Renewable and Sustainable Energy Reviews 197 (2024) 114386

Contents lists available at ScienceDirect

Renewable and Sustainable Energy Reviews

ELSEVIER journal homepage: www.elsevier.com/locate/rser

Check for

Making eco-sustainable floating offshore wind farms: Siting, mitigations, | e
and compensations

Roberto Danovaro >, Silvia Bianchelli ", Paola Brambilla ¢, Gaia Brussa‘,

Cinzia Corinaldesi ™¢, Adriana Del Borghi, Antonio Dell’Anno *", Simonetta Fraschetti b’?,
Silvestro Greco h, Mario Grosso d, Ettore Nepote a’b, Lucia Rigamonti d, Ferdinando Boero'

2 Department of Life and Environmental Science, Polytechnic University of Marche, Ancona, Italy

Y National Biodiversity Future Centre, Ttaly

© BFEA, Legal, Italy

4 Department of Civil and Environmental Engineering, Politecnico di Milano, Milan, Italy

¢ Department of Science and Engineering of Matter, Environment and Urban Planning, Polytechnic University of Marche, Ancona, Italy
f Department of Civil, Chemical and Environmental Engineering — DICCA, University of Genoa, Genoa, Italy

& Department of Biology, University of Naples Federico II, Naples, Italy

" Stazione Zoologica Anton Dohrn, Naples, Italy

! Dohrn Foundation, Naples, Italy

ARTICLE INFO ABSTRACT

Keywords: Floating Offshore Wind Farms (FOWFs) are the most promising renewable energy resource. Floating turbines are
Fl"a_““g OffShor_e wind farms installed at progressively increasing water depths, interacting with offshore and deep-sea ecosystems. Thus,
Environmental impact assessment specific criteria to enable a sound and accurate Environmental Impact Assessment (EIA) are required. The still

Marine mammals
Vulnerable marine ecosystems
Seabirds

limited understanding of the impacts of FOWFs, and the concerns for the conflicts in the use of maritime space (e.
g., fisheries), might lead to a more precautionary approach and constrain their development. Here we describe
the characteristics of the deep habitats potentially impacted and identify a set of comprehensive and stan-
dardized criteria, response variables and approaches for a reliable EIA based on an Ecosystem-based approach.
These analyses will support an appropriate design and site prioritization to respect the “Do No Significant Harm"
principle. Considering the wide heterogeneity among habitats and geographic regions, we examined the po-
tential interactions of FOWFs with i) Vulnerable Marine Ecosystems; ii) critical habitats; iii) migratory routes of
large marine vertebrates; iv) habitat-forming species, benthic/pelagic organisms, v) migratory routes of birds/
chiropters; vi) other human uses leading to cumulative/synergistic effects and any other potential interference.
We identified mitigation and compensation measures and explored the potential of wind-farm areas as “Other
Effective Conservation Measures” to support sustainable fisheries and passive restoration. Adequate siting, EIA
and systematic monitoring can minimize FOWFs’ environmental interactions, with final negligible, or even
positive effects on marine ecosystems. Standardized criteria could significantly reduce the bottlenecks in
permitting while offering a strategic vision for the sustainable use of the maritime space.

The development of OWFs will support the achievement of goals of
the Paris Agreement, aimed at reducing by 55% the CO; emissions by
2030 and reaching “net zero COy emission” by 2050. In addition,

The ecological transition towards decarbonization calls for a shift rigorous and fast development of new Floating Offshore Wind Farms
from fossil fuels to renewable energy resources. Recent estimates indi- (FOWFs) will contribute to the Sustainable Development Goals (SDGs)
cate that up to ~50,000 wind turbines could be installed by 2050 of the “2030 UN Agenda for Sustainable Development”, especially the
goal number 7, requiring the need to “ensure access to affordable, reli-
able, sustainable and modern energy for all”, and number 13 that asks
“to take urgent actions to combat climate changes and its impacts” as

1. Introduction

worldwide ([1] and references therein). Among renewable energy
sources, Offshore Wind Farms (OWF) represent one of the most suitable
options to generate “green energy” [2-5].
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List of abbreviations

OWF Offshore Wind Farms

FOWF  Floating Offshore Wind Farm

VME Vulnerable Marine Ecosystem

IUCN International Union for Conservation of Nature

WORM  World Register of Marine Species

EIA Environmental Impact Assessment

MSFD Marine Strategy Framework Directive

EMB European Marine Board

DNSH Do No Significant Harm

EU European Union

UNGA  United Nations General Assembly

RFMO/As States and Regional Fisheries Management
Organizations/Arrangements

FAO Food Agriculture Organization
CR Critically Endangered

EN Endangered

VU Vulnerable

SPA/BD The Protocol Concerning Specially Protected Areas and
Biological Diversity in the Mediterranean

UNEP-MAP-RAC/SPA United Nations Environmental Programs -
Mediterranean Action Plan - Regional Activity Centre/
Special Protected Area

MNP Marine Noise Pollution

SEL Sound Exposure Level

SELs)  Sound Exposure Level (single strike)

SEL(cum) Sound Exposure Level (cymulative)

HVAC  High Voltage Alternating Current

SML Surface Mixed Layer

VPR Video Plankton Recorder

OECM  Other Effective Conservation Measures

FAD Fish Aggregation Device

CPUE Catch Per Unit Effort

NOAA  National Oceanic and Atmospheric Administration
ROV Remotely Operated Vehicle

AUV Autonomous Underwater Vehicle
NIS Non-Indigenous Species

SPC Submarine Power Cable

DC Direct Current

AC Alternating Current

EMF Electromagnetic Field

MSP Maritime Spatial Planning
CEFS Cells of Ecosystem Functioning
FRA Fishery Restricted Area

MPA Marine Protected Area

EMP Environmental Monitoring Program
BACI Before vs After, Control vs Impact
CI Control vs Impact

BAG Before vs After Gradient

LCA Life Cycle Assessment

MMO Marine Mammal Observer

well as the goal number 14: “conserve and sustainably use the oceans,
seas and marine resources for sustainable development”.

OWFs have been initially conceived as fixed structures (monopiles,
tripods, jackets, gravity-based foundations), in shallow waters (depth
typically <50-70 m, global average distance from the shore ca. 20 km
[6]1), but now being replaced by offshore floating structures (e.g.,
semisubmersible, tensioned leg platforms, and spars anchored (dead-
weights) to the deep seafloor (i.e., >200-m depth [7]). Floating offshore
wind farms (FOWFs) can be installed down to 900-m depth or more [8].
Winds are stronger and more constant in offshore waters and techno-
logical improvements are increasing the energy produced per turbine
while reducing the cost of installation at greater depths [9,10]. Conse-
quently, it is reasonable to assume that FOWFs will become the most
suitable option to achieve the goal of a full supply of renewable energy
in the future [11,12]. According to this perspective, offshore and
deep-sea ecosystems will be the primary targets of the potential impacts
generated by OWFs. OWFs based on fixed turbines have posed concerns
for the possible impacts on coastal marine ecosystems and on some
specific components, such as: i) marine mammals and fish [13-15]; ii)
benthic habitats and food webs [15]; iii) electro-magnetic sensitive
species, such as elasmobranchs, teleost fish, crustaceans and sea turtles,
because of the electromagnetic fields generated by the underwater
power cables ([15-19]; hereafter for species nomenclature we refer to
the WORM database). However, the impacts of FOWFs are far from
being elucidated, as the presence of floating turbines anchored on the
deep seafloor makes current knowledge on coastal OWFs inapplicable to
predict the effects of this new technology [15,20]. FOWFs might cover
areas of thousands of km? and although it has been supposed that FOWFs
have a lower impact than fixed ones, their installation and decom-
missioning could, nonetheless, determine potentially relevant impacts
[21].

Current concerns call for the need to develop robust criteria for the
Environmental Impact Assessment (EIA) of these installations. Most EIAs
of fixed OWFs have traditionally focused on four biological components:
1) mammals, 2) birds, 3) fish and 4) benthic organisms. Among these,
only mammals and birds have received significant attention due to the

higher public interest and legal protection [1]. However, these four
components are far from including all ecosystem constituents that can
interact with FOWFs and are thus insufficient to address the impacts on
both structural and functional features of marine ecosystems. Moreover,
the adoption of a much wider (holistic) approach in EIA is increasingly
recommended (e.g., Marine Strategy Framework Directive, MSFD; EMB
Navigating the future V [22]) but still scarcely adopted. However, a
standardized approach to assess the impacts is lacking, especially for
deep-sea habitats [23,24]. Future EIAs should also respect the “Do No
Significant Harm” principle [25], also to identify all potential mitigation
measures needed to make any environmental effect negligible. Finally, a
relevant gap in future FOWF planning and best practices is the need to
include the consideration of compensation for any accidental or residual
(not predicted) impact of FOWFs, by identifying the restoration tools
and protocols needed to intervene.

Deep-sea ecosystems remain largely unknown [26] and this could
lead to a more precautionary approach by permitting authorities. The
concern for the potential environmental impacts of FOWFs is leading all
countries to adopt careful permission procedures. Bottlenecks in the
development of FOWFs include the time taken to obtain the necessary
permissions. Some governments are starting to use a more planned
approach for releasing permits, identifying suitable sites a priori, car-
rying out preliminary technical and environmental surveys, and
consulting with the public and other marine users. The bottlenecks
might be significantly reduced also by adopting standardized criteria for
assessing the environmental impact [27].

Despite the huge relevance of this renewable energy source in the
future, we still lack comprehensive criteria and standardized procedures
enabling their correct planning, siting and avoidance of impacts of the
FOWFs. Here we develop, for the first time, the best practices needed to
fill these gaps, suggesting a holistic approach to assess their environ-
mental impact, taking into account migratory species, water column and
deep-sea ecosystem, including all biodiversity components and the ef-
fects of the FOWFs on ecosystem functioning. To reach this objective we
provide an overview of all ecosystems and habitat types potentially
affected by the installation of FOWFs and, when appropriate, we extend



R. Danovaro et al.

the available knowledge acquired from fixed foundation turbines to
FOWFs to regulate their future installation. We also identify and propose
the use of mitigation measures for all potential impacts and compensa-
tion actions to face residual or accidental damage, even minor ones
(ecological restoration; nature-based solutions; establishment of other
effective conservation measures, OECMs) [28].

