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Executive summary

The SUREWAVE project "Structurally reliable offshore floating PV solution integrating circular concrete
floating breakwater”, funded by the European Union's Horizon Europe research and innovation
funding programme, is developing and testing a new concept for floating photovoltaic (PV) systems in
offshore marine environments. The main challenge is to protect the solar modules from the harsh
weather and marine conditions. The aim is to massively expand the area suitable for PV installations
and thus to support the European Union’s decarbonisation ambitions. Among other things, the project
has developed floating breakwaters made of innovative concrete mixtures and innovative, more stable
connectors between the individual solar modules.

The project is accompanied by an integrated sustainability assessment. The sustainability of the
innovative concept was analysed from a technological, environmental, social and economic
perspective. This study presents the results of the environmental assessment carried out by
IFEU-Institute for Energy and Environmental Research Heidelberg. It covers both a life cycle
assessment addressing global and regional environmental impacts and an assessment of local
environmental impacts.

Main results

The study shows that offshore floating PV systems can enable significant savings of greenhouse gas
emissions and other environmental impacts compared to fossil-based electricity production. This
applies although the resource use and emissions associated with breakwaters, anchoring and vessel
deployment required for offshore PV result in significantly higher environmental impacts than those
associated with electricity production from other renewable energy sources such as onshore PV or
wind.

From a local environmental perspective, in particular the cable from the offshore floating PV system
to the shore can have a significant impact on biotopes worthy of protection. Other components can
also cause local environmental impacts, for example by impairing migratory marine mammals and fish
through the anchoring chains or the shading of sensitive ecotopes in case of a large-scale arrangement
of the solar panels. However, all of these local impacts can and should be sufficiently reduced or
avoided, so that they are no fundamental argument against offshore PV systems. Nevertheless, from
an environmental perspective, there is a need for regulations specifically for locations in international
waters, which could, for example, be based on the existing European environmental law.

From an overall environmental perspective, offshore floating PV is suitable for expanding the area that
can be used for renewable energy production and should be upscaled and then implemented as quickly
as technological de-risking allows, if it primarily replaces fossil-based electricity production in the
respective electricity market.

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
funding programme under GA No. 101083342.
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Optimised implementation of offshore floating PV systems
The following levers can lead to an environmentally optimised use of offshore floating PV systems:

e Solar irradiation: The greatest contribution to the environmental benefits is determined by
maximising the electricity yield and thus the replacement of fossil-based electricity. If there is
freedom of choice regarding the location, locations should be chosen that receive the
maximum average solar irradiation.

e (Cable: Other significant contributors to the environmental impacts are the cable from the
system to the shore, especially for sites very far from the coast, and the connection to the
coast. This can be significantly reduced or avoided if the floating PV system can be connected
to an existing offshore installation, e.g. an offshore wind farm.

e Vessel fuel: A third lever for significantly reducing the environmental impact is to reduce the
amount of vessel fuel required for the installation, maintenance and dismantling of the floating
PV systems. This can be achieved by increasing efficiency, pre-assembling parts of the floating
PV installation in port so that it does not have to be laboriously assembled offshore, minimising
overnight positioning of vessels and by using sustainable marine fuels or propulsion
technologies.

e System design: In locations with shallow waters and light-sensitive ecosystems on the seabed,
several split sub-systems may be environmentally preferable to a large single system due to a
reduced shading depth, despite increased material inputs.

Other measures such as reduced material requirements for anchoring or innovative breakwater
materials are much less relevant until substantial improvements at the identified levers have been
achieved. Nevertheless, it is advisable to promote a circular design already now to facilitate the use of
recycled materials and the recyclability in particular of materials such as copper, e.g. used in the cables,
at the end of the system’s life.

To facilitate a fast implementation with low impacts, it is advisable to choose a location that avoids
sensitive seabed ecosystems as much as possible and is away from migration routes of fish and marine
mammals.

Summary and outlook

The results of this study demonstrate that offshore floating PV systems can offer clear environmental
benefits compared to fossil-based electricity production. In addition to existing technologies such as
onshore PV or wind power, this concept can therefore contribute to decarbonizing Europe. From an
environmental perspective, the concept analysed should hence be gradually upscaled and
implemented as quickly as technical durability allows and if it primarily replaces fossil electricity in the
respective electricity market. Pilot plants are an important next step, which could be facilitated by
simplified regulatory approval.

As the environment represents only one dimension of sustainability, relevant technological, economic
and social aspects need to be considered as well.

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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1. Introduction

The SUREWAVE project "Structurally reliable offshore floating PV solution integrating circular concrete
floating breakwater”, funded by the European Union's Horizon Europe research and innovation
funding programme, is developing and testing a new concept for floating photovoltaic (PV) systems in
offshore marine environments. The main challenge is to protect the solar modules from the sometimes
harsh weather and marine conditions. The aim is to massively expand the area suitable for PV
installations and thus to support the European Union’s decarbonisation ambitions. Among other
things, the project has developed floating breakwaters made of innovative concrete mixtures and
innovative, more stable connectors between the individual solar modules.

The project is accompanied by an integrated sustainability assessment. The sustainability of the
innovative concept was analysed from a technological, environmental, social and economic
perspective. This study presents the results of the environmental assessment carried out by
IFEU-Institute for Energy and Environmental Research Heidelberg. It covers both a life cycle
assessment addressing global and regional environmental impacts and an assessment of local
environmental impacts.

1.1. Background: Sustainability assessment

The most well-known definition of sustainability can be found in the report of the Brundtland
Commission: ‘sustainable development is development that meets the needs of the present without
compromising the ability of future generations to meet their own needs’ [UN 1987]. At the 2005 World
Summit it was noted that this requires the reconciliation of environmental, social and economic
demands — the "three pillars" of sustainability. This view has been expressed as a scheme using three
overlapping circles indicating that the three pillars of sustainability are not mutually exclusive and can
be mutually reinforcing (Figure 1).

\VaV

Society

Environment

Figure 2: Scheme indicating the relationship between
the three pillars of sustainability [Scott-Cato 2008]

Figure 1: Scheme of sustainable development: at the
confluence of three constituent parts

The UN definition is not universally accepted and has undergone various interpretations. For many
environmentalists the idea of sustainable development is an oxymoron as development seems to
entail environmental degradation. From this perspective, the economy is a subsystem of the human

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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society, which in itself is a subsystem of the ecosphere; thus a gain in one sector is a loss from another.
This can be illustrated as three ellipses in Figure 2.

