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Abstract
The purpose of this document is to assess and discuss the potential benefits achieved with the FLOTANT
technology in terms of environmental impacts, and to provide key indicators such as the carbon
footprint. For these purposes, the Life Cycle Assessment (LCA) model developed to assess the
environmental impact of the FLOTANT technology is presented, as well as the obtained results of the
expected environmental impacts across 18 impact categories for a commercial wind farm deployment
in the studied locations of West of Barra and Gran Canaria. If focusing on the global warming potential
(GW), this has been estimated to be between of 24.4-31.3 gCO2 eq/kWh. This is in the lower range of
previously reported values for floating offshore wind environmental impact studies.

FLOTANT has received funding from the European Union´s Horizon 2020
research and innovation programme under grant agreement No.815289

Doc.Nº: 220529-FLT-WP7_D7.3_LCA_v0
Date: 10/02/2022
5

D7.3
Environmental Life Cycle Assessment

TABLE OF CONTENTS

1

Introduction..................................................................................................... 8
1.1 Purpose of this report .......................................................................................................8
1.2 Description of work and role of each partner ...................................................................8
1.3 Contents ............................................................................................................................8

2

Background...................................................................................................... 9
2.1 Life Cycle Assessment .......................................................................................................9
2.2 Environmental risk assessment .......................................................................................11

3

Method.......................................................................................................... 12
3.1
3.2
3.3
3.4

4

Goal and scope ................................................................................................................13
Inventory .........................................................................................................................14
Impact assessment ..........................................................................................................17
Interpretation..................................................................................................................18

Results ........................................................................................................... 19
4.1 Overview of LCA impacts.................................................................................................19
4.2 Uncertainty analysis ........................................................................................................22

5

Discussion ...................................................................................................... 25
5.1 How do the innovations in the FLOTANT project effect the environmental impact results?
25
5.2 What environmental impact hotspots were identified and how can they be mitigated?25

6

Conclusions .................................................................................................... 26

References ............................................................................................................. 27
Appendix ................................................................................................................ 29

LIST OF FIGURES
Figure 1: Representation of the steps considered in Life Cycle Assessment depending on the chosen
system boundary. ................................................................................................................................ 9
Figure 2: Global Warming (GW) of different energy generating technologies [2]. ............................ 10
Figure 3: Elements considered in the LCA for FLOTANT system, including system boundaries [9]. .. 12
Figure 4: Representation of the main data inputs and processes employed for the LCA of the FLOTANT
technology. ........................................................................................................................................ 13
Figure 5: Materials contributions to the total weight per device for deployments in Gran Canaria (with
a total weight 32,998t) and West of Barra (with a total weight 49,962t). Note that the weight of the
cables in the farm are divided equally across all devices for this calculation. ................................... 15
Figure 6: Relative contributions of the life cycle processes to the different impact categories. ....... 20
Figure 7: Relative 95% confidence interval based on background data uncertainty for the different
impact categories for (a) Gran Canaria and (b) West of Barra case studies. ..................................... 22
FLOTANT has received funding from the European Union´s Horizon 2020
research and innovation programme under grant agreement No.815289

Doc.Nº: 220529-FLT-WP7_D7.3_LCA_v0
Date: 10/02/2022
6

D7.3
Environmental Life Cycle Assessment

Figure 8: Sensitivity of results on single input variations for (a) Gran Canaria and (b) West of Barra
case studies. ...................................................................................................................................... 24

LIST OF TABLES
Table 1: Overview of a selection of previous offshore wind LCA studies. ......................................... 10
Table 2: Site details for case studies.................................................................................................. 13
Table 3: Overview of inter-array and export cable types and lengths used at the two considered
deployment locations. ....................................................................................................................... 15
Table 4: Assumed location of fabrication of each component. ......................................................... 16
Table 5: Overview of assumed spare parts per farm for the whole project lifetime. ........................ 16
Table 6: Overview of reported environmental impact categories evaluated through the ReCiPe
Midpoint (H) and Cumulative Energy Demand methods. ................................................................. 18
Table 7: Impact category values for Gran Canaria case study. Refer to Table 3 for impact category
definitions and units. ......................................................................................................................... 21
Table 8: Impact category values for West of Barra case study. Refer to Table 6 for impact category
definitions and units. ......................................................................................................................... 21
Table 9: Considered vessels for installation and O&M activities and their characteristics. .............. 29

FLOTANT has received funding from the European Union´s Horizon 2020
research and innovation programme under grant agreement No.815289

Doc.Nº: 220529-FLT-WP7_D7.3_LCA_v0
Date: 10/02/2022
7

D7.3
Environmental Life Cycle Assessment

1 Introduction
This document is issued as part of the work led by the University of Edinburgh (UEDIN) in task 7.2 on
“Environmental life cycle assessment (LCA)”.
Within the FLOTANT project various innovations in the moorings, cables and platform of a Floating
Offshore Wind (FOW) system are investigated to achieve an innovative, low cost, low weight and safe
floating wind technology optimized for deep water wind sites. This report presents the LCA model for
the FLOTANT system, and the results quantifying the expected environmental impacts of this
technology including its carbon footprint. The results are compared to previous assessments found in
the literature for verification purposes. Specific design advantages are discussed, and environmental
impact hotspots identified.
This work has been undertaken using an LCA model developed by the University of Edinburgh (UEDIN),
which henceforth will be referred to as the LCA model, building on experience developed through
UEDIN’s work on previous projects.

1.1 Purpose of this report
The objective of this report is to assess and discuss the potential benefits achieved with the FLOTANT
technology in terms of environmental impacts, and to provide key indicators such as the carbon
footprint. For these purposes, the LCA model developed to assess the environmental impact of the
FLOTANT technology is presented, as well as the obtained results of the expected environmental
impacts across 18 impact categories for a commercial wind farm deployment in the studied locations
of West of Barra and Gran Canaria.