This review aims also at providing all future proponents with the
criteria and approaches that can make faster the environmental impact
assessment and positive authorization processes of the future FOWFs.
The adoption of comprehensive criteria, standardized procedures and
best practices to support appropriate siting and use of mitigation mea-
sures can make FOWFs eco-compatible, potentially supporting the
scaling up of this renewable energy production.

2. Methods
2.1. Setting the stage: offshore and deep-sea habitats

Assessing the potential impacts of FOWFs means understanding the
distribution of species and habitats together with the functioning of the
marine ecosystems in the areas where the wind farms are planned. Most
of the wind farms all over the world, being fixed, are still close to the
shore (the global average distance from the shore is 18.8 km) as they are
limited by the water depth for fixing the piles (on average 14.6 m,
maximum depth ca 70 m). In the future, most FOWFs will be located
from 12 to >30 miles (approximately 20-60 km) anchored at great
depths.

FOWFs can intercept several migratory species or vulnerable habitats
(Fig. 1) such as those considered and described below.

Offshore habitats of the water column - Approximately 95% of the
ocean surface is represented by offshore areas, defined as those portions
of the ocean that insist over depths >200 m. Pelagic and deep-sea eco-
systems are refuge habitats [32]. The biodiversity in these ecosystems is
poorly known, but available studies indicate that species richness re-
mains high also at mid-slope depths.

Benthic deep-sea habitats - They include the seafloor below 200-m
depth, which represent the world’s largest biome, covering more than
65% of the Earth’s surface and including more than 95% of the global
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biosphere. Deep seafloor includes complex and heterogeneous ecosys-
tems [24]. The deep-sea systems of interest for the installation of FOWFs
include: a) continental slopes, beyond the shelf break; b) submarine
canyons; ¢) guyots, seamounts, and underwater mountains formed from
volcanoes often with vent activity; d) deep-sea plains; e) carbonate
mounds; f) pockmarks and mud volcanoes. Since 2006, the UN General
Assembly (UNGA) adopted a series of resolutions dedicated to the pro-
tection of fragile benthic biodiversity hotspots in the deep sea, collec-
tively called Vulnerable Marine Ecosystems (VMEs), defined for their: i)
uniqueness or rareness, ii) functional significance, iii) fragility, iv)
life-history of species, v) structural complexity [33-36]. Many VMEs
have a wide distribution. The main anthropogenic activity threatening
VME:s is bottom trawling. The Endangered Species Act identified “crit-
ical habitats” as the areas that contain features essential to the conser-
vation of a species or habitat of conservation interest and may require
targeted management and protection. This is particularly relevant for
the species included in the Categories of the IUCN Red Lists (CR, Criti-
cally Endangered; EN, Endangered; VU, Vulnerable) as well as in
regional protection documents (e.g., Annex II of the List of endangered
or threatened species of the SPA/BD protocol of the Barcelona
Convention). Threatened species and habitats (e.g., white coral, gorgo-
nians, sponges and coralligenous) are a priority for the EIA of FOWFs
(Table 1).

Fauna inhabiting the continental slopes - Soft bottoms at 200-
1000-m depth are inhabited by bamboo corals, gorgonians, sea pens,
large aggregations of crinoids, sea urchins, holothurians and burrowing
fauna [37-44]. Continental slopes consist of mostly terrigenous sedi-
ments and include large areas of soft sediments, boulders and exposed
rock faces, which offer the opportunity for a variety of animals
(UNEP-MAP-RAC/SPA, 2013) and for commercial species [45-48].

Submarine canyons - Steep-walled incisions of the continental
slopes with generally V-shaped cross sections can create complex net-
works along continental margins and include important habitats [47,49,
50]. Often characterised by upwelling waters support primary produc-
tion, host nurseries, and are feeding habitats for cetaceans [49-57].

Seamounts and other reliefs - These hotspots in the ocean, often
host unique communities [58-60]. Together with lower-relief features
such as knolls and pinnacles, they contribute enormously to increase the

Fig. 1. Species potentially impacted by floating offshore wind farms and their infrastructures: A) Somateria mollissina (Near Threatened sensu IUCN); B) Lasiurus
cinereus semotus (Least concern sensu IUCN); C) Balaenoptera physalus ([30]; Vulnerable species sensu IUCN); D) Chelonia mydas ([30]; Endangered sensu IUCN); E)
Acipenser oxyrinchus ([30]; Vulnerable sensu IUCN); and F) Dendrophyllia cornigera ([21]; Vulnerable sensu IUCN [31]). (Images: Arnstein Rgnning (A), Frank
Bonaccorso USGS (B), Annie Douglas (C), Bernard Dupont (D), Simon Pierre Barrett €, Marco Busdraghi (F). Creative commons: CC BY-SA 2.0 (D), CC BY-SA 3.0 (A,

E), CC BY-SA 4.0 (F), Public domain (B, C).
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Table 1

List of the Vulnerable marine ecosystems in deep-sea areas all over the world.
Northwest Atlantic Annex 1.E
NAFO CEM 2019 VME Indicator Species (species listed)

Large-sized sponges (Porifera) 17 species (or spp.)
Stoney corals (Cnidaria) 4 species

Small gorgonian corals (Cnidaria) 8 species

Large gorgonian corals (Cnidaria) 18 species

Sea pens (Cnidaria)13 species

Tube-dwelling anemones (Cnidaria) 1 species
Erect bryozoans (Bryozoa) 1 species

Sea lilies (Crinoids) 3 species

Sea squirts (Chordata) 1 species

List of Physical VME Indicator Elements
Seamounts, Canyons, Knolls, Southeast shoal, Steep
flanks >6.4°

Northeast Atlantic

Annex 5

NEAFC Rec. (am.
10:2018))

VME Habitat type (examples listed)

1. Cold-water coral reef

a. Lophelia pertusa reef (1 sp)

b. Solenosmilia variabilis reef (1 sp)

2. Coral garden

a. Hard bottom garden

i. Hard bottom gorgonian and black coral gardens (9
families)

ii. Colonial scleractinians on rocky outcrops (2 species)
iii. Non-reefal scleractinian aggregations (2 species)
b. Soft-bottom coral gardens

i. Soft-bottom gorgonian and black coral gardens (1
family)

ii. Cup-coral fields (2 families)

iii. Cauliflower coral fields (1 family)

Deep-sea sponge aggregations

Other sponge aggregations (3 families)
Hard-bottom sponge gardens (4 families)

Glass sponge communities (2 families)

Seapen fields (8 families)

Tube-dwelling anemone patches (1 family)

Mud- and sand-emergent fauna (5 families)
Bryzoan patches

Physical elements

Isolated seamounts, Steep-slopes and peaks on mid-
ocean ridges, Knolls, Canyon-like features, Steep flanks
>6.4°

NoUADd TP W

Southeast Atlantic

Annex 6.1

SEAFO CM 30/15

North Pacific

NPFC CMM 2018-05
(Western)

NPFC CMM 2017-06

(Eastern)

VME Indicators listed by SC - see SEAFO SC Report,
2016, 2017

Sponges (Porifera)

Gorgonian corals (Gorgonacea)

Hydrocorals (Anthoathecatae)

Stony corals (Scleractinia)

Black corals (Anthipatharia)

Zoanthids (Zoantharia)

Soft corals (Alcyonacea)

Sea pens (Pennatulacea)

Erect bryozoans (Bryozoa)

Sea lilies (Crinoidea)

Basket stars (Ophiuroidea)

Annelida (Serpulidae)

Sea squirts (Ascidiacea)

Tube-dwelling Sea anemones (Ceriantharia)
Para. 4G (Western), Para 3 g (Eastern)

cold water corals (Alcyonacea, Antipatharia,
Gorgonacea, Scleractinia)

South Pacific

Annex 5

SPRFMO CMM 3-2019

Sponges (Porifera: Demospongiae and Hexactinellidae)
Stony corals (Scleractinia: Solenosmilia; Goniocorella;
Oculina; Enallopsammia; Madrepora; Lophelia)

Black corals (Antipatharia)

True soft corals (Alcyonacea: all taxa excluding
Gorgonacea)

Table 1 (continued)
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Northwest Atlantic

Annex 1.E

Southern Ocean
CCAMLR CM 22-07
(2013)

Mediterranean

Sea fans octocorals (Gorgonacea: Holaxonia; Calaxonia;
Scleraxonia)

Sea pens (Pennatulacea)

Anemones (Actiniaria)

Hydrocorals (Stylasteridae)

Para. 2ii.

As in VME Taxa Classification Guide
Gorgonians (Gorgonacea: 5 families)
Hydroids (Hydroidellina)

Hydrocorals (Stylasterids)

Stony corals (Scleractinia)

Black corals (Antipatheria)

Zoanthids (Zoantharia)

Sponges (Hexactinellida, Demospongiae)
Anemones, soft corals, Sea pens (Cnideria)
Sea squirts (Ascidiacea)

Lace corals (Bryozoan)

Chemosynthetic organisms (various)

Lamp shells (Brachiopoda)

Acorn worms (Pteribranchia)

Serpulid tube worms (Serpulidae)
Zenophyophors (Zenophyophora)

Goose and acorn barnacles (Bathylasmatidae)
Antarctic scallop (Adamussium colbecki)
Sea lilies, etc (Echinoderms: 3 orders)

(a) Mediterranean VME indicators features

Appendix 3(A)/Annex 1

The following features potentially support VMEs:

VME ind. Features and
taxa

Seamounts and volcanic ridges

Canyon and trenches

Steep slopes

Submarine reliefs (slumped blocks, ridges, cobble fields,
etc)

Cold seeps (pock marks, mud volcanoes, methanogenic
hard bottom)

Hydrothermal vents

(b) Mediterranean VME indicator habitats

Cold water coral reefs

Coral gardens:

- Hard bottom coral gardens

- Soft bottom coral gardens

Sea pen fields

Deep sea sponge aggregations:

-“Ostur” sponge aggregations

- Hard bottom sponge gardens

- Glass sponge communities

- Soft bottom sponge gardens

Tube-dwelling anemone patches

Crinoid fields

Oyster reef and other giant bivalves

Seep and vents communities

Other dense emergent fauna

(¢) Mediterranean VME indicator taxa

Cnidaria Anthozoa: Hexacorallia (Antipatharia,
Scleractinia), Octocorallia, (Acyonacea, Pennatulacea);
Ceriantharia

Hydrozoa, Hydroidolina

Porifera, (sponge) Demosponges

Porifera, Hexactinellida Amphidiscophora
Hexasterophora

Bryozoa Gymnolaemata and Stenolaemata
Echinodxermata Crinoidea Articulata

Mollusca bivalvia: Gryphaeidae (Neopycnodonte
cochlear, N. zibrowii) Heterodonta* (Lucinoida) (e.g.,
Lucinoma Kazani), Pteriomorphia* (Mytiloida) (e.g., Idas
modiolaeformis)

Annellida* Polychaeta: Sedentaria (Canalipalpata) (e.g.,
Lamellibranchia anaximandri, Siboglinum spp.)
Arthropoda* Malacostraca, Eumalacostraca
(Amphipoda)

heterogeneity of the deep seafloor [61]. Suspension feeders, particularly
deep-sea corals, gorgonians, sponges and fishes, usually dominate the
hard bottoms [62-64]. A complex trophic network includes top preda-
tors (cetaceans and sharks).
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Deep-sea coral reefs, coral gardens and carbonate mounds -
They are preferentially distributed on topographic irregularities and are
important habitat formers as their bioconstructions produce locally
elevated secondary hard substrates associated with strong bottom cur-
rents [62,65,66]. These habitats include hotspots of biodiversity domi-
nated by scleractinians, colonial octocorals, black corals, sponges and
giant bivalves [41,65,67-75].

