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Floating wind turbines are a valid option for offshore wind farms in the Mediterranean,
where the sea-floor falls off rapidly with distance from the coastline. The present study
concerns a Life Cycle Assessment of the environmental performance of two types of
floating wind turbine. Greenhouse gas emissions of two standard models (raft-buoy
and spar-buoy, 154 m rotor diameter, 6 MW installed power) were estimated in terms
of Global Warming Potential (t CO2eq) with the aim of determining a benchmark for
evaluating the performance of similar offshore wind farms. Thus, the aim of the paper
was to create a benchmark for the design of innovative technologies, such as those
developed by specialist companies, and to verify the validity of new designs and
technologies in terms of avoided greenhouse gas emissions. The results show that the
Carbon Intensity of Electricity of a single floating wind turbine varies in the range
26–79 g CO2eq·kWh−1, averaging 49 g CO2eq·kWh−1, in line with other studies of
offshore wind turbines and other renewable energy sources (such as onshore wind
and photovoltaic). Extension of our study to the whole life cycle, including
manufacturing, assembly and installation, maintenance and material replacement
and a hypothetical decommissioning and end-of-life, showed that wind farms are
among the most promising marine renewable energy technologies for the
Mediterranean.

Keywords: raft-buoy wind turbine, spar-buoy wind turbine, carbon footprint, life cycle assessment, carbon intensity
of electricity

INTRODUCTION

The European Union attributes strategic value to the development of offshore wind farms (European
Commission, 2019; European Commission, 2020a; European Commission, 2020b; European
Commission, 2021). The installed power of offshore wind turbines in Europe is 25 GW,
14.6 GW in EU-27 countries and 10.4 GW in extra-EU countries, principally the
United Kingdom (Wind Europe, 2021) which has 45 MW of floating turbines which account for
70% of the world fleet (EC, 2020a). In 2020, the production of offshore wind energy in Europe was
83 TWh, 3% of the energy requirements of the continent (Wind Europe, 2021); this percentage could
hopefully exceed 30% in 2050 (Ghigo et al., 2020).
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European seas are estimated to have high potential for floating
turbines: 4540 GW, of which at least 3000 GW could come from
seas with depths in the range 100–1,000 m. The greatest wind
potential is encountered in the North Sea and the Baltic Sea, but
the Atlantic Ocean and Mediterranean Sea also offer
opportunities for profitably exploiting wind energy (EC,
2020b). The aims of the EU are ambitious, with a goal of
450 GW installed offshore wind power by 2050, of which at
least 48 GW is planned for the Mediterranean (Wind Europe,
2019). The webgis portal of the Interreg-MED MAESTRALE
project indicates values of wind speeds which lie in the range
3–7 m/s in the Mediterranean (Maestrale, 2022). Among the
advantages are the lower frequency and intensity of extreme
weather events in this sea with respect to the Atlantic and the
North Sea, which means that wind farms are less likely to be
damaged. This carries over to greater security and lower
investment risk. In more exposed contexts, the increase in
extreme events linked to climate change may damage offshore
wind farms (Diamond, 2012; Wang Q. et al., 2019; Kettle, 2020).

The predominant type of offshore wind farm at global level is
the bottom-fixed wind turbine in shallow water (Pantusa et al.,
2020). However, floating wind turbines are a more promising
solution for offshore situations, since they can be installed with
sea depths ranging from 50 to 500 m (Pantusa and Tomasicchio,
2019; Poujol et al., 2020). This aspect makes the Mediterranean
context technically suitable for the exploitation of wind energy
despite it has steep bathymetric slopes and deep waters near the
coast (Chipindula et al., 2018; EC, 2020b; Staschus et al., 2020).

In February 2022 the first offshore wind turbine in the
Mediterranean was completed in the waters of Taranto (Italy);
this is the first of the ten 3 MW turbines that will make up the
plant called “Beleolico”. There are many other projects underway
in the Mediterranean waters for both bottom-fixed and floating
wind turbine plants (Palmiotti, 2022). In the Gulf of Lion
(France), four floating wind turbines of 6 MW will be installed
in the coming months (Poujol et al., 2020). The authorization
process has begun for the construction of an energy hub in
Ravenna (Italy) which will see 65 monopile wind turbines of
8 MW each and 100 MW floating photovoltaic panels for a total
installed capacity of 620 MW (Dominelli, 2021). In Sardinia
(Italy), a floating wind farm for a total power of around
450 MW is being planned (Palmiotti, 2022), while in Marsala
(Italy), the construction of a floating wind farm 35 km from the
coast, with 25 turbines of 10 MW is planned (Comelli, 2020).
Moreover, an expression of interest in floating offshore wind farm
with a configuration consisting of 27 turbines with a nominal
power of 10 MW each, off the coast of Civitavecchia, was
presented by the Lazio Region (Regione Lazio, 2021).

Floating offshore wind is considered to be among the main
research and innovation priorities for opening the European
market in new marine contexts (EC, 2020b). This paper is the
result of a study that evaluates the use of offshore floating wind
farms in the Mediterranean Sea, in the framework of the Interreg
MED BLUE DEAL Project. In particular, the study estimates the
Carbon Footprint (CF) of two types of floating wind turbine,
having installed powers of 6 MW (EC, 2020b), by means of Life
Cycle Assessment (LCA). In this regard, Pantusa and

Tomasicchio (2019) conducted a study on the Mediterranean,
assuming turbine between 3 and 6 MW. In addition, the study by
Poujol et al. (2020), which carried out the first LCA analysis of a
Mediterranean floating plant to be completed in the coming
months, refers to a plant consisting of four 6 MW turbines.
Although most of the literature for the Mediterranean assumes
turbines with lower installed capacity, the current trend is to build
turbines of increasing size; 10 MW turbines are available on the
market and 20 MW units are forecasted by 2030 (International
Renewable Energy Agency, 2019). Most of the floating plants
planned in the Mediterranean area show values of 8–10 MW
per unit.

The LCA methodology has already been used for the
environmental assessment of floating offshore wind turbines in
some specific applications, documented in the literature.
Weinzettel et al. (2009) reported the first LCA of a spar-buoy
wind turbine, a concept developed by Norwegian Sway Company.
Its nominal power is 5 MWand installation was planned to be at a
distance of 50 km from the coast. At the time of publication, it
was not yet operating. The results obtained for the various impact
categories of a floating wind farm proved to be in line with those
of traditional monopile offshore turbines. Clearly, also, the use of
recycled materials could further significantly reduce impacts.