As a result of the growing pressure on the environment and increased scarcity of some important
natural resources, the sustainability discussion is often focussed on the environment, as both society
and economy are constrained by environmental limits. There is abundant scientific evidence that
mankind is currently living unsustainably and jeopardising the living conditions of future generations,
e.g. by excessive use of resources and excessive use of the environment as a sink, e.g. for greenhouse
gas emissions etc. Hence, strong efforts are needed to identify and develop sustainable technologies
that are able to reconcile economic, social and environmental demands.

1.2. Implementation of sustainability assessment within
SUREWAVE

The integrated assessment of sustainability carried out in the SUREWAVE project takes into account
all major pillars of sustainability. The work flow structure of the related integrated life cycle
sustainability assessment is depicted in Figure 3.

Task 7.1
Sustainability framework, mass & energy balances
Task leader: SINTEF, supported by IFEU
Task 7.2 Task 7.3 Task 7.4 Task 7.5 |
Technological Environmental . .
Economic assessment Social assessment
assessment assessment
Task leader: SINTEF Task leader: IFEU Task leader: Sunlit Sea Task leader: IFEU
Task 7.6
Integrated assessment of sustainability
Task leader: IFEU

Figure 3: Structure of the work package on sustainability assessment in SUREWAVE.

In order to achieve reliable and robust sustainability assessment results, it is inevitable that the
principles of comprehensiveness and life cycle thinking (LCT) are applied. LCT means that all life cycle
stages for products are considered, i.e. the complete supply or value chains, from the production of
technological components as well as their respective material inputs, through installation and

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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operation, to dismantling and end-of-life treatment / final disposal (see Figure 4 and section 2.1.2).
Through such a systematic overview and perspective, the unintentional shifting of environmental
burdens, economic benefits and social well-being between life cycle stages or individual processes can
be identified and possibly avoided or at least minimised.

SUREWAVE concept Reference system
Raw material Raw material
extraction extraction
l e.g. natural gas
Production of offshore
PV components

I

Transportation and

assembly
Operation and .
Legend: maintenance —’C Electr|C|ty
(Intermediate)
product l
Dismantling, .
. ) End of lif
Process recycling/disposal L)@

Figure 4: Sustainability assessment in SUREWAVE: Life cycle sustainability assessment compares the whole life
cycles of all involved technologies/products (simplified illustration).

The performance of each technological approach is compared to alternative reference technologies,
e.g. conventional energy production. Relevant aspects of sustainability are analysed using
methodologies that are based on LCT. In this project, relevant sustainability impacts are covered using
(environmental) life cycle assessment (LCA), social life cycle assessment (S-LCA) and an economic
analysis based on the levelised costs of electricity (LCoE) complemented by life cycle environmental
impact assessment (LC-EIA) and a technological assessment. Subsequently, these complementary
sustainability aspects are brought together according to the methodology of integrated life cycle
sustainability assessment (ILCSA) [Keller et al. 2015]. This report covers the results of the
environmental assessment based on LCA and LC-EIA.

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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2. Methodology

This chapter describes the methodology and settings applied for the assessment of environmental
impacts. Definitions and settings common to all sustainability assessments within the SUREWAVE
project (Figure 3 in section 1.2), such as goal and scope, are described in section 2.1. The specific
methodologies and settings applied for the environmental assessment are described in section 2.2 for
life cycle assessment covering global and regional environmental impacts and in section 2.3 for the
assessment of local environmental impacts through life cycle environmental impact assessment.

2.1. Common definitions and settings

A well-founded sustainability assessment requires common definitions and settings on which the
technological, environmental, economic and social assessments are based. Thus, general definitions
and settings ensure consistent data and results for the integrated sustainability assessment. The goal
and scope definition is the first phase of any sustainability assessment and is relevant for all sub-
analyses on technological, environmental, economic and social impacts.

2.1.1. Goal definition

The comprehensiveness and depth of detail of the environmental assessment can differ considerably
depending on its goal. Therefore, the intended applications, the reasons for carrying out the study,
and the decision context have to be described within the goal definition.

Intended applications
The environmental assessment within the SUREWAVE project aims at two separate applications:

1. Project-internal support of ongoing process development. This makes this study an ex-ante
assessment because the systems to be assessed are not yet implemented in this particular
form on a relevant scale and for a sufficiently long time.

2. To provide a basis to communicate findings of the SUREWAVE project to external stakeholders,
especially science, industry, and policy makers.

Guiding questions
The following questions will serve as a guide for the environmental assessment.
Main question:

Which environmental impacts are associated with renewable electricity generation using offshore
floating photovoltaic (FPV) in Europe?

Additionally, the following sub-questions have been identified in an internal workshop with all project
partners:

e Which parameters or life cycle stages determine the environmental impacts significantly and
what are the resulting optimisation potentials?

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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e What are the differences of environmental impacts if offshore PV is compared to fossil fuels
such as coal-based electricity?

e What are the differences of environmental impacts if offshore PV is placed in the North Sea,
the Baltic Sea or the Mediterranean Sea representing different conditions?

Further questions to be answered in excursus:

e What are the differences of environmental impacts associated with a split FPV concept (five
smaller units) in contrast to one large uniform concept?

e What are the differences of environmental impacts if the SUREWAVE FPV is placed within an
existing offshore wind park?

e What are the differences concerning the carbon footprint of the innovative SUREWAVE “new”
breakwater systems compared with conventional breakwaters (expanded polystyrene core)?

2.1.2. Scope definition

With the scope definition, the object of the environmental assessment (i.e. the exact product or other
system(s) to be analysed) is identified and described. The scope should be sufficiently well defined to
ensure that the comprehensiveness, depth and detail of the study are compatible and sufficient to
address the stated goal. Resulting definitions and settings are used in the subsequent analyses (tasks)
to guarantee the consistency between the different assessments of environmental, economic and
social implications.

System boundaries

System boundaries determine which processes are to be included into the assessment and which not,
e. g. if the whole life cycle will be analysed or only a part of it.

In SUREWAVE, the entire supply chain including input production, assembly, operational phase, and
decommissioning is assessed (cradle-to-grave). These boundaries apply to the environmental,
economic, and social assessment.

This setting was chosen as the concept of life cycle thinking, which integrates existing consumption
and production strategies, thereby preventing a piece-meal approach. Life cycle approaches avoid
problem shifting from one life cycle stage to another, from one geographic area to another and from
one environmental medium or protection target to another.

For local environmental impacts, however, analysis includes impacts on marine and coastal
ecosystems only. Here, most relevant impacts are expected while least knowledge is available.

Geographical coverage

Geography determines a range of used background data. Within SUREWAVE this concerns e.g.
metocean conditions and available transport systems, which are primarily relevant for economic
assessment and LCA, and information on depth range, hydrography and type of sea floor, currents,
distance to shoreline and other parameters that are primarily relevant for the assessment of local
environmental impacts.