Pockmarks and mud volcanoes — These habitats occurring on
continental margins worldwide down to >1000 m [71], originate from
the expulsion of gas from over-pressured gas pockets or continuous
hydrocarbon fluid discharge, creating spatial heterogeneity [76]. Che-
mosymbiotic communities are associated with mud volcano fields [77].
These habitats might be also important for some marine mammals (e.g.,
Cuvier’s beaked whales, Ziphius cavirostris) [78]. An example of the
potentially impacted deep-sea habitats reported above is illustrated in
Fig. 2.

2.2. Setting the stage: vulnerable coastal habitats

FOWFs are located in offshore and deep-sea areas, but their sealines
reach the land and can cross protected or vulnerable habitats and species
(e.g., those considered in the European Habitat Directive 92/43/CEE
and in the IUCN red list). Within the mesophotic zone (from 40 to 200-m
depth) coralligenous habitats (encrusting algae) are widespread at mid-
latitudes in temperate-warm seas (such as the Mediterranean Sea [62,
791). At depths <40 m we encounter other habitats potentially highly
susceptible to damage including the seagrass meadows [80], and mac-
roalgal forests (either formed by the kelp or by other brown algae),
which are in progressive regression in most areas of the world. The
impact of sealines should be carefully assessed, mitigated, and eventu-
ally compensated [81-83]. At very shallow depths: “Sandbanks slightly
covered by sea water”, “Mudflats and sandflats not covered by seawater
at low tide” and other habitats included in the European Habitat
Directive 92/43/CEE contain more than 600 species and are included by
IUCN in the red list. An example of the coastal habitats potentially
impacted by the sea cables is reported in Fig. 3.

2.3. Literature survey

A literature survey was conducted to gather information on offshore
wind-farm effects across different marine habitats and biogeographic
regions at a global spatial scale (i.e., worldwide). More specifically, to
achieve the objectives of the review, the overall research question that
guided the analysis was: what is the current knowledge about FOWF
implementation? The following sub-questions were considered: what
are the known effects of FOWFs across species and habitats?; what are
the examples of restoration interventions after FOWF implementation?;
what are the gaps of knowledge to support the implementation of
FOWFs?

The temporal extent considered was from 1970 to 2023. To get a
comprehensive data set, the research was expanded including and
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combining Web of Science, Scopus, and Google Scholar (first 200
studies), also considering the results from the grey literature (e.g.,
technical reports) recovered through an in-depth search.

To include all available information in the review, we selected the
following key terms: “offshore” or “windfarms” or “wind farms”, and
“floating”, and/or “deep sea”, “seabirds”, “marine mammals”, “fish-
eries”, “cumulative impacts”, “bats”. Since the results of the literature
search in the field of restoration might be biased by the lack of data on
specific areas or definitions, we carried out a specific search using also
“deep-sea restoration”, and “corals restoration”. Searches were under-
taken within article titles, abstracts, keywords, and main text. We
considered and carefully analyzed papers published in international
journals, contributions to scientific congresses as well as project reports
and deliverables of projects carried out at the international, national, or
regional level and made available to public administrations for territory
management purposes. When a review was found, also the references
reported therein were considered. As a result, 972 documents were
identified. As far as criteria inclusion/exclusion, we excluded double or
repeated documents, documents not available for download, documents
not pertinent (e.g., regarding other kinds of ecosystems, like river es-
tuaries), and documents not reporting data coherent with the topic
investigated. Master/PhD theses were considered when published as
scientific papers/reports.

Although a large body of information is derived from fixed offshore
wind farms, some of the problems and solutions reported for fixed wind
farms can be applied or re-defined in the context of the open waters and
deep-sea habitats on which FOWF installations insist. The main limita-
tion of this analysis is thus related to the currently limited field infor-
mation on floating offshore wind farms. However, since we did not carry
out statistical analyses, modelling or quantifications, the risk of inac-
curacy or error is low.

Since the technology and design of FOWFs are changing very rapidly
and the size of the turbines increases, a constant recalibration of the
proposed criteria is desirable, as it might potentially expand the risk of
collision for migratory birds and bats. The potential of positive effects
derived from the development of protection measures will require spe-
cific assessments, while the efficacy of the mitigation measures will be
tested only.

3. Potential environmental impacts of floating offshore wind
farms

It is now recognized that the impact generated by FOWFs, is different
from that of fixed turbines: different installation depths (and thus
different habitats interested), the use of anchors/deadweights instead of
piles infixed in the seafloor. Differences might arise among biogeo-
graphic regions [21]. Here, using an ecosystem-based approach, we
analyzed all potential impacts (either positive or negative) determined
by FOWFs on the following ecological compartments reflecting the 3D
development of these infrastructures: 1) air; 2) water column; and 3)
seafloor.

Fig. 2. Deep-sea habitats/ecosystems possibly impacted by FOWF infrastructures: A) a rocky bottom at mesophotic depths; B) a sea pen forest; C) a deep coral field
(Images: NOAA (A, C), John Turnball (B). Creative commons: CC BY-SA 2.0 (B), Public domain (A, C).
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Fig. 3. Coastal habitats/ecosystems possibly impacted by FOWF infrastructures: A) Posidonia oceanica meadow (Natura 2000 code 1120, Posidonia beds priority
habitat, sensu European Habitat Directive 92/43/CEE, Annex I); B) macroalgal forest dominated by Cystoseira s.L Species (Natura 2000 code 1170, Reefs); C) cor-
alligenous habitat (Natura 2000 code 1170, Reefs). Image: Frédéric Ducarme (A), Arnaud Abadie (B), Carlo Cerrano (C). Creative commons: CC BY-SA 3.0 (A, B).

3.1. Impacts on seascape, air, noise, vibrations, and collisions

Wind farms have the theoretical advantage of reducing global air
pollution by replacing fossil fuels with green renewable energy, but one
of the main reasons for social reluctance to accept the installation of
FOWFs is their potential visual impact [84], potentially conflicting with
blue tourism [85-89]. For this reason, FOWFs should be placed far away
from the shore (EWEA, 2015; e.g., >40-60 km). FOWFs generally have
the hub at ca 170 m above sea level and the height at the tip of the blades
can be higher than 250 m at a 50-km distance from the shore they would
be invisible to the human eye. Atmospheric wakes appearing in the lee of
wind farms extend on scales up to 65 km, with a wind speed reduction of
up to 43% inside the wakes leading to turbulence effects [90-92]
altering the meteorology at the micro-scale [93,94] and an increase or
decrease of temperature [93]. They can locally alter the precipitation
regimen [95,96], and potentially alter the spread of air pollutants
through an edge effect [97,98]. Information on the possible alteration of
wind speed and direction caused by FOWFs is too limited to draw any
conclusion. However, all these effects are likely to have negligible
consequences in open waters.

Impacts of noise and vibration - The definition “marine noise
pollution” (MNP) has been introduced (see MSFD 56,/2008) to define
any source of anthropogenic sound occurring in the marine environment
capable of producing deleterious effects on marine life [99-101]. Sound
exposure level (SEL) is the energy of the entire sound pulse and is the
best descriptor for fish and cetacean hearing injury. Both the number of
pile strikes and the levels influence the extent of the injury [102], for this
reason, either SEL(s) (the value of a single strike) and SEL(cym) (the
cumulative value of several strikes over a given period of time) should be
determined. Noise pollution can be produced during the construction
phase of fixed OWFs due to the use of vibration or percussive hammers
[103]. However, FOWFs do not need foundations and pile driving and
this can reduce dramatically the impact of noise during construction,
limiting the effects of the noise produced by working vessels and the
anchoring process. Previous studies indicate that cable laying can pro-
duce underwater noise, up to 178-188.5 dB re 1 pPa (<50 kHz) ata 1-m
distance from the area subjected to trenching for the cable displacement
[104,105]. There is no available data about noise pollution due to
FOWFs during the operation phase, but we know that the fixed OWFs
show peaks up to 153 dB re 1 mPa at 1 m at 16 Hz [104]. The biological
effects of noise pollution on organisms will be discussed in the next
sections. The vibration of the blades and towers can influence marine
life [106]. In the construction phase noise will be mainly produced by
the ships used and by the cable laying. High Voltage Alternating Current
(HVAC) cables are often subjected to vibration due to the Coulomb force
occurring between conductors, which can emit a sound level of 100 dB
re 1 pPa at 1 m distance [19].

Potential impact of collisions on (sea)birds and chiropters -
Birds are strongly vulnerable to human impacts [107]. Several bird
species are on the red list of IUCN (see also the Birds Directive

2009/147/EC and the Protection of Birds Act 1954). “Seabirds” include
birds that spend an important part of their life at sea, predominantly
feeding in marine waters and are well adapted to the marine environ-
ment [108]. They include also migratory species, which do not primarily
depend on marine resources for their feeding [107]. According to the
UN, about 1800 avian species (20% of the total) migrate every year, so
these species are potentially vulnerable to collision with the FOWF
blades. OWFs have an impact on birds through collision-induced mor-
tality and foraging habitat loss [109] and 250,000-500,000 birds are
killed annually by colliding with wind turbines on land in the USA
[110]. Most migrating birds usually fly at a height from 200 to 1500 m
above sea level [109]. One difference with onshore wind farms is that
FOWFs are taller and show the lowest tip of the blade is at 70-100 m
from the sea surface.