Raadal et al. (2014) conducted LCA of greenhouse gas
emissions of six different concepts of offshore turbine, using
the same 5 MW model but considering different structures to
support the tower. They evaluated five floating structures
(tension-leg-spar, semi-submersible, spar-buoy, tension-leg-
platform, tension-leg-buoy) and a bottom-fixed structure, type
OC4 jacket. For each type they postulated a wind farm composed
of 100 turbines (10 × 10 square layout) to install on the
Doggerbank, 200 km off the coast of Britain in the North Sea.
The study showed that the environmental performance of
offshore wind turbines (both floating and bottom-fixed) can
vary widely. The factors that most affect performance are:
turbine lifetime, wind conditions, turbine size, the weight of
steel in the platforms/foundations, distance from the coast,
installation and decommissioning.

Tsai et al. (2016) reported a detailed LCA study of 20 scenarios
for 3 MW floating offshore wind turbines (based on the Vestas
V112-3.0 MW®) on the Great Lakes in the state of Michigan
(United States). The scenarios reflect different spatial
characteristics in relation to wind speed, water depth and
distance from the electricity grid. Four different sites were
considered with five different distances from the coast (5, 10,
15, 20, 30 km) and different types of foundation (floating and
bottom-fixed: gravity-based foundation, tripod and monopile),
depending on the type of bottom. The study showed that turbines
closer to the coast have better environmental performance,
because although turbines further offshore produce more (the
theoretical productivity for 20 years of operation of a turbine was
in the range 14.8–18.5 TWh, without significant differences
between sites closer or more distant from the coast), the
environmental load/burden associated with manufacturing,
operating, maintaining and decommissioning is greater. It was
also found that for all types of foundation, the weight of steel is
relevant, making it crucial to reduce this parameter,
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TABLE 1 | Carbon Intensity of Electricity (g CO2eq kWh−1) of onshore, offshore floating and bottom-fixed wind farms—literature review.

n Nominal
power
Single
turbine
(MW)

Carbon intensity
of electricity

(g CO2eq·kWh−1)

Lifetime
(yr)

References Type LCA phases Notes

1 5 12.2 25 Weinzettel et al.
(2009)

Floating - Spar-
Buoy

Manufacture: production of material
components and transport (to
assembly, final location and
harbour); installation; maintenance;
end of life (EoL)

Design: Norwegian Sway
Company.The lifetime assumed in
Weinzettel et al. (2009) is 25 years;
the CIE is corrected for a 20-years
lifetime (as suggested in Raadal
et al., 2014). Outcomes: Impact
categories: abiotic depletion, global
warming (GWP100), human toxicity,
fresh water, aquatic ecotoxicity,
terrestrial ecotoxicity, photochemical
oxidation, acidification,
eutrophication

2 5 20.9 20 Raadal and Vold,
2012 Raadal
et al., 2014

Floating -
Tension-Leg-
Spar (TLS)

Manufacture: production and
transport of materials (turbine,
platform, cables); installation: fuel for
machinery; maintenance: fuel,
production, and transport materials;
EoL: fuel for decommissioning
Sensitivity analysis variables:
capacity factor and lifetime; - steel
mass (in foundation/platforms); - fuel
consumption during installation and
decommissioning

Design: References turbine
5 MW rotor-nacelle-assembly
model NREL, illustrated in
Jonkman et al. (2009). Hub height
90 m, rotor diameter 126 m.
Postulated depth: 200 m for
floating turbines, 50 m bottom-
fixed turbines. Outcomes: GHG
emissions (by GWP); energy
performance: energy payback
ratio and energy payback time

3 5 31.4 Floating - Semi-
Submersible

4 5 25.3 Floating - Spar-
Buoy

5 5 19.2 Floating -
Tension-Leg-
Platform (TLP)

6 5 18.0 Floating -
Tension-Leg-
Buoy (TLB)

7 5 18.9 Bottom-Fixed
OC4 Jacket

8 3 40.9 20 Tsai et al. (2016) Gravity-Based
Foundation (GBF)

Manufacture: virgin materials and
energy for manufacture of
intermediate materials,
components, modules and
processing; transport of
manufactured materials; installation:
seabed preparation, foundations,
substation, wind turbines and
cables; maintenance (prevention
and correction) and component
replacement; decommissioning:
disassembly, waste treatment;
recycling scenarios

Design: turbines: Vestas V112-
3.0 MW with different types of
foundations. Installation
hypothesised in four Michigan
counties (US): n = 8–12 Berrien
County (US-MI), n = 13–17
Ottawa County (US-MI); n =
18–22 Oceana County (US-MI); n
= 23–27 Huron County (US-MI).
Outcomes: GWP, acidification
potential and cumulative energy
demand

9 3 28 Monopile
10 3 41.7 Tripod
11 3 44.3 Tripod
12 3 38.1 Floating
13 3 25.7 Monopile
14 3 32.9 Floating
15 3 33 Floating
16 3 33.8 Floating
17 3 35.5 Floating
18 3 25.6 Monopile
19 3 40.5 Tripod
20 3 33.1 Floating
21 3 33.9 Floating
22 3 35.5 Floating
23 3 33.4 Gravity-based

foundation
(GBF)

24 3 27.7 Monopile
25 3 41.3 Tripod
26 3 42 Tripod
27 3 47.3 Tripod
28 1 7.4 20 Chipindula et al.

(2018)
Onshore Extraction/Material Production and

manufacturing; Installation;
Operation/Maintenance; Transport
of materials Disassembly, with EoL
(and Recycle scenarios). Sensitivity
Analysis variables: effect of
changing the electricity source
during extraction/processing stage

Design: hypothetical onshore (1,
2 and 2.3 MW), shallow water (2
and 2.3 MW), and deep-water
(2.3 and 5 MW) wind farms
Outcomes: 15 mid-point
category: carcinogens, non-
carcinogens, respiratory
inorganics, ionizing radiation,
ozone layer depletion, respiratory
organics, aquatic ecotoxicity,
terrestrial ecotoxicity, terrestrial
acid/nutrification, land

29 2 7.1 Onshore
30 2.3 5.8 Onshore
31 2 9.5 Monopile
32 2.3 6.5 Monopile
33 2.3 7.9 Floating - Dutch

Tri-Floater
34 5 7.3 Floating - Dutch

Tri-Floater

(Continued on following page)
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decommission correctly and increase the amount of
recycled steel.