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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Generally, the assessment covers European seas. To make best use of available resources and to
achieve a good balance of specificity and coverage, it uses exemplary locations to derive relevant
insights including research questions for possible future studies.

Three exemplary locations were chosen for further analyses in D2.1 “Use case scenario basis for
typical, rough location” based on various project considerations (see D2.1 for details). They are

e The Greater North Sea (56°54'N, 05°00'E) representing harsh conditions
e The Western Mediterranean (39°00'N, 00°00'E) representing mid conditions
e The Baltic Sea (54°47'N, 13°23'E) representing mild conditions?.

They were adopted to form the basis for more generic scenarios of the environmental assessment. In
particular for the investigation of local environmental impacts, more generic areas are analysed, in
which conditions are similar to the specific conditions at the selected locations. Thus, this analysis does
not aim at studying the specific locations listed as it would be needed e.g. for an approval process.

Technical reference

The technical reference describes the technology to be assessed in terms of scale, development status,
and maturity.

The SUREWAVE system is assessed as mature, industrial-scale technology to ensure comparability to
established alternatives. The respective scenarios go beyond the TRL5 pursued with the technical work
done within the project.

Time frame

The SUREWAVE system must be described not only in space but also in time. The timeframe of the
assessment determines e.g. the development status of used technology. Likewise, the environmental
impact associated with conventional products changes over time, e.g. greenhouse gas emissions
associated with electricity generation. Like geography, the time frame of the assessment hence
determines background datasets used.

2030 was selected as first realistic year in which the technology could be mature and available.
Reference unit - Functional unit

The functional unit is a key element of sustainability assessment. It is a reference to which the
environmental, social and economic effects of the studied system are related, and is typically a
measure for the function of the studied system. Consequently, it is the basis for the comparison of
different systems.

For the SUREWAVE sustainability assessment, 1 kWh of produced electricity is used as the functional
unit. In individual cases, however, it can be convenient to show the results with other units of

2 The initial location chosen for the Baltic Sea in D2.1 “Use case scenario basis for typical, rough location” was
changed at an early stage of the project due to conflicts with protected areas. For more details see section 3.3.
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references. For instance, investment costs in the economic assessment are usually provided per
installed peak power.

2.2. Life cycle assessment (LCA)

The life cycle assessment (LCA) is based on international standards such as [ISO 2006a; b] and the
International Reference Life Cycle Data System (ILCD) guidelines [JRC-IES 2012]. In the following,
specific settings and methodological choices are detailed.

2.2.1. LCA methodology

Life cycle assessment (LCA) is structured, com-
prehensive and internationally standardised
through ISO standards 14040:2006 and
14044:2006 [ISO 20064a; b]. The LCA within the
SUREWAVE project is carried out largely
following these 1SO standards on product life
cycle assessment. According to the ISO

standards, a LCA consists of four iterative
phases): Impact assessment

Goal and scope
definition

A

A 4

A 4

Inventory analysis

A 4

Interpretation

A 4

e Goal and scope definition (see section

2.1) Figure 5: Phases of an LCA [ISO 2006a; b]

e Inventory analysis (see section 2.2.2),
e Impact assessment (see section 2.2.3), and
e Interpretation (see chapter 4).

The ISO standards 14040 and 14044 provide the indispensable framework for life cycle assessment.
This framework, however, leaves the individual LCA analysts with a range of choices, which can affect
the legitimacy of the results of an LCA study. While flexibility is essential in responding to the large
variety of questions addressed, further guidance is needed to support consistency and quality
assurance.

The International Reference Life Cycle Data System (ILCD) Handbook [JRC-IES 2012] has therefore been
developed to provide guidance and specifications that go beyond the I1SO standards 14040 and 14044,
aiming at consistent and quality-assured life cycle assessment data and studies. The screening LCA
study carried out within the SUREWAVE project has taken into account the major requirements of the
ILCD Handbook. It has been performed according to these considerations of flexibility and strictness.
The analyses in this study are so-called screening LCAs, which follow the above-mentioned ISO
standards except for a) the level of detail of documentation, b) the quantity of sensitivity analyses and
c) the mandatory critical review. Still, the results of these screening LCAs are suitable to answer the
goal questions reliably due to the close conformity with the ISO standards.
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2.2.2. Settings for Life Cycle Inventory

Settings for Life Cycle Inventory include the following aspects:
e Data sources
e Attributional vs. consequential modelling
e Infrastructure

Data sources

Primary data on mass and energy balances is provided by task 7.1 on sustainability framework
definition and mass & energy balances analysis. A summary of the most important primary quantitative
input data is provided in section 3.6. Further secondary data such as on background processes were
taken from IFEU’s internal database [IFEU 2024], from the Ecoinvent database [Ecoinvent 2024] and
from literature data where necessary. For photovoltaic panels, own models based on [Frischknecht et
al. 2020] and [Stucki et al. 2024] were used.

Attributional vs. consequential modelling

The LCA based environmental assessment can follow either a so-called consequential or an
attributional approach, which has implications for the methodological approach to co-products,
reference systems, indirect effects, etc. Consequential modelling is more extensive and ‘aims at
identifying the consequences that a decision in the foreground system has for other processes and
systems of the economy’ according to the ILCD Handbook [JRC-IES 2010]. Consequential modelling is
recommended for decision-contexts where influential impacts are expected on a meso/macro-level
[JRC-IES 2010]. This is the case for the goal and scope questions raised in this study. Hence, a
consequential modelling approach is applied in this assessment.

Infrastructure

That part of the infrastructure is included in the inventory of the foreground system that is required to
reach the goal of this study given the current state of development. The floating PV installation itself,
its maintenance and disassembly are included, however, the production equipment to manufacture
the FPV modules elements and breakwaters is not included.

2.2.3. Settings for Life Cycle Impact Assessment

According to ISO standard 14040 [ISO 2006a], life cycle impact assessment (LCIA) includes the
mandatory steps of classification and characterisation as well as the optional steps of normalisation
and weighting. Classification and characterisation depend on the chosen impact categories and LCIA
methods. Regarding the optional elements, only the normalisation step is applied within the
SUREWAVE project. The corresponding specifications of these LCIA elements are described in the
following sections including

e |mpact categories and LCIA methods

e Normalisation
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Impact categories and LCIA methods

SUREWRVE

All main environmental issues related to the SUREWAVE concept should be covered within the impact
categories of the screening life cycle assessment in a comprehensive way. Further, the impact
categories must be consistent with the goal of the study and the intended applications of the results.
Potential environmental impacts can be analysed at midpoint or at endpoint level. For environmental
assessments within technology development projects such as SUREWAVE, the midpoint level is
considered more suitable than the endpoint level because the impacts are analysed in a more
differentiated way and the results are more accurate. This project assesses the midpoint indicators
listed in Table 1 according to the Environmental Footprint method 3.1 (EF3.1). This method refers to
several original LCIA methods such as GWP 100 of IPCC 2021 [IPCC 2021]. For further details on EF3.1
please refer to [European Commission. Joint Research Centre. 2023].