Seabirds’ behavioral responses to the presence of FOWFs include
avoiding, indifference, or attraction [111]. The foraging behavior and
diving time have been proposed as good descriptors of the environ-
mental impact of FOWFs on (sea)birds. Birds may show two types of
avoidance behavior at offshore wind farms: 1) “macro-avoidance” oc-
curs when birds alter their flight path to keep away from the entire wind
farm; 2) “micro-avoidance” happens when birds enter the wind farm but
avoid individual turbines [109,112,113]. The knowledge of the seabirds
present in the FOWF areas is mandatory for adopting adequate mitiga-
tion measures since the species flying most of the time will be more
vulnerable than those mostly swimming [114]. There are 9 factors
influencing the birds’ vulnerability to FOWFs: 1) flight maneuverability,
2) flight altitude, 3) percentage of time flying, 4) nocturnal flight
disturbance by ship and helicopter traffic, 5) flexibility in habitat use, 6)
biogeographical population size, 7) adult survival rate, 8) local threat
and 9) conservation status. These factors can be integrated into a
vulnerability index helping in predicting the impact and applying
mitigation measures [114]. Species living near the coast are more sus-
ceptible than those living in the high-seas areas [107]. Only a portion of
bird species migrates flying at the blade rotation height (70-300 m a.s.
1.). Bar-headed geese can reach heights of 18,000 m to pass over the
Himalayas so it is possible to predict that several species will fly above
the height of 300 m or might deviate their flying height to pass over the
turbines. The common seabirds (e.g., razorbill, guillemot, unidentified
auk, black-headed gull, black-legged kittiwake, great cormorant,
northern fulmar, and various gull species) show a median value of fly
height <35 m [115] and therefore would be not at risk with FOWF
blades. Conversely, white-tailed eagles, black-backed gulls and herring
gulls, as well as other seabirds can pass up to one-fourth of their fly time
at the maximum height of 150-170 m indicating a real collision risk
[109]. The development of new floating offshore wind turbines is
associated with an increase in their blade size and thus the spatial area
covered and maximum altitude of the tip by the future windfarms, with a
consequent increased risk of collision for birds and bats. In addition,
when birds fly headwind, they might fly closer to the sea surface.
Whereas with tailwind they fly up high to where it will whisk them along
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faster. For this reason, predicting the exact bird-flight height is a com-
plex issue. Seabirds collide with FOWFs typically at night or in hours
with scarce visibility when they cannot avoid the turbines [114]. The
attraction of birds to wind farms is correlated with their “reef effect” and
local turbulences that cause a major prey availability for the birds
feeding on the sea surface [116]. It is also possible that fish can seek
refuge in the wind farms. It has been also hypothesized that offshore
turbines can deepen the vertical distribution of fish obligating the (sea)
birds to perform deeper and longer dives to capture the prey [117]. At
the same time, the floating structures being colonized by a wide array of
species (fouling and mobile organisms) can facilitate bird feeding. The
emerged portion of the floating foundations of the turbine can be also
used by some species for a stopover during their migrations.

Bats include approximately 1100 species, some of which are migra-
tory and protected by the “UN Convention on Migratory Species of Wild
Animals”. Most of them travel only for short distances, while others are
known to migrate for long distances (up to 2000 km [118]). In Europe,
the most susceptible migratory species are: Nyctalus noctula, Nyctalus
leisleri, Pipistrellus nathusii, and Vespertilio murinus [119]. Although there
is no data about the collision and mortality of bats due to floating
offshore windfarms [120], data from land windfarms indicate that they
might be subjected to a high mortality rate (10-12 bats are kill-
ed/turbine annually [121]). Bats changed altitude rapidly when they
were near tall vertical obstacles such as ships, bridges, and wind tur-
bines, but all migrating bats observed over the sea fly at relatively low
altitudes (N. noctula flies <10 m above the surface although a few can
reach 40 m). Since the lowest altitude of the blades is 60-70 m from the
sea surface, the collision risk of bats with turbines of the FOWFs could be
very limited if not negligible.

3.2. Impacts on the water column and associated assemblages

Effects on water circulation and plankton - The water column is
subjected to a seasonal stratification, with a thermocline that is dis-
rupted by decreasing solar energy and wind action with consequent
water mixing and nutrient exchange. This seasonal process influences
the water column productivity and food web dynamics [122,123].
FOWFs can increase the turbulence at the local scale and enhance water
mixing [122,124], but these effects are expected to be extremely local-
ized, typically only in the first 100 m downstream of the structure.
Previous studies on fixed wind farms showed that a single turbine can
increase by 7-10% the local water mixing, generating ~10% of the
turbulent kinetic energy and can cause the reduction by 5% of the peak
velocity until approximately 1 km from each turbine [125]. Since
FOWFs do not have a fixed foundation, these effects might be strongly
reduced. Larger scale effects of OWFs can alter the stratification, which
is on average 1-2 m shallower in and around the OWF clusters and alter
the current speed (+10% [91]). The influence of FOWFs on natural
upwellings [126] is less plausible, nonetheless, large FOWFs can in-
crease or decrease the net primary production with consequences on the
survival of fish larvae [91]. Field investigations confirmed the increased
vertical mixing leading to a doming of the thermocline and subsequent
transport of nutrients into the surface mixed layer (SML). Video
Plankton Recorder (VPR) revealed potential effects on meroplankton
[127] and nekton species distribution [128]. The pilings of FOWF and
the catenaries can be colonized by non-indigenous species (NIS) [89] so
enhancing their potential spreading. However, all these processes are
likely to be less relevant in offshore than in coastal waters.

Potential impacts on fish and fisheries - Wind turbines might
attract marine life due to a reef effect, which depends on their location
[129,130]. The impacts caused by fixed OWFs occur also during their
construction with the production of noise and sediment loads due to pile
driving [15]. FOWFs do not require pile driving and their effects are
expected to be limited to the anchoring on the seafloor, which can cause
a temporary resuspension of the bottom sediments, but do not have a
significant negative impact on fish assemblages [131-134]. Thus,
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anchoring, when appropriately sited, can cause negligible impacts on
this component. Reef effects are difficult to detect, but FOWFs can
attract several fish that can find refuge areas and considerable sources of
food on the structures [135-137]. The chains and the anchors of the
turbines represent an additional hard substrate for organisms’ coloni-
zation that can attract several fish species. In this regard, previous
studies reported that turbines do not determine significant changes in
pelagic fish assemblages [127,138], and no effects were observed in
terms of fish diversity and abundance compared to adjacent areas [131,
132]. The detection of noise by fish depends on: i) the size and number
of windmills, ii) the hearing abilities of the fish, iii) background noise
level, iv) blade design and wind speed, v) water depth and vi) type of sea
bottom [139]. Results from the OWFs, indicate the lack of negative ef-
fects on the hearing abilities of fish, even within a few meters of dis-
tance, but noise-induced behavioral reactions can be detected within a
range of 4 m from the pile, and only at wind speeds >13 m s~!. As far as
vibrations produced by the foundation of fixed monopile turbines are
concerned, the impact of FOWFs might be negligible if the blades rotated
at ca 170 m from the sea surface and in the absence of pile foundations.
Furthermore, vibration and noise transmission to the high depths is
expected to be negligible or absent. Previous studies pointed out that
OWFs led to increased fish catches in adjacent areas [140,141], as
planktonophagous species are favored by FWOFs and fisheries restric-
tion in OWF areas can increase the size and biomass of commercial fish
species [131,135,142,143], thus acting as Other Effective Conservation
Measures. Such effects have been detected to 500 m from the turbines
[144]. FOWF floating structures can act as fish aggregation devices
(FADs) that are known to concentrate several fish species [138,145,
146]. Marine windfarms often conflict with industrial fisheries (e.g.,
tuna and swordfish) as the longline is impossible within and around the
FOWF, and trawling should be avoided for safety reasons. Windfarms
can be managed to reduce overfishing [136,147,148] and to increase the
Catch per Unit Effort (CPUE) for the black seabream and the Atlantic cod
[132,133,149] suggesting that is feasible to conjugate fisheries and
FOWFs [150]. However, this is not always possible [151], indeed
neutral or positive responses by fishermen to OWFs are also reported
[152].

Potential impacts on marine mammals and large migratory
species - Two potential sources of impact on marine mammals and large
vertebrates should be taken into account: i) noise and ii) risk of collision
with the floating structures. Noise can affect the reproduction of marine
mammals, the capacity to communicate, hearing prey and predatory
species and feeding ability [153]. Marine mammals are sensitive to noise
impact, especially during pile driving for OWFs (<120 dB only at a
100-m distance) and, to a lesser extent, during the operational phase
[13]. Underwater noise of wind turbines is of low frequencies <1 kHz
and intensity, considerably lower than ship noise [13,154], thus the
balance between windfarm-induced noise and lack of ship noise could
easily result in an overall positive effect (mitigation) of FOWFs on noise
production. The noise impact on marine mammals is limited to the range
frequency at which a marine mammal can detect the noise [13]. The
“Technical Guidance for Assessing the Effects of Anthropogenic Sound
on Marine Mammal Hearing” (V2 NOAA 2018) subdivides marine
mammals into four groups. Outside the range of auditory impacts, the
risk is considered highly unlikely or very low. Since all groups have a
minimum level of hearing range significantly below 1 kHz, the expected
impact of this frequency is expected to be low or negligible on most
marine mammals, including those sensitive to low-frequencies, such as
baleen whales (7 Hz-35 kHz), phocid pinnipeds (e.g., true seals; 50
Hz-86 kHz and otariid pinnipeds (e.g., sea lions and fur seals; 60 Hz-39
kHz). All other mammals and sea turtles have hearing ranges much
higher and thus completely unaffected by low frequencies. The noise
produced by the ship (100 dB, 63-125 Hz [155]) can impact mammals
only during farm construction, but it excludes any fatal consequence.
The larger the marine space occupied by wind farm area the higher the
possibility of collision of large cetaceans with the floating systems, but
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this risk appears negligible when compared to the impact of collision
with ships, one of the main causes of death of whales [156]. Again,
limited ship traffic (or speed) in the FOWF area the more beneficial are
the effects on the marine mammals. We conclude that the impact of
FOWFs on marine mammals and migratory marine species is expected to
be negligible [154,157] and that the possibility that FOWFs attract some
cetaceans and pinnipeds out of curiosity [158] is not excluded, thus
offering potential benefits for whale watching tourism.