1.2 Description of work and role of each partner
The work on this report was led by UEDIN with inputs from all partners on the component materials,
weights, and manufacturing processes. UNEXE provided the farm availability, fuel burn during O&M
operations and the number of spare parts.

1.3 Contents
The contents of the present report are organised as follows: Section 2 presents the current state of the
art in floating offshore wind life cycle assessment. Section 3 introduces the LCA method used to
calculate the environmental impact of the FLOTANT technology. Section 4 shows the obtained results
across 18 impact categories. Section 5 discusses the results through comparison to literature, and
through identification of environmental impact hotspots and potential mitigation measures. Section 6
summarises the results and main conclusions from this study.
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2 Background
One of the main motivations for the development of renewable energy technologies is that they are
expected to have a lower environmental impact than fossil fuel-based energy generating technologies
and, therefore, can contribute to reduce anthropogenic greenhouse gas emissions, but also
environmental risks in general.

2.1 Life Cycle Assessment
A common method used to quantify the environmental impact of technologies is the Life Cycle
Assessment (LCA). This type of assessment accounts for all processes and materials involved in the life
of a project. Depending on the system boundaries of the life cycle, this analysis can be referred to as
an analysis from:
•
•
•

cradle to cradle, if recycling is considered,
cradle to grave if all stages up to disposal without recycling are considered,
cradle to gate, if only the environmental impact of the delivered product is considered.

The life cycle steps considered depending on the chosen system boundaries are represented in Figure
1.

Figure 1: Representation of the steps considered in Life Cycle Assessment depending on the chosen system
boundary.

Various measures can be used to quantify environmental impact in different contexts while using the
LCA method. In line with energy and environmental policies, Global Warming Potential (GWP) is
commonly reported for energy generating technologies, as a measure of their carbon footprint. GWP
‘is a measure of how much energy the emissions of 1 ton of a gas will absorb over a given period of time,
relative to the emissions of 1 ton of carbon dioxide (CO2). The larger the GWP, the more that a given gas
warms the Earth compared to CO2 over that time period. The time period usually used for GWPs is 100
years.’[1]. The GWP associated to an energy generating technology, represents the equivalent weight
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of CO2 that will generate the greenhouse gas emissions occurring throughout the life of the project.
This equivalent weight is reported relative to the generated electricity for energy generating
technologies, so that the relative GWP has units of gCO2-eq/kWh. For context, an overview of relative
GWP estimates for different energy generating technologies is provided in Figure 2. GWP is often also
referred to as GW, which will be used henceforth to refer to this environmental impact category.
Another common measure to quantify the environmental impact of energy generating technologies is
the Energy PayBack Time (EPBT), which represents the number of years needed for the power plant to
generate as much energy as the sum of the embodied energy of its whole life cycle.

Figure 2: Global Warming (GW) of different energy generating technologies [2].

The environmental impact of offshore wind farms using the LCA method has been extensively studied
for Bottom-Fixed Offshore Wind (BFOW) technologies such as in [3]–[5] and also, to a lesser extent, for
Floating Offshore Wind (FOW) technologies, where only a limited number of studies were available to
our knowledge [6]–[9]. An overview of previous studies, and their estimates in terms of GW and EPBT
are provided in Table 1. The main limitations of some of these studies are in the representation of
offshore activities, such as O&M operations, due to lack of available information. For the same reason,
onshore and offshore substations have scarcely been considered in these studies. As it can be seen
from these studies, today the GW for floating offshore wind technologies has been estimated to be
between 11.5 [6] and 45.2 [9] gCO2e/kWh, which tends to be slightly higher than current estimates for
their bottom-fixed counterparts which are around 7 to 32 gCO2e/kWh [10]. These numbers are,
however, still much lower than the estimated for the fossil fuel-based technologies shown in Figure 2.
Table 1: Overview of a selection of previous offshore wind LCA studies.

Technology
Turbine rating [MW]
Number of turbines
GW [gCO2e/kWh]
EPBT [years]

Ecoinvent
data base v1.3
[6]
BFOW
2

Reimers
et al. [3]

Bonou et
al. [4]

Weinzettel
et al. [6]

Tsai et al.
[7]

Poujol et
al. [8]

BFOW

BFOW

FOW

FOW

FOW

Garcia Teruel et al.
[9]
FOW

2

6

5

3

6

6/9.5

-

1

80

40

100

4

5

13.68

13.2-18.3

7.8

11.52

33-38

22.3

25.6-45.2

-

-

0.83

0.43

-

-

2.8-4.3

In a preliminary study within the FLOTANT project [9], the representation of marine operations was
identified to be a major shortcoming of previous studies, as had also been previously highlighted in
[11]. A thorough review of previous LCA studies and methods used to represent marine operations is
FLOTANT has received funding from the European Union´s Horizon 2020
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provided in [9], where it was shown that O&M activities can contribute 21-49% to the GW if considered
in detail depending on the assumed O&M strategy. It was found that towing the turbines to port for
major operations, may be a more realistic O&M strategy than assuming major operations taking place
offshore as previously done with bottom-fixed turbines. This is, due to (1) the larger mobility of the
floating wind turbine system, (2) the increasing hub-heights of the larger turbines used further offshore,
and (3) the large water depths, which would not allow for the fixed positioning of the work vessels.
Assuming the same O&M strategies as for bottom-fixed technologies was found to result in an
underestimation of the environmental impacts, with GW values up to 20.4% lower. Here, we focus on
the analysis of the FLOTANT project specific innovations, and thus the O&M strategy is kept constant.
Given the significant impacts found in the preliminary study, the same approach for the representation
of marine operations is used as in [9], and towing of the turbines to shore for major operations is
assumed. The impact of the O&M strategy and the vessel selection on the overall results based on the
preliminary study [9] is discussed in later sections.