Table 1: Overview on included midpoint impact categories.

Midpoint impact category

Short description

Resource use, fossil

Depletion of abiotic energy resources, i.e. fossil fuels
such as mineral oil, natural gas and coal as well as
uranium ore.

Climate change

Global warming/climate change as a consequence of the
anthropogenic release of greenhouse gases.

Acidification

Shift of the acid/base equilibrium in soils by acidifying
gases like sulphur dioxide, nitrogen oxides and ammonia
(keyword “acid rain”).

Terrestrial eutrophication

Input of excess nutrients into terrestrial ecosystems
directly or indirect via gaseous emissions and erosion
(e.g. nitrogen species such as ammonia and nitrogen
oxides).

Photochemical ozone formation

Formation of specific reactive substances, e.g. ozone, in
presence of nitrogen oxides, volatile hydrocarbons and
solar radiation in the lower atmosphere that impacts
human health (keyword “ozone alert” or “summer
smog”).

Ozone depletion

Loss of the protective ozone layer in the stratosphere by
certain gases such as chlorofluorocarbons (keyword
“ozone hole”).

Particulate matter

Damage to human health due to air pollutants, such as
fine, primary particles and secondary particles (mainly
from NOX, NH3 and SO2, keyword “winter smog”).

Land use

Occupation and transformation of land weighted by a soll
quality index
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Impact categories were chosen according to the relevance for the SUREWAVE concept. Others are
excluded such as ionising radiation. Impact categories are excluded because (i) they are still too
immature to provide conclusive results or (ii) one cannot ensure sufficient life cycle inventory (LCI)
data quality for the reference year 2030 (i.e. impact categories on toxicity). Specific issues on human
health are nevertheless covered by the categories particulate matter formation and photochemical
ozone formation.

Normalisation

Normalisation in LCA is an optional step to better understand the relative magnitude of the results for
the different environmental impact categories. To this end, the category indicator results are set into
relation with reference information. Normalisation transforms an indicator result by dividing it by a
selected reference value, e.g. a certain emission caused by the system is divided by this emission per
capita in a selected country.

As the investigated FPV is developed for installation and operation for electricity supply to European
markets, the resource demand and emissions per capita in the European region are chosen as
reference for normalisation. The latest available data from [European Commission. Joint Research
Centre. 2023] are used. For land use, see [Crenna et al. 2019]. These values refer to the year 2010 and
the EU countries.

Weighting

Weighting uses numerical factors based on value-choices to compare and sometimes also aggregate
indicator results, which are not comparable on a physical basis. Weighting is not applied in this study.

2.3. Life cycle environmental impact assessment (LC-EIA)

There are a number of environmental management tools which differ both in terms of subject of study
(product, production site or project) and in their potential to address environmental impacts at
different spatial levels. Life cycle assessment (LCA), for example, addresses potential environmental
impacts of a product system. However, for a comprehensive picture of environmental impacts, also
site-specific impacts on environmental factors like e.g. biodiversity, water and soil must be considered.

The methodology developed and applied here borrows elements from environmental impact assess-
ment and applies them to selected parts of the life cycle. Hence, it is called life cycle environmental
impact assessment (LC-EIA).

The LC-EIA methodology was developed and tested by IFEU (Institute for Energy and Environmental
Research Heidelberg) and IUS (Institute for Environmental Studies, IUS Team Ness GmbH) as part of
environmental assessments of renewable energies and renewable raw materials [Rettenmaier et al.
2013]. The now established methodology (e.g. [Keller et al. 2014], [Kretschmer et al. 2013]) is basically
used for the present issue of the environmental assessment of floating PV systems offshore, but it has
been modified with respect to some key aspects. This modification is not only due to the different
technologies and land use requirements of biomass production and use compared to photovoltaics,
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but also to the specific environmental objectives applicable to marine and coastal protection, which
arise, among other directives and legal frameworks, from the Habitats Directive and the Marine
Protection Directive.

These regulations and strategies require a focused spatial approach to environmental assessment, with
special consideration of protected areas, compared to biomass production and use, which usually
takes place on sites already used for agriculture or forestry.

2.3.1. Regulatory frameworks for local environmental assessments

Although the term ‘LC-EIA’ suggests an exclusive reference to the EU's EIA (Environmental Impact
Assessment) directive, the LC-EIA takes into account other European regulations on environmental,
water and nature conservation.

Geographic assignment
The actual relevant regulations depend on the location of the sites.

This concerns the location at sea (coastal waters, 12-mile zone, continental shelf/exclusive economic
zone) and, the administrative jurisdiction, i.e. the member state in whose jurisdiction the necessary
approval procedures are carried out and whose designated protected areas under national law may
be affected.

In the following, the relevant or presumably relevant regulations for the various sites are summarised.
In principle, it is up to the responsible approval authority of each member state to decide which
regulations it applies when approving a project.

Likewise, current and future developments in regulations that serve to accelerate the expansion of
renewable energies or to defend the European Union are not to be considered here.

The following overview of the applicability of regulations arises from the European directives and
national laws or ordinances (Table 2).

Table 2: Applicability of the regulations to be considered in the LC-EIA.

EU Directive / National Law | Designated | Coast Coastal 12-mile EEZ*? /
or Ordinance (Protected | protected | (land) waters zone continental
Areas)*! areas shelf
SEA-Directive (2001/42/EC) ° ° ° ° o

EIA Directive (2011/92/EU) ° ° ° ° o

MSFD (2008/56/EC) ° ° °

MSPD (2014/89/EU) o . o
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EU Directive / National Law | Designated | Coast Coastal 12-mile EEZ*? /
or Ordinance (Protected | protected | (land) waters zone continental
Areas)*! areas shelf
Habitat Dir. (92/43/EEC) ° . .