Chipindula et al. (2018) conducted LCA of hypothetical wind
farms with wind turbines of different nominal power, onshore (1,
2 and 2.3 MW turbines) and offshore, in the latter case
considering shallow-water (bottom-fixed 2 and 2.3 MW
turbines) and deep-water (floating 2.3 and 5 MW turbines).
Installation was contemplated in Texas (United States) and in
the Gulf of Mexico. The study found that turbine size was crucial.
Environmental performance improved with increasing turbine
size. In general, turbines with lower environmental impact were
onshore due to the smaller quantity of materials necessary, but in
an offshore environment, floating turbines had much better
performance than monopiles, and among floating turbines,
5 MW had better performance than 2.3 MW. The phase of
extraction and processing of materials emerged as a critical
factor and in the offshore environment accounted for up to
82% of total impact. Besides materials, the installation phase
plays a primary role in the offshore environment: for floating
turbines it accounts for 2% of total impact, against 30% for the
classical monopile turbine, due to long processing requiring
much machinery.

Wang S. et al., 2019 published an assessment of greenhouse gas
emissions of a 2 MW turbine based on LCA, envisaging
installation onshore and offshore (spar-buoy-type platform).
The results are much higher than the unit and mean values of
the rest of the literature. According to the report, the phase that
weighs most on total emissions is transport and installation
(>90% of total emissions), contrary to the rest of the
literature. The authors show that the emissions of floating

turbines are greater than those of onshore turbines due to a
greater quantity of materials necessary for the foundations. It also
emerges that turbine lifetime and productivity are among the
factors that most influence environmental performance.

Poujol et al. (2020) reported a detailed study that included
LCA of a real wind farm, installation of which should be complete
in the coming months in the Gulf of Lion, south of France. The
farm will consist of four turbines each with a nominal power of
6 MW, mounted on raft-buoy platforms, Heliande model 150.
The farm will be installed 16 km off Leucate and productivity is
estimated at 72 GWh/y and 1.45 TWh during the farm’s
estimated 20 years of life. The results show that materials
(especially the floater) are responsible for the largest fraction
of the impact. The other phases have a more marginal role, and
for end-of-life the main contribution comes from fuel for
transport in the decommissioning phase. Installation is
envisaged in two coastal sites in Normandy and Brittany,
where 14% and 25% reductions in impact per kWh seem
possible, respectively. This underlines the importance of
having site-specific estimates of energy productivity. It also
emerged that structures with longer lifetimes have better
environmental performance; the better productivity obtained
makes up for the greater maintenance requirements of longer
life. It is also demonstrated that the quantities of materials,
especially steel, have a non-negligible impact on the final
results and it is therefore important to have reliable
background data.

Table 1 shows the Carbon Intensity of Electricity (CIE) values
expressed in g CO2eq·kWh−1, obtained from the literature, of
various types of onshore and offshore wind turbines, bottom-

TABLE 1 | (Continued) Carbon Intensity of Electricity (g CO2eq kWh−1) of onshore, offshore floating and bottom-fixed wind farms—literature review.

n Nominal
power
Single
turbine
(MW)

Carbon intensity
of electricity

(g CO2eq�kWh−1)

Lifetime
(yr)

References Type LCA phases Notes

occupation, aquatic acidification,
aquatic eutrophication, global
warming, non-renewable energy,
mineral extraction

35 2 295.2 20 Wang S. et al.
(2019)

Onshore Manufacturing (turbine and
transmission grid); transport and
installation; operation and
maintenance; dismantling and
disposal. Sensitivity analysis
variables: lifetime of wind turbine,
energy production, degree of
recycling, distance to wind farm site

Original values expressed in kg
CO2/MJ were converted to g
CO2/kWh. Outcomes: GHG
emissions

36 2 468 Floating - Spar-
Buoy

37 6 22.3 20 Poujol et al.
(2020)

Floating - Semi-
Submersible

Materials and manufacture;
transport of materials; installation of
turbine and grid connection;
maintenance; decommissioning.
Sensitivity analysis variables: Model
uncertainties and geographical
variability linked to electricity
estimates, - Parameter uncertainties
and variability of foreground data, -
Uncertainties in background data

Design: Four 6 MW turbines
composing a 24 MW floating
wind farm. Outcomes: Seven
impact categories: climate
change, resource depletion,
water use, marine ecotoxicity, air
quality, CED renewable, CED
non-renewable
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fixed and floating, with installed powers ranging from 1 to 6 MW.
The table also gives information about the nominal power (in
MW) of single turbines, the LCA phases and sensitivity analysis.

Although the case studies are highly varied in terms of subject
and approach, results can be compared by considering relevant
variables and indicators. For example, mean values of CIE by
technology can be deduced: 6.8 g CO2eq·kWh−1 for onshore wind
turbines, 31.5 g CO2eq·kWh−1 for bottom-fixed offshore wind
turbines (including monopiles, OC4 jacket, tripod and gravity-
based foundations) and 25.9 g CO2eq·kWh−1 for offshore floating
wind turbines (including spar-buoy, semi-submersible, tension-
leg-spar, tension-leg-platform, tension-leg-buoy and Dutch tri-
floater). The values ofWang S. et al., 2019 were not used to obtain
these mean values because they were not coherent with the values
published in the literature.

The aim of this paper is to evaluate the performance of two
technological solutions of offshore floating wind turbines
compared with studies from the literature. The generalisation
in terms of type, size or installed power through a benchmark
specifically designed, avoids reference to devices tested in a
specific study or products of a specific company. It will help
overcome differences between studies published in the literature
and to interpret their results. The data complies with the 3D
digital models of Figure 1which shows themain components and
materials used. As a standard for widespread use, the models were
constructed using realistic thicknesses and volumes, in line with
the literature, ignoring technological details that show a variety of
possible solutions but that do not significantly affect overall
impact. Making reference to two simplified digital models
instead of specific technologies with many variables, the two
floating wind turbines offer a benchmark, namely two generic
types, representative of a large range of specific technological
solutions.