2.2 Environmental risk assessment
A transition to a net-zero energy system with the help of floating offshore wind technologies, needs to
also be compatible with the EU's Biodiversity Strategy [12], [13]. That is, in addition to the
environmental impacts quantified through life cycle assessment studies, environmental risks on the
ecosystems directly impacted by the deployment of these technologies need to be considered. The
assessment of environmental risks is therefore specific to the considered deployment location.
To assess the environmental risks of the deployment of floating offshore wind technologies, first the
assessment of the deployment site characteristics is required, including: its general environmental
characteristics, such as climate, and geology; its marine environmental characteristics, such as
oceanographic conditions, bathymetry, sea water and air characteristics, vegetation and wildlife, but
also landscape and socio-economic aspects. During the development of the offshore wind farm project,
tasks will be perfomed during its different phases that may cause impacts of different degrees on any
of these environmental elements. Therefore, in a second step the main activities associated to the
offshore wind farm project are identified. Finally, the impacts that the identified activities can have on
the environment are analysed.
A preliminary risk assessment study was performed within the FLOTANT project for the two studied
deployment scenarios at specific locations in Gran Canaria and West of Barra [14]. The greatest impact
associated to floating offshore wind deployments is generally linked to the mooring and anchoring
systems and their interaction with marine habitats and species (especially marine mammals and birds).
In both deployment cases considered for FLOTANT, due to the type of seabed and depths found in the
study areas, and taking into account the mooring and anchoring systems of a FLOTANT design, these
were not found to interfere with the conservation of ecosystems. From the two considered locations,
greater impacts may be expected in West of Barra, due to its eco-system’s diversity and abundance,
where impacts on birds may be relevant, as the area is a breeding area for numerous seabirds. However,
the proposed deployment site is outside any protected area. As for the environmental advantages of
the FLOTANT system, the use of concrete on the platform instead of steel was identified as a potential
benefit, since it reduces the use of antifouling paints.
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3 Method
The environmental impact assessment is performed through a Life-cycle Assessment (LCA). As
previously indicated, an LCA considers the net energy and emissions associated with the floating
offshore wind farm, including manufacturing processes, installation, maintenance and
decommissioning activities. A simplified overview of the considered processes following a cradle to
grave system boundary can be seen in Figure 3.

Figure 3: Elements considered in the LCA for FLOTANT system, including system boundaries [9].

The method aligns with the LCA principles and framework, as well as general requirements and
guidelines, which are compiled within ISO standards 14040 [15] and 14044 [16], as well as in the
Product Life Cycle Accounting and Reporting Standard [17] used, for example, in previous studies for
the comparison of different materials [18]. This study is performed as a conventional process-based
LCA, which is the recommended method for calculating carbon footprints and embodied energy [19].
For this purpose, the SimaPro 9.1 software [20] is employed with background data sourced from the
Ecoinvent database v3.6 [21]. An overview of the employed data and processes is shown in Figure 4.
The main stages of an LCA as defined by the existing guidelines and standards include: (1) Goal and
scope definition, (2) Inventory analysis, (3) Impact assessment, and (4) Interpretation. These four stages
are described in detail in the following subsections.
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Foreground data
FLOTANT
components

Background data

Literature

System data
collection

Component
weights, materials
and manufacturing
processes

ReCiPe Midpoint
(H)

Ecoinvent 3.6

Environmental
impacts associated
to materials and
manufacturing
processes

System
inventory

LCA impact assessment

18 impact
categories incl.
GW
Cumulative
energy demand

Embodied
energy

Figure 4: Representation of the main data inputs and processes employed for the LCA of the FLOTANT technology.

3.1 Goal and scope
The goal of this study is to perform a lifecycle assessment of the FLOTANT technologies, taking into
account all lifecycle stages. The main focus is to provide further insights into the carbon footprints and
other environmental impacts of the developed technologies, to provide a better understanding of
potential advantages and disadvantages of the proposed innovations. Two commercial scale
deployments of wind farms containing the FLOTANT innovations are used as case studies for which the
environmental impacts are assessed. These represent 600MW deployments in the Canary Islands
(South-East of Gran Canaria) and Scotland (West of Barra). An overview of the site details and the
corresponding FLOTANT system design characteristics are provided in Table 2.
Table 2: Site details for case studies.

Canary Islands – South East of
Gran Canaria
250
10
17.7
Mainly sand

Scotland – West of Barra

Anchors

4 lines - Mooring spring + fibre
rope + chain
4 Deadweight anchors

Cables

Al core + carbon fibre armour

5 lines - Mooring spring +
mooring chain
5 Deadweight anchors
Al core + galvanised steel
double armour

Location
Water depth [m]
Distance to connection point [km]
Distance to O&M port [km]
Soil type
FLOTANT design characteristics
Mooring

100
19
19
Rock soil (basalt)

The functional unit that has been chosen to facilitate comparability with other LCA results is 1 kWh net
of electricity produced from the wind farm and delivered to the grid. Thus environmental impacts are
provided per kWh, where electrical losses and availability due to downtime are accounted for in the
calculation of the electricity production over the lifetime of the projects.
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3.2 Inventory
3.2.1 Material and manufacturing
Turbine
The turbine considered for the design of the FLOTANT system is a 12MW device that represents an upscaled version of the 10MW reference turbine [22]. The main component weights (such as the blades,
rotor, nacelle and tower) were provided in the FLOTANT deliverables D4.1 [23], D4.2 [24] and D6.2 [25]
for the 12MW turbine. The rest of the weight distribution among turbine subcomponents was assumed
to be similar to the direct-drive 15MW reference turbine for the purposes of this study [26]. Since the
considered 12MW turbine is not direct-drive but includes a gearbox, the proportional mass of the
gearbox components was approximated here as in [9] splitting the direct drive generator weight
contribution equally between the generator and gearbox.