Birds Dir. (79/409/EEC, ° ° ° °

actualised by 2009/147/EC)

Waste Fra. Dir. (2008/98/EU) ° o
National protected areas ° ° ° ° o
Legend:

e = relevant and to be considered regularly
o = either at the discretion of the nation state or generally not relevant in this zone

*1 MSFD (2008/56/EC): Marine Strategy Framework Directive (Directive 2008/56/EC of the European Parliament
and of the Council of 17 June 2008 establishing a framework for community action in the field of marine
environmental policy); MSPD (2014/89/EU): Maritime Spatial Planning Directive (Directive 2014/89/EU of the
European Parliament and of the Council of 23 July 2014 establishing a framework for maritime spatial planning);
Waste Fra. Dir. (2008/98/EU): Waste Framework Directive (2008/98/EU); National protected areas: e.g. National
Parks, Nature Conservation Areas

*2 Exclusive Economic Zone

The spatial allocation for the three locations in SUREWAVE is shown in chapter 3.3 (Table 7).

In order to comply with the Water Framework Directive (WFD) applicable throughout Europe, the
waters affected by the planned facilities are assessed with regard to the quality components in
accordance with Annex 3 of the WFD. The affected waters are divided into coastal and territorial
waters or exclusive economic zones (EEZ). However, the WFD only officially applies to coastal waters,
or the chemical status applies to coastal waters and territorial waters. In addition, the North Sea
location is located in Norwegian territorial waters, which do not belong to the EU. However, since
Norway has committed itself to applying all EU directives, the WFD criteria are applied to all waters.
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Table 3: Coastal waters, territorial waters and EEZ, the waters in which the SUREWAVE site is located are
marked in bold

Location Coastal waters Territorial waters/EEZ
North Sea Norwegian EEZ
Skagerrak (Danish) Skagerrak, 12 SM (Danish)
Vesterhavet nord (Danish) Vesterhavet, 12 SM (Danish)
Mediterranean Sea Port of Gandia - Cabo of San Antonio

Cabo Cullera - Port of Gandia

Port of Gandia

Port of Denia

Baltic Sea Northern and eastern waters 1 - 2 nautical miles zone

Schedule of environmental assessments
As arule, the planning for offshore deployment involves a multi-stage planning process. These include:

e Spatial planning or area concepts and their strategic environmental assessment (SEA). The aim
is to designate priority areas for the respective offshore deployment. Such plans already exist,
for example, for offshore wind energy planning.

e The level of approval of specific individual projects, including the various environmental
assessments (EIA, FFH impact assessment, SPA impact assessment, species protection,
conformity with the Water Framework Directive, conformity with the Marine Strategy
Directive).

The corresponding procedures usually last several years. In addition to environmental aspects, other
aspects are also included; such as conflicts of use and impacts on military uses.

In SUREWAVE, essential environmental aspects of the various planning levels are traced in a simplified
form in three stages based on defined criteria.

Stage 1 contains elements of the SEA, i.e. a simplified, broad-scale planning and environmental
assessment. The aim is to assess the locations with respect to the expected environmental obstacles
related to approval and to optimise the selection of locations from an environmental perspective in
the early planning and design stage.

Stage 2 contains elements of the EIA and other environmental planning instruments (FFH, SPA, WFD).
This includes identifying the relevant factors and environmental impacts for the environmental
assessment (i.e. those that are likely to have significant adverse effects), and by screening out the
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factors and impacts that are not or less relevant. This stage of the process is based on the protected
goods.

Stage 3 comprises the comparative site-related assessment of the relevant environmental impacts,
both in terms of the generic environmental impacts (i.e. those that are not dependent on the specific
sensitivity of the protected goods), and the local environmental impacts, taking into account the
possible sensitivity of the protected goods. This stage also includes a comparison of the three locations
for possible deployment.

2.3.2. Life cycle stages included in the LC-EIA
LC-EIA does not analyse the entire life cycle, but only selected stages of the life cycle for which

e considerably adverse environmental impacts in addition to the emissions and resource
consumption considered in the LCA are to be expected, and

o sufficiently specific information on the type and influencing factors on the impact intensity of
the impact factors can be met.

Upstream and downstream processes are also considered in the EIA, but in practice not with the same
intensity as local impacts. This is the case, for example, in the screening, where impacts on the emission
of greenhouse gases or resource consumption are addressed.

However, they are not part of the EIA as part of the integrated environmental assessment of the
SUREWAVE project. They are dealt with in detail in the LCA and their additional consideration in the
EIA would lead to duplicate assessments or duplicate tests.

The subject of the environmental assessment regarding the LC-EIA are thus the following life cycle
stages:

e Transport and assembly (installation)
e Operation and maintenance

e Dismantling

2.3.3. Strategic Environmental Assessment (SEA)

Stage 1 involves determining whether the selected locations (anchor points) are located in or near
planned or designated protected areas.

Protected areas can be:
e Bird protection areas according to the EU Birds Directive
e FFH areas according to the Habitats Directive

e Protected marine areas (e.g. marine national parks or other protected areas at sea) that are
included in the spatial protection measures within the meaning of Article 13 (4) and thus form
part of the programme of measures under the Marine Strategy Framework Directive
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It can be assumed that, in the comparative assessment of locations within or outside protected areas,
the locations within protected areas will generally be assessed as less favourable from an
environmental perspective. This does not mean that the implementation of projects in these areas is
ruled out in principle. However, significantly higher requirements apply to the authorisation of projects
in protected areas with regard to the demonstration of public interest, the absence of reasonable
alternatives and the possibilities of mitigation measures.

2.3.4. Environmental impact assessment (EIA)

Environmental impact assessment (EIA) is a standardised methodology for analysing proposed projects
regarding their potential to affect the local environment. It is based on the identification, description
and estimation of the project’s environmental impacts and is usually applied at an early planning stage,
i.e. before the project is carried out. EIA primarily serves as a decision support for project management
and authorities which have to decide on approval. Moreover, it helps decision makers to identify more
environmentally friendly alternatives as well as to minimise negative impacts on the environment by
applying mitigation and compensation measures.

The environmental impacts of a planned project depend on both the nature / specifications of the
project (e.g. emissions or spatial extension) and on the specific quality of the environment at a certain
geographic location (e.g. occurrence of rare or endangered species, air and water quality etc.). Thus,
the same project probably entails different environmental impacts at different locations. EIA is
therefore usually conducted at a site-specific / local level. These environmental impacts are compared
to a situation where the project is not being implemented (“no-action alternative”).

EIA methodology

An EIA covers direct and indirect effects of a project on the following environmental factors [CEC
1985]:

e Human beings, fauna and flora; biodiversity

e Soil, water, air, climate and the landscape

e Material assets and the cultural heritage

e The interaction between these factors

An EIA generally includes the following steps:

e Screening

e Scoping

e FElAreport
o Project description and consideration of alternatives
o Description of environmental factors

o Prediction and evaluation of impacts
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o Mitigation measures

e Monitoring and auditing measures

A conventional EIA report starts with a project description and a consideration of alternatives including
a description of the status and trends of relevant environmental factors, against which predicted
changes can be compared and evaluated in terms of importance. Mitigation measures conclude the
study and provide actions to minimise adverse impacts.

