuels (Yildiz
et al., 2021a). For instance, one of the most attractive wind technologies is offshore wind
farms (OWF), which have a strong and consistent source of wind energy that has upstream
and downstream impacts throughout the life cycle stages (Gaia Brussa, 2023), such as the

production, installation, and end-of-life (EoL) (Lotfizadeh, 2024).

Furthermore, though wind energy is identified as a clean energy, the life cycle perspective
reveals that it may contain impacts like resource depletion, mostly the energy and materials
(Brussa et al., 2023). Similarly, the social and economic impacts should also be considered
to balance the sustainability of the RE supply. These include the impacts on stakeholders
throughout the life cycle (Lehmann et al., 2024), and the costs of transitioning to wind power

energy should also be assessed (Hemeida et al., 2022).
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To evaluate this burden, specifically for environmental impact analysis, should be undergone
through a systematic framework provided as Life Cycle Assessment (LCA), which tracks
the main stages of a product’s life cycle, from raw material supply through the production
process, and decommissioning of the elements. LCA is structured with four different phases:
goal and scope, life cycle inventory analysis, life cycle impact assessment, and finally, the
results and integration (Hemeida et al., 2022), which is based on the ISO 14040 and 14044
standards (Yildiz et al., 2021Db).

To achieve the targets of the RE transition, it is necessary to consider not only the
environmental but also the socio-economic impacts. In the context of energy transition, there
is a growing requirement for a sustainable future and the achievement of the Sustainable
Development Goals (SDGs), which emphasize job creation, social equality, and a balanced
and moderate approach to societal wellbeing. Therefore, a systematic way of identifying
those societal impacts can be done by social LCA, which also captures different societal
dimensions, including labour practices, the workers’ rights, and conditions (Tsalidis et al.,
2024), the stakeholders' perspective in making decisions (Lehmann et al., 2024) and the
occupational health & safety issues can also be analyzed by using S-LCA (Lehmann et al.,

2022a).

The economic assessment throughout the lifetime of a product is the other pillar needed to
balance the impact identification, which is driven by the Life Cycle Costing (LCC)
framework. By integrating this framework, it can analyze the costs on the projection of future
costs, and illustrate data for projects, starting from the production, installation, operation,

and maintenance until the decommissioning or disposal (Daoudi et al., 2025).

Further, the presence of Life Cycle Sustainability Assessment (LCSA) facilitates a holistic
approach that covers the above three pillars of sustainability: Environmental, Social, and
Economic sustainability of a product, technology, or any system, which is assessed by a
single assessment. This framework covers all life-cycle stages, from raw material extraction
to EoL. However, unlike other assessment methods, no recognized standard has been
implemented for LCSA. Instead, experts in the field encourage following similar
frameworks, such as UNEP-SETAC life cycle initiatives’ guidelines for social life cycle

assessment of products (Liu, 2025a).
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This concept has not been extensively studied in the context of OWF, though it presents
potential to affect such operations significantly. This is because, as offshore wind becomes
more integrated into the global and regional energy mix, it has the potential to contribute to
certain challenges presented by the circular economy, such as high material demands,
potential resource depletion, competition, and a lack of clear design-for-circularity and EoL
strategies. The key challenges are those related to procurement without creating upstream
pressure, and, once decommissioning operations are complete, to ensure large components

are recyclable and can be reused in value chains and not end up as waste (Velenturf, 2021).

When compared to the onshore wind power production, it is less covered the OWF is the
main gap identified. However, from the reviewed literature, most studies to date have
focused primarily on Environmental LCA, while the circularity of wind turbines is
developing, but still receives fragmented attention. In contrast, the attention on LCC is
limited, while the S-LCA 1is especially scarce. The LCSA is also in its early stages and has
not found any standardized guidelines. The purpose of this review is therefore to draw
greater attention to these dimensions by synthesizing previous studies on LCA, S-LCA,
LCC, LCSA, and circularity in OWF. This integrated approach can provide a more holistic
sustainability perspective for OWFs.

Specifically, the aims can be pointed out as follows.

1. To critically review and synthesize the application of environmental LCA, LCC, and
S-LCA of OWFs.
2. To critically review and synthesize existing studies on LCSA of OWFs.

3. To evaluate how circularity concepts and indicators complement the OWF globally.
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2 Background

This section outlines the background information to understand the place of offshore wind
within the broader attention from the RE transition. Then, briefly describing the main paths
of RE development in the world, the chapter will specifically address wind energy
development and the main factors influencing it. It will then present the main facts
concerning offshore wind farms, including their main technological options, their
deployment, and their main economic features. Finally, it will present the life cycle-based
sustainability assessment methodologies adopted in this thesis: LCA, LCC, S-LCA, and
LCSA. It will also briefly address the main issues concerning the circularity of wind

components at the end of their lives.

2.1 Renewable power production

The need for energy security and the urgency to expand RE have intensified in recent years
due to climate change and concerns about stable economic growth (Hassan et al., 2024). The
rising energy demand in both developed and developing countries makes this issue even
more challenging (Bhattarai et al., 2022). Therefore, according to Hassan et al., (2024) the
global transition towards RE is recognized as a key strategy for replacing conventional

energy and promoting environmental, economic, and social sustainability.

Major RE types include solar, wind, hydro, and geothermal (Yu et al., 2024), ocean, bio-
power, concentrating solar power (CSP) (Tumse et al., 2024), as well as bio energy
(Wheatley, 2024) with storage (notably Li-ion batteries). Hassan et al., (2024) reported that,
the RE could supply two-thirds of the world’s primary energy by 2050. Another study found
that in 2023, the world’s RE sources accounted for 18% of global primary energy demand
(Bozzoli et al., 2025). Figure 1 represents the cumulative installed RE capacity until 2022
and the projected capacity until 2050 (Tumse et al., 2024). Recent studies show an
accelerated shift away from the carbon-intensive fossil fuels towards RE in the past few

years (Al-Shetwi et al., 2024).
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Figure I The cumulative installed capacity of renewable energy sources between 2017 and 2022, and the predicted

capacity till 2050 in the world (Tumse et al., 2024)

A brief look at the technology-specific paths emphasizes how the different REs are involved
in the world’s energy scenario. Solar energy has driven recent growth due to its availability
and investment economics. Between 2010 and 2020, PV costs decreased by 15% each year,
while installed capacity increased by 25% each year (Nijsse et al., 2023). The studies show
that higher module efficiency, economies of scale, and R&D were the main drivers of these
cost declines (Kavlak et al., 2018). At the same time, hydropower secured a substantial role
in the global RE transition, with numerous large-scale projects built in the mid-twentieth
century (Kemarau et al., 2025). Bioenergy also remains important, especially in biomass for
power and biofuels. For example, biofuels from algae and non-food feedstock and
production routes, such as fermentation and enzymatic processes, can lower costs (Wheatley,

2024).

2.2 Wind power

Wind power is a mature RE option that enables competitive energy costs and has lower life-
cycle environmental impacts than other energy resources (Yildiz et al., 2024). Cost elements
for wind power continue to decline along with technology learning curves, and studies
project further LCOE reductions in both onshore and offshore wind power (OWP) by 2050.

Recent studies reveal that, to improve performance and deliver high-quality wind energy,
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the implementation of larger rotors and taller towers, as shown in Figure 2, advanced

controls, and, overall, improved wind turbine design has been adopted (Wheatley, 2024).

Trend of Offshore turbine size, 1980-2030
35nm (E
Tip Height (m)
3 Rotor diameter (m)

Offshore

0.45 MW 0.5 MW 2Mw IMw 5 MW 6 MW

201

1980 1985 1990 1991 1995 2000 2005

Figure 2 Offshore wind turbine size trend (1980-2030) (Emerson Clarke et al., 2025)

Globally, wind power capacity has expanded rapidly over the last decade, largely due to
supportive policies and the development of supply chains. The experts in the field have found
that the cost has fallen faster than expected since 2015 and are also projecting a further 37-
49% LCOE by 2050, which could underscore wind energy’s contribution to future energy
supply (Wiser et al., 2021). The capacity addition remains strong in the market, but it is still
widening due to cost reductions (Tumse et al., 2024). Figure 3 indicates the global
distribution of both onshore and OWF as of 2025. A study reveals that, though wind energy
accounted for only 6% of global energy production in 2023, its capacity is 35%, which can

be met by both onshore and OWP generation (Desalegn et al., 2023).



17

Figure 3 The global operating onshore and OWF distribution as of February 2025 (“Global Wind Power Tracker,”
2025)

Building in these cost and performance trends, wind power has rapidly enhanced its
production, resulting in higher annual installations (Tumse et al., 2024). According to the
Global Wind Energy Council, 2024 reached 1136 GW of cumulative wind capacity, adding
117 GW in a single year. The OWF has increased 8GW, totalling 83.2GW, while onshore
secured its dominant contribution by 109GW (Redazione, 2025). Figure 4 indicates the
development of onshore and OWFs till 2022 (Tumse et al., 2024). The highest contributor
for this increment is given by a few top countries, the United States, Germany, India, and
Brazil, contributing almost 73% of the entire installed capacity (Redazione, 2025). Other
countries are also generating considerable shares, such as China, which accounted for a high

portion of installed wind farms in 2024 (Emerson Clarke et al., 2025).
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Figure 4 Global cumulative installed capacity of onshore and offshore (Tumse et al., 2024)
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Figure 5 indicates the wind power capacity, with the installed capacity in 2023 compared to
new capacity added in 2024 in the top 10 countries and the rest of the world. It is evident
from the figure that the country with the highest installed capacity in wind power and the
new capacity added in 2024 is China, with a capacity addition of 79.8 GW in 2024, which
is much higher than that of the other countries. After China, the next largest capacity
additions are from Germany (4.0 GW), India (3.4 GW), and Brazil (3.3 GW), followed by
the UK (1.9 GW) and France (1.7 GW). Finland and Canada contribute 1.4 GW each, while
Tiirkiye contributes 1.3 GW.

// Wind Power Capacity and Annual Additions, Top 10 Countries and Rest of World, 2024
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Figure 5 Wind power capacity in 2023 and additions in 2024 for the top 10 countries and the rest of the world (Janet L.
Sawin, Sunna, 2025)

Wind energy is now an important component of RE portfolios. Its costs continue to decline,
while its performance improves with larger rotors, taller towers, and improved control
systems. Across the globe, the installed wind energy capacity is rising rapidly, driven in part
by supportive policies and improved supply chains. The cost of energy (LCOE) is expected
to continue its decline towards 2050, according to projections. In summary, wind energy is
now an important component of the energy supply of the future, with both onshore and

offshore wind farms playing important roles.
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e (Capacity Factor in wind power

Capacity factor (CF) is a vital factor for wind farmes, it is described as the actual amount of
power produced by a wind farm divided by the maximum theoretical production based on
installed capacity (Wilkie and Galasso, 2022). CF is site-dependent, hence, it is applied to
determine both yearly production and long-term production for a wind farm’s lifespan
(Verma et al., 2022). In LCA, the environmental impacts are normally presented on a per-
unit basis for electricity generation, for example, on a per-kilowatt-hour (kWh) basis (Verma
etal., 2022). A high-capacity factor means a lower environmental impact on a per-kWh basis

since fixed costs are distributed over a larger amount of production.