Platform
The FLOTANT platform design is described in detail in D4.3 [27]. For context, this is a barge platform
design comprising a concrete structure combined with XPS foam filling for buoyancy. The platform
design does not vary between the two considered deployment sites.

Mooring system
The mooring lines developed within the project use a combination of mooring chain, fibre ropes and
polymeric springs. These are employed together with deadweight anchors made of reinforced concrete
and filled with sand. For a deployment in Gran Canaria, 4 mooring lines per turbine are considered,
whereas for a deployment in West of Barra, 5 mooring lines are required. In West of Barra the mooring
system design does not include fibre ropes, but only mooring chain and polymeric springs, due to the
more demanding climatic conditions. The polymeric springs used for the West of Barra deployment are
almost twice as big as those employed for the Gran Canaria site. The detailed design of the mooring
systems is described D2.1 [28].
Antibite and antifouling coating were also developed within the project, but could not be fully
represented due limitations in the data available in Ecoinvent v3.6. The coating is composed of 85.5%
resin, 8% zinc oxide and 6.5% other materials such as Perfluoropolyether and Capiscum oleoresin. Only
the resin and ZnO components of the antibite and antifouling coating were represented for this study.
Since the rest of coating materials makes up less than 1% of the total mass of the system, they can be
considered negligible. In line with the EIA Directive (85/337/EEC) [29], further assessment would be
required for the Environmental Impact Assessment of a real farm deployment, which is outside the
scope of this study.

Power transmission
For inter-array and export cables, the cables with aluminium cores and carbon fibre armour developed
within the project (see D3.3 [30] and D3.4 [31]) together with quick connectors (see D3.2 [32]) are used.
Due to the difference in the climatic conditions at the considered deployment locations, cables with a
carbon fibre armour were considered in Gran Canaria, whereas cables with a galvanised steel double
armour were considered in West of Barra. The electrical array layout was optimised in D7.1 [33]. As a
result, the use of two cable cross-sections (300 and 800 mm2) was found to be the most cost-effective
FLOTANT has received funding from the European Union´s Horizon 2020
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option at both sites. In both cases, given the relatively short distance to shore, no offshore substation
was found necessary, and a total of 8 export cables connecting the farm to the onshore infrastructure
were recommended instead. The total length of each cable type at the two locations is summarised in
Table 3.
Table 3: Overview of inter-array and export cable types and lengths used at the two considered deployment
locations.

Inter-array cables
Export cables

Cable cross-section
300 mm2
800 mm2
800 mm2

Gran Canaria
27.4 km
30.6 km
80.0 km

West of Barra
26.0 km
44.2 km
128.0 km

Summary
The contribution of the different materials to the overall weight is shown in Figure 5. As it can be seen
from this figure concrete, followed by sand, and then steel have the highest contributions to the overall
system weight. This overall weight for a deployment in West of Barra is 41% higher than for a
deployment in Gran Canaria. This is mostly due to the higher number of mooring lines per turbine
required in West of Barra (5 instead of 4), and thus a higher number of deadweight anchors. There are
also higher load requirements at the West of Barra location, resulting in larger anchor weights– which
result in a significantly higher weight of sand, and larger polymeric springs. Additionally to the higher
number of lines, no fibre rope is used in West of Barra due to the higher loads, which also results in a
higher amount of steel required for the mooring lines.

Figure 5: Materials contributions to the total weight per device for deployments in Gran Canaria (with a total weight
32,998t) and West of Barra (with a total weight 49,962t). Note that the weight of the cables in the farm are divided
equally across all devices for this calculation.

FLOTANT has received funding from the European Union´s Horizon 2020
research and innovation programme under grant agreement No.815289

Doc.Nº: 220529-FLT-WP7_D7.3_LCA_v0
Date: 10/02/2022
15

D7.3
Environmental Life Cycle Assessment

3.2.2 Installation
To represent the transport to the assembly port, the suppliers for each of the components and their
location was considered as the starting point based on the information provided by the project
partners. This is summarised in Table 4. The turbine is assumed to be manufactured somewhere
between Norway and Germany based on previous projects [34]. The distance to the installation port
was approximated using Google Maps average km indication for each trip, assuming ship freight
transport. Taking into account this distance and the components’ weight, transport to the assembly
port was approximated in tkm. Additionally, the installation procedures including required transit and
operation times, and vessels were modelled based on the installation information provided in D6.3 [35].
The ferry transport process from the Ecoinvent database was used to represent all marine operations,
scaled to represent the fuel consumption of the appropriate vessels. The characteristics of the
considered vessels can be found in Appendix AI.
Table 4: Assumed location of fabrication of each component.

Component
Turbine
Floating foundation fabrication
Anchors
Mooring chains and fibre ropes
Mooring springs
Cables

Assumed fabrication location
Germany/Norway
At installation port
At installation port
Spain
At/near installation port
Greece

3.2.3 Operation and maintenance
The operation and maintenance (O&M) phase is represented through the fuel consumption during
offshore operations and transits, as well as the number of spare parts used for replacements of failed
components. As previously shown in [9], the impacts of the O&M phase will highly depend on the
assumed strategy and vessels. As shown there, assuming major operations taking place offshore as for
bottom-fixed technologies can result in an underestimation of the global warming potential of up to
20.4%. Therefore, to represent the O&M phase, the results of the O&M model and strategy described
in D6.4 [36] are used. The considered O&M strategy assumes the towing of the turbines to shore for
major operations. Different fuel consumption for different operating conditions was taken into account
based on the percentage difference between economy transit and other operating conditions as shown
in Caterpillar’s guide [37]. The operating conditions assumed for each vessel are also provided in
Appendix AI. As for the installation phase, the ferry transport process from the Ecoinvent database was
used to represent all marine operations, scaled to represent the fuel consumption of the appropriate
vessels.
The results of the O&M model provide information on the fuel consumption, and number of spare
parts. The same assumptions for energy production as in D7.1 are used, where the availability provided
by the O&M model is considered resulting in a net capacity factor of 61.55% in Gran Canaria and of
54.51% in West of Barra. Based on the O&M model results and the failure rates [38], the number of
turbine components requiring full replacement for both case studies for the whole farm and lifetime
are summarised in Table 5.
Table 5: Overview of assumed spare parts per farm for the whole project lifetime.
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Component
Mooring chains lines
Fibre rope lines
Mooring springs
Anchors
Export cable
Generator
Gearbox
Lubrication oil
Power electronics components