Impact prediction is a description of the likely significant effects of the proposed project on the
environment resulting from:

e The construction / installation of the project; temporary impacts expected, e.g. by noise from
construction sites.

e The project itself: buildings, infrastructure and installations; durable impacts expected e.g. by
shadowing of water below the floating PV.

e The operation phase of the project; durable impacts expected, e.g. by emission of gases.
e The dismantling, removal of substrate with sessile organisms.

Prediction should be based on the available environmental project data. Such predictions are
described in quantitative or qualitative terms considering e.g.:

e Quality of impact

e Magnitude of impact
e Extent of impact

e Duration of impact

Mitigation measures are recommended actions to reduce, avoid or offset the potential adverse
environmental consequences of development activities. The objective of mitigation measures is to
maximise project benefits and minimise negative impacts on the environment.

LC-EIA in SUREWAVE

Within the SUREWAVE project three case study areas were chosen in order to assess the potential of
implementing marine floating PV. The assessment is based on existing and publicly available
environmental data. No on-site investigations were implemented at the present stage of technology
development. Main reason for this is that the exact location, that will be subject to the possibly
following approval process is not known today.

Investigations of environmental aspects such as occurrence of habitats, plants or animal species will
have to be carried out as part of the EIA in the approval process.

In line with the specific objectives and requirements of the Marine Strategy Framework Directive, a
step-by-step approach was chosen for the EIA in the SUREWAVE project.
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2.3.5. The LC-EIA approach in SUREWAVE

General considerations

For the purpose of the integrated environmental assessment, it is not appropriate or possible to
perform a full-scale EIA according to the regulatory frameworks. Nevertheless, elements of EIA are
used. Taking the comparability of the assessment into account, the LC-EIA approach for SUREWAVE
therefore is based on three essential preconditions:

e Assessment is performed predominantly at a generic level. Only in parts site-specific
information are integrated.

e Assessment addresses not only the installation of floating-PV at the sea, but also the
connection to the land by power lines. This is exceptionally important due to the high
conservation value of coastal habitats.

e Other uses, especially military uses of the marine sites are not considered in the SUREWAVE
study. These concerns must be addressed in the approval process for distinct projects.

The scope of EIA addressed in SUREWAVE is shown in Figure 6.

o
-

. LC

Figure 6: Scope of EIA in the SUREWAVE project. F=FPV (floating PV modules), A=Anchoring pile, VA=Anchoring
chain, VC=Cable, LC=Cable to shore, FL=Facilities onshore

Generic level

The main objective of the modified EIA approach is to qualitatively assess the impacts associated with
floating PV at a generic level.
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The impact assessment is based on the comparison of the status quo / no-action alternative with the
project alternative. The impact assessment will be done mainly on the following basis of:

e Expertopinion
e Consultations within the SUREWAVE project

e Matrices (weighted / unweighted), depicting the different aspects of the construction and
operation of the plant, their possible direct and indirect effects and their impact on the
environmental factors.

Impact prediction and evaluation

Following impact identification and prediction, impact evaluation is the formal stage where their
significance is determined. Impact significance depends on the joint consideration of its characteristics
(quality, magnitude, extent, duration) and the importance (or value) that is attached to the resource
losses, environmental deterioration or alternative uses. Significant negative impacts will be taken into
further consideration since they could require mitigation measures. Impacts are likely to be significant
if they

e |ead to the total functional loss of an environmental factor.

e have adverse effects of special or high relevance for environmental factors.
e are extensive over space or time.

e exceed environmental standards and thresholds.

e do not comply with environmental policies / land use plans.

e affect ecologically sensitive areas.

e affect community lifestyle, traditional land use and values.

Non-significantly affected environmental factors are of minor importance in the further process. They
do not require mitigation actions. Table 4 highlights potential environmental impacts of offshore PV
on various protected goods.

Description of the valuation

The location-specific assessment of the environmental impacts is carried out on the basis of the
individual system components, whose impacts on each protected good during the construction,
operation and dismantling phases are itemised.

Here, generic impacts resulting from the system design at the respective location are addressed
without taking into account local sensitivities of the protected goods. One example of this is the
different impact characteristics depending on the number of anchors required. Although this is
location-specific, as it depends on the water depth and swell, it does not depend on certain location
characteristics, e.g. the use of a location as part of a migration route of marine mammals.
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Furthermore, local impacts are considered where the specific sensitivity of the protected good at the
site is relevant. For example, the occurrence of elevated viewpoints relevant to the perception of a
facility from land.

Table 4: Technology-related factors, environmental issues and potential environmental impacts.

Environmental factors

Technology related Water Soil Flora Fauna Climate / air Land- Human Bio-
v (plants) (animals) quality scape health diversity
w S P A C L H B

1 Construction phase

1.1 FPV - visual disturbance, B1.1
L . Al.l
emission of noise (= A1.1)
1.2 Anchoring piles - emission AL2 B1.2
of noise and vibrations : (= A1.2)
1.3 Anchoring piles — occupy P13 B1.3
soil ’ (= P1.3)
1.4 FPV and anchoring piles -
emission of substances wWi1.4 Ci4
and odour
1.5 Transport / shipping P1.5 AlS5

1.6 Construction of cables and

e S1.6 P1.6 Al.6 L1.6 B1.6
facilities to / on shore

2 Infrastructure and installations during operation phase

. B2.1
2.1 FPV —shadowing of water W2.1 P21 A2.1 (> P21,
body underneath
A2.1)
2.2 FPV - artificial structure B2.2
substrate / habitat / light A2.2 12.2 :
(substrate / habitat / lig (> A2.2)
emission)
2.3 Anchoring chain — artificial
. . B2.3
structure (possible barrier A2.3 >A23
/ habitat) (> A23)
2.4 Anchoring piles — artificial B2.5
structures (habitat / W2.4 A2.4 ’
(= A2.4)
pollutants)
2.5 Cable — artificial structure
(habitat, pollut?nts/ W25 A25 B2.5
electromagnetic (= A2.5)
emissions)
2.6 Trar}sport / shipping / W2.6 A2.6
maintenance work
2.7 FaC|I.|t'|e's onshore - 2.7
artificial structures
3 Dismantling
3.1 FPV and anchoring chains - B2.5
removing artificial A3.1 ’
& (> A3.1)
structures
3.2 Transport / shipping P3.2 A3.2
I:l Potential impacts
> Impacts due to the interaction of environmental factors
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3. System description

To assess the offshore floating PV system from an environmental point of view, environmental impacts
from all life cycle stages must be taken into account. This chapter provides a detailed description of
the offshore PV system as well as the assessed scenarios, locations, reference systems, and final
scenarios. Figure 7 displays a simplified scheme of the offshore PV life cycle.