2.2.1 Onshore wind power

Land-based wind power, known as onshore wind, remains the leading source of wind energy
and is considered a mature technology. Onshore wind power generation has been common
because of its environmental benefits, specifically a lower level of greenhouse gas emissions
(Chipindula et al., 2018). A study stated that the greenhouse gas emissions from onshore
wind power generation were 7g COz-eq/kWh, which allows to mitigate climate change

(Bonou et al., 2016a).

In 2022, onshore wind covered nearly all of the world's wind capacity, making up 92.9%.
That year, there were 68.6 GW of new onshore wind, bringing total onshore wind capacity
to 842 GW (Tumse et al., 2024). The reasons for this expansion are related to increased rotor
sizes, hub heights, and more effective siting (Tumse et al., 2024) Figure 2 indicates a history
and future projection of wind turbine development, including increased rotor sizes and hub

heights (Wiser et al., 2021).

In general, the wind turbine efficiency is around 30-35%, which is below the maximum
theoretical limit of 59.3% known as the Betz limit (Rehman et al., 2023). The limit itself
implies that no wind turbine can ever capture all the energy from the wind. However, the
current scenario allows for further technological improvements to reach at least near the Betz

limit (Rehman et al., 2023).
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Considering turbine types, onshore wind turbines can be horizontal-axis wind turbines
(HAWTS) or vertical-axis wind turbines (VAWTSs), which consist of two to three blades
connected to a hub and then to a gearbox, allowing them to rotate at a perpendicular angle
to the tower (Rehman et al., 2023). Apart from that, there are several alternative turbines

(Rehman et al., 2023).

Onshore wind turbines
Capacity
55 MW
Capacity
25 MW
| |
I |
Rotor
diameter
174 m
Rotor Hub Hub
diameter height height
120m 80m 130 m
: | 2
PEs > ] i/ 2
2019 2035
Specific power Specific power
221 Wm™ 23t Wm™

Figure 6 Onshore Tubine size in 2019 and expected size in 2035 (Wiser et al., 2021)

From an economic perspective, onshore wind is considered one of the cheapest RE options
at present. According to Tumse et al., (2024) the total installed cost had decreased from 2179
USD/KW in 2010 to 1496 USD/kW in 2020, while the levelized cost of energy (LCOE)
dropped from 0.1021 USD/kWh to 0.0331 USD/kWh over the same period.

X Wen-Hsiang Liu (2025b) conclude that onshore wind power plants have undesirable
environmental impacts, such as noise pollution and visual impacts, and face societal
resistance; the trend is shifting toward OWFs becoming saturated. Furthermore, a study
notes that onshore wind farms have an ecological impact, especially on local bird and bat

populations, and may affect soil quality and temperature (Khan Afridi et al., 2024).

2.2.2 Offshore wind power

The OWF is facilitating cleaner energy capture from oceanic waters with fewer
environmental impacts, such as reducing greenhouse gas (GHG) emissions, preserving

habitats, and contributing to the global effort to control climate change (Khan Afridi et al.,
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2024). Apart from environmental considerations, OWF has been considered the most
capable RE source for years, as it has higher and more consistent wind speeds at sea
(Lotfizadeh, 2024). When compared to onshore wind power, the OWP capacity is higher,
and the excellent electricity-producing ability (Desalegn et al., 2023).

OWP is technologically beneficial, but its popularity is lower than that of onshore wind
power. However, the current recognition of its wind speed is improving worldwide. From
2010 to 2021, the installed offshore wind (OW) turbine capacity increased by 97% globally
(Tumse et al., 2024). The current global distribution of OW installations, shown in Figure 7,
illustrates the technology’s deployment by geography. According to Tumse et al. (2024) the
estimated OWP could cover 35% of the global electricity demand by 2050. There are several
predictions and technological improvements for the future, such as the rotor size and wind
turbine height to capture the maximum power output from a wind farm, as shown in Figure

8.

Total wind farm phases No
Operating 353

- Announced 395
Construction 87
Pre-construction 669

Installation types
Offshore hard mount

Offshore mount unknown

Offshore floating

Figure 7 The global distribution of OWF (Smith, 2025)
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Figure 8 Offshore Turbine size and power in 2019 and expectations in 2035 (Wiser et al., 2021)

Primarily, OW can be categorized into two main areas of research: OW turbine technology
and OWF technology. The turbine scenario covers the technology and boundary in larger-
scale turbines and floating turbines, while the wind farm scenario covers different areas like
wind farm designs, power connection, transmission, operation, and maintenance technology

for OW turbines (Ma et al., 2025).

From a technological perspective, OW turbines are generally classified into fixed-bottom
and floating systems, depending on the foundation type. This foundation choice is closely
related to water depth and wave characteristics (Kim et al., 2024). In fixed-bottom systems,
the support structure is firmly anchored to the seabed, providing a stable base in shallow to
intermediate waters. In contrast, floating OW turbines are mounted on platforms that remain

afloat while secured to the seabed via mooring lines (Lotfizadeh, 2024).

Fixed-bottom OWFs are generally limited to shallow waters, which restricts their
applicability and is often identified as a disadvantage (Rezaei et al., 2023). Several fixed-
bottom foundation types are illustrated in Figure 8. In shallow-water sites, monopile and
jacket structures are commonly installed by driving steel foundations into the seabed using

hammering techniques to ensure stability (Chen and Kim, 2021).
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Suction
caisson

Figure 9 Fixed-bottom OW turbines (Ai-generated referenced to Khan Afridi et al., 2024)

A floating wind turbine attached to a floating platform or foundation is a new technology
that is also developing rapidly, as installing fixed turbines is not always feasible because
installing, operating, and maintaining become difficult (Rehman et al., 2023). There are a
few types of floating turbines; the main types are Semi-Submersible, Barge, Tension Leg
Platforms, Spar Buoy, as shown in Figure 9, and Raft Buoy (Pulselli et al., 2022). According
to Lotfizadeh (2024) floating systems are suitable when the water depth exceeds 60 m, so
the Tension Leg Platform and Spar Buoy are most suitable for that depth (Lotfizadeh, 2024),
and barge types suitable for 50-100m depth (Rezaei et al., 2023).

lﬂ"‘/ \ E“,’-_ —
7/

Semi-Submersible Tension-Leg-Platform
Spar-Buoy

Figure 10 Different types of offshore floating wind turbines (Al-generated referencing to Rehman et al., 2023)

Apart from the foundation system, the turbine configurations used offshore are largely the

same for both fixed-bottom and floating installations, and also similar to those used onshore.
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These include horizontal-axis wind turbines and, less commonly, vertical-axis designs as
shown in Figure 11. At utility scale, almost all commercial OW turbines are horizontal-axis
machines, as this configuration enables higher aerodynamic efficiency and greater power

output. (Konstantinidis and Botsaris, 2016).
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: ™-Rotor hub

Gear box : Gear by

I

I

I

I

1

| =§

I

I

Vertical axis wind turbine Horizontal axis wind turbine

Figure 11 Vertical and horizontal axis wind turbines with their structure (Chaudhry et al., 2015)

From an economic perspective, OW costs have decreased in recent years, although the
technology remains more expensive than onshore wind. Total installed costs declined from
5,217 USD/KW in 2010 to 3,483 USD/kW in 2020, and the LCOE fell from 0.1879
USD/kWh to 0.0752 USD/kWh over the same period (Tumse et al., 2024). Although
conventional fixed-bottom systems remain capital-intensive, floating OW offers potential
cost advantages because the floating platform eliminates the need for large seabed

foundations, particularly in deep waters (Lotfizadeh, 2024).

2.3 Sustainability assessment of offshore wind power

A sustainability assessment for a specific product or service can be conducted using LCA
methodologies. Considering life cycle perspectives and decision-making, the LCSA is more
beneficial, as it evaluates environmental, social, and economic impacts and benefits.

According to a report from UNEP, the relationship can be explained below in Equation 1,

LCSA = LCA+ LCC + S — LCA. (Heijungs, 2010) .....oooviviiiiiniiiannne. (Equation 1)
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Hereafter, the specific life cycle methodologies for OWP will be explained.

000,
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Figure 12 Author designed-image to outline the scope of the systematic review

2.3.1 Life Cycle Assessment in offshore wind power

Environmental impact assessed using LCA, an effective method for evaluating the
environmental impacts of a product or service, including energy use, water consumption,
raw material extraction, and emissions (Yildiz et al., 2021b). For a wind farm, this
assessment covers the entire life cycle, including the supply chain for raw materials,
components, and supporting infrastructure, as well as upstream (steel, concrete, and
composite production) and downstream impact categories (Brussa et al., 2023). Smith et.al
(2024) forecast after conducting LCA for an OWF, that climate change has been influenced
because of the decarbonisation situations between 7 to 18 g CO2-eq kWh™ in 2030 and 5-17
g CO2-eq kWh™ in 2050. Furthermore, LCA is a method for analysing the environmental
impact of a product from material extraction, processing, and production through

transportation to the consumption stage and to EoL (Weinzettel et al., 2009).

To conduct a systematic LCA, it is recommended to follow ISO standards to better identify
the environmental impacts of products throughout their life cycles. (Finkbeiner et al., 2006)
The ISO 14040 & 14044 standards are internationally recognized and serve as valuable

guidelines for decision-making for any party conducting an LCA.

LCA consists of four main stages,
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a) goal and scope definition phase,
b) the inventory analysis phase,
¢) the impact assessment phase, and

d) the interpretation phase

In the first phase, the aim of the study, the system boundary, and the functional unit are
defined. Next, the Life cycle inventory is developed by collecting input and output data,
which are subjected to an impact assessment. Finally, the results are interpreted (Finkbeiner

et al., 2000).

According to the studies, the environmental impact categories considered in LCA are broad,
and include global warming potential, acidification, eutrophication, photochemical
oxidation, abiotic depletion, water scarcity, ozone layer depletion, human toxicity potential,

and terrestrial toxicity (Brussa et al., 2023, Weinzettel et al., 2009).

2.3.2 Life Cycle Costing of offshore wind power

LCC is the method of evaluating the total cost of a product or service across its entire life
cycle, typically confined within a system boundary (eg, cradle-to-grave). It is widely applied
in capital-intensive industries to improve decision-making and investment returns. (Pantusa
et al., 2020). In OW, LCC recognises a few economic terms, such as capital cost (CAPEX),
operation and maintenance cost (OPEX), decommissioning cost (DECOM), and also LCOE
was used to normalize cost per unit of electricity generated, and improves the comparability

of wind power projects (Yildiz et al., 2024).

A generic equation can be expressed for the entire lifetime cost (ECv) according to Shamsan

Alsubal et.al (2021) and it is expressed as Equation 2.

ECv=)CcaPExTCoPEXTCDECOM ...vvieiiii i, (Equation 2)

Since OWP is expanding, the associated investments are also increasing, requiring
optimization through LCC (Pantusa et al., 2020). This abundant energy source is reducing

dependence on fossil fuels and has improved productivity, alongside lower unit costs over
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the past few years (Shamsan Alsubal et al., 2021). A cost breakdown is an essential part of
the LCC, which identifies main and subcosts by breaking down the entire process (Laura

and Vicente, 2014).