Gran Canaria
124
32
245
127
3
19
32
96
88

West of Barra
128
0
225
136
3
17
27
80
75

3.2.4 Decommissioning and disposal
Decommissioning is assumed to be equivalent to a reversed installation process, and so it is considered
through the same amount of fuel consumption. Since the allocation with cut-off by classification
method is used, no recycling is considered. In this regard, 90% of recycled steel is assumed and the
sand used in the deadweight anchors is assumed to be re-purposed after the operational life or to be
left in the site. Similarly, concrete is assumed to be left on the sea bead or broken down for use as
aggregates. These materials are, thus, assumed to leave the system boundary at the end-of-life without
resulting in any environmental penalty or credit. The remaining materials are assumed to be sent to
municipal landfill at the end-of-life.

3.3 Impact assessment
The software SimaPro 9.1 is used for the impact assessment. The ReCiPe Midpoint (H) 2016, heirarchist
version, with European normalisation [39] is applied given its robustness and widespread use [9], [10],
[19]. The corresponding emissions and resource extractions are translated into 18 impact categories
listed in Table 6. The midpoint approach is chosen in line with the recent energy and environmental
policies to improve transparency and comparability [19]. The Cumulative Energy Demand (CED) method
V1.11 is used to analyse energy consumption. From the CED, the Energy PayBack Time (EPBT) of a wind
farm can be estimated as the number of years needed for the farm to generate as much energy as the
sum of the embodied energy of its whole life cycle, i.e. the primary energy spent during manufacturing,
installation and maintenance stages. A low EPBT value corresponds to high energy efficiency. In all
cases, allocation with cut-off by classification is used as system model, so that emissions avoided by
using recycled materials are considered, following the guidance [17]. Additionally, the sensitivity of the
results to the uncertainty in the background data is analysed based on Monte Carlo analysis.
Uncertainty in the background data is defined by lognormal distributions in SimaPro by default. This
means that results are also presented as a statistical distribution with a mean, median and 95%
confidence interval.
Although water consumption (WC) is quantified through the ReCiPe Midpoint (H) method, the results
were found to be very uncertain, in terms of the uncertainty associated to the background data — with
the 95% interval for this impact category showing a range in percentage change in the scale of ±5000%
and a coefficient of variance one to three orders of magnitude higher than for any other impact
category. For this reason, results for this impact category are not provided here. That is a total of 19
impact categories are reported in this study using the units listed in Table 6, if not otherwise indicated.
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Table 6: Overview of reported environmental impact categories evaluated through the ReCiPe Midpoint (H) and
Cumulative Energy Demand methods.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19

Impact category
Fine particulate matter formation
Fossil resource scarcity
Freshwater ecotoxicity
Freshwater eutrophication
Global warming
Human carcinogenic toxicity
Human non-carcinogenic toxicity
Ionizing radiation
Land use
Marine ecotoxicity
Marine eutrophication
Mineral resource scarcity
Ozone formation, Human health
Ozone formation, Terrestrial ecosystems
Stratospheric ozone depletion
Terrestrial acidification
Terrestrial ecotoxicity
Water consumption
Cumulative energy demand

Acronym
FPM
FRS
F Etox
F Eut
GW
HT-C
HT-nonC
IR
LU
M Etox
M Eut
MRS
OF-HH
OF-TE
SOD
TA
T Etox
WC
CED

Unit
g PM2.5 eq/kWh
g oil eq/kWh
g 1,4-DCB/kWh
g P eq/kWh
g CO2 eq/kWh
g 1,4-DCB/kWh
g 1,4-DCB/kWh
Bq Co-60 eq/kWh
m2a crop eq/kWh
g 1,4-DCB/kWh
g N eq/kWh
g Cu eq/kWh
g NOx eq/kWh
g NOx eq/kWh
g CFC11 eq/kWh
g SO2 eq/kWh
g 1,4-DCB/kWh
m3/kWh
kJ/kWh

3.4 Interpretation
In the interpretation stage, the LCA impacts across 18 impact categories are shown for the two case
studies. These are reported as a statistical distributions with a mean, median and 95% confidence
interval representing the sensitivity of the results to the uncertainty in the background data. To further
analyse the impact contributions of different subsystems and processes the mean values are used. The
sensitivity to some of the model assumptions such as the produced energy over the operational life,
the assembly contribution, and the transport to the installation port are also analysed. Results are not
compared with other forms of electricity generation provided in the Ecoinvent database, due to
inconsistencies in scope and methods. However, the global warming potential range obtained in the
present study is compared with previous literature introduced in section ¡Error! No se encuentra el
origen de la referencia..
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4 Results
In this section the LCA impact results are presented. The results across all impact categories are first
introduced. Then results are discussed based on the uncertainty of the Ecoinvent background data and
the sensitivity of the outputs to a number of key input parameters.