( Cement )
( Aggregates ) ( Aluminium ) Steel
( Steel ) Silicon Energy

; A4 A4 v ; v v ; v

i

Production of Production of floating Production of anchoring
breakwaters (core/shell) PV system piles and chains
[ | |
v
Transportation and
installation

. —>
Legend: maintenance Electricity Reference electricity

Product l
Dismantling, N I — R .
Process recycling/disposal —{( Recycled materlals) «— Virgin materials

Figure 7: Simplified scheme of the offshore PV life cycle.

The floating PV solution primarily consists of floating PV modules surrounded by innovative floating
breakwater elements. Section 3.1 presents the general concept of the system, while section 3.2
describes all life cycle stages from the production of components to the final dismantling (cradle to
grave).

3.1. General concept

3.1.1. Main concept: one unit

The main layout concept investigated in this study follows one large uniform circular layout as depicted
in Figure 8. The outer boundary of the system is formed by a closely interconnected floating
breakwater pontoons which enclose a network of floating photovoltaic modules, i.e. photovoltaic
panels mounted to aluminium floats. The modules are arranged in matrices of several dozen modules
each. Neighbouring matrices are interrupted by a single row of so-called dummy floats which reflect
the same aluminium floats, however, without the photovoltaic panels, enabling maintenance and
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cleaning of the PV modules. The outer photovoltaic modules are connected to a surrounding circular
PVC pipe by elastic polypropylene ropes, while the pipe in turn is connected to the breakwaters. To
secure geometrical integrity of the layout, two additional lines of bridge breakwaters cross the
photovoltaic setup and are connected to the adjacent modules via PVC pipes and polypropylene ropes.
To hold the system in place, several breakwaters along the circle as well as several bridge breakwaters
are moored to the seabed via steel chains and anchoring steel piles. The system is equipped with
electrical devices specified in section 3.2.1 that are required to transport the produced electricity to
shore.

Figure 8: Layout for a 9 MWp plant. © by Sunlit Sea AS.

3.1.2. Alternative concept: split units

To address potential differences in environmental impacts, a second layout concept with the same
electricity yield is investigated. Compared to the large uniform concept described in section 3.1.1, the
required number of floating photovoltaic modules is split into five smaller units equidistantly arranged
in a pentagon and individually encircled by breakwaters similar to the main concept. Bridge
breakwaters, as they cross the system following the large concept, are not required in the split concept.
In total, the concept translates to a 75 % increase of the breakwater number due to a less favourable
circumference to area ratio. Each of the five smaller units is individually moored to the seabed. To
prevent entanglement of the anchoring and mooring, the individual units are installed with a minimum
distance. The split concept is investigated for harsh conditions (i.e. North Sea) only.

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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3.2. Life cycle stages

3.2.1. Components and their production -®-

Floating photovoltaic (PV) modules QJO ,

The floating PV modules reflect a commercial product originally designed by the project partner Sunlit
Sea for land locked systems. They consist of monocrystalline solar panels which are mounted on
floating substructures. The floats are made from two opposing pressed and rolled marine grade
aluminium sheets with cup-shaped dimples which are filled with Styrofoam. Individual modules are
connected via a combination of flexible polyurethane hinges as well as metal brackets and electrically
wired in series according to the layout presented in section 3.1.

Figure 9: Concept of the floating photovoltaic modules, showing the dimple structure in the aluminium floats. ©
by Sunlit Sea AS.

The solar panels are assembled in Lithuania. The final modules are produced in Norway and
transported to the respective harbour.

Breakwater

The breakwater pontoons, which are connected via a combination of steel ropes and rubber, consist
of a reinforced concrete structural shell and a non-structural inner core, designed with a box-shaped
cross section (Figure 10) (see D3.2).

e Fortheshell, two different material solutions were developed by the project partner ACCIONA:
high-performance concrete (HPC) and lightweight aggregate concrete (LWAC). HPC requires
less material than conventional concrete due to its high strength. It further incorporates blast-
furnace slag and fly ash, reducing the clinker content in 20%. LWAC replaces 100%
conventional lightweight aggregates with recycled glass aggregates and 20% of the weight of
natural coarse aggregates with recycled concrete aggregates from construction and
demolition waste (CDW). The respective shell material is structurally supported by steel
reinforcement.

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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e For the core of the breakwater, a circular cellular lightweight concrete (CCLC) is employed,
using a minimum amount of cement and recycled glass aggregates. To assess the advantages
of the new material solutions with regard to the greenhouse gas balance, they are compared
to conventional breakwaters using polystyrene as core material and conventional concrete
(CC) which complies with the requirements of the applicable concrete standards for floating
concrete structures. In addition, a hybrid design is considered which combines CCLC and
polystyrene as core materials. Table 5 shows the material combinations investigated in this

study.

SUREWRVE

Table 5: Material combinations regarding the breakwater shell and core investigated in this study.

Name Shell material Core material

Conventional design CcC Expanded polystyrene (EPS)

Hybrid design LWAC 40% CCLC + 60% EPS (approx.
% v/v)

SUREWAVE design with LWAC concrete LWAC CCLC

SUREWAVE design with HPC concrete HPC CCLC

LWAC: lightweight aggregate concrete; HPC: high-performance concrete; CCLC: circular cellular lightweight concrete

In the LCA results presented in chapter 4, “SUREWAVE design with LWAC concrete” is used for the
calculation of breakwater-related impacts unless otherwise specified. Only in section 4.2.3, the other

material combinations are compared with regard to the carbon footprint.

The breakwaters are produced in a production facility directly at the harbour. The individual
components of the respective concrete solutions for shell and core are cast using a mobile concrete
mixing plant. The shell is cast directly around the core. After hardening, the pontoons are transported
within the facility with a crawler crane. The components for the shell and core, respectively, are

available in Europe and transported by trailers on land.

Figure 10: Cross section of a single breakwater pontoon. © by Clement Germany GmbH.
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Anchoring

To hold the floating system in place and transfer wave loads to the ground, multiple breakwaters are
anchored to the seabed while the photovoltaic matrices are secured by their breakwater connection.
The multi-point anchoring is realized with two steel chains attached to the longitudinal inside and
outside of anchored breakwaters, respectively. While each outer chain leads radially to a separate
driven tubular anchor pile, the inner chain configuration differs for harsh, mid, and mild metocean
conditions.

In case of mild conditions, each outer anchor pile is opposed by an equidistant pile inside of the
breakwater line and connected to the inner chain.