Apart from LCC measures, when it is combined with the life cycle phases and economic
assessments, other investment indicators such as net present values (NPV), internal rate of

return (IRR), and payback period (Shafiee et al., 2016)

2.3.3 Social Life Cycle assessment in offshore wind power

S-LCA is a widely recognized methodology for evaluating the social and socioeconomic
impacts of products and services across their life cycle (Ciroth and UNEP, 2011), by
combining project activities for stakeholder groups, social impact categories, and indicators
(Shiau and Chuen-Yu, 2016). Similar to environmental LCA, S-LCA can also be conducted
based on ISO 14040/44 concepts, such as goal & scope, inventory, impact assessment and
interpretation (Ciroth and UNEP, 2011). However, in practice, it is commonly implemented
through stakeholder-centred assessments (Brunbauer et al., 2023). Further, ISO 14075 was
published in 2024, being the first international standard available for S-LCA.

For OW, attention to stakeholders is important because social impacts can occur for workers,
local communities, and fisheries (Tseng et al., 2017). Other stakeholder categories include
government, companies (Lehmann et al., 2022a). And the impacts also extend across value
chain actors involved with manufacturing, logistics, installations, and operations (Brunbauer
et al., 2023). Along with the social topics expanded as indicators or sub-categories covering
labour conditions, occupational health and safety, community acceptance, procedural
justice, and engagement quality (Catherine Benoit and Wouter, 2020). However, the

application of S-LCA for OWP remains limited.

2.3.4 Life Cycle Sustainability Assessment of offshore wind power

LCSA enables decision-making in the context of sustainable system transition, embedded
with the life cycle thinking (LCT). (Dantas and Soares, 2022) and combines the three bottom
lines of sustainability, such as Environmental, economic, and social assessments, into a

comprehensive context of LCA, LCC, and S-LCA (Figure 7). The LCSA framework can be
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represented by Equation 1. The key advantage is that LCSA can cover the entire
sustainability scope at once, helping balance decision-making and deliver more sustainable

products (Ciroth and UNEP, 2011).

Although LCSA is increasingly used for the energy sector, it is still showing issues
methodologically when applying it practically such as, indicator selection, data availability,
and the social metrics (Dantas and Soares, 2022). The availability of studies on LCSA in
OWP is also limited, indicating that this area remains unexplored across all sustainability

pillars.

2.3.5 Circularity of Wind Turbines

Wind energy is abundant and has low operational emissions, but it faces a recognised EoL
challenge, particularly for wind turbine blades (WTBs). WTBs are polymer composite
structures (WTB) typically made from glass fibre or carbon fibre reinforced polymer (Kio
and Anumba, 2024; Cieslewicz et al., 2025), while most 2turbine mass is associated with
metals and concrete, which are widely recyclable, blade composites are difficult to recycle
in ways that retain material quality and value, creating an EoL circularity bottleneck (Diez-
Viera et al.,, 2025). By 2050, projected blade-waste volumes are expected to rise
substantially, underlining the need for viable circular strategies for composite components

(Cieslewicz et al., 2025).

In contrast, steel-intensive components found in wind turbines, such as towers and nacelle-
related structures (Khalid et al., 2023). And also foundations, which are generally recyclable
and recoverable through established processes to recycle the steel at the EoL (Jensen and
Skelton, 2018). Because blades remain problematic, common practices still include
landfilling, as shown in Figure 13, and incineration, and according to Spini and Bentini
(2024), landfilling is environmentally undesirable and increasingly subject to regulatory or
economic constraints in some contexts. This situation indicates that circularity

implementation in the wind sector lags behind deployment growth (Gast et al., 2024).
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Figure 13 Landfilling of WTB (Khalid et al., 2023)

However, recycling techniques at both laboratory and industrial scales are ongoing, with
different treatment options such as mechanical, thermal, and chemical recycling (Alavi et
al., 2025). At the same time, design-oriented solutions, such as recyclable resin systems, are

being developed to improve EoL feasibility (Alavi et al., 2025).

To evaluate such options consistently, circularity indicators are increasingly used, yet
evidence indicates that no single indicator fully captures the blade life cycle; indicator choice
must reflect system boundaries and composite-specific issues such as quality degradation,

as well as underrepresented stages such as logistics and O&M (Diez-Viera et al., 2025).

3 Research methodology

3.1 Review Framework and Approach

This review was systematically conducted to gather, evaluate, and integrate available
information on LCT methodologies for a sustainability assessment of OWP, using the
methodological approach named ‘Preferred Reporting Items for Systematic reviews and
Meta-Analyses’ (PRISMA). The aim of applying this guideline is to ensure transparency,
accuracy, and a systematic, driven process (Page et al., 2021). The PRISMA method allows
a systematic procedure with an item checklist, as shown in Figure 14. Starting with the initial
step of defining the title, the rest of the review can proceed through the body and into the

discussion section. Mainly, it can provide identification, screening, eligibility and the
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inclusion of the applicable articles, ensuring unbiased and reliable findings (Falsafi et al.,

2025).
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Figure 14 Prisma Diagram (Page et al., 2021)
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The selected studies were methodologically diverse in the 5 themes (LCA, LCC, S-LCA,

LCSA, and circularity), including heterogeneous functional units, system boundaries,

indicators, and reporting formats, and due to this, a qualitative analysis was approached

rather than a quantitative meta-analysis. The results were presented through thematic

categorization across the selected studies (Page et al., 2021).

The key terminology and methodological framing that have been followed were ISO

14040/44 for LCA, while additional guidance was taken from UNEP (2020) for life cycle-

based assessment reporting.
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3.2 Information Sources and Search Strategy

The systematic literature search was carried out using two large bibliographic databases:
Scopus (Elsevier) and Web of Science (WoS). The choice of these databases was based on
their wide coverage, high-quality indexing, and relevance to the interdisciplinary field of
sustainability and technology studies (Falagas et al., 2008). Scopus and WoS are popular
sources for scientific information searching and have been widely used in bibliometric and

evidence synthesis analyses (Zhu and Liu, 2020).

The search process was done between July 2025 and October 2025. The results from the two
databases were exported in RIS format and then imported into Rayyan for screening. The

full texts were mainly obtained through ScienceDirect and IEEE Xplore.
Search terms were constructed to identify two main concept blocks:

1. Technology theme (OWP)

2. Assessment theme (LCA, LCC, S-LCA, LCSA, and circular economy).

Boolean operators and keyword groupings were employed to increase search sensitivity
while ensuring relevance. Search syntax was adjusted according to the requirements of each

database (Appendix 2. Grouped keywords).

e Execution of Scopus searches: Advanced searches were employed, and exports
were restricted to appropriate bibliographic information (e.g., title, abstract, and

author keywords). In the five themes, a total of 834 records were obtained.

e Execution of Web of Science searches: The WoS advanced search was employed
because the Boolean search requirements were not compatible with the Topic
Search (TS) syntax in this study. With four keyword groupings, a total of 734
records was obtained, and exports were restricted to core fields (author, title,

source, and abstract).

e Use of grey literature: The grey literature (e.g., UNEP reports) was employed
solely for concept definition and not as part of the evidence base for the

systematic review.
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3.3 Eligibility criteria and screening procedure

Selection of studies for inclusion in the review was done using Rayyan (web-based screening

software) and Zotero (reference management software). Rayyan allowed for the

management of duplicates, labelling, grouping, and recording of reasons for exclusion,

which aided in streamlining the screening process (Valizadeh et al., 2022).

3.3.1 Eligibility criteria

The considered inclusion and exclusion criteria for the screening process are presented in

Table 1.

Table 1: Inclusion and exclusion criteria were applied for the review.

Inclusion Criteria

Exclusion Criteria

Publication | Peer-reviewed research articles secondary literature (reviews, books, book
type (empirical research, case studies, techno- | chapters, letters, short surveys, editorials)
economic or sustainability assessments)
Technology | OWP (fixed-bottom and floating); Focused on energy systems without explicitly
onshore wind energy is included only for | considering OWP (or onshore wind energy
S-LCA for S-LCA/circular economy studies) in their
analysis
Language English language only Non -English
Scope studies employing LCA, LCC, S-LCA, Focused only on technical context without a
LCSA, and/or circular economy methods | life cycle perspective or circular economy
thinking
Time Frame | 2014-2025 Published before 2014

Geography:

Global/Country-specific
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3.3.2 Screening workflow (PRISMA compatible)

All studies were uploaded to Rayyan, which facilitated a screening process following a four-

step approach, as depicted in Figure 14, in compliance with the PRISMA protocol.
e Data preparation/de-duplication

Here, studies were uploaded in their RIS format from Scopus and WoS. De-duplication of
studies was performed, using Rayyan’s automated features as aids, followed by manual

verification of similar studies.
o Title/abstract screening

At this step, studies were screened using inclusion/exclusion criteria. A single reviewer
screened studies, followed by a second screening a few days later for greater consistency.

Reasons for exclusion were also recorded in Rayyan.
¢ Final inclusion/library management

Here, all studies deemed fit for inclusion were compiled in Zotero for easier referencing

throughout the thesis. The PRISMA diagram with the article count is shown in Figure 15.

3.3.3 Additional search measures

To minimize the possibility of missing studies, additional searches were conducted using
backward and forward reference searching, also known as snowballing (Wohlin, 2014). This

yielded 11 additional studies for consideration.
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4 Results

This section presents the results of the systematic search process. It starts by describing the
process of developing the frame of evidence for all five themes, followed by the final set of

studies included in the analysis, based on the criteria and PRISMA logic.

Initially, 1617 studies were identified across 5 themes. After removing 437 duplicates, 1180
unique records remained. Title and abstract screening removed 990 studies, and 190 articles
were included for full-text screening, relying on exclusion and inclusion criteria. Finally, 69

articles were included in the assessment through Rayyan.

Additionally, 11 studies were identified through the snowball method after reviewing the
full texts and assessing their reliability and relevance. A Total of 80 studies were included
in the final assessment. The overall study selection process is summarised in the PRISMA

flow diagram, as shown in Figure 15.

Figure 16 signifies the thematic distribution of the selected 80 articles across all
sustainability assessment methodologies. The LCA presents the largest share, indicating that
environmental assessments remain the most established and commonly applied method in
OWP. LCC and circularity-focused studies are the next-largest groups, reflecting that
economic performance and EoL management are growing alongside environmental
considerations. The least discussed assessments were LCSA and S-LCA, proving that these

areas are still developing for OWP.

Distribution of total articles

6

H Circularity
HLCA
mLCC

H LCSA
HS-LCA

Figure 16 Count of finalized studies in different themes
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Figure 17 signifies the distribution of the studies on the sustainability assessment of OWP
in various regions. Most of the analysed papers are from Europe. Studies assess the specific
sea area of each country, especially the North Sea and the Mediterranean Sea. The second
major area of study is in East Asia. In this area, the highest number of studies remains in
China—studies in Taiwan rank second-highest. However, Southeast Asia contributes only
two studies. The areas of North and South America comprise a total of 12 studies. Even the
Oceania region comprises only two studies from Australia. Four articles were considered in

a global scenario, while three considered only a general perspective.

B Europe B East Asia B North America M South America

B Southeast Asia M Oceania B Global

America
Morth Southeast
East Asia America Asia Oceania

Figure 17 Treemap diagram showing the distribution of regions in the sustainability assessment of the five themes

4.1 Life cycle assessment results

This section focuses on the LCA studies included in the review. A total of 30 studies were
included in the LCA theme as shown in Table 02. Across the five themes of the review, LCA
was the most researched theme and the most informative section regard%ng thze sustainability

performance of wind power. 4

Subsections below cover the general and methodological characteristics of the LCA studies.

Specifically, to identify and elaborate on the life-cycle hotspots, geographical distribution,
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and assessed technology configurations, including specifications such as capacity factor,

energy, and materials used.