4.1 Overview of LCA impacts
The resultant values for the 18 considered impact categories are summarised in Table 7 and Table 8 for
the considered deployments in Gran Canaria and West of Barra, respectively. The contribution of
different components and processes to each of the impact categories is shown in Figure 6 (a) and (b)
for Gran Canaria and West of Barra, respectively.
The GW is estimated to be 23.0-25.9 gCO2 eq/kWh for Gran Canaria, and 29.3–33.7 gCO2 eq/kWh for
West of Barra within the 95% confidence interval. Based on the obtained CED, the corresponding EPBT
interval is determined to be 2.0-2.4 years for the Gran Canaria and 2.5–3.1 years for West of Barra. It
is interesting to see, that despite the same or very similar technology being used in the two case studies,
these impact ranges do not overlap. Despite the higher water depth present in the Gran Canaria site,
higher GW and CED impacts are observed for a deployment in the West of Barra site, due to the
difference in climatic conditions and the additional mooring and anchoring requirements. This agrees
with the techno-economic assessment reported in D7.1 [33], where higher costs and Levelised Cost of
Energy (LCoE) values are also associated to a deployment in the West of Barra site.
Regarding the contributions to GW from the different life cycle stages, it can be seen in Figure 6 (a) that
the largest contributions for the Gran Canaria case stem from the materials and manufacturing phase
(71.9%) followed by the O&M (19.2%) and the installation phase (5.0%). Within that, the components
and processes with the largest contribution are the substructure (36.9%), followed by the turbine
(23.3%) and the O&M vessels (16.1%). As shown in Figure 6 (b) this is similar for the West of Barra case,
where the largest life cycle stage contributions also stem from the materials and manufacturing phase
(72.9%) followed by the O&M (17.5%) and the installation phase (5.0%). Within the West of Barra case,
the components and processes with the largest contribution to GW are the substructure (32.5%),
followed by the turbine (20.4%) and the mooring system (18.6%).

(a) Gran Canaria
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(b) West of Barra
Figure 6: Relative contributions of the life cycle processes to the different impact categories.

As it was shown in the preliminary study [9], here O&M vessels have also the largest contribution on
ozone formation (OF-HH, and OF-TE), and terrestrial acidification (TA). This is due to all greenhouse gas
emissions (CO, CO2, NO𝑥, SO2, particulates, etc.) associated with the fuel combustion. In the case of
stratospheric ozone depletion (SOD), where a predominant impact of O&M vessels was also observed
in [9], a more significant contribution of the substructure is found in the present study. This is because
predominantly steel structures were analysed in [9], whereas concrete together with XPS foam is
employed within the FLOTANT barge platform – and high impacts to ozone depletion are found in the
production of refrigerant R134a used for the production of extruded polystyrene (XPS foam).
The relatively high contributions of the substructure to other impact categories, such as ionizing
radiation, stems from the high electricity requirements for the production of concrete slabs, whereas
in terms of land use, the relatively high contribution stems from the production of the raw materials
required for the production of concrete. The contribution of the substructure to 1/3 of the GW is linked
to both, the production of the extruded polystyrene (about 50% of the substructure impact) as well as
the concrete slabs (about 25% of the impact).
It can also be observed that the mooring system has a larger contribution in most impact categories for
the deployment in West of Barra. The reasons for this seem to be twofold. In the case of impact
categories such as marine eutrophication (M Eut), this is because of the impacts associated with the
production of Nylon 6.6, the material chosen to be most representative for the polymeric spring shells.
Whereas in the case of impact categories such as terrestrial ecotoxicity (T Etox), this is due to the larger
amount of steel used in the mooring chains deployed in West of Barra.
The cable types used in Gran Canaria show proportionally higher impacts across a number of impact
categories related to resource scarcity, ecosystem impacts and energy use, such as FRS, F Eut, GW, IR,
LU and CED. This is linked to the use of carbon fibre for the cable armour, and the required heat for the
injection moulding process.
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Table 7: Impact category values for Gran Canaria case study. Refer to Table 3 for impact category definitions and
units.
Acronym

Mean

Median

2.50%

97.50%

FPM
FRS
F Etox
F Eut
GW
HT-C
HT-nonC
IR
LU
M Etox
M Eut
MRS
OF-HH
OF-TE
SOD
TA
T Etox
CED

0.07
5.97
2.08
6.64E-03
24.36
3.56
33.30
0.88
3.65E-04
2.70
1.84E-03
0.37
0.16
0.16
1.58E-05
0.17
131.95
308.95

0.07
5.96
2.04
6.16E-03
24.30
3.28
32.08
0.54
3.60E-04
2.65
1.79E-03
0.36
0.16
0.16
1.56E-05
0.17
125.01
307.86

0.06
5.57
1.63
3.58E-03
23.03
1.97
24.31
0.15
3.04E-04
2.12
1.49E-03
0.28
0.12
0.12
1.31E-05
0.16
86.40
281.63

0.08
6.44
2.72
1.33E-02
25.93
6.73
50.17
3.72
4.52E-04
3.53
2.47E-03
0.49
0.21
0.21
1.96E-05
0.19
217.38
341.48

Table 8: Impact category values for West of Barra case study. Refer to Table 6 for impact category definitions and
units.
Acronym
FPM
FRS
F Etox
F Eut
GW
HT-C
HT-nonC
IR
LU
M Etox
M Eut
MRS
OF-HH
OF-TE
SOD
TA
T Etox
CED

Mean
0.08
7.73
2.86
9.23E-03
31.29
5.84
44.76
1.07
6.33E-04
3.72
2.91E-03
0.59
0.19
0.19
1.89E-05
0.21
171.06
400.17

Median
0.08
7.71
2.82
8.61E-03
31.16
5.33
43.05
0.63
1.00E+00
3.66
2.84E-03
0.58
0.19
0.19
1.88E-05
0.21
160.82
398.75
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2.50%
0.08
7.18
2.22
5.23E-03
29.28
3.10
33.37
0.18
2.00E+00
2.90
2.37E-03
0.44
0.15
0.15
1.59E-05
0.19
114.98
363.21