Once the models were created, inventory data were used for
the analysis of environmental performance using the LCA

methodology. The potential environmental impacts in terms of
CF (t CO2eq) were then quantified by the application of the
Global Warming Potential (GWP 100a) characterization method.
Thereafter, the analysis postulated the used of floating wind
turbines to build wind farms in the Mediterranean by
assuming the production potentials obtained in three sites:
Crete (Greece), Split (Croatia) and Larnaca (Cyprus). In
particular, values of energy production (MWh·yr−1) refer to
hypothetical offshore wind farms per each of the 6 MW units
as documented by Pulselli et al. (2022). Using the results of GWP
and electricity production per one turbine, we estimated the value
of CIE in g CO2eq·kWh−1 (Moro and Lonza, 2017). This indicator
allowed for comparing values measured in the three sites
examined with those of different wind farms reported in the
literature, but also with values of other technologies exploiting
renewable resources. Furthermore, the emission values of the
electricity grid mix of different countries were compared with
those emerging from the present analysis.

MATERIALS AND METHODS

The study analyses the components and processes of the life cycle
of two types of floating wind turbine, raft-buoy and spar-buoy,
both with 6 MW nominal power. The raft-buoy (Figure 1A)
consists of a large, partly submerged triangular floating platform.
Three columns at the apices of the platform contain ballast and
horizontal anti-capsize plates. The tower of the turbine is
mounted on one apex of the platform. The structure is
anchored to the bottom with steel cables and specially
designed and calibrated drag anchors (Robertson and
Jonkman, 2011; Raadal et al., 2014). The spar-buoy
(Figure 1B) consists of a long hollow vertical steel cylinder,
ballasted in its lower part with water and cement conglomerate.
The floating cylinder is half submerged and gives the system

FIGURE 1 | Type and size of offshore floating wind turbines: raft-buoy (A) and spar-buoy (B). Each one is composed by three main parts: rotor, tower, and buoy.
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dynamic stability, maintaining a centre of gravity below the
waterline (Tomasicchio et al., 2018; Ghigo et al., 2020). The
size and characteristics of the rotor (fibreglass blades) and
generator are the same for both devices. For an installed
power of 6 MW and a rotor diameter of 154 m, the minimum
requirements for installation indicate a minimum wind speed
threshold of about 3 m/s (Pantusa and Tomasicchio, 2019).

The LCA was conducted in compliance with ISO 14040
(International Standard Organization, 2006) and 14044
(International Standard Organization, 2020). Four main phases
were postulated: 1) manufacturing 2) assembly and installation 3)
maintenance and material replacement 4) end of life (Figure 2).
The system boundaries include the main processes of the life cycle
from cradle to grave. The analysis considers the impacts of the life
cycle of the main energy inputs and materials making up the
technological components, starting with the weight of the
material used and therefore ignoring the impact of the specific
industrial processes used to produce each technological
component in its final form (e.g., the impact of steel sheet is
considered but not the process of creating the cylinder).

The functional unit (FU) is one year of operation of a 6 MW
offshore floating wind turbine, assuming a lifetime of 20 years
(Weinzettel et al., 2009; Huang et al., 2017; Chipindula et al.,
2018; Wang S. et al., 2019). This made it possible to bring the
impacts of the phases of manufacture, assembly-installation and

end-of-life into line with the maintenance phase, e.g., regarding
periodic replacement of parts subject to wear (i.e. for all elements
having a lifetime of less than 20 years).

The inventory data was collected by combining 3D digital
models and data from the literature, as reported in detail in
Table 2. First of all, specific data on materials and energy
necessary for Phase 1, manufacture of structural components,
was estimated on a quantitative basis and considering the main
components of each device.

For Phase 2, assembly-installation, the consumption of
materials and energy (diesel for the crane, forklifts, generators,
ships etc.), required for assembly on land or on site, is estimated
(Chipindula et al., 2018). Emissions for transporting materials
and construction components by truck for an assumed distance
of 500 km are considered. This value is a precaution to consider
the different realities of the Mediterranean basin. Not in all the
possible locations for the implementation of the Turbines, in fact,
there is the same level of development of the port, maritime, road
and industrial infrastructures.

For Phase 3, maintenance, energy consumption of two boats
(i.e., six trips per year of the transfer boat for small maintenance
operations and one trip per year of the fast supply vessel with
replacement components) and of a helicopter (one trip per year)
for monitoring the farms, are considered in line with Weinzettel
et al. (2009), Tsai et al. (2016) and Wang S. et al., 2019.
Replacement of worn parts mostly concern factory pre-
assembled technological components, such as the gearbox,
which are transported to the site (in line with Bhattacharya
et al., 2018; Chipindula et al., 2018; Wang S. et al., 2019).

For Phase 4, decommissioning and end-of-life, we postulated
recycling and landfill disposal or waste-to-energy scenarios.
Along the lines outlined in Chipindula et al. (2018), Raadal
et al. (2014) and Tsai et al. (2016), we assumed the following
destinations of the various materials: 90% recycling e 10% landfill
for steel, aluminium and iron; 90% recycling and 10% waste-to-
energy for copper, lead and zinc; 100% landfill for cement and
100% waste-to-energy for plastic polymers (PE, PP and other
plastics), rubber, fibreglass, wood, alkyd paint and epoxy resin.
Regarding recyclable metal components, we only counted
emissions for their transport to a hypothetical waste
management centre (300 km by boat and 200 km by truck).
The impacts of subsequent management and recycling of
metals to produce secondary raw material were assigned to the
future process that would use those materials.

The exploded 3D models in Figures 3, 4 show the
characteristics and dimensions of the devices. Based on the
purpose to set the benchmark, the weights of steel and ballast
materials were estimated entering realistic volumes and
thicknesses in these models. Data on other materials used in
specific components, such as the materials of the rotor blades or
the internal parts of the nacelle, was obtained from the literature
(Wang S. et al., 2019; Poujol et al., 2020). The composition of the
33 kV submarine cables was obtained from Birkeland (2011) and
Tsai et al. (2016) (Table 2) postulating a wind farm with four
turbines in 1 km2 of sea and including the cables connecting the
turbines to an underwater substation (750 m per turbine) and a
cable connecting them to the coast (hypothetical distance of 12

FIGURE 2 | Flow chart including the main life cycle phases of offshore
floating wind turbines (raft-buoy model taken as example).
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TABLE 2 | Life Cycle Inventory of a 6 MW raft-buoy wind turbine and a 6 MW spar buoy wind turbine.