Figure 18 shows the visualisation of the citation network of the reviewed LCA studies. The
vertical axis indicates the cited year, and the horizontal axis indicates article count. Arrows

are towards the cited articles.

Figure 18 Visualization of the citation network of the reviewed LCA studies, Showing the First author and year for each

publication (“ResearchRabbit,” 2025)

4.1.1 General characteristics

The gathered articles were first analyzed based on their general characteristics, including
geographical location, technology used, and publication year. In terms of technology, few
studies (6 out of 30) deal with generic OWFs, while floating OWFs are considered in 10
studies, and 8 have been considered fixed-bottom OW. Four studies compared assessments
of onshore and offshore systems, and one compared foundation types. Only one study
focuses on a specific component: the manufacturing of wind blades (Carallo et al., 2025).
This distribution reveals that floating offshore technology dominates the recent literature,

although fixed-bottom applications are also examined at a comparable level.
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Figure 19 indicates the total article distribution without the global scenario. Two articles
focused on a global perspective, concentrating on regions such as Asia and Europe, as well
as specific seas. Most of the articles were published in European seas (10 articles), focusing
on the North Sea (Belgian, Dutch, German, Danish, and Norwegian waters, as well as
Scottish projects). In addition, three papers focused on the Mediterranean Sea, while
country-focused studies were carried out in Belgium (two studies), Poland (one study), and
the United Kingdom (one study). Four articles covered the entire European region. Outside
Europe, most articles were based on China (4 studies), the United States (3 studies), and
Brazil and Taiwan (1 study each). The European data is rich because the wind technology
started earlier, and data is more accessible than in other parts of the world, such as Southeast

Asia and Africa.

North Sea o

J‘“‘

Mediterranean
Sea

1 Article
2 Articles
3 Articles
4 Articles

e
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Created with mapchart.net

Figure 19 The distribution of the articles according to the location selected for the stu
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# Title Reference Study Technolo | System
Region gy Boundary
1 A model for estimating life cycle (Kouloumpis & | United Offshore Cradle-to-
environmental impacts of offshore wind Azapagic, Kingdom | fixed- grave
electricity, considering specific 2021) bottom
characteristics of wind farms
2 Assessing the sustainability of Blue (De Luca Pena | Belgium Offshore Cradle-to-
Economy activities using an ecosystem and et al., 2024) wind grave
life cycle-based approach: Possibilities, farms
challenges, and implications for informed
policy making
3 Benchmarking Marine Energy Technologies | (Pulselli et al., | Mediterra | Offshore Cradle-to-
Through LCA: Offshore Floating Wind 2022) nean Sea floating grave
Farms in the Mediterranean
4 Benefits and impacts of offshore wind farms | (Stranddorfet | North Sea | Offshore N/A
on benthic marine biodiversity in a life cycle | al., 2025) Europe wind
assessment context farms
5 Comparative Life Cycle Assessment (LCA) (Carallo etal., | European | Offshore Cradle-to-
of Traditional and New Sustainable Wind 2025) Union wind gate
Blade Construction blade
manufactu
ring
6 Comparison of life-cycle environmental (Pei et al., China Onshore Cradle-to-
impacts of onshore and offshore wind farms | 2025) and grave
during the southward movement of wind Offshore
power development in China
7 Development of a collision impact indicator | (Baulaz et al., world Offshore cradle-to-
to integrate in the life cycle assessment of 2024) wind grave
offshore wind farms farms
8 Economic Input—Output Based Sustainability | (Noori et al., world Onshore Cradle-to-
Analysis of Onshore and Offshore Wind 2015) and grave
Energy Systems Offshore
9 Environmental Impact Assessment and Life (Ferraz de Brazil Offshore Cradle-to-
Cycle Assessment for a Deep Water Floating | Paula & floating grave
Offshore Wind Turbine on the Brazilian Carmo, 2022)
Continental Shelf
10 | Environmental Impacts of Global Offshore (Lietal., 2022) | world Offshore Cradle-to-
Wind Energy Development until 2040 wind grave
farms
11 | Environmental life cycle assessment of a (Moussavi et United Offshore Cradle-to-
novel offshore wind energy design project: A | al., 2023) States wind grave
United States-based case study compariso
n of the
foundation
12 | Environmental Life Cycle Assessment of (De Luca Pefia | Belgium Offshore Cradle-to-
multi-use of marine space: A comparative et al., 2024) fixed- grave
analysis of offshore wind energy and mussel bottom
farming in the Belgian Continental Shelf
with terrestrial alternatives
13 | Floating wind power in deep-sea area: Life (Yuan et al., China Offshore Cradle-to-
cycle assessment of environmental impacts 2023) floating grave
14 | Green development strategy of offshore wind | (Chen et al., China Offshore Cradle-to-
farm in China guided by life cycle 2022) fixed- grave
assessment bottom
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15 | Life Cycle Analysis of Ecological Impacts of | (Piasecka et al., | Poland Offshore Cradle-to-
an Offshore and a Land-Based Wind Power | 2019) fixed- grave
Plant bottom

16 | Life cycle assessment and net energy (Huang et al., Taiwan Offshore Cradle-to-
analysis of offshore wind power systems 2016) fixed- grave

bottom

17 | Life Cycle Assessment of a Barge-Type Ylidiz et al., Europe Offshore Cradle-to-
Floating Wind Turbine and Comparison with | (2021) floating grave
Other Types of Wind Turbines

18 | Life cycle assessment of a floating offshore (Brussa et al., Italy Offshore Cradle-to-
wind farm in Italy 2023) Mediterra | floating grave

nean

19 | Life Cycle Assessment of a multi-use (Elginoz & Europe Offshore Cradle-to-
offshore platform: Combining wind and Bas, 2017) floating grave
wave energy production

20 | Life cycle assessment of an offshore grid (Arvesen et al., | North Sea | Offshore Cradle-to-
interconnecting wind farms and customers 2014) wind grave
across the North Sea farms

21 | Life cycle assessment of floating offshore (Garcia-Teruel | Scotland, | Offshore Cradle-to-
wind farms: An evaluation of operation and et al., 2022) UK floating grave.
maintenance

22 | Life Cycle Assessment of Floating Offshore | (Lotfizadeh et | Norway Offshore Cradle-to-
Wind Farms: The Case of Hywind Tampen al., 2024) (North floating grave
in Norway Sea)

23 | Life Cycle Assessment of Four Floating (Struthers et Scotland, | Offshore Cradle-to-
Wind Farms around Scotland Using a Site- al., 2023) UK floating grave
Specific Operation and Maintenance Model
with SOVs

24 | Life cycle assessment of onshore and (Bonou et al., Europe Onshore Cradle-to-
offshore wind energy-from theory to 2016) and grave
application Offshore

25 | Life Cycle Environmental Analysis of (Cao et al., China Offshore Cradle-to-
Offshore Wind Power: A Case Study of the 2024) fixed- grave
Large-Scale Offshore Wind Farm in China bottom

26 | Life Cycle Environmental Impact of Onshore | (Chipindulaet | USA Onshore Cradle-to-
and Offshore Wind Farms in Texas al., 2018) (Texas) and grave

Offshore

27 | Life-cycle impact assessment of offshore (Critchley et North Sea | Offshore Operational
wind energy development on migrating bird | al., 2025) region wind phase
diversity in the North Sea farms

28 | Offshore Wind Energy and Marine (Lietal., 2023) | North Sea | Offshore Operational
Biodiversity in the North Sea: Life Cycle fixed- phase
Impact Assessment for Benthic Communities bottom

29 | Scenario-based LCA for assessing the future | (Benitezetal.,, | Germany | Offshore Cradle-to-
environmental impacts of wind offshore 2024) fixed- grave
energy: An exemplary analysis for a 9.5-MW bottom
wind turbine in Germany

30 | Site-specific life cycle assessment of a pilot (Poujol et al., Mediterra | Offshore Cradle-to-
floating offshore wind farm based on 2020) nean Sea, | floating grave
suppliers’ data and geo-located wind data France
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Figure 20 illustrates the chronological distribution of the 30 reviewed LCA studies over the
review period, highlighting changes in research activities over time. According to the
inclusion criteria, publications have been collected from 2014. Only one study on OWFs
appeared in 2014. In the period thereafter, up to 2021, the total number of studies was limited
to one or two each year. During this period, researchers' interest was primarily focused on
fixed-bottom or floating concepts, and more generally on OFWs. From 2022 onward, the

distribution grew significantly, with five in 2022, five in 2023, six in 2024, and four in 2025.

The distribution of the selected LCA articles over the years

1

O B N W b

3 33
2 2
11 1 1 11 11 11 1 11 1 11
2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

m Offshore fixed-bottom | Offshore wind blade manufacturing
Offshore wind farm — comparison of Foundation m Offshore wind farms

B Onshore and Offshore B Offshore floating

Figure 20 The distribution of the selected LCA articles over the years
4.1.2 Methodological Characteristics of the articles

This section outlined how these LCA studies were methodologically conducted, describing
the goal and scope, functional unit used, methods, software used, and guidelines followed,
system boundaries, impact categories, and the technical perspective in wind energy

technology.
e Goal and Scope

This section reflects how the goal and scope of the LCA studies influence the representation
and comparisons of OW systems across studies. This mainly includes the state research

objective, functional unit (FU), and system boundary.

Across the reviewed articles, most studies aimed to quantify the life-cycle environmental
impacts of electricity generation from OWP, typically within a conventional LCA

framework (Kouloumpis and Azapagic, 2022). In several cases, the LCAs have clearly
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defined system boundaries and defined research objectives (Pei et al., 2025; Yuan et al.,
2023). The stated goals often focused on comparing the environmental performance of
different technologies or configurations over time, identifying life-cycle hotspots, or
assessing specific impact domains such as biodiversity. At the same time, some studies
pursued more specific policy-oriented aims. For instance, one paper links ecosystem
considerations with LCT to support marine policymaking for blue economy activities,
including a discussion on ‘quantitative ecosystem - and life-cycle-based assessment’
(QCESA) (De Luca Pefia et al., 2024b). While another study combined OWF and offshore
mussel farming in a multi-use offshore farm (MUOF/OMF) on the Belgian Continental Shelf
(De Luca Pena et al., 2024a).

Figure 21 defines the tools and modelling approaches for conducting LCA and point toward
methodological heterogeneity across modelling platforms, which influences the
comparability of the results. Most of the papers applied attributional process-based LCA
aligned with ISO 14040/44 and implemented in software such as SimaPro, GaBi, and
openLCA, or in Excel, for transparent assessments. There was less attention paid to hybrid

LCA and prospective LCA to explore future scenarios.

The FUs adopted in the reviewed articles are predominantly energy-based, usually defined
as 1 kWh of electricity produced by an OWF (Kouloumpis and Azapagic, 2022). Other
common energy units include 1 MWh, or I GWh of electricity (Baulaz et al., 2025) or the
FU is defined as the amount of electricity produced within one year (Piasecka et al., 2019).
Nonstandard or product-based functional units are also used, such as 1 year of operation of
a 6 MW offshore floating wind turbine. (Pulselli et al., 2022), one prototype-scale 13 m
composite wind blade (Carallo et al., 2025), or a basket of products representing the
combined annual production of electricity and mussels from a MUOF (De Luca Pea et al.,
2024a). 4 of the 30 LCA studies did not explicitly define a functional unit, reducing

transparency and comparability of the results.