3.3. Potential impacts on the seafloor and associated biodiversity

One of the main impacts of FOWFs on benthic habitats is represented
by their mooring (i.e., chains and cables connecting the turbines to the
anchors). Contrary to the gravity-based foundations, which might
require intensive dredging activity [159] and cause physical destruction
of the seafloor [159,160], FOWFs require a mooring system consisting of
anchors (n = 2-4) deployed on the seafloor [161]. The use of dynamic
anchors is based on the release of the anchors that penetrate the soft
seabed; therefore, it does not need an external energy source or addi-
tional mechanical interaction with the seafloor [162]. The deployment
of these anchors/deadweights can determine, along with the chain of
connection to the turbine, impacts on deep-sea habitats. An intense,
although localized, impact is expected during installation, especially
when ships need anchoring for the works and can cause sediment
resuspension as well as mechanical disturbance due to the displaced
sediments. In addition, the anchors (e.g., the torpedo) might require the
deposition of a trait of chain on the seafloor before the release of the
anchor and its penetration in soft sediments. This could cause direct
physical disturbance or contaminants’ re-suspension into the water
column and have the potential to clog the feeding apparatus of
suspension-feeding organisms, such as bivalves, sponges, and sea squirts
[163]. Considering that each turbine might require 2—-4 anchors and that
up to four turbines are deployed in an area of 1 km? the impact of
anchoring on the seafloor is likely to be one of the most relevant direct
physical impacts of FOWFs (e.g., the torpedo anchor is composed of an
anchor head, an anchor rod, and anchor wings, with a length of 12-15
m, a diameter of 0.8-1.1 m, and a weight of 240-950 kN). Since anchors
represent an additional hard substrate introduced on the bottom, they
can be rapidly colonized by benthic fauna, including alien species. While
this phenomenon was already studied for fixed OWFs [164], an inves-
tigation conducted on 41 structures, as well as the turbine substructures,
mooring lines, suction anchors and infield cables reported 121 taxa of
macrofauna and macroalgae are present on the submerged parts of
FOWFs with anemones and polychaetes colonizing the mid-sections
(80-20-m depth) of the turbines, while macroalgae and mussels domi-
nate the upper portion [165]. Such zonation pattern was consistent
among different structures and the hard substrates increased the colo-
nization and reproduction of several taxa [166]. An additional effect of
the floating systems is that biofouling colonizing the structure can cause
trophic enrichment, potentially altering the structures [167,168].
Overall, the presence of the submerged part of the turbines and anchors
in the open sea, especially for SPAR platforms, can increase the local
relevance of hard bottom fauna [169] and potentially favor the spread of
NIS [170]. This in turn can influence the local food webs and attract
species preying upon these taxa. The biodeposition from the structures is
expected to increase benthic biomass and biodiversity, and the anchors
can facilitate the recruitment of deep-water corals and other vulnerable
species.

3.4. Potential impacts of submarine power cables

Submarine power cables (SPCs) show a widespread distribution on
the world’s seafloor. Their total length is in the order of 10® km, but their
impact on marine life and ecosystems is still largely underestimated
[19]. We can identify three main effects of SPCs on marine ecosystems:
1) the physical damage on the seafloor; 2) the creation of a novel (hard)

Renewable and Sustainable Energy Reviews 197 (2024) 114386

substrate available for colonization; 3) the generation of electromag-
netic fields. Although SPCs connected to FOWFs can be partly suspended
in the water column, they lay down on the seafloor. SPCs are often
covered by sediment through a cutting wheel in rocky sediments and
ploughing or water jetting in soft sediments. In other cases,
rock-mattress covering, cable anchoring, ducting, cast-iron shells, con-
crete slabs, steel plates or dumped rocks can be used. Their impact on the
seafloor can be exacerbated by the large ships used for their deployment,
which use a considerable number of anchoring stabilizers and produce a
plume of resuspended sediments (several dozen mg L1 [19]). These
plumes might affect pelagic fish eggs [171] and decrease megafaunal
abundance along the sealine track [172], with negligible to long-lasting
effects [172,173]. It is thus reasonable to assume that without dredging
and sealine displacements no significant impacts can be detected. The
use of mattresses or other materials, for sea-cable stabilization can cause
physical damage and affect benthic life [174]. When a cable is deployed
on a soft bottom, its displacement can cause a disturbance, and sediment
resuspension that increases turbidity. Sealines create new hard sub-
strates that are rapidly colonized by a variety of organisms. Although
this can be seen as an alteration of habitat features, the ultimate effects
are potentially positive for the local assemblages, contributing to
enhancing the biomass and possibly creating refugia for some species.
Previous studies explored the potential impact of the electromagnetic
field (EMF) generated by the current flow passing through the sealine
during the operational phase, which is composed of two components:
electric and magnetic fields. SPCs can carry direct current (DC) or
alternating current (AC) whose E-fields usually are confined within the
armored cable [175]. However, AC cables showed a limitation due to
power loss causing a reduction of the maximum transmission distance to
less than 100 km [19]. Therefore, most of the SPCs used are DC [19].
EMFs are not always perceptible by marine species, for instance, eel’s
migration was not affected by EMFs due to SBP, while salmon smolt may
be influenced [176] and some effects are apparent on the larval stages
[1771, with reduced swimming speed [16] and avoiding [178] are re-
ported. Electric fields increase in strength as voltage increases and may
reach 1000 pv m™! [19], while the magnetic field can reach 5000 uT at
the surface of the cable [179]. Elasmobranchs, for instance, can be
attracted by electric fields generated by DC between 0.005 and 1 pV
cm~ ! and avoid electric fields >10 pv cm™? [180,181]. Therefore, cable
deployment can have an impact on this component, altering the shark’s
behavior and reducing their hunting or reproductive area [17]. Marine
mammals also show magneto sensitivity, but, so far, there are no studies
supporting the hypothesis of the effects of sealines on their migrations
[17]. Many invertebrate taxa, such as mollusks and crustaceans, include
magneto-sensitive species, but available studies reported no effects
associated with sealines [179]. When electric energy is transported, a
certain amount is lost as heat by the Joule effect, causing an increase in
temperature at the cable surface. While cable warming can be mitigated
by water and current on the SPC surface, in the case of the buried cable,
the heat can propagate even at several tens of centimeters distance
especially in the presence of cohesive sediment [19]. This can cause
changes in the physical-chemical properties of the seafloor with conse-
quences for the biological community, which can potentially show an
increase in thermophilic species. However, these effects appear to be
spatially limited and no direct evidence of impacts on the biological
communities has been reported so far.

4. Criteria for a proper environmental impact assessment (EIA)
of FOWFs

The construction of FOWFs, if not adequately planned in space,
monitored and mitigated, could have non-negligible impacts on marine
ecosystems and local economies. In many cases, the EIA is based on
simple literature analysis, without fine-scale habitat mapping and that is
insufficient to ascertain the potential impacts. The increasing avail-
ability of digital twin simulations could allow the definition of the
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scenarios of risk of FOWF operating in extreme conditions. In this re-
gard, the climate and meteorology of the area should be preliminarily
investigated and described, as well as the possibility of anomalous waves
and their increase in frequency and intensity due to climate change.

To respect the Do no Significant Harm approach [25] a crucial step is
represented by careful EIAs. This requires the development of an
ecosystem-based approach in project planning, identification of appro-
priate sites and selection of the best available technologies. The main
issues needed to make the FOWFs eco-compatible are: i) appropriate
siting and identification of the most eco-compatible project design; ii)
potential impacts in fieri (during construction), post operam (after the
installation) and during the decommissioning phase; iii) cumulative
impacts; iv) environmental monitoring plan; v) mitigation measures; vi)
compensation measures (ecological restoration).

4.1. Appropriate siting and identification of the most eco-compatible
project designs

The siting of offshore wind farms is based on three crucial steps: 1)
the identification of profitable areas where wind energy is available; 2)
the identification of sites where impacts should be excluded as protected
areas and vulnerable habitats; 3) the identification of possible conflicts
with other human uses of the sea space such as fishing areas and navi-
gation corridors [89]. The development of alternative scenarios in the
design of the FOWFs should provide a comparative analysis of the po-
tential environmental impacts including anchoring, turbine technolo-
gies, modalities of construction, management during the operational
phase and decommissioning. Alternative scenarios to be discussed with
stakeholders should also compare different sealines tracks and the in-
ternational regulation in terms of maritime law, as well as an appro-
priate distance from the shore to minimize or avoid any visual impact
(whenever possible 40-50 km from the shore).

FOWF planning should examine the potential interactions with Areas
protected by National and/or International Regulations, Critical habi-
tats, Reserves and Natural Marine Parks, and other ecosystems of high
ecological value/interest with a 3D approach and consider the potential
effects in a large area of approximately 5 miles from the borders of the
windfarm. The first environmental criterion for FOWF siting is certainly
represented by their potential impacts on vulnerable habitats/ecosys-
tems. Since FOWFs are expected to occupy large areas (even >1000
km?), it is likely that large areas will include ecologically important
habitats. For this reason, the highest priorities in the EIA study should be
given to: i) habitat mapping, ii) routes of migratory species, iii) links
with other marine ecosystems through connectivity (i.,e., Cells of
Ecosystem Functioning CEFS) [27,89].

To avoid or minimize impacts, the first priority is habitat mapping
requiring geo-referred ROV/AUV videos and accurate habitat descrip-
tion of the entire area, enabling the planning of the exact position for the
deployment of the anchors to avoid the impact on bottom habitats. The
ecological impact of anchor penetrating the sediments is expected to be
negligible on soft bottoms without vulnerable megafaunal assemblages,
but it can be relevant on soft bottoms hosting megafaunal assemblages
or on hard bottoms. Therefore, the presence of vulnerable habitats must
be assessed and carefully mapped at a high resolution (e.g., 1:1000).
Fine-scale habitat mapping of deep-sea habitats will allow defining the
exact location of the anchors and cables to avoid, whenever possible,
any potential impact on valuable marine habitats. The second priority is
the identification of the migratory routes of birds to assess the risks of
collisions with the FOWF. The third priority is the assessment of the
connectivity amongst deep-sea ecosystems, which according to the
ecosystem approach should be considered also in the Maritime Spatial
Planning (MSP). This would enable ecosystem mapping, considering the
marine environment in four dimensions (the surface of the seafloor, the
volume of water above it, and the timing of important ecological pro-
cesses [22]) and would allow the understanding of the ecosystems of the
FOWF area in a much wider maritime space. In this respect, specific
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software (e.g., MARXAN), largely used in the framework of spatial pri-
oritization for conservation and maritime spatial planning, allows the
combination of spatial information from different sources (from the
wind chart to the information about connectivity) and the development
of scenarios for the prioritization of FOWF areas co-optimized with other
uses, accounting for ecological, social and economic objectives.