Element Technical
Specification

Unit Raft-Buoy
turbine

Spar-Buoy turbine Lifetime
(yr)

Notes and
references

Phase 1—MANUFACTURING

Turbine and Floating
structure

steel t 3,504.6 77.1% 3,450.5 33.6% 20 The data comes from 3D models developed in
the study and from the literature. Rotor
dimensions from Equinor (2021) based on the
Hywind wind farm, Scotland; blade thickness
and form from Nguyen-Thanh et al., 2016 and
Wikantyoso et al. (2019); secondary rotor
connection and coating elements from Vestas
(2011; 2015; 2017; 2021); information on floating
platforms from Antonutti et al. (2016), Les
Eoliennes Flottantes du Golfe du Lion, 2018,
Principle Power Inc (2022), Roddier et al. (2010)
(for raft-buoy turbines), Ghigo et al. (2020) and
Equinor (2021) (for spar-buoy turbines). Lifetime
was assumed to be 20 years (see for example
Huang et al., 2017; Chipindula et al., 2018; Wang
S. et al., 2019) for all components except
gearbox materials (steel, iron, and rubber)

concrete t — — 5,500 53.5% 20
fiberglass t 211.3 4.6% 211.3 2.1% 20

cast iron t 173.1 3.8% 173.1 1.7% 20 For components that cannot be obtained from a
3D model, real data from Poujol et al. (2020) was
used. The input “other materials”was considered
equivalent to steel; in fact, Poujol et al. (2020)
indicates that this component is made of metal

aluminium t 71.5 1.6% 71.5 0.7% 20
plastics t 65.8 1.4% 65.8 0.6% 20
other materials t 42.8 0.9% 42.8 0.4% 20
copper t 29.8 0.7% 29.8 0.3% 20
lead t 23.5 0.5% 23.5 0.2% 20
alkyd paint t 7.3 0.2% 7.3 0.07% 20
wood t 4.8 0.1% 4.8 0.05% 20
zinc t 4 0.1% 4 0.04% 20
epoxy t 1.2 0.03% 1.2 0.01% 20
rubber t 0.2 0.003% 0.2 0.001% 10 This component belongs to the gearbox

Subtotal - t 4,139.6 91.0% 9,585.5 93.3% - -
Anchor System steel (chain) t 180 4% 180 1.8% 20 Three anchorage chains each weighing 60 t were

considered on the basis of Equinor (2021) and
Vryhof (2018)

steel (drag anchor/
suction pile)

t 45.0 1.0% 329.7 3.2% 20 Three Stevshark
®
type anchors measuring 6165

× 6645 mm and each weighing 15 t were
considered for the raft-buoy turbine (Vryhof,
2018), as suggested by Golightly (2017). For the
spar-buoy turbine, suction piles were modelled in
3D on the basis of the dimensions suggested by
Golightly (2017) and Supachawarote (2006)

Subtotal - t 225.0 4.9% 509.7 5% - -
Submarine Power
Cable (33 kV)

lead t 50.4 1.1% 50.4 0.5% 20–40 A 33 kV submarine cable was chosen for
connecting the turbines to the substation and for
connection to the coast (Tsai et al., 2016); data
from Birkeland (2011). Lifetime: 20 years for
cables within the farm; 40 years for cables
connecting to the national grid. The substation
for cables within the farm was not considered in
this study

copper t 37.8 0.8% 37.8 0.4% 20–40
polyethylene (PE) t 12.6 0.3% 12.6 0.1% 20–40
steel t 75.7 1.7% 75.7 0.7% 20–40
polypropylene (PP) t 6.3 0.1% 6.3 0.06% 20–40

Subtotal - t 182.8 4% 182.8 1.8% - -
Total Phase 1 - t 4,547.4 100% 10,278 100% - -

Phase 2—ASSEMBLY and INSTALLATION

Generator diesel t 2.8 37.9% - - 20 Equipment postulated on the basis of Chipindula
et al. (2018). The raft-buoy turbine is assembled
at the port and transported to the site: data for
installation of an onshore turbine was used
(without considering the machinery necessary for
construction of the foundations: truck mixer,
truck gravel and excavator) and sea transport for
22.2 kmwas considered. Data for installation of a
deep-water wind turbine was used for the spar-

Crane diesel t 4.1 56.3% 4.1 38.5% 20
Forklift diesel t 0.4 5.8% 0.4 4.0% 20
Tugboat diesel t - - 4.2 39.0% 20
Auxiliary boats diesel t - - 2.0 18.5% 20

(Continued on following page)
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nautical miles, i.e., 22.2 km). Figure 5 shows the wind farms
layout for both models.

Table 2 shows the inventory data for the components and
processes of the life cycle of raft-buoy and spar-buoy turbines.
The table is a scheme of reference for the life cycle inventory of
wind turbines, for replicating LCA or for showing differences in
the calculation model. Lifetimes were differentiated to account
for maintenance and replacement of certain construction
elements. On the basis of the estimated lifetime of the

structure (20 years) and the differentiated lifetimes, the table
gives the values per FU, i.e., for one year of operation. The
estimated lifetime of the electrical cables to the coast is 40 years,
which is longer than the life of the wind farm, as suggested by
Huang et al. (2017).

SimaPro 9.1.1 software (PRé Consultants, 2020) was used to
model the inventory and do Life Cycle Impact Assessment.
Ecoinvent v3.6 (Ecoinvent, 2022) is the database used as
source of secondary data. We used the IPCC 2013 method of

TABLE 2 | (Continued) Life Cycle Inventory of a 6 MW raft-buoy wind turbine and a 6 MW spar buoy wind turbine.