97.50%
0.09
8.41
3.70
1.68E-02
33.66
11.76
65.56
4.65
3.00E+00
4.83
3.95E-03
0.80
0.25
0.26
2.30E-05
0.23
284.14
447.78
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4.2 Uncertainty analysis
4.2.1 Uncertainty of the background data
The mean, median and 95% confidence interval for the different impact categories were provided in
Table 7 and Table 8 for the considered deployments in Gran Canaria and West of Barra, respectively.
They were obtained by performing a Monte Carlo simulation with the SimaPro software, to take into
account uncertainties implicit within the background data provided in the Ecoinvent database. An
overview of the percentage change in the 95 percentile is shown in Figure 7 (a) and (b) for Gran Canaria
and West of Barra, respectively. As it can be seen from this figure, the indicators showing the largest
95% range are IR (−82.9% to 321.1% for Gran Canaria, and −81.1% to 335.7% for West of Barra), F Eut
(−46.0% to 99.6% for Gran Canaria, and −43.3% to 82.3% for West of Barra), and HT-C (−44.7% to 89.1%
for Gran Canaria, and −46.9% to 101.3% for West of Barra). As mentioned earlier results for WC were
not considered due to the percentage change in 95% interval being in the scale of ±5000%. For GW, a
percentage change variation between −5.5% and 6.4% for Gran Canaria, and of −6.4% and 7.6% for
West of Barra is observed. This is one of the lowest uncertainty ranges amongst all the indicators. This
is important, since it is the most often quoted impact category in line with environmental guidelines.

(a) Gran Canaria

(b) West of Barra
Figure 7: Relative 95% confidence interval based on background data uncertainty for the different impact categories
for (a) Gran Canaria and (b) West of Barra case studies.
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4.2.2 Sensitivity of results to uncertain input parameters
In a preliminary study [9], the impact on LCA study results of the O&M strategy and the selection of
vessels to perform the operations was analysed. This was done with the help of the O&M model, which
provided the fuel and spare parts requirements. Two O&M strategies were considered (1) assuming
the towing of the turbines to shore for major operations, and (2) assuming all major operations can
take place offshore with a heavy lift vessel. Assuming that major operations took place offshore, and so
the same O&M strategy as currently used for bottom-fixed technologies, was found to result in an
underestimation of the environmental impacts, with GW values up to 20.4% lower. Additionally,
different vessels were considered to perform the operations, which resulted in variations in GW values
by up to 34.8%. Overall, fuel combustion occurring during the O&M phase was found to have significant
impacts on global warming (GW), but also ozone formation (OF-HH, and OF-TE), stratospheric ozone
depletion (SOD) and terrestrial acidification (TA). The contribution of O&M to GW was found to vary
between 21 to 49% depending on the assumed O&M strategy and vessels, and between 26-49% if
towing of the turbines to shore for major operations was considered. In the present study, the
contribution of O&M to GW is found to be 19.2% and 17.5% in the Gran Canaria and West of Barra case
studies, respectively. Despite having considered the towing of the turbines to shore for major
operations, the slightly lower contribution of O&M to overall GW is influenced by the contributions of
other components and processes, and by the fact that a large farm deployment is studied here, versus
the pilot park deployments considered in [9].
The capacity factor and lifetime have been found in the past to have a large impact on the results, given
that kWh is used as functional unit [10]. Since both these parameters mainly affect the overall Energy
produced, the impact of ±20% change in Annual Energy Production (AEP), and therefore in overall
energy produced was investigated. Because this parameter is normalising all impact categories in the
same way, the impact on the outcome, in terms of percentage change, is the same for all impact
categories. Additionally, given that a number of assumptions were used to quantify the materials and
processes involved in the manufacture and assembly of each case study, the impact of varying the
overall amount of required materials and processes (Assembly) by ±20% was also investigated. The
impact of varying the required transport (in terms of tkm) from the component manufacturer to
installation port by ±20% was also analysed, given that this had been approximated using Google Maps.
The sensitivity of the studied impact categories to input parameter changes was considered and the
overall results can be seen in Figure 8. The results are most sensitive to changes in AEP in all impact
categories. The impact in changes of Transport and Assembly are shown for impact categories M Eut,
and OO-HH which showed the largest and smallest percentage change in outputs, to display the overall
percentage change range of all impact categories. Very similar trends are observed for both case
studies.
If taking the GW impact category as example, a relatively low uncertainty in the GW results due to the
background data was observed, which amounted up to -6.4% to 7.6% variation. In comparison,
variations of up to 20% in overall assembly or transport requirements resulted in up to ±15.9% and
±0.46% change in GW values, respectively. The latter would be well within uncertainty range due to the
uncertainty in the background data. Changes in overall assembly assumptions have a larger impact in
the estimated GW. AEP has the largest impact on the results over all impact categories. However, this
was estimated based on 25 years of resource data and the turbines power curve, accounting for
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availability and downtime due to failures. So, in the present case such large variations in AEP for the
studied cases would not actually be expected.