A new FOWF project needs to be coherent also with the national and
international legislations and the regional environmental plans. The
anchoring/mooring systems must be placed in safety zones forbidden to
navigation, or where a minimum safety distance is defined. The presence
of areas and sites of potential archaeological interest does not represent
a problem per se, since once appropriately identified using magneto-
metric and other adequate analyses, it is possible to avoid anchoring in
the areas of archaeological interest. In addition, the ban on trawling,
which is certainly the main source of physical impact and the theft of
archaeological artefacts, in the FOWF area would represent an added
value.

The environmental phases of the project implementation should be
detailed, identifying a study phase, a construction phase, an operational
and a decommissioning phase. The anchoring and mooring methodol-
ogies should be defined ex-ante to guarantee the best environmental
performance while ensuring the lowest ecological impact. Similarly, the
sealines as well as the ballasts/mattresses eventually used to avoid their
displacement must be installed on bottoms lacking vulnerable habitats,
such as bioconstructions, seagrass meadows [62], and animal forests
[155]. An additional value for making eco-compatible FOWFs is the
identification of advanced technological solutions to avoid impacts on
navigation safety and maritime transportation and consider the poten-
tial interference with boating activities.

4.2. Impacts on seabed stability and hydrodynamic conditions

Submarine landslides and seabed instability represent additional
sources of uncertainty in a FOWF project. This requires appropriate
measurements to exclude the possibility that the anchoring might
trigger landslides or that the FOWF is vulnerable to episodic extreme
events. Multibeam Echosounder and Sub-bottom Profiler can be used to
create bathymetric maps, to characterize the seafloor morphology and
the seismic hazard, as well as, additional factors, such as gas in-
filtrations. Accurate hydrodynamic studies are needed to detect the
possible effect on water currents, including upwelling or downwelling
phenomena. The hydro-morpho-dynamic and modelling assessments
should be based on the most up-to-date, three-dimensional and vali-
dated modelling.

4.3. Presence of contaminants

Another component to investigate is the presence of any form of
contamination of the seabed, including the presence of shipwrecks and/
or munitions, since anchor deployment on contaminated sediments
might cause their dispersal and transfer to the biota, their bio-
accumulation and biomagnification.

4.4. Impacts on migratory and sedentary species

To address this aspect, in-situ data should be acquired for all
migratory species: i) cetaceans and other large vertebrates (e.g., marine
turtles), ii) birds and chiropters. The assessments should be conducted
with ad hoc surveys of appropriate duration and frequency. Data on
flight height are needed to assess the probability of collision [191]. The
presence of species foraging in the areas must be carefully considered to
avoid the stress of dislocation.

4.5. Impacts on biodiversity and ecosystem services

Monitoring of NIS in floating structures and deep seafloor is needed
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to prevent/monitor the spread of such species. The presence of endan-
gered/protected species can be monitored using georeferenced HD
video/imaging (ROVs/AUVs). Non-destructive approaches are always
preferred to avoid habitat damage, but the collection of macrofaunal
samples (box-corers/multi-corers) is needed on soft bottoms to monitor
benthic biodiversity. Fish biomass including species of commercial in-
terest is a key requisite for the monitoring along with recruitment dy-
namics of pelagic species (along with physical-oceanography data), to
design a connectivity landscape.

4.6. Cumulative impact assessment and conflicting activities

The spatial expansion of offshore renewables is causing a widespread
debate regarding local and cumulative environmental and socio-
economic effects on other human activities [182], which can lead to
substantial delays during the permitting process [20]. For this reason, a
detailed analysis of the outcomes of cumulative impacts is a priority in
the permission procedures. The analysis of cumulative impacts of
FOWFs must include all possible interactions, namely: i) fishing activ-
ities (either bottom-contact and pelagic fisheries); ii) presence of oil and
gas (or other resource exploitation) platforms and position of existing
sealines; iii) proximity to the shore for tourism and boating; iv) prox-
imity to other OWFs; v) combination of FOWFs with floating photo-
voltaic panels; vi) association of FOWFs with aquaculture activities; vii)
interactions with maritime transportation, navigation and traffic; vii)
interaction with touristic activities; ix) presence of cables/sealines (e.g.,
telecommunications). The analysis of cumulative impacts derived from
the spatial overlap of multiple human uses and including the vulnera-
bility of habitats should be conducted in a wide area of 10 km distance
from the boundary of the FOWF area and along the corridor of the
sealine connecting the wind farm to the shore, possibly comprised
within a Cell of Ecosystem Functioning. The most common interaction
between FOWFs and the use of maritime space is related to ship traffic,
which in the presence of FOWFs should be reduced, except in potential
corridors, but could concentrate in adjacent areas. The co-location of
FOWFs and oil and gas platforms in the same area requires a careful
assessment of the potential cumulative effects and interferences. One of
the most concerning cumulative impacts is with the fishing sector, which
if not prohibited in the FOWF area can cumulate the impacts of fisheries
and generate overfishing in the area showing an increase in biomass
[136,182-184]. To reduce the conflicts created by the interactions be-
tween FOWFs and fisheries, in some cases it has been proposed, within
the framework of MSP, the segregation of OWFs and fishing areas [182,
185], which however, might increase the costs of fishing displacement
to other areas. Some wind farm areas could produce effects similar to
those of the military areas [186]. Yet, offshore aquaculture in FOWF
areas is possible [187] for seaweeds and bivalves, which produce
negligible impacts [188,189], while intensive aquaculture could cause
more significant impacts [190].

The installation of FOWFs in close proximity to navigation corridors
is a potential source of conflict which deserves careful spatial planning.
It is evident that international routes must remain free for navigation,
and it is strictly necessary for an international collaboration among
states to manage maritime traffic. FOWF siting should thus not only
exclude international navigation corridors but also consider the prox-
imity of the FOWFs to such areas. In fact, here, vessel traffic will be
increased by the boats used for FOWF maintenance operations and this
could increase the collision risk with other ships. This is of particular
importance in the light of increase in the ship size, which will increase
the risk of collision with OWFs and with the maintenance boats. The
navigation in the area covered by FOWFs must be done following the
IMO (i.e., International Maritime Organization) guidelines contained in
“Ships’ Routing”, which recommends “improve the safety of navigation in
converging areas and in areas where the density of traffic is great or where
freedom of movement of shipping is inhibited by restricted space, the existence
of obstructions to navigation, limited depths or unfavorable meteorological
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conditions”. These guidelines include traffic separation schemes, traffic
lanes, separation zones or lines, recommended routes, precautionary
areas and areas to be avoided.

5. Environmental monitoring plan (EMP)

The EMP should include all ecosystem components illustrated in the
previous paragraphs and should cover the entire wind farm area and the
sealine. The plan should incorporate the comprehensive ecological de-
scriptors of the Marine Strategy Framework Directive [26], which
include: i) biodiversity and the presence/spread of NIS, ii) the presence
and of marine mammals and large vertebrates, iii) the stocks of species
of commercial interest and the local food webs, iii) changes in primary
production, iv) seafloor/benthic habitat integrity, v) changes in hydro-
graphic conditions; vi) contaminants (either sediments and biota); vii)
marine litter; vii) noise. The EMP should also include: 1) migra-
tion/foraging of birds and chiropters; 2) turbine-induced mortality of
migratory species; 3) presence of sedentary sea birds.

The monitoring activities should start at least 12 months before wind
farm construction and be carried out throughout its entire lifespan, with
intensification during the construction phase. The need to shift from
sporadic monitoring to an observation strategy is widely recognized
[211] as observation systems allow non-invasive, cost-effective and
high-frequency long-term monitoring. A BACI sampling design (i.e.,
Before vs After, Control vs Impact) or ACI (i.e., After Control vs Impact)
design are the most used sampling designs for environmental impact
assessment but are based on some assumptions: i) suitable multiple
controls should be found (i.e., same ecological and physical character-
istics, but far enough to be unaffected by the FOWF); ii) the area within
the wind farm is homogeneous [212]. A BAG design (i.e., Before vs After
Gradient) can solve these constraints allowing the identification of the
spatial scales of windfarm effects and improving the statistical power of
the analysis by incorporating “distance” as an independent variable in
analytical models [212,213].

The consistency of methodology used in all phases and consistent
with the available literature for a larger area. The monitoring-
observation of the impacts should be based on samplings carried out
on a seasonal basis (4 times on a yearly basis) and, if any impact is
detected, it has to be intensified to identify the most suitable compen-
sation actions. An overview of the key components of interest in the
definition of the EIA is reported in Fig. 4.

6. Life cycle assessment (LCA) and decommissioning of the wind
farms

While the impact of the energy produced by wind farms is close to
zero (no direct emission of CO5 or other pollutants), the impact of raw
material acquisition and the construction of the turbines, floating
structures and sealines might not be negligible. The most required ma-
terials are steel and concrete, which can determine environmental im-
pacts during the production phase. Moreover, relying on floating
structures at a relevant distance from the shore increases the material
demand, the potential impacts of the installation phase, and requires
more complex infrastructures for the transmission of the generated
electricity. The Life Cycle Assessment (LCA) is a technique to evaluate
the potential environmental impacts (air, water, and soil emissions),
material and energy consumption of products, processes, and activities
(ISO 14040-44 standards [192,193]). LCA is the most comprehensive
methodology since it includes all stages of energy production (with the
so-called cradle-to-grave approach) and several impact categories
encompassing the most relevant environmental impacts. LCA studies
performed on both onshore and offshore wind farms have been mainly
focused on the evaluation of Global Warming Potential (GWP [194,196,
1971), comparing different construction materials [198] or end-of-life
treatment options [199]. GWP values show great variability depend-
ing on site characteristics, capacity factor and wind conditions [200]. In
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Fig. 4. Illustration of the interactions of floating offshore wind farms and cables connecting to the shore with all environmental components to be considered for a

rigorous Environmental Impact Assessment.

addition, the impact assessment of the installation activities should
include the vessel operations and the wind farm maintenance during the
operational life, both in terms of spare parts and transport operations
[201,202]. Comprehensive LCA studies on FOWF are still limited [201,
203-206], but a recent case study (FOWF of 3 GW in the Mediterranean
Sea), using 15 MW turbines indicated that the acquisition of raw ma-
terials, either floaters and turbine structures determined the largest
potential impacts for all categories (apart from the abiotic depletion
category in which the materials for the power cables, such as copper,
covered more than half of the overall potential impacts [207]). A clear
reduction of the environmental burdens was observed when comparing
with the current energy mix for all impact categories but one, i.e., the
abiotic depletion, and this is related to the huge amounts of materials
required for the construction of components. The design stage allows for
reducing the impacts and selecting the less-impacting alternatives.
However, since the LCA studies strongly depend on several key as-
sumptions, such as system boundaries, cut-off rules, modelling
approach, allocation rules, and impact categories, there is a need to
define a common framework and specific rules to avoid discrepancies in
LCA limiting their efficacy in decision support [208].