Element Technical
Specification

Unit Raft-Buoy
turbine

Spar-Buoy turbine Lifetime
(yr)

Notes and
references

buoy. 8 h of work with the following hourly diesel
consumption rate was assumed for all
equipment: generator 418 L/h; crane 620.1 L/h;
forklift 64 L/h; tugboat 628 L/h; auxiliary boat
297 L/h (Chipindula et al., 2018)

Total Phase 2 - t 7.4 100% 10.7 100% - -

Phase 3—MAINTENANCE and MATERIAL REPLACEMENT

Gearbox cast iron t 14.1 49.7% 14.1 49.7% 10 As suggested in Wang S. et al., 2019 and
Chipindula et al. (2018), we assumed that the
whole gearbox was replaced once in 20 years.
Materials are from Wang S. et al., 2019 adjusted
for a 6 MW turbine on the basis of rotor size
(Bhattacharya et al., 2018 suggests a diameter of
100 m for a 2 MW turbine and 154 m for a 6 MW
turbine)

steel t 14.1 49.7% 14.1 49.7% 10
rubber t 0.2 0.5% 0.2 0.5% 10

Subtotal Phase 3
(materials)

- t 28.3 100% 28.3 100% - -

Transfer boat diesel t 2.4 14.6% 2.4 14.6% 1 As suggested by Tsai et al. (2016), 6 transfer boat
trips per year (400 kg diesel/trip) and one FSV
trip/year (29,000 kg diesel/trip) were considered,
as well as one 4-h helicopter trip/year (as
suggested in Weinzettel et al., 2009; Wang S.
et al., 2019) which consumes 234 L/h kerosene
(Swiss Helicopter, 2022)

Fast Supply
Vessel (FSV)

diesel t 13.2 79.8% 13.2 79.8% 1

Helicopter kerosene t 0.9 5.7% 0.9 5.7% 1

Subtotal Phase 3
(energy)

- t 16.5 100% 16.5 100% - -

Phase 4—END OF LIFE

Materials Unit Wind Raft Turbine Spar Buoy Turbine Notes and References
Recycling Landfill Waste-to-

energy
Recycling Landfill Waste-to-

energy

steel t 3,450.0 380.6 - 3,657.6 403.7 - Recycling 90% - Landfill 10%
concrete t - - - - 5,500 - Landfill 100%
fiberglass t - - 211.3 - - 211.3 Waste-to-energy 100%
cast iron t 181.1 20.1 - 181.1 20.1 - Recycling 90% - Landfill 10%
aluminium t 64.4 7.2 - 64.4 7.2 - Recycling 90% - Landfill 10%
plastics t - - 65.8 - - 65.8 Waste-to-energy 100%
other materials t 38.5 4.3 - 38.5 4.3 - Recycling 90% - Landfill 10%
copper t 60.8 - 6.8 60.8 - 6.8 Recycling 90% - Waste-to-energy 10%
lead t 66.5 - 7.4 66.5 - 7.4 Recycling 90% - Waste-to-energy 10%
alkyd paint t - - 7.3 - - 7.3 Waste-to-energy 100%
wood t - - 4.8 - - 4.8 Waste-to-energy 100%
zinc t 3.6 - 0.4 3.6 - 0.4 Recycling 90% - Waste-to-energy 10%
epoxy resin t - - 1.2 - - 1.2 Waste-to-energy 100%
rubber t - - 0.3 - - 0.3 Waste-to-energy 100%
polyethylene (PE) t - - 12.6 - - 12.6 Waste-to-energy 100%
polypropylene (PP) t - - 6.3 - - 6.3 Waste-to-energy 100%
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characterisation and the impact category Global Warming
Potential—GWP100a with a time horizon of 100 years (IPCC,
2013) to calculate greenhouse gas emissions via the Carbon
Footprint indicator.

On the basis of the LCA results, we calculated the CIE per kWh
generated by each turbine, assuming a reference energy
production in three areas of the Mediterranean Sea with
different energy potentials: a 300 MW wind farm installed in
Crete (Greece) (50 × 6 MWwind turbines) is expected to generate
1.17 TWh·yr−1 (Stančin et al., 2022) or 23.4 GWh·yr−1 per

turbine. Likewise, those in Split (Croatia) and Larnaca
(Cyprus) are expected to generate 14.5 GWh·yr−1 and
9.6 GWh·yr−1 per turbine, respectively (Pulselli et al., 2022).
Since this is an analysis aimed at creating a benchmark
applicable in different contexts, the average value of the
distance between the farm and the coast is the same for each
area (22 km). This assumption makes the three systems
comparable from the point of view of LCA; since, for example,
the variation in the length of the connection cable to the
electricity grid can significantly affect the result. Furthermore,

FIGURE 3 | Main construction elements of offshore raft-buoy wind turbine. Legend and values: da: 10 m, db: 21 m, h: 25 m.

FIGURE 4 | Main construction elements of offshore spar-buoy wind turbine. Legend and values: da: 10 m, db: 14.5 m, h: 78 m.
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for the purposes of the study, the distance between the farm and a
hypothetical port for the logistical management of the plant both
during construction and maintenance, was assumed to coincide
with that mentioned above. The three areas are shown in
Figure 6. To estimate the productivity of the three areas, we
considered wind energy potentials measured locally on yearly
averaged values; the productivity values are site-specific since
they also consider feasibility on the basis of the current energy
balance of the national grids in the three sites (Pulselli et al.,
2022). Table 4 shows the productivity of a single wind turbine in
the three sites.

RESULTS AND DISCUSSION

Table 3 shows the GWP (t CO2eq) values of individual
components and the total for the two devices. The life cycle of
the two types of floating wind turbine (including the cables
connecting them to the mainland) generates emissions of
12,242 t CO2eq (i.e., 612 t CO2eq per year of operation) in the
case of the raft-buoy and 15,118 t CO2eq (i.e., 756 t CO2eq per
year) in the case of the spar-buoy.

Figure 7 shows the main greenhouse gas emission sources by
life cycle phase and process. The manufacturing phase that
includes the materials constituting the turbines, the anchoring

systems and the electric cables is the main source of emissions:
over 75% for the raft-buoy (49% steel and 15.6% fiberglass);
almost 70% for the spar-buoy (42.1% steel; 12.7% fiberglass); this
is consistent with the results obtained in literature for other
renewable energy sources, in which the manufacturing and
installation phases dominate the impacts (Sacchi et al., 2019).
According to Chipindula et al. (2018) for deep-water turbines, the
manufacturing stage accounts for 81.5% of the total impact.
Poujol et al. (2020) highlighted that around 80% of the
climate change impact category are mainly due to the raw
material extraction and manufacturing. Results obtained also
agree with Raadaal et al. (2014), which showed that the
turbine and foundation/platform materials (i.e., production,
processing, transport and disposal of all the infrastructure
material related to these elements production) contribute most
to the overall GHG emissions (around 60%–80%). The difference
between the two models is deduced principally from the mass
balance: 4,547 t for the raft-buoy, of which 3,805 t (83.7%) steel;
10,278 t for the spar-buoy of which 4,036 t (39.3%) steel and
5,500 t (53.5%) cement. In alternative to cement, materials such
as rubble could reduce emissions from cement production. The
maintenance emissions can principally be attributed to the fuel
used by motor vessels or craft (9.7% raft-buoy and 7.8% spar-
buoy) necessary to replace gearbox components. Fuel for
transport and assembly of components amounts to 7.5% and
17.7%, respectively.