The system boundary in the reviewed articles is predominantly cradle-to-grave. In 24 of the
30 studies, this boundary is explicitly defined as cradle-to-grave, encompassing raw material
extraction, manufacturing, transport, construction and installation, operation and

maintenance (O&M), and decommissioning with EoL treatment.
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Three studies focused on the operational phase, focusing only on the use phase (Critchley et

al., 2025, Baulaz et al., 2025; Li et al., 2023).

Technology-focused and design-level analyses are also present. Several studies examine
floating OW concepts using generic technological representations, including digital
benchmark models, and compare their environmental performance with results from the
literature (Li et al., 2023; Pulselli et al., 2022). A smaller share covers prospective work
projects for OW deployment and related energy production to 2040 under high-technology
and evolving supply-chain scenarios, linking LCA outcomes to future development
pathways (Li et al., 2022). Comprehensive LCAs of multi-use systems, such as OW
combined with aquaculture, have so far been largely confined to specific locations, notably

the Belgian Continental Shelf (De Luca Pena et al., 2024a).

Further, several studies have expanded the application of LCIA by including marine
biodiversity, such that characterisation factors for benthic effects (Baulaz et al., 2025). And
models for the operational phase effects of diversity have been established (Stranddorf et al.,

2025; Liet al., 2023).

e Technical characteristics and performance indicators

This section will summarize the technical parameters, as well as other relevant performance
indicators cited in the OW-based LCA reviewed studies, by collating fundamental design
parameters, location, rated power, diameter, depth, as given in the tables 2-4, climate change
intensity, as well as life cycle hotspots. Although values for climate change are included in
the tables for completeness, their interpretation is discussed in the section on environmental

impacts.

Across the reviewed articles, OWFs are depicted as material-intensive structures, including
foundations/substructures, towers, and nacelle components. The floating structures are also
represented by including major structures, such as support structures (Spar, Semi, and Barge
platforms), and their auxiliary infrastructure (Ferraz De Paula and Carmo, 2022). The
relevance of auxiliary infrastructure, such as export cables and offshore substations, is also

emphasized in several articles (Brussa et al., 2023).
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In terms of turbine design and scale, the reviewed studies span projects from 5-6 MW
floating turbines (Ferraz De Paula and Carmo, 2022; Pulselli et al., 2022) up to 14.7-15 MW
units used in commercial-scale contexts (Brussa et al., 2023; Struthers et al., 2023). Several
articles report specific technical specifications that help interpret the results: for example,
Pulselli et al., (2022) model a Mediterranean floating benchmark using 6 MW turbines with
a 154 m rotor diameter (and a reported minimum wind-speed requirement of ~3 m/s), while
Brussa et al., (2023) conduct a cradle-to-grave LCA for a large commercial-scale project
comprising 190 turbines rated at 14.7 MW each. Struthers et al., (2023) further note that,
despite a longer lifetime, a lower capacity factor can increase the GWP per kWh, illustrating

how operational performance can influence the final intensity metrics even when the hotspot

stays upstream.
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Steady information on the site depth is lacking across the reviewed articles. When available,
fixed-bottom conditions tend to be located in relatively shallow to moderate water depth,
whereas floating concepts occur over a wider range of water depths, with the ranges reported
for the study varying from 60 m to 1050 m for the reviewed floating wind farms (Brussa et

al., 2023; Ferraz De Paula and Carmo, 2022).

The materials considered in evidence from reviewed studies align with the hotspot approach,
steel systems as the primary hotspot, most manifest in foundations/substructures, then
towers/nacelles, while polymeric materials can be most significant for land-use categories,
and so forth (Huang et al., 2017). Table 6 specifies the material use to produce a wind

turbine.

There are some studies aiming to design component-scale alternatives. For example,
Moussavi et al. (2023) show that different foundation layout considerations/material options,
such as concrete approaches instead of steel monopile foundations, can reduce impacts in
some hypothetical conditions, while blade materials can affect the manufacturing process

and EoL-stage impacts (Carallo et al., 2025).

Table 6 Materials and components used to produce an OWF

Components Materials

Rotor blade Glass fiber, epoxy resin, PVC

Nacelle Cast iron, steel, glass fiber, HDPE, epoxy resin
Tower Steel, alkyd resin

Foundation Steel, aluminium

32/150 kV submarine cable Lead, copper, steel, HDPE

Offshore substation Steel, concrete, cast iron, aluminium

The representation of the concept of floating OW utilises various structural platforms with
different design requirements. For instance, Ylidiz et al., (2021a) considers the evaluation of
two platforms: the ‘Raft Buoy’ and the ‘Spar Buoy’ structures shown in Figure 22,
illustrating how different inventive arrangements of the supporting structures may be used

to influence the component inventory and life cycle process contributions.
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diameter: 150 m
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Water depth >60 m
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Figure 22: Raft-buoy floating wind turbine (left) and spar-buoy floating wind turbine (right)

In addition to design and site characteristics, some studies have given the performance of the
wind farm as a capacity factor (CF). Which is a key driver and has a significant effect on
LCA when normalizing the electricity unit. Struthers et al, (2023) used a site-level LCA on
four different offshore floating wind farms in and around Scotland, reporting capacity factors
from about 52% to 54%. Since they normalized their impacts to a functional unit of 1 kWh
of electricity, Struthers et al.,(2023) pointed out that all impacts, including GWP, tend to be
inversely proportional to life-cycle electricity output. This means that different capacity
factors, depending on site conditions, availability factors, and operation and maintenance,
will influence direct GWP impacts on a per kWh basis, regardless of similarities in turbine

technologies and material flows.

e Environmental impacts categories

The environmental impact category analysis was crucial because of the heterogeneous
impact categories, which range from single-indicator assessments to broad multi-impact
LCAs using midpoint and a few reports on endpoint impact categories. The reported ReCiPe
mid-point categories were included in Tables 7 & 8, and the endpoint categories were split
as Human Health, Ecosystem quality, and Natural Resources (De Luca Pefia et al., 2024a) .
Almost all the studies were consistent in representing climate change/GWP, which is
commonly expressed as per unit of electricity, for example, being g or kg CO,-eq/kWh,
enabling comparability among technologies/scenarios in this regard (Ferraz De Paula and

Carmo, 2022).
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Table 7 Coverage of environmental and biodiversity-related impact categories across the selected OW - LCA studies
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However, the GWP values mentioned in Table 4 vary with the system boundary, including
O&M, replacements, and EoL material intensity of support structures and foundations, and
capacity factor/lifetime energy yield, which affect impacts per kWh. The different types of
climate change values were reported in Table 4. Several studies explicitly state that GWP is
a key environmental indicator, which can be considered a hotspot. For instance, Cao et al.,
(2024) conducted a contribution analysis for the GWP values for components of the turbine,
and found that the highest share contributing to the wind turbine generation set (53.54%) of
the GWP value. Similarly, Bonou et al., (2016b) revealed that the highest contribution to

climate change is from material production and extraction in OWP generation.

A few articles discussed the biodiversity impacts of OWP, and covered benthic community
impacts and bird diversity (Li et al., 2023; Baulaz et al., 2025). The most attentional phase
was the operational phase, during which ecological burdens occur rather than in the upstream
stages. For instance, the artificial reef effect occurs in the sea due to the submerged structures
of the wind turbines (Baulaz et al., 2025). Apart from that, other macrobenthic changes of
biodiversity, such as seabed occupation and trawling avoidance occurs during the OWF
operation, relying on 500m buffer zones around the OWF area, which are then scaled

according to turbine numbers (Li et al., 2023).

Figure 24 appears the operational-phase biodiversity key drivers identified in the reviewed

articles. Stranddorf et al., (2025) strengthen the operational phase argument by framing the
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benthic biodiversity outcomes from an LCA perspective, highlighting that impacts differ
depending on seabed conditions and mechanisms (Stranddorf et al., 2025). The presence of
hard structures and scour protection for turbine foundations creates habitat and attracts
mobile species such as finfish. However, Stranddorf et al., (2025) estimated the biodiversity
impact using a characterisation factor imply to local potential loss of species, reasoned from
the OWF construction and decommissioning, which attached changes to marine habitats

(Stranddorf et al., 2025).

Apart from the benthic impacts, the LCIA of OWF in the North Sea on the Norwegian bird
diversity has been assessed through three major pathways, such as collision, disturbance,
and barrier effects. The collision impact is sensitive to the rotor sweep zone, the turbines'

rated power, and the number of turbines (Critchley et al., 2025).

Biodiversity-specific
pathways and key drivers
(operation phase)

|

Studies
Baulaz et al., 2025
Critchley et al., 2025
Li et al., 2023

Benthic / seabed drivers
- Seabed occupation &

habitat modification (reef
effect)
= Wind farm footprint &
trawling exclusion
(avoidance)
= Installation impacts
often excluded or treated
separately

Bird-impact drivers
= Rotor size / swept area
(collision risk zone)
= Turbine number & rated
power (MW)
= Siting relative to flyways
(avoidance / barrier effects)

S

HOTSPOT: OPERATION
Driven by site-specific
ecological mechanisms

Figure 23 Biodiversity impacts and hotspots of LCA results
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4.2 Social life cycle assessment results

Only six articles were selected for S-LCA, signifying that extremely little attention has been
focused on the S-LCA of OWP. This part will compile the results of these articles by looking
into the different phases of life cycles, social impact categories, as well as geographical and

yearly distribution.

4.2.1 General characteristics

The general characteristics of selected S-LCA articles are presented in Table 9. These studies
range from 2016 to 2025, and their case study environments include Taiwan, the USA,
Belgium, and France, while one study explores the global firm viewpoint. When considering
the technological perspective, five out of six papers are about OWP, while one paper

conducts offshore and onshore wind power (Buchmayr et al., 2022).

4.2.2 Methodological characteristics

These articles reflect different methods due to the different purposes and scopes of each
paper, and the papers are not fully comparable. For instance, when considering the functional
unit and system boundary, only Buchmayr et al., (2022) uses a more typical S-LCA approach
focusing on an electricity functional unit (delivery of IMWh to the power grid: 1 TWh) with
a cradle-to-gate system boundary. While Tseng et al., (2017) choosel OWF as the functional
unit. Shiau and Chuen-Yu., (2016) and Brunbauer et al., (2023), did not identify the typical
functional unit and system boundary because their viewpoints are indicator assessment and
stakeholder processes, respectively. Although Lehmann et al., (2022) cover the full OW life
cycle from resource extraction to EoL within an S-LCA framework, their findings are

primarily expressed as stakeholder prioritizations rather than measurable impact indicators.

The involvement of tools, databases, and standards of LCA differs from article to article,
and most articles do not follow any formal LCA tools or databases in their analysis. Out of
all the selected articles, only one article uses PSILCA in its S-LCA approach (Buchmayr et
al., 2022).



54

Table 9 General characteristics of selected S-LCA
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Shiau & Chuen-Yu (2016) developed a project-level indicator and aggregation workflow
without relying on an external S-LCA database. Similarly, Brunbaeuer et al., (2023)
conducted a qualitative approach to evaluating the stakeholder process, rather than a full
lifecycle approach. A framework based on embedding S-LCA within an integrated
investment-oriented approach was conducted instead of a conventional approach where data

is imported into an LCA software/database (Tseng et al., 2017).

The studies conducted by Lehmann et al., (2025; 2022b) are based on the UNEP S-LCA
guidance for report scoping/prioritisation, and a structured approach involving a subcategory
or stakeholder-ranking methodology. In addition to that, a company panel-scoring approach
is used in one of the studies (Lehmann et al., 2022a). And the other one conducted an

expectation-observation gap analysis (Lehmann et al., 2025).