An LCA is needed also for planning FOWF decommissioning. The
floating structures, as well as the chains connecting the floating struc-
tures to the mooring system, can be removed and recycled on land, while
the anchors can be designed to operate, and modules which have been
eventually colonized by vulnerable species, and supporting the biodi-
versity recovery, can be eventually left in situ, after authorization, at the
end of the wind farm life (see below for mitigation and compensation
measures). Such structures are deterrents for trawling and fishing, with
long-term positive ecological effects as indicated by fish abundance
detected by acoustic telemetry in comparison with control areas where
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OWFs are not present [136,147]. Decommissioning is one of the most
impacting activities within the FOWF lifespan and must be adequately
planned, mitigated and compensated [209,210]. The decommissioning
plan should include: 1) the methodology selected for the removal of the
structures, also considering the possible presence of habitats created at
the base of the structures themselves; 2) ecosystem restoration in-
terventions for all marine areas/habitats damaged by the anchoring or
during the decommissioning; 3) cost-benefit analyses for all different
available options; 4) the schedule and resource allocation.

7. Mitigation measures

The operational hierarchy routinely utilized in EIA consists of
avoiding, minimizing, and mitigating. Whilst there are a variety of
technical measures used to address specific environmental impacts,
avoiding impacts is the most effective option and needs to be thoroughly
programmed in strategic planning processes. Potentially adverse, even
minimal, impacts may occur during the project lifetime but can be
negligible if appropriate mitigation measures are adopted for the
different project phases (materials and manufacturing; transport and
assembly; installation; operation and maintenance; and decommission-
ing and disposal). Mitigation interventions must be defined during the
preliminary phase of the project but can be implemented if needed
during the project lifespan.

Mitigation measures for the impact of anchoring - Mitigation
measures for the ballast and anchor impact, with specific attention to
both their deployment in deep environments and sealine track, should
be included. The impact of anchoring can be mitigated by: 1) selecting
soft bottoms lacking vulnerable biota for the location/penetration of the
anchors; 2) avoiding or minimizing the deposition of the connecting
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chain during the deployment of the anchor; 3) using tense or semi-tense
chains in such a way as to limit occupation and damage to benthic
habitats only to ballast alone.

Mitigation measures for the sealines - The most important miti-
gation measure for sealines is avoiding the crossing of any vulnerable
habitat both in the deep sea and in shallower areas. Cable burial could
mitigate the impact of electromagnetic fields associated with the pipe-
lines. If possible, cable burying should be done at depths greater than 1
m. Burial can also limit the shifts of the cable which can move for dozens
of meters under some conditions, thus damaging the adjacent benthic
habitats, but the impact of sediment resuspension for its burial should be
even more relevant, albeit temporary, so that this measure should be
carefully evaluated in terms of costs and benefits. Generally, the use of
matrasses to stabilize or protect the cables should be preferred to
minimize these effects. In the project planning, the cables connecting all
turbines should be connected to a single cable (or to the minimum
number of cables) before getting in contact with the seafloor, so that the
potential impact on the benthic habitats is minimized. If more sealines
are needed, these should be in the closest possible proximity to the
installation. Avoidance/mitigation measures are particularly relevant in
the deployment phase, during which the vessel is stabilized using several
anchors that might cause an important physical disturbance to benthic
habitats. In this case, the most appropriate mitigation measures consist
in the identification, through a high-definition habitat mapping, of the
exact location of the areas where the anchors can be placed. These areas
must be identified during the project phase, since the ships that will
perform the decommissioning should be placed near the installation.
The sealine track should, as far as possible, avoid crossing over rocky
bottoms and seagrass meadows. If this is not possible, the passage across
vegetated habitats can be mitigated using a tailored trenching which is
subsequently covered by the seagrass meadow leaving the cable under
the seagrass [214]. Another useful mitigation is avoiding the deploy-
ment of sealines during the migration period of marine mammals or the
nesting of sea turtles [19].

Mitigation measures for migratory birds and bats - Currently
utilized mitigation strategies include permanent and operational mea-
sures. Among the permanent mitigations, the increase of hub height and
a larger inter-distance among wind turbines can avoid bird collisions
(most species fly at height <70 m [110]). The use of flashing lights
marking their location is also suggested instead of steady red lights to
allow the detection of the aerogenerators by birds even at night. Per-
manent deterrents include also painting with ultraviolet reflecting
colors, which can also be applied to the tower and blades [215] as it is
already done for inshore windfarms. The black painting of one of the
rotor blades is very effective in reducing the visual effect of motion
smear [216]. Another mitigation measure for bats could be the instal-
lation of acoustic deterrent devices (ADD), which have been successfully
utilized in terrestrial windfarms, with a reduction of bat fatalities >50%
in the ADD-equipped turbines [217]. The use of these devices in offshore
windfarms is still limited [218], but there is a large potential to exploit
in offshore windfarms the positive results obtained from the terrestrial
experience [29,219]. A mitigation measure for seasonal birds is avoiding
the construction in sensitive periods. Mitigation measures for reducing
bird collision risks during the operational phase include: i) stopping the
rotors during bird migration; ii) temporary shutdown in reproductive
season or some hours of the day [215]; iii) temporary shutdown of the
rotors once a radar (or a thermo-scanner) system detects the approach of
the flock; iv) use of deterrents (visual or audible) activated by a
bird-detection radar system. Any further technological innovation
aimed at reducing the impacts on fauna is encouraged. Technologies
enabling the detection of birds, or their deterrence will be implemented
in the future. It is also possible to equip the turbines with drone-carrying
acoustic devices which can move emitting changing signals thus
decreasing the probability of habituation [220]. In any case, FOWF
impact on bats is expected to be negligible, due to their height of flight
(<40 m, while the lowest height of the blades is ca. 70 m).
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Mitigation measures for fisheries and socio-economic activities -
Fishing activities are typically forbidden in FOWF areas. This can have
important benefits in terms of recovery of the commercial species, and
the “fishery restricted windfarm areas” can protect several fish species
(including elasmobranchs) as well as macro- and megafauna, whose
species sensitive to trawling activities showed a recovery [221]. The
recovery effects might require a long time (i.e., decades) to be appre-
ciable, and appropriate reference areas are needed to be quantified.
Therefore, the use of a BACI or a BAG (Before-After-Gradient) design in
the monitoring programs is highly recommended [221]. Despite this, the
effects on species diversity, and abundance are not always relevant [222,
223]. The fishery restriction can benefit fishing activities in neighboring
areas (through spillover effects) but can concentrate trawling and other
fishing practices in the surrounding wind farms. The development of
offshore aquaculture activities associated with the farm can mitigate the
reduced fishery areas and the socio-economic impact of the FOWFs
[187]. FOWF areas can include corridors for the navigation of fishing
vessels allowing them to target dislocated working areas.

The development of FOWFs might locally affect fishing activities
with potential economic loss linked to an increase of the operational
costs driven by the need to find other suitable fishing areas or a tem-
porary decrease in fishing catches leading, ultimately, to a reduction of
job opportunities in this sector. However, the re-employment of the
fisherman into the new jobs created by FOWF installation, maintenance
and routine operation should be highly considered [202]. The Global
Wind Energy Council in 2021 estimated that 3.3 million jobs worldwide
could be created by the offshore wind farm sector by 2026 (data from the
International Renewable Energy Agency) and in the US it is projected to
support approximately 201,000 to 265,000 jobs by 2030 and 526,000 to
670,000 jobs by 2050 [202]. In addition, future FOWFs might be asso-
ciated with the development of offshore integrated aquaculture, which
is expected to be far more sustainable in open waters and that can profit
from the sharing of infrastructures and vessels’ supply from the FOWFs.
Since aquaculture is a largely expanding field with important employ-
ment opportunities, this could be a potentially relevant activity for the
conversion of the classical fishery into a more sustainable productive
sector. Another economic sector that could benefit from the FOWF
development is tourism, with an increasing tourism flow and especially
a growing interest in eco-sustainable tourism activities [2]. All these
activities might offer alternative employment to the fisherman. Wind
power technology needs continued improvement and implementation,
which can be highly beneficial for the development of the technology
industry, with a consequent increased opportunity for investments and
employment. Overall, the development of wind energy industries can
determine not only environmental benefits but it has also the potential
to increase the local economy.

Mitigation measures for marine mammals - The reduction of
navigation speed in the proximity of the FOWFs is the most relevant
mitigation measure for marine mammals [224], as at <10 knots acci-
dents become negligible [225]. Another measure during the construc-
tion phase is the surveillance of marine mammals by Marine Mammal
Observers (MMOs). The surveillance can be enforced with passive
acoustic monitoring (hydrophones), which detect the vocalizing mam-
mals [226]. Another measure is the “soft start”, which is the progressive
adaptation of the system to the operational phase to allow mammals to
adapt to the wind farm [227]. Reducing noise during construction ac-
tivities is important, especially during sensitive seasons (breeding,
feeding), which can be obtained using electric vessels or suspending
construction activities. The most critical step is likely the construction
phase, whose impact is temporarily limited, and 1 h after the completion
of the pile driving, a reduction of 100% of the noise (detected by a
passive acoustic monitoring device) is reported at a 2 km distance [228].
The impact of noise and vibrations in the operational phase is negligible
and does not require mitigation measures. The risk of mammals’ colli-
sion with the floating structures is unknown, but a possible mitigation is
avoiding the presence of sharp structures. The use of sonar deterrents
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should be carefully evaluated [229]. Also, the presence of corridors
could reduce the risk of collision. A summary of the mitigation measures
for the different components of interest is reported in Table 2.