The GWPs estimated for the two solutions were compared to
the electrical productivity (MWh·yr−1) in the three sites, giving
the CIE, expressed in g CO2eq·kWh−1 (Table 4). The CIE values
for production of electricity by the offshore floating wind farms
fall in the range 26.1–78.7 g CO2eq·kWh−1. These results depend
on the impacts measured for the two types of turbine, and are
naturally influenced by the site-specific productivity of the
marine areas selected: the intervals by type of turbine (raft-
buoy and spar-buoy) are 26.1–32.2 g CO2eq·kWh−1,
respectively, for Crete (EL), 42.1–52 g CO2eq·kWh−1 for Split
(HR) and 63.8–78.7 g CO2eq·kWh−1 for Larnaca (CY). Mean
values of 44 g CO2eq·kWh−1 and 54.3 g CO2eq·kWh−1 were
recorded for raft-buoy and spar-buoy, respectively, in the
eastern Mediterranean. The overall mean is 49.2 g

FIGURE 5 | The windfarm layout with four turbines in 1 km2 (distance
between turbines: 750 m) for raft-buoy (above) and spar-buoy (below) model.

FIGURE 6 | Map of the Mediterranean Sea showing the three sites
proposed for installation of wind farms: Crete (Greece), Split (Croatia) and
Larnaca (Cyprus)—Map created with mapchart.net.
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CO2eq·kWh−1 for a generic floating wind turbine installed in the
eastern Mediterranean. The values obtained are in line with
previous studies, as shown in Table 1. Particularly, in the case
of Crete, the results obtained are consistent with the average
values found in the literature for floating turbines (around 26 g
CO2eq·kWh−1 considering Weinzettel et al., 2009; Raadal et al.,
2014; Tsai et al., 2016; Chipindula et al., 2018; Poujol et al., 2020).

In general, the CIE results indicate good environmental
performance of floating wind turbines. They are in line with
those of other renewable energy sources of electricity, such as
onshore wind (10 g CO2eq·kWh−1) and photovoltaic (32 g
CO2eq·kWh−1) (Pulselli et al., 2019) and are well below
current CIE values of national electricity grids (Greece: 479 g
CO2eq·kWh−1; Croatia: 134 g CO2eq·kWh−1; Cyprus: 621 g

TABLE 3 | Life Cycle Analysis of a 6 MW raft-buoy wind turbine and a 6 MW spar buoy wind turbine.

Element Technical
Specification

Raft-Buoy turbine
t CO2eq

Raft-Buoy turbine% Spar-Buoy turbine
t CO2eq

Spar-Buoy turbine%

Phase 1—MANUFACTURING

Turbine and Floating structure steel 278.7 45.5% 274.5 36.3%
concrete — — 33.8 4.5%
fiberglass 95.8 15.6% 95.8 12.7%
cast iron 17.6 2.9% 17.6 2.3%
aluminium 29.3 4.8% 29.3 3.9%
plastics 9.5 1.5% 9.5 1.3%
other materials 3.4 0.6% 3.4 0.4%
copper 1.2 0.2% 1.2 0.2%
lead 1.5 0.2% 1.5 0.2%
alkyd paint 2.1 0.3% 2.1 0.3%
wood 0.04 0.01% 0.04 0.005%
zinc 1.0 0.2% 1.0 0.1%
epoxy 0.3 0.04% 0.3 0.03%
rubber 0.05 0.01% 0.05 0.01%

Subtotal 440.3 71.9% 469.9 62.2%
Anchor System steel (chain) 14.3 2.3% 14.3 1.9%

steel (drag anchor/suction pile) 3.6 0.6% 26.1 3.5%
Subtotal 17.8 2.9% 40.4 5.3%
Submarine Power Cable (33 kV) lead 1.8 0.3% 1.8 0.2%

copper 0.8 0.1% 0.8 0.1%
polyethylene (PE) 0.6 0.1% 0.6 0.1%
steel 3.4 0.5% 3.4 0.4%
polypropylene (PP) 0.29 0.05% 0.3 0.04%

Subtotal 6.9 1.1% 6.9 0.9%
Total Phase 1 465.1 76% 517.2 68.4%

Phase 2—TRANSPORT, ASSEMBLY and INSTALLATION

Generator diesel 0.5 0.1% - -
Crane diesel 0.8 0.1% 0.8 0.1%
Forklift diesel 0.1 0.01% 0.1 0.01%
Tugboat diesel - - 0.8 0.1%
Auxiliary boats diesel - - 0.4 0.05%
Transport (truck) - 43.3 7.1% 132 17.5%
Transport (boat) - 1.1 0.2% - -
Total Phase 2 45.8 7.5% 134 17.7%

Phase 3—MAINTENANCE and MATERIAL REPLACEMENT

Gearbox cast iron 2.6 0.4% 2.6 0.4%
steel 2.2 0.4% 2.2 0.3%
rubber 0.05 0.01% 0.05 0.01%

Subtotal Phase 3 (materials) 4.9 0.8% 4.9 0.7%
Transfer boat diesel 9.1 1.5% 9.1 1.2%
FSV vessel diesel 49.7 8.1% 49.7 6.6%
Helicopter kerosene 0.4 0.1% 0.4 0.1%
Subtotal Phase 3 (energy) 59.2 9.7% 59.2 7.8%

Phase 4—END OF LIFE

Total Phase 4 37.1 6.1% 40.5 5.4%
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CO2eq·kWh−1; data of 2020, source EEA, 2022). If the most suitable
marine areas with good wind potential are chosen (e.g., Crete), the
study shows that floating wind turbines in the Mediterranean are
competitive in terms of environmental performance, with CIE values
similar to those recorded in ocean contexts.

LCA is not the last word in evaluation of offshore technologies.
Marine spatial planning should also consider other aspects, such as
direct and indirect impact on flora and fauna, landscape
compatibility, and interference with other marine activities like
navigation, tourism and fisheries. The LCA method is useful to
orientate decisions and to pinpoint solutions towards carbon
neutrality. Although wind farms can have impacts on
ecosystems and these need to be appropriately evaluated, several
studies are showing that offshore wind farms can protect and even
favour the proliferation of a wide range of marine species, such as
fish, molluscs, crustaceans, seals and porpoises, that forage in these
seas (Russell et al., 2014; Vattenfall, 2018).