4.2.3 Social Impact and stakeholders mapping

The different approaches to representing social impacts through stakeholder groups, social
categories, and indicators in the selected S-LCA studies are depicted in Figure 25. A
persistent focus in the reviewed literature is on workers and related issues such as
employment generation, occupational health and safety, labour rights, fair pay, and job
stability (Shiau and Chuen-Yu, 2016; Tseng et al., 2017; Buchmayr et al., 2022). Which are
discussed as stakeholders or indicators. Governance and policy-related actors are also crucial
in addressing issues at the community level (Tseng et al., 2017). Especially where social

impacts extend to public acceptance, other regulatory issues, and broader societal outcomes.
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Despite these points of similarity, the studies differ in structure. Tseng et al., (2017) present
a small set of stakeholder groups, while social and environmental-related categories are
discussed. Shiau & Chuen-Yu (2016) use a three-tier structure, translating through a broader
set of indicators, including those concerning governance and acceptability. Brunbauer et al.,
(2023) are significantly more process-focused, centering their structure on workstream areas
relating to engagement activities and monitoring/indication requirements. A dashboard
including a broad set of actionable indicators covering working conditions, HR, health, local
employment, and landscaping issues (Buchmayr et al., 2022). The most differentiated
stakeholder approach is presented by the two studies ((Lehmann et al., 2025, 2022b); detail
specific concerns to several groups (workers, value chain members, customers, society &
local communities), though briefly prioritizing territorial equity & issues of governance
(including sharing space, dialogue & participation, safety & industry risk management),

followed by value-chain ethics (including fair competition, suppliers & wealth sharing).

Stakeholder Social/ Impact Indicators/ Stakeholder Social/ Impact Indicators/

Categories categories Subcategories Categories categories Subcategories

Assimilative capacity

Oceupational health

-
Matural ecosystems & landscape Compensation of fishary right
- Cecupational safety
- l Training & education
Cultural heritage: Intermal human resources (framework)
-
l Research & development
l Employment stability
Social & economic impacts
-
Internal human resources Human resources
-
Community acceptance
L]
i Labor rights
Mational h:ﬂh & safety abeor rigl el icdion
l Fishery impacis
Esdernal population (framework)
Marine sightsesing
Intermational environmental standard —
Macro-social performance
- I Jab crestion
Health & safety
- I l Level of policy suppert
Land use
- Macro-social performance (framework)
Alternative energy
Water usa l Electricsty price

Tseng et al. (2017) Shiau & Chuen-Yu (2016)

. Investment & procurement practices
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Figure 24 Mapping of stakeholder categories, social or impact categories, and indicators or sub-categories
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4.2.4 Social hotspot synthesis

By analysing these studies, the protection of the workforce is identified as a hotspot in the
social pillar because it is continually measured in relation to labour rights, occupational
health, occupational safety, and other employment factors, including fairness issues such as
wages, discrimination, and remote labour risk. Another hotspot is being near the sea in

relation to OWF, fishing, and sea navigation (Tseng et al., 2017).

Next, the hotspot identified is governance and procedural justice, which is evident in the
emphasis on the quality of stakeholder engagement, the need for governing and monitoring
guidance and coordination, and the preparation of mitigation strategies (Brunbauer et al.,
2023). Related to this, the community wellbeing and place-related change hotspot includes
the following, local community wellbeing, quality of life, landscapes/amenities, disturbance,
and local benefits/employment. And the importance of responsibility in the value chain, such
as procurement ethics, relationships with suppliers, and the distribution of benefits, has been

highlighted in several studies as a cross-cutting hotspot of social performance.

4.2.5 Offshore wind specification affecting social performance

According to the OWF specifications mentioned in the selected studies, such as where the
project is located and how it is engineered, explain why certain stakeholders and impact
categories become prominent mentioned in Figure 25. In the Taiwan pilot case, siting close
to shore (about 6 km) is directly linked with fishermen becoming a key stakeholder group,
because proximity to fishing grounds triggers disputes over fishing rights and perceived
impacts on marine life and fishery viability (Shiau and Chuen-Yu, 2016). This is consistent
with the Equator-Principles-based assessment, where “compensation of fishery right” is
treated as a high-priority social topic because uncertainty in compensation approaches,
consultation, and monitoring can escalate social risk and even influence finance decisions

(Tseng et al., 2017).

Engineering factors are also important in this context. The stakeholder engagement effort
demonstrates how lease area layout and design (such as cable burial methods and seabed

constraints) automatically associate with the functional fishing industry, which relates to
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issues of vessel access, routing paths, spatial data requirements, and mitigation/monitoring

recommendations (Brunbauer et al., 2023).

From a global perspective, Buchmayr et al., (2022) argue that OWFs can act as a burden on
global well-being because of the material dimension of the infrastructure, which perform
large share of social problems and costs upstream to processes like mining, processing, and
supply chain. Further, the technological decisions can change where the risks are available,
such as permanent-magnet generators' dependency on some specific materials and suppliers,
which enhances the supply chain-related social risks; for instance, labour issues, and human

rights of the sectors that facilitate those materials (Buchmayr et al., 2022).

Finally, the operational specifications condition categories related to workers, as disturbance
perceived (noises, traffic, landscape alteration) could be lower due to the distance of the
offshore activity to the population; however, working conditions would be tougher due to
the same factor, the remote location of the working area, which indicates occupational risk
(Buchmayr et al., 2022). Aligning with the Taiwan Equator-Principles case, where gaps in
the likes of regulated marine workers, contractor-based labour structures, and the absence of
monitoring systems create labour rights/health & safety concerns as pressing societal issues,
can also pose risks for labour rights and H & S risks, which is a governance point (Tseng et

al., 2017).
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4.3 Life cycle costing results
4.3.1 General Characteristics

The articles selected for LCC spans for both LCC and techno-economic studies, diversified
in geographical focus, technology, assessment method, and economic indicators. Those can
be divided into fixed-bottom and floating OWFs, which analyze component-level (Castro-
Santos, 2016) and system level (Shafiee et al., 2016). Most of the articles focused on the life
cycle economic perspective, while the depth of the life cycle stage differs from each other.
Partial assessments were carried out, such as the operation, and a few other phases only
(Yildiz et al., 2024). Across the selected articles, LCOE-based studies are the majority,
containing investment indicators such as NPV, IRR, or payback period, which showcase the

decision-oriented characteristics of LCC.

Figure 26 illustrates the yearly distribution of the selected LCC articles based on the
technologies. The number of publications is limited and somewhat irregular over time, with
a few increases in 2019 and 2023, and a focus on fixed-bottom systems and conventional

offshore wind farms.

H Offshore Fixed-

bottom
2 2 2 m Offshore floating

m Offshore wind
farm

1 11 1 11 1 18 111 1
0 I I I I
2014 2016 2017 2018 2019 2021 2022 2023 2024 2025

Figure 25 Yearly distribution of selected LCC articles
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The geographical distribution in the cited LCC studies is diverse, as they translate various
economic and developmental settings for OWP. Figure 27 depicts the geographical
distribution of the 16 studies. Some studies covered one-location, such as the United
Kingdom, Brazil, Malaysia, China, Chile, Spain, or the United States, apart from studies that
take a more regional approach, as in the case of studies taking the North Sea or Southeast
Asia settings. However, it needs to be noted that three articles do not focus on any specific
location for the study (Shafiee et al., 2016; Yeter et al., 2019; Yildiz et al., 2024), but rather

tend to focus on generic methodological structures for OWP LCCs.

North Sea

| | O R

1 Article
2 Articles
3 Articles

6 ,

Created with mapchart.net

Figure 26 Geographical distribution of selected LCC studies

4.3.2 Key economic indicators and reported ranges

In this section, the economic indicators used by the selected studies are synthesized. LCOE
is the most frequently used common economic indicator, but the values are different. The
range of values often depends on assumptions and system configuration options, such as
system distance-related logistics and cables, and whether the system includes an option for
storing electricity. Table 10 shows the presented economic indicators of each selected article

for the focused country. For instance, the New York State case study presents the range of
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the LCOE values, which depend on the combination of selected wind turbine types and
project site locations (Liang et al., 2021). In the same context, the life cycle perspective on
floating wind has outlined the range of the LCOE values applicable to the concepts and
conditions of the seafloor, emphasizing the sensitivity of the floating windfarm economics

in deeper water sites (Myhr et al., 2014a).

In the Southeast Asia region, the LCC results show high LCOE values according to the
scenario considered. This high LCOE is mainly dependent on the costs associated with
submarine power cable costs and low wind speeds at the selected locations. According to a
study, a significant reduction in costs would be required in the wind turbine components,
such as (Nian et al., 2019). Stochastic LCOE analysis for Brazil again shows how assumptions
regarding policies and markets (such as taxation treatment and support schemes like green
certificates) can affect not only point estimates of LCOE but also distributions of possible

outcomes (Ozato et al., 2023).

Apart from these, other studies presented various economic indicators related to the
economic perspective of wind power, which complement the results on economic
performance. The total cost of the project in the lifetime of the project, called total LCC, is
found to be phased down to the level of the systems, allowing the costs to be related to
choices in the design of the floating platform. In the case of semisubmersibles, spar, and

TLP (Castro-Santos, 2016).

Also, other financial measurements, such as NPV, IRR, and the payback period, are less
consistently reported, but they further provide relevant, indicative evidence for profitability
under varying finance or scenario conditions. For instance, the lifecycle financial analysis
model indicates the ranges for the NPV and IRR, as well as the payback results, under
varying or specific scenarios, as reported by Judge et al. (2019). Hu et al., (2023) aimed for
energy carrier changes from electricity to hydrogen, expanded analysis incorporates LCOH,

along with the NPV and the payback, in consideration of the energy carrier change.



Table 10 Summary of economic indicators of selected articles

71

LCC/ LCOH
LCOE (per NPV IRR | Payback
Reference Country/Region Currency WLC/ ($/kg
MWh) (M) (%) (years)
Total cost Hz)
(Ferreira et Spain; USA 452-10114
EUR 67.1-120.4 - - - -
al., 2023) (California) ™M)
(Judge et al., -19.22— | 8.31-
Europe / North Sea EUR 161-196 269.44 (M) 17-24 -
2019) 21.98 11.87
(Ioannou et
UK and Europe GBP 109 3.090 (bn) 2.843 10.3 18-20 -
al., 2018)
CAPEX
1448.998
(M); OPEX
(Shafiee et 118.3-122 79.2415
Not reported GBP - - - -
al., 2016) (approx.) (M/yr);
D&D
202.3695
M)
(Mattar and CAPEX 113 0 6-25
Guzman- Chile USD 72-322 287.6— (>25 not -
412 17.3
Ibarra, 2017) 861.2 (M) achieved)
(Castro- ) 348-3967
Spain EUR - - - - -
Santos, 2016) (M)
(Jalili et al., UK (North Sea /
GBP - 38.342 (M) - - - -
2024) UKCS)
A
(Leite et al., A-2.1-
Brazil - - - —4.4- - -
2022) 0.138
0.7
(Liang et al., 123.4-
United States USD2018 1800 (M) - - - -
2021) 279.4
(Myhr et al., Norway / Northern
EUR 82.0-236.7 - - - - -
2014b) Europe
(Shamsan
Alsubal et al., Malaysia USD 127.58 378.7 (M) - - - -
2021)
(Nian et al., SE Asia (SG, MY, 44.6-182
2019) TH, VN) (cents/kWh)
CAPEX
518.325
(Ozato et al., 89.28- (M); OPEX
Brazil USD - - - -
2023) 276.41 3.5%
CAPEX/yr;

DECEX
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~3%
CAPEX
(Akkawat et 4.587-
Australia (WA) AUD - - - _
al., 2025) 4.920 (M)
(Yildiz et al., 50.67—
Not reported GBP 5.403 (M) - _ _
2024) 66.73
(Yeter et al., 142148
Not reported EUR - - - -
2019) (approx.)
(Hu et al., 23.78- 1.77-
China USD - - - 6.4-23.1
2023) 69.28 11.10
(Gao et al., )
Australia EUR 84.7-132.0 - - - -
2024)
Mytilinou
(My 1.6-1.8
and Kolios, UK GBP — _ _ _
(bn)
2019)

4.3.3 Life-cycle stage contributions and cost hotspots

Across the selected articles, the life cycle phases differed from each other. Some considered
only a partial stage, while others costing to cradle to grave economic assessment. For
instance, Ylidiz et al., (2024) evaluates the cost for different scenarios of operations( OPEX)

and decommissioning for floating wind turbines, while the final value is represented as

LCOE.