(a) Gran Canaria

(b) West of Barra
Figure 8: Sensitivity of results on single input variations for (a) Gran Canaria and (b) West of Barra case studies.
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5 Discussion
5.1 How do the innovations in the FLOTANT project effect the environmental
impact results?
Today the GW for floating offshore wind technologies has been estimated to be between 11.5 [6] and
45.2 [9] gCO2e/kWh, which tends to be slightly higher than current estimates for bottom-fixed turbines
of around 7 to 32 gCO2e/kWh [10]. These numbers are, however, still much lower than the estimated
for the fossil fuel-based technologies, such as 1,054 gCO2 eq/kWh for lignite, 888 gCO2 eq/kWh for
coal, 733 gCO2 eq/kWh for oil and 499 gCO2 eq/kWh natural gas [2].
The mean GW values obtained for the FLOTANT solution of 24.4-31.3 gCO2 eq/kWh lie within the
carbon footprint values previously reported in the literature for floating offshore wind technologies.
The values obtained in the preliminary study considering state-of-the-art technologies ranged between
25.6 and 45.2 gCO2 eq/kWh [9] and if using the same O&M strategy and vessels the obtained range
was between 33.9 and 39.2 gCO2 eq/kWh [9]. Therefore, a deployment of a commercial wind farm
using FLOTANT technology could show a comparative advantage.
It should be noted, that to our knowledge, this is the first study of a commercial scale floating offshore
wind deployment. That is, due to the higher turbine capacity and the spread of the power transmission
impacts across more devices, the overall impacts obtained here are expected to be slightly lower, than
estimated for a single turbine or a pilot park deployment. Additionally, the values obtained here are a
snapshot in time, since if the energy mix becomes de-carbonised values will reduce. Similarly, if the
shipping sector becomes de-carbonised, the contributions of offshore operations will reduce as well.

5.2 What environmental impact hotspots were identified and how can they be
mitigated?
The substructure was identified as one of the environmental impact hotspots, with relatively high
contributions across impact categories and showed the highest contribution to global warming,
stratospheric ozone depletion, ionizing radiation and land use. The contributions to these impact
categories are linked to the production of the extruded polystyrene and the production of concrete
slabs, where the high electricity requirements, as well as the production of the concrete raw material
represent hotspots of this process. Impacts associated with the required electricity will be lowered with
the decarbonisation of the energy system through increased use of renewable energy technologies,
such as through the deployment of the FLOTANT technology. The impacts associated with the use of
ozone depleting materials as refrigerants for the production of extruded polystyrene can be resolved
through the use of non-ozone depleting refrigerants [40], [41].
The turbine itself also represents an environmental impact hotspot, with relatively high contributions
across impact categories and the second highest to global warming. This is not a component developed
within the FLOTANT project, but in general terms the use of lightweight structures to reduce the
amount of steel used in the structure, as well as the blade recyclability are areas that should be
investigated further to reduce the impacts of this component.
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The mooring lines, as designed for the Gran Canaria site do not represent an environmental impact
hotspot. However, the mooring lines as designed for West of Barra have the third highest contribution
to GW, due to the large amount of steel required but also due to the use of large amounts of Nylon 6.6
for the polymeric springs. The amount of required mooring chain is already reduced through the use of
polymeric springs. This is further reduced through the utilization of fibre ropes in more benign climatic
conditions thanks to the innovations developed within the FLOTANT project. This means that the
FLOTANT innovations are already contributing to the reduction of this environmental impact, and this
and similar solutions should be investigated further to extend their applicability range. Regarding the
impacts of Nylon 6.6, this is the material selected to best represent the Hytrel material used for the
polymeric springs in agreement with DuPont – the manufacturer. However, the specific impacts of
Hytrel may deviate from those of Nylon 6.6 in certain impact categories. The potential environmental
impacts of Hytrel to M Eut in particular, should therefore be investigated further.
The O&M phase, and particularly the fuel combustion of the vessels used for O&M activities, although
not specific to the FLOTANT components, have significant impacts for global warming but also ozone
formation impact categories, terrestrial acidification and fine particulate matter formation. Given the
large impact that the strategy and vessel choice can have, it is recommended to consider LCA in this
selection process. The use of more efficient vessels and the minimisation of the overall number of trips
would be key to reduce the environmental impact of floating offshore wind farms. Even if the energy
mix becomes decarbonized, O&M contributions will still remain unless low-carbon e-shipping or
hydrogen vessels are introduced.

6 Conclusions
The environmental impacts of two potential 600MW deployments of the FLOTANT technology in 1) the
Canary Islands (South-East of Gran Canaria) and 2) Scotland (West of Barra) were assessed with the
help of life cycle assessment. The goal of this study is to assess the potential environmental impacts of
array deployments with the FLOTANT innovations and particularly their carbon footprint. Results across
18 impact categories are reported. If focusing on the global warming potential (GW), this has been
estimated to be between of 24.4-31.3 gCO2 eq/kWh. This is in the lower range of previously reported
values for floating offshore wind environmental impact studies. The main benefits in environmental
impacts associated with the FLOTANT solution are the replacement of the copper cable cores with
aluminium, and the reduced use of steel in the mooring lines. However, the impacts of XPS foam and
the specifics of the material used for the mooring springs could be investigated further to ensure that
environmental impacts are minimised even further. From an environmental risk assessment
perspective, the use of concrete in the platform instead of steel was identified as a potential benefit of
the FLOTANT solution, since it reduces the use of antifouling paints.
Despite the higher water depth present in the Gran Canaria site, higher GW impacts are observed for a
deployment in West of Barra, due to the difference in climatic conditions and the additional mooring
and anchoring requirements. This agrees with the techno-economic assessment reported in D7.1 [33],
where higher Levelised Cost of Energy (LCoE) values are obtained for a deployment in West of Barra.
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Appendix
A.I Vessels
Table 9: Considered vessels for installation and O&M activities and their characteristics.
Vessel type

Speed
[km/h]

Fuel Consumption [l/h]
In Transit

Towing

Assumed
operating
conditions

Source

Standby

[42]

During Operation [37]

Considered for installation and O&M
Crew Transport Vessel
(CTV)

44.5

381

381

229

Fast Supply Vessel (FSV)

18.52

196

196

392

Heavy Lift Vessel (HLV)

23.15

1127

1127

56

Anchor handling tug vessel
(AHTV)

18.5

1046

1942

1046

4.63

780

780

1560

Dynamic
positioning
Anchored
Dynamic
positioning +
Standby

[43]
[44]
[45]

Considered for installation only
Cable lay vessel (CLV)

Dynamic
positioning

[45]

A.II Inventory
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