With a view to future integration of renewable energy sources,
floating systems offer a valid opportunity to integrate offshore
wind with other renewable energies, such as floating photovoltaic,
wave energy converters, aquaculture and hydrogen production
(Buck et al., 2017; Lee et al., 2018; Roy et al., 2018; Fenu et al.,
2020; SINN Power GmbH, 2022). LCA can be an auxiliary
methodology for developing integrated systems, provided the
results of different studies can be compared.

Sensitivity Analysis
To assess variations in terms of CF and consequently CIE, we
conducted sensitivity analysis, postulating changes in a parameter

that most influences the results of the study, namely the
quantity of steel necessary to build the two types of turbine
(46% CF for raft-buoy and 36% CF for spar-buoy). As
indicated by the literature, steel is the predominant
structural component of turbines (Poujol et al., 2020) and
platforms/foundations (Raadal et al., 2014), besides being the
greatest contributor to impacts in terms of emissions of
greenhouse gases in the manufacturing phase (Phase 1).
This applies to both systems, as seen above. Besides
reducing the quantity of steel used, it turned out to be
crucial to use recycled materials, which can significantly
improve performance in terms of CF, as shown by Tsai
et al. (2016) and Weinzettel et al. (2009).

We therefore considered three scenarios (S1, S2, S3) in which
the quantity of steel used in the floating structure was reduced,
and two scenarios in which recycled steel was used (S4 and S5). In
the first three scenarios, steel was reduced by 5%, 10% and 15%,
respectively. In S4 and S5, 30% and 50% of recycled metal was
postulated for the turbine and the floating structure. The
anchoring structure and the electric cables were not included
in the evaluation.

The sensitivity analysis showed that for both models, scenarios
S1 and S2 (with 5% and 10% reductions in the quantity of steel
used) did not significantly improve impact (−0.3% and −0.5%,
respectively), whereas scenario S3 (15% less steel) was associated
with a 1% reduction in CF for both models. The CF of the raft-
buoy model fell from 612 to 585 t CO2eq, whereas the CF of the
spar-buoy model dropped from 756 to 730 t CO2eq. The mean
CIE for the three sites declined from 44 to 42.1 g CO2eq·kWh−1

for the raft-buoy and from 54.3 to 52.4 g CO2eq·kWh−1 for the
spar-buoy model.

These are only models. A reduction in the quantity of steel
exceeding 15% would require further upstream engineering
assessments. It is therefore reasonable to assume a life cycle
perspective and to propose the use of recycled steel. On this
question, the results for S4 and S5 showed that for both models,
the scenario envisaging 50% recycled steel for the turbine is a
critical variable (-1.3%). In particular, the CF of the raft-buoy
drops from 612 to 566 t CO2eq, whereas that of the spar-buoy
goes from 756 to 710 t CO2eq. Likewise for the CIE, the mean for
the raft-buoy goes from 44 to 40.7 g CO2eq·kWh−1 while that of
the spar-buoy falls from 54.3 to 51 g CO2eq·kWh−1.

Sensitivity analysis showed minimal changes in the result
obtained for GHG emissions and CIE with variations in the
quantity and composition of the steel components. No significant
change in the results were obtained by varying these parameters.

FIGURE 7 | Carbon Footprint (t CO2eq) results for the two floating
turbine models (raft-buoy and spar-buoy), in relation to different LCA phases.

TABLE 4 | Electricity production yields and CIE of 6 MWwind turbines (raft-buoy and spar-buoy) and 24 MWwind farms in three Mediterraneanmarine areas, based on site-
specific wind energy potentials.

Site Electricity Production yield Carbon intensity of electricity (CIE) g CO2eq·kWh−1

One wind turbine (GWh/yr) 1 km2 farm -
4 turbines (TWh/20

years)

Raft-Buoy wind turbine Spar-Buoy wind turbine

Crete, Greece 23.5 1.9 26.1 32.2
Split, Croatia 14.5 1.2 42.1 52
Larnaca, Cyprus 9.6 0.8 63.8 78.7
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This observation lends reliability to the conclusions in relation to
some of the assumptions made during the data inventory.

CONCLUSIONS

The marine renewable energy sector in Europe is growing and
indicates offshore wind technologies to be among the most
promising. The development of offshore floating wind farms is
therefore strategic for the Mediterranean, where sea depth
increases sharply with distance from the coast and does not
permit the installation of bottom-fixed turbines. The present
study documents the use of LCA to evaluate the
environmental performance of two types of floating wind
turbines, postulating their installation in three sites in the
Mediterranean with different wind energy potentials. LCA has
been used for similar studies, which have been used for
comparison, highlighting different methodological assumptions
(e.g., regarding life cycle processes or estimated electricity
production) and the variety of technologies analysed and
documented in the literature. Starting from theoretical 3D
models for raft-buoy and spar-buoy models, we defined a
benchmark, a generalisation useful for comparing the results
obtained by more specific technologies, following
homogeneous evaluation criteria. Any technology alternative
to those presented, and presumably designed to improve
performance, can be compared with the two basic solutions by
a similar calculation procedure. Theoretically, a new offshore
floating wind turbine technology, subject to LCA, should give
better results than the two standard models in order to
demonstrate its efficacy or should publish the factors that lead
to different results (which could depend on more accurate
inventory data or additional technological components).

The results show an interval of CIE values (range 26.1–78.7 g
CO2eq·kWh−1), variations which depend largely on mass balance
(materials used in the manufacturing and maintenance phases)
and of course selection of marine areas with different wind energy

potentials. The mean value of CIE recorded (49.2 g CO2eq·kWh−1

for a generic floating wind turbine installed in the eastern
Mediterranean) is in line with that of other renewable energy
sources. Thus, the results show the competitivity of floating wind
turbines in the Mediterranean and are useful to orientate the
design of more efficient technologies. Sensitivity analysis
reinforces the reliability of the evaluations and the
assumptions made in the inventory phase. In line with other
studies in the literature, it also showed that further research is
necessary to conceive ways of reducing the quantity of steel
needed to build floating wind turbines. It also shows that the
use of recycled steel can improve the environmental performance
of these devices.
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