Table 11 shows the contribution of the LCC shares stated in the selected articles. For
instance, Shafiie et al., (2016) covers a full life cycle, for fixed-bottom OW, showing the
dominant cost reported in the production and acquisition phase, which is considered a part
of CAPEX. In line with this, most of the articles which focuses full life cycle consider that
this is the most cost-impacted phase in OW (Castro-Santos, 2016; Ioannou et al., 2018;
Shafiee et al., 2016). The lowest cost reported from the last phase, the decommissioning and
disposal, which accounts for the benefits from recycling and salvage credits (Akkawat et al.,

2025).

Table 11 Contribution of costs according to life cycle phases.
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Typical contribution Evidence from reviewed studies
Life-cycle stage Reference
to total cost/ LCOE
Minor share is usually 14 %
Pre-development &
) included within (Shafiee et al., 2016)
consenting (P&C)
CAPEX
1. P&A=62.67% of
CAPEX (Yildiz, 2024)
Dominant contributor
Production & acquisition 2. P&A=652% of LCOE (Shafiee et al., 2016)
) (46-64% where
(P&A) / Manufacturing 3. P&A 46% (Ioannou et al., 2018)
quantified) )
4. Manufacturing = 62% for | (Castro-Santos, 2016)
floating platforms
1. floating Installation 5—
Secondary CAPEX L6%
Installation & share (5-20%, ° (Castro-Santos, 2016)
o . 2. 22.33 %, 1&C reported as o
commissioning (I&C) platform/site ) (Yildiz et al., 2024)
smaller than P&A in
dependent) )
whole-life models
. 1. 26% of LCOE
Operation & Second-largest (Shafiee et al., 2016),
. . 2. 30% of the total cost
maintenance (O&M / contributor (24-29% ) (Ioannou et al., 2018),
3. 24-29% for floating
OPEX) where quantified) (Castro-Santos, 2016)
platforms
1. 1% of LCOE (Shafiee et al., 2016)
Decommissioning & Smallest share (1-7% 2. 7% in the Malaysia case (Shamsan Alsubal et
disposal (D&D / DECEX) when included) 3.  component LCCA shows | al., 2021)
2% with salvage credits (Akkawat et al., 2025)

Quantitative information on shares is only reported in a subset of the studies, while the
remaining studies present cost hotspots qualitatively or through sensitivity analysis. Thus,
the synthesis of the contribution of the phases is based on the studies that present quantitative

information, along with qualitative convergence of the remaining studies.

A series of typical dominant cost drivers appears in the literature reviewed for LCC analysis.
Discount rate or WACC assumptions, especially risk premiums, return as critical influencing
factors for LCOE calculations, while inspection and reliability planning, in risk
methodologies, might also affect LCOE by decreasing expected costs, thereby affecting the
cost of capital (Yeter et al., 2019).

The LCOE is sensitive to CF, distance to the shore, and wind speed since these influence
logistics and infrastructure-related expenses. As a result, the final LCC can vary across the
different wind projects. Moreover, size, lifetime, and maintenance strategy are important

factors that are reflected in all scenarios. The effect of different maintenance strategies and
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of extending the lifetime has also been observed in the levelized cost analysis conducted

using the scenario modelling approach (Yildiz et al., 2024).

Finally, the technology configuration and system integration also influence both cost
structure and risk profile, such as hybrid wave and wind applications with energy storage,
reducing the required energy storage system size compared to a stand-alone wind technology
and improving LCOE based on local resource characteristics(Nian et al., 2019; Hu et al.,

2023).

4.3.4 End-of-life and decommissioning costs

The reviewed literature demonstrates substantial variation in the treatment of EOL
considerations. For scenario-based turbine-level modeling, different waste-management
routes (landfill, mechanical recycling, incineration) produce relatively small differences in
the contribution of DECOM to the LCOE, whereas salvage value can be credited in the
accounting framework to partly offset the EoL cost (Yildiz et al., 2024). A decommissioning
decision-support study for OWF decommissioning projects has been carried out, giving
bottom-up estimates which indicate dominance of removal activities and vessel operations

in the decommissioning cost for the case contexts studied (Jalili et al., 2024).

4.4 Life cycle sustainability assessment results

4.4.1 General characteristics

The six studies chosen for the LCSA are geographically spread across Europe, Taiwan, the
USA, China, Romania, and Mexico, and were published between 2014 and 2025. Figure 28
illustrates the distribution of these papers by year and technology, revealing that publications
are periodic over the time span rather than concentrated in a particular period. The figure
also highlights the wide range of technologies covered, including OWF construction (fixed
and floating foundations), comparisons between onshore and OW, and LCSA studies
focused on supply chain components such as wind turbine blades (composite materials) and
rare-earth permanent magnets. The distribution of papers across years suggests that LCSA

studies in OW are used at various levels, from system-level projects to key system
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components, reflecting the technique’s ability to evaluate trade-offs across sustainability

dimensions.

The functional units and system boundaries of the six studies on LCSA differ, and therefore,
their direct comparability is limited. The study on OWP in Taiwan does not indicate a
specific functional unit. Still, it employs a stage-based system boundary from cradle to grave,
including development, construction, operation, and maintenance, and finally

decommissioning (Liu, 2025b).

The component studies employ different functional units, such as a 1 kg composite material
and a 1 kg NdFeB magnet (Wulf et al., 2017), and system boundaries from cradle to grave,
including EoL strategies, to cradle to gate, excluding EoL strategies (Rosa et al., 2024). The
decision support studies employ a functional unit of 1 kWh of electricity and system
boundaries from cradle to grave to cradle to gate, including only generation (Gumus et al.,

2016; Maxim, 2014; Santoyo-Castelazo and Azapagic, 2014).

B Offshore Wind Farms (fixed & floating)
B Wind turbine blade materials
Onshore & offshore wind
Wind turbine rare earth permanent magnets

B Offshore wind (Other renewable available)
. u

2014 2016 2017 2025 2024

Figure 27 Year-wise distribution of LCSA wind studies (2014-2025) by application focus

4.4.2 Methodological characteristics

Across the six papers, the implementation of the LCSA methodology varies, reflecting the
diversity of applications across the environmental, economic, and social dimensions. Some
papers use the LCSA methodology as a full sustainability assessment, where the E-LCA,
LCC, and S-LCA are combined within a given functional unit and system boundary, often

on the component or supply chain level (Wulf et al., 2017; Rosa et al., 2024).
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Other papers use the LCSA methodology as an indicator-based approach, where the project
is organized along life cycle stages (e.g., development, construction, operating phase,
maintenance, and decommissioning), and sustainability is assessed based on environmental,
economic, and social indicators, often linked to the governance/standards concept rather than

a quantified inventory approach (Liu, 2025b).

Then another article considered life cycle indicators as inputs to Multi-Criteria Decision
Analysis (MCDA), in which environmental, economic, and social criteria are assigned
weights and combined to produce a ranking of technology options or scenarios (Gumus et
al., 2016). Additionally, the TOPSIS (Technique for Order Preference by Similarity to an
Ideal Solution) method is used in a fuzzy decision-support approach to evaluate the relative
merits of wind turbine technology alternatives (e.g., onshore vs. offshore designs) (Gumus

et al., 2016).

Other studies employ weighted decision analysis to rank electricity technologies or scenarios
of long-term energy system development based on mixed sustainability criteria (Maxim,

2014; Santoyo-Castelazo and Azapagic, 2014).

4.4.3 Impact categories and indicators

The impact categories are recognised by using mixed indicator sets instead of a single
balanced LCIA approach. At the component level, LCSA of blade composites uses
environmental indicators in combination with cost and social hotspot risk screening,
enabling discussion of trade-offs among environmental performance, economic costs, and
upstream social risks (Rosa et al., 2024). The permanent magnet LCSA study adopts a wide
range of midpoint-type environmental indicators (climate change, fossil fuel depletion, and
terrestrial acidification, etc.), cost (CAPEX/OPEX), and a large number of social risk-point
indicators (characterization of CIRI independent judiciary, risk of forced labor by sector and
Risk of total child labor in country etc) indicating a strong focus on supply chain risk (Wulf
etal., 2017).
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4.4.4 Hotspot analysis

Hotspots and key phase drivers vary according to whether studies are LCSA-based, supply
chain-driven, or decision model-focused. In the blade materials LCSA, the EoL strategy is a
key driver, as recycling assumptions and avoided-burden credits can significantly influence
overall results (Rosa et al., 2024). For permanent magnets, the boundary shifts from cradle-
to-gate to focus on upstream extraction and processing pathways, where supply route

selection becomes the key focus (Wulf et al., 2017).

In the U.S. wind ranking study, the manufacturing phase becomes the key contributor within
the model framework since it is given the highest phase weight, while the operational phase
is the lowest (Gumus et al., 2016). In the Taiwan OW ranking study, pre-manufacturing
development choices and conflicts are highlighted as the key sustainability drivers

throughout the entire life cycle (Liu, 2025b).

For the MCDA and scenario studies, dominance is mainly influenced by indicator weights
and scenario trade-offs rather than the contribution percentages of life-cycle stages (Maxim,

2014; Santoyo-Castelazo and Azapagic, 2014).

4.4.5 Stakeholder and governance

Stakeholder and governance relevance are most evident in the OW and supply chain-focused
LCSA applications. The OW study in Taiwan puts fishery rights and community effects front
and centre in the sustainability analysis and links indicators to finance-driven governance
instruments, illustrating how social acceptance and compensation concerns can be turned
into implementation risk (Liu, 2025b). In addition to cost and environmental concerns, Rosa
et al., (2024) elaborate that governance relevance is considered through social hotspot

screening that identifies upstream risks in the chemicals/materials supply chain.