8. Compensation measures and ecological restoration

When the mitigation actions are insufficient and the DNSH principle
cannot be respected, or in case of unexpected accidents or in case of
residual unexpected impacts, a compensation plan should be planned.
This does not mean financial compensation but, rather, the definition of
restoration actions able to recover ecological integrity and the biodi-
versity of the impacted area. Compensation measures should be planned
in all projects, including those expected to avoid any significant impact
and tailored for the deep-sea or mesophotic habitats of interest in the
windfarm area.

Cold-water corals and other sessile organisms (gorgonians, sea pens,
sponge fields) are the most vulnerable deep-sea components that can be
damaged by FOWFs (particularly by anchoring). The restoration of cold-
water corals and other sessile species can be carried out either by
transplant of deep-coral fragments from donor colonies or through the
deployment of 3D artificial structures that can facilitate their recruit-
ment [28].

The ecological restoration must be carried out according to the
criteria and methods of Restoration Ecology (Society for Ecological
Restoration) [28]. Restoration activities can be needed also for the
impact of sealines (e.g., seagrass restoration by replanting or trans-
planting or the reintroduction of damaged macroalgal forests [82]). The
compensation intervention can be carried out even outside the FOWF
area and can include the reintroduction/restocking of endangered spe-
cies, the creation of nurseries and/or restoration of impacted habitats in
nearby areas, when feasible. When the compensation for a loss of a
specific component is actually impossible, compensation actions can be
performed on different species from those impacted, but still of high
ecological interest. Additional compensation actions consist of the
removal of abandoned infrastructures, marine litter etc. The restoration
conducted after decommissioning can exploit the biodiversity colo-
nizing the FOWF structures [230], including deep-water corals, gorgo-
nians etc. [231], which can be eventually transplanted or relocated
thought the use of artificial substrates [232]. Other possible
socio-economic compensations are using the FOWF for eco-tourism
boating or diving around artificial reefs and turbine foundations to
attract tourists [233] or developing aquaculture plants, floating photo-
voltaic power plants, associated with the FOWFs. A summary of the
compensation measures for the different components of interest is re-
ported in Table 3.

8.1. Coupling renewable energy production with environmental protection

The Agenda 2030 of the UN sets a target of protecting 30% of marine
areas by 2030. Offshore wind farms, if properly managed with an
ecosystem-based approach, may contribute to this target. Protecting
FOWF areas from any external impact can lead to Other Effective Area-
based Conservation Measures (OECM) where conservation is achieved
mainly as a by-product of management. Given the FOWF size (1000 km?
or more) they can contribute significantly to expanding marine pro-
tected areas (MPAs). MPAs are designed to protect biodiversity
following the principles of ecological coherence (IUCN 2019 [234]),
while OECM are designated in FOWF areas thus largely excluding
ecologically relevant habitats [21], yet they might contain some
vulnerable habitats thus contributing to their protection. Moreover,
FOWFs in degraded areas can have beneficial effects as passive resto-
ration tools. FOWF can contribute to expanding protection targets in 3D,
which is rarely the case for most MPAs, yet the efficacy of FOWFs is
OECM should be determined case by case with a holistic and integrated
approach [235,236].
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Table 2
Summary of the mitigation measures for the different components of interest.

Typology of mitigation measures Description

Mitigation measures for the impact of
anchoring

Selecting soft bottoms lacking vulnerable
biota for the location/penetration of the
anchors

Avoiding or minimizing the deposition of
the connecting chain during the
deployment of the anchor

Using tense or semi-tense chains in such a
way as to limit occupation and damage to
benthic habitats only to ballast alone
Avoiding the crossing of any vulnerable
habitat both in the deep sea and in
shallower areas

Cables burying at depths greater than 1 m
Use of matrasses to stabilize or protect the

Mitigation measures for the sealines

cables

The cable passage across vegetated
habitats can be mitigated using a tailored
trenching which is subsequently covered
by the seagrass meadow leaving the cable
under the seagrass

Avoiding the deployment of the sealines,
during the migration period of marine
mammals or the nesting of sea turtles
Use of flashing lights

Painting parts of the towers and of the
blades with ultraviolet reflecting colors
Black Paint for at least one of the rotor
blades

Installation of acoustic deterrent devices
Radar system to stop the rotors during
bird migration

Temporary shutdown in reproductive
season or some hours of the days
Temporary shutdown of the rotors once a
radar system detects the approach of flock
Use of deterrents (visual or audible)
activated by a bird-detection radar system
Planning the development of aquaculture

Mitigation measures for migratory
birds and bats

Mitigation measures for fisheries and
socio-economic activities activities associated with the farm and
sharing facilities created by the farms for

the fishermen so reducing the costs of
offshore aquaculture management

Create corridor for fishing vessels to reach
target working area

Install FOWF outside their feeding (e.g.,
including active canyons with deep-water
upwellings) or reproduction grounds
Reduction of the speed of the vessels in
proximity of the FOWFs

Surveillance of the presence of marine
mammals by Marine Mammal Observers
(MMOs), trained to detect the presence of
individuals and stopping temporarily the
activities till the complete transition to a
safe area

The application of the “soft start”, which
consists in the progressive adaptation of
the system to the operational phase to
allow resident mammals to adapt to the
new conditions

Suspension of noise generating
construction activities during biologically
sensitive seasons such as breeding or
feeding periods of relevant species. Such
restrictions can be adopted also for
maintenance works and can include the
use of vessels with effective noise
reduction strategies

Use of bubble curtains to reduce the levels
of noise emitted during construction
Covering the floating system with soft

Mitigation activities for marine
mammals and species sensitive to
noise and vibrations

material, avoiding the presence of sharp
structures that could injury the mammals
during their transit

Open corridors among the turbines able to
minimize the possibility of collision
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Table 3
Summary of the compensation measures for the different components of interest.

Typology of compensation
measures

Description

Passive restoration Protect the marine ecosystems within the wind
farm areas to enhance natural recovery
Increasing of the rugosity of mined substrata to
promote larval settlement

Rearing and transplant of nubbins of deep corals
Electrified artificial reefs to enhance survival/
growth/recruitment rate of Cold-Water Corals
Recruitment of larvae in shallow depths and
translocation in deeper areas

Transplanting fragments from donor colonies
Deployment of hard artificial substrata
Addition of artificial sponges to enhance
recruitment of associated fauna

3D structures for the recruitment and/or
transplant of colonial organisms

Replanting or transplanting seagrasses or other
ecologically in the area interested by the sea
cables reaching the shore

Re-introduction of algal forests

Collection of the precious and ecologically
relevant organisms colonizing the anchors or
other infrastructures in situ and transplanting
these organisms in suitable habitats for re-
populating regions damaged by human activities
Restocking of endangered species

Creation of nurseries and/or restoration of
impacted habitats in nearby areas

Creation of aquaculture systems able to
reproduce or maintain the target species of
restoration

Removal of abandoned infrastructures

Removal of marine litter and ghost nets
Offsetting of unavoidable GHGs by local
initiatives in climate protection measures and
Voluntary Emission Reduction projects,
developed according to international standards
and favouring investment in local climate
contributions

Use the FOWFs for recreational activities such as
observational boating or diving attracting a new
type of tourists

Use of FOWFs for the development of integrated
aquaculture plants

Associating FOWFs with photovoltaic power
plants

Using vessels for FOWFs commuting to support
personnel involved in intensive or extensive
offshore aquaculture in proximity of the wind
farm.

Economic compensation for the decrease in
fishery yield if observed based on the historical
data for the same area

Active restoration

Restocking of target species of
commercial interest

Environmental Cleaning

Green-House Gases (GHG)
compensation

Socio-economic compensations

9. Conclusions

FOWFs represent a game changer in the production of renewable
energy worldwide and are expected to increase significantly in the
future, covering wider portions of the oceans. All FOWFs in the future
should be subjected to an EIA procedure and, standardized criteria to
assess and reduce their potential impact on the marine environment are
desired.

The available information summarized here shows that the impact of
FOWFs can be minimized or avoided depending on their design, siting
and available knowledge. Floating offshore farms are anchored on the
deep seafloor and detailed deep-sea habitat mappings (e.g., spatial dis-
tribution of VMEs, critical habitats and IUCN endangered species) would
allow an acceleration of the permitting process. FOWF implementation
will be also an opportunity to improve our knowledge of offshore and
deep-sea habitats. The mitigation measures already available, if care-
fully planned and implemented, can make the impacts of FOWFs
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negligible on migratory species, while at the same time providing
potentially positive effects on fisheries and biodiversity. FOWFs, if
adequately managed as OECM, can also contribute to the achievement of
conservation targets.

The “Energy transition” is certainly one of the most urgent challenges
at a global scale. At the same time, the provisioning of food is becoming
of crucial importance in the coming years. From this perspective, the
combination of FOWFs with aquaculture farms seems to be a promising
approach that can bring economic advantage to both sectors. In addi-
tion, anchors can act as substrates for cold-water corals and other pro-
tected or vulnerable species, and future studies could explore the
potential use of these newly recruited corals for the restoration of
degraded habitats. Nonetheless, this review highlights the presence of
important knowledge gaps and limitations that require dedicated
research in the future. One of the most relevant either in terms of the
costs associated and the time needed to cope with the gap is the limited
knowledge we have about deep-sea ecosystems, particularly in terms of
habitat mapping (over large areas often in the order of 1000 km?)
needed to locate the vulnerable habitats to be avoided by FOWF
anchoring. This, together with the time needed for the construction and
deployment of the turbines is the most time-consuming phase, which
might slow down the permitting process. FOWFs association with
offshore aquaculture plants seems to be a promising approach but their
potential interference should be carefully assessed. The analysis of the
effectiveness of the OECM in protecting marine biodiversity while, at the
same time restocking fisheries is another crucial topic to explore, either
for the actual achievement of the protection targets of the UN Agenda
2030 (protecting 30% of the ocean) and for the expected positive effects
on the fish restocking.

Future research needs include the development of new sensors and
technologies that will expand our ability to avoid any collision with
migratory species, to recycle all FOWF components, and restore deep-
sea ecosystems accidently impacted or during FOWF installation or
decommissioning.
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