The attention on LCSA for OWP remains limited compared to the other LCAs. Existing
studies are dispersed across different technologies and broader RE systems rather than

focusing only on offshore.
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4.5 Circularity

4.5.1 General characteristics

Under the general characteristics, the geographical distribution of the reviewed studies is
worldwide, with the majority of articles focusing on Europe, followed by the United
Kingdom, and a few case studies conducted in Taiwan and South Korea, as indicated in
Figure 28. The publication period of the studies reviewed spans 2019-2025, with a noticeable
increase after 2022. Most studies reviewed were conducted on OW projects at a general level
without any differentiation of technology configuration, with only one conducted on onshore
wind. Over the entire time span, wind turbine blades were the component with the most
studies conducted on them, highlighting the EoL challenges they face (Khalid et al., 2023;
Cho et al., 2025; Khalid et al., 2023)
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Figure 28 Geographical distribution of selected articles for circularity
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Total selected circularity related articles
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Figure 29 Yearly distribution of selected circularity-related articles

4.5.2 Circularity problem statement for OWP

As OW capacity expands, the waste generation from OW wind installations is increasing,
particularly from blades, cables, metals, and substructure, requiring a specific
decommissioning plan. Additionally, there has been a lack of corresponding development in
EoL resource recovery planning. Decommissioning strategies may be basic and lack proof
that future recovery will be available when large quantities of resources reach EoL. There is
a risk that operators will pass on environmental and financial burdens to society if circular
routes are not viable (Jensen et al., 2020). And Diez-Viera et al., (2025) mentioned that

decision-making that considers circularity was rarely found.

Circularity of the OWFs’ EoL expanding to material and component retaining by several
practices such as reuse, repurpose, and recycling, without directing to disposal (Jensen et al.,
2020). Therefore, circularity should stand out in decision-making for extending strategies,
operations, logistics, and the supply chain downstream without considering a single

recycling technology.
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Figure 30 Circularity decision for Offshore wind components




81

4.5.3 Circularity framework for Offshore wind end-of-life

Figure 31 conceptualises the circular flow of OWF’s EoL systems based on the selected
articles by linking turbine components to decision points, operational processes, and value-
retention pathways (Topham et al., 2019). The first decision “gate” is EoL option selection,
life extension, repowering, or decommissioning, which determines whether material flows
are deferred, transformed, or released for treatment (Kdpke et al., 2023). However, a study
mentioned that the decommissioning should be the last stage, as well as the attempts should

be sustainable, like recycling (Topham et al., 2019).

Following the decommissioning, Figure 31 expands into alternative removal scopes,
including full removal and partial removal/leave-in-situ options, which shape the extent to
which materials become available for onshore recovery (Topham et al., 2019). Within the
operational sequence, safe handling is critical because dismantling, lifting, and loading
govern whether components can be preserved intact for reuse or refurbishment (Shafiee and

Adedipe, 2022).

In the final phase, the figure groups circular pathways by value retention. Reuse and
refurbishment are positioned as the highest value-retention options, but their feasibility
depends on market demand and governance conditions (Gode and Bjergum, 2025).
Repurposing represents a functional second-life route that shifts components into alternative
applications, typically without returning them to equivalent original performance (Shen et
al., 2023). Recycling pathways are presented as mechanical, thermal, and chemical routes,
reflecting the complexity of composite blade materials and associated processing
requirements. A high-value recycling example illustrates “closing the loop” by recovering
carbon fibre from blade-related waste and reintroducing it into new composite production,
thereby preserving material value relative to lower-grade recovery routes (Shen et al., 2023).
Finally, the “environmental support for recycled carbon fibre (rCF) use” element emphasises
that recycling benefits should be demonstrated rather than assumed, particularly where

recovery processes are energy-intensive (Upadhyayula et al., 2022).
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4.5.4 Circularity indicators

Circularity indicators are relevant to the metrics that quantify how a system becomes
circular. For instance, the quantity of reduced raw material input, how much it extends the
lifetime, and recovering the material at EoL (Diez-Viera et al., 2025). The indicators are
important to OWF circularity because they measure and compare the various models, which

can recognize the best options for resource efficiency (Gast et al., 2024).

4.5.5 Circularity hotspot identified in Offshore wind

According to the selected articles, the hotspots spread to different parts of the system.
Circularity hotspots appear where the feasibility of retrieval limits the EoL situation, as
scope decisions like partial removal and leave-in-situ may control the mass balance and limit
the possible amount of collection (Demuytere et al., 2024). Khalid et al., (2023) argue that
composite wind turbine blade waste reinforced with carbon or glass fibre is hard to recycle
because of its complex material. This is represented as a hotspot in OWP. Lichtenegger et
al., (2020) reveals that regional analysis also indicates an additional hotspot for logistics and
treatment capacity since blade waste is expected to increase and concentrate geographically,
with a forecasted increase in blade waste generation (Lichtenegger et al., 2020). Another
important fact in terms of safety and risk assessment, a study highlights that potential hazards
can occur during lifting and loading activities in the decommissioning phase, which is

supposed to have good working equipment (Shafiee and Adedipe, 2022).

4.5.6 Offshore wind specifications and circularity performance

Circularity performance is affected by wind farm and turbine characteristics, since the mass
of the components, the offshore environment, and the configuration all affect the feasibility
of the removal, handling, and routing (Topham et al., 2019). EoL option selection is
associated with the condition and operational performance of the asset, since life extension
and repowering can delay material flows and therefore decrease the amount of waste

generated (Kopke et al., 2023).
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Material composition is an essential factor in material circularity since different material
types have fundamentally different EoL scenarios and market realities (Demuytere et al.,
2024). Metals have good recycling rates once collected, while composites are a small mass
fraction with poor recycling rates due to limited opportunities for high-value recovery
(Demuytere et al., 2024). Blade material design is a factor in circularity potential because
the majority of blade weight is comprised of composite systems that are not easily recyclable
through traditional means and may thus end up in landfills or be incinerated (Cho et al.,

2025).

In cases where the foundation and scour protection are placed below the seabed or left in
situ, the overall collection can be low, even with high recycling rates for the collected
fraction (Demuytere et al., 2024). This suggests that the performance of circularity is not
only dependent on recyclability but also dependent on whether components can be recovered

at EoL under offshore constraints.
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5 Conclusion

This thesis aims to review the applicability of LCT for OWP, including environmental LCA,
S-LCA, LCC, LCSA, and circularity of the components of the wind turbines. The review
was conducted as a systematic review according to PRISMA guidelines, reviewing literature
between 2014 and 2025. It identified the methodological approaches as well as the
sustainability hotspots throughout the life cycle of OWP.

Across all dimensions, the application of life cycle methodologies has been distributed
unevenly. Among these areas, environmental LCA has been given much more attention.
Among these life cycle steps, manufacturing and construction have been identified as major
contributors to environmental impacts. As a major impact, climate change is largely driven
by the mass of steel, concrete, or composite components of turbine or foundation parts.
While the impacts related to the operation phase are less significant than all environmental
impacts. The biodiversity impacts, specifically marine life and fisheries, are occurring during

the operational phase.

The S-LCA received comparatively less attention, specifically for offshore wind. And the
selected studies were heterogeneous in methodologies. Nevertheless, some social hotspots
keep appearing, such as the health, safety, and labour conditions, stakeholder engagement,
and governance-related challenges. These social issues seem closely linked to the technical
specifications and the supply chain structures, indicating that the decisions taken during the

engineering phase may influence the social performance of the entire chain.

The LCC studies mostly rely on the normalised cost factor as the cost per generated
electricity unit in terms of LCOE. Consistent with LCA findings, the manufacturing and
production phase represents the largest share of cost, exhibiting the capital-intensive and
material-dependent nature of OWP. LCOE values are sensitive to the capacity factor, the
distance to the shore, and wind speed. Since the selected studies differ in methodology,

comparison is limited.

The LCSA is an effective assessment for governance and decision-making since it expands
to the three dimensions of sustainability. Despite the conceptual relevance, the presence of

articles was scarce. This review identifies that holistic sustainability assessment centralized
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to hotspots like the manufacturing phase, impacted more than the operational phases. Then
the circularity of OW highlights that there are still specific challenges in EoL. Although steel
components are recyclable, composite blade materials and permanent magnets remain hard
to recycle. It is raising attention on the EoL of components in a long-term resource

dependency and supply chain exposures.

Finally, existing gaps are not due to a lack of analytical tools but from inconsistent system
boundaries, limited cross-pillar integration, and insufficiently standardized reporting
practices. Strengthening methodological harmonization and transparency will enhance the

robustness of future OW life cycle sustainability assessments.
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Scopus

‘TITLE-ABS-KEY ( "offshore wind" OR ( offshore AND wind AND farm* ) OR ( offshore
AND wind AND turbine* ) OR "offshore wind power" OR OWF ) AND TITLE-ABS-KEY
( "life cycle assessment" OR LCA OR '"environmental life cycle assessment" OR
"environmental LCA" OR "E-LCA" OR "carbon footprint" OR "ecological footprint" OR
"environmental impact assessment" OR EIA OR "social LCA" OR "S-LCA" OR "social
impact assessment" OR SIA OR "just transition" OR "energy justice" OR "life cycle
sustainability assessment” OR LCSA OR '"sustainability assessment" OR "holistic
sustainability" OR "triple bottom line" OR "integrated assessment" OR socio-ecosystem OR
"community acceptance" OR "stakeholder engagement" OR "social acceptability” OR
"circular economy" OR circularity OR "materials circularity" OR "resource efficiency" OR
"design for recycling" OR ‘"eco-design" OR "design for disassembly" OR
"decommissioning" OR "repowering" OR "end of life" OR "material recovery" OR recycling
OR recyclability OR remanufacturing OR reuse OR "waste management" OR "wind turbine
recycling" OR "composite recycling" OR "blade recycling" OR biodiversity OR "marine
ecosystem" OR "bird migration" OR "ecological impact" OR "habitat loss" OR "ecosystem
services" OR "species richness" OR "wildlife impact" OR "nature conservation" OR
"cumulative impact assessment” OR CIA OR MCA OR "multi-criteria analysis" OR
"techno-economic assessment" )’

Web of Science

e (("offshore wind" OR "offshore wind power" OR "offshore wind energy" OR
"offshore wind farm" OR "offshore wind turbine”) AND ("life cycle assessment" OR
"environmental assessment” OR "life cycle sustainability assessment" OR
"sustainability assessment" OR LCA OR LCSA))

e (("offshore wind" OR "offshore wind power" OR "offshore wind energy" OR
"offshore wind farm" OR "offshore wind turbine") AND ("socio-ecosystem
framework" OR "social LCA" OR "S-LCA" OR "stakeholder engagement" OR
"community acceptance" OR "social acceptability"))

e (("offshore wind" OR "offshore wind power" OR "offshore wind energy" OR
"offshore wind farm" OR "offshore wind turbine") AND (biodiversity OR "marine
ecosystem" OR "bird migration" OR "ecological impact" OR "environmental
footprint" OR "carbon footprint" OR "greenhouse gas" OR GHG OR "climate
impact")) (All Fields) and Review Article (Exclude — Document Types) and 2025 or
2014 or 2015 or 2016 or 2017 or 2018 or 2019 or 2021 or 2020 or 2022 or 2023 or
2024 (Publication Years) and Book (Exclude — Document Types) and Book Chapters
(Exclude — Document Types) and Letter (Exclude — Document Types) and Spanish
(Exclude — Languages)
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(("offshore wind" OR "offshore wind power" OR "offshore wind energy" OR
"offshore wind farm" OR "offshore wind turbine") AND ("circular economy" OR
circularity OR recycling OR recyclability OR "end-of-life" OR "waste management"
OR "material recovery" OR "secondary raw materials" OR "remanufacturing" OR
"resource efficiency" OR "wind turbine recycling"” OR "wind turbine recycling" OR
" material recovery"))