For mid and harsh conditions, however, all inner chains are anchored to one single tubular steel pile
beneath the center of the floating system (Figure 11).

For logistic reasons, this center pile is assembled from several smaller piles. In the final installation, the
steel chains follow a catenary line. The number of required anchor points is specific for the metocean
condition and additionally differs between the uniform and split concept at the North Sea location.

The tubular steel piles are available in Europe and transported by trailers on land. The chains are
produced in China and transported overseas.

Al
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Figure 11: Anchoring concept of the uniform system using the example of mid conditions. © by Clement
Germany GmbH.

funding programme under GA No. 101083342.

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation



Funded by ‘9‘-—;
the European Union SUREWRVE

Split concept: The outer anchor points are not opposed by anchor points within the breakwater line
but on the opposite site of the circular assembly (Figure 12). Furthermore, single anchor piles used
with the split concept are smaller compared to the piles used with the uniform concept.
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Figure 12: Anchoring concept for one unit of the split layout at harsh conditions (North Sea). © by Clement
Germany GmbH.

Electrical connection

The produced electricity from each module matrix is collected in individual combiner boxes located on
the dummy floats. These combiners are connected to inverters that convert DC electricity generated
by solar panels to AC electricity. The inverters are located on the bridge breakwaters and lead to a
single transformer station at the center of the floating system. A single AC power cable is installed on
the seabed and connects the floating PV system to the shore. At the shore, a small distribution unit is
used as the interface to the grid or local consumers. Each breakwater is further equipped with a sensor
developed by the project partner CEIT to monitor the structural integrity.

Split concept: The individual units are electrically connected to their respective left and right
neighbours, while, again, a single AC power cable leads to the shore.

Excursus: Connection of the system to an existing offshore installation such as a wind park is
investigated as an excursus. In this case, the power cable to shore is replaced by a short floating cable
supported by buoys.

Accessory devices

Beacons are installed on top of the breakwaters to ensure visibility for passing ships.

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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3.2.2. Installation X :‘E

All components of the offshore PV concept, i.e. floating PV modules, Breakwaters, anchoring steel
piles, chains, connections, and electrical components, are loaded to appropriately sized vessels and
transported to the installation site. Depending on the layout concept (see section 3.1) as well as the
location (see section 3.3), this requires two to four journeys of crane ships with different operation

times on site. Anchoring piles are vibrated into the seabed, and breakwaters are offloaded and
connected. Breakwaters are towed into their final position by small tugboats. PV modules are installed
separately from the breakwaters and anchoring. After installation, the ships return to the harbour.
While all other components remain at the installation site for 50 years, the floating PV modules are
exchanged after 25 years.

A
3.2.3. Maintenance %

Maintenance at the breakwater pontoon connections is done four times a year if weather conditions
allow. Maintenance of the breakwaters themselves is performed remotely due to the monitoring
sensors so that no on-site operatives are required. The floating PV are maintained and cleaned four
times a year using drones.

QY
3.2.4. Dismantling and end of life %<9

After 50 years of operation, the breakwaters as well as the second installation of floating PV modules
(see section 3.2.2) are dismantled using appropriately sized vessels. With regard to the other
components such as the anchoring piles, partial or complete dismantling may be required or individual
elements may remain in the seafloor depending on the approval conditions. The following scenario
has been decided by the project team: The mooring chains are cut from the anchor piles below the
water line in such a way that 75% of the steel is transported away for recycling, while 25% of the
respective chain remains on the seabed together with the anchoring piles. Breakwaters, PV modules
and chains are loaded to the vessels and transported back to shore. As the polyurethane hinges are
tightly connected to the aluminium floats, only limited areas of the floats can be recycled. For all other
parts of the PV modules: If material recovery is not possible, at least they are subjected to energy
production by combustion in a combined heat and power plant. The cable to shore remains at the
seabed. Due to the impacts of biofouling, the breakwaters are sent to landfill unless they can be
decontaminated and used e.g. in road construction.

Excursus: Alternative vessel logistics are investigated as an excursus. They may involve pre-assembly
of parts of the floating PV system at the harbour and subsequent tugging to the final location. Another
aspect could be the prevention of overnight positioning of vessels during installation by returning into

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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the port by the end of each day. This approach may also affect dismantling activities. Further,
maintenance could be performed directly from the shoreline, likewise preventing overnight
positioning. All these alternatives lead towards less vessel fuel consumption.

3.3. Locations

In this study, the offshore PV concept is assessed at three different European locations to investigate
the effect of different meteorological and oceanographical (metocean) conditions on the
environmental performance of the system.

1. Greater North Sea (56°54'N, 05°00'E): This location reflects harsh metocean conditions, i.e.
high wave-induced turbulences and extreme weather events. Therefore, the anchoring must
meet higher standards which implies increased amounts of material. In addition, solar
irradiation is lower compared to the other two locations and the distance to shore is much
larger. This site is close to the Ekofisk oil field and to Sgrlige Nordsjg Il, a possible future
offshore wind park.

2. The Western Mediterranean (39°00'N, 00°00'E): This location possesses medium metocean
conditions and material consumption for anchoring is therefore lower than in the North Sea.
At the same time, it has the largest solar irradiation and is the closest to the shore.

3. The Baltic Sea (54°47’'N, 13°23'E): This location shows only mild metocean conditions which
place the lowest structural demands on the offshore PV system. The amounts of material
required for anchoring of the system are lowest, while the solar irradiation is slightly higher
than in the North Sea. The distance to shore is comparable to that of the location in the
Mediterranean Sea.

The solar irradiation represents the main driver of the achievable electricity yield, which decreases
over the years due to technical degradation of the PV panels. Table 6 lists the calculated average
electricity yields for the three locations over the period of 25 years of operation.

Table 6: Electricity yields.

Location North Sea Mediterranean Baltic Sea
Electricity yield 845 1.472 971
[kWh/kWp/year]

Table 7 provides a more detailed geographical classification of the three locations relevant for the
assessment of local environmental impacts in chapter 5. Figure 13 highlights the locations in relation
to the coast.

Note: At the beginning of the project, a different location was chosen for the Baltic Sea scenario
(coordinates: 54°12'N, 14°24'E, yellow square in Figure 13). However, during an early scoping
performed for the assessment of local environmental impacts, the location was identified to be within

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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a marine environmental protection area. It was hence relocated to another location with similar
metocean conditions yet outside of any environmental protection areas.

Table 7: Geographical classification of the three locations in SUREWAVE.

Component of the plant

North Sea

Baltic Sea

Mediterranean

State

Norway

Germany

Spain

Floating PV and anchoring

EEZ* and continental
shelf

12-mile zone

12-mile zone

Cable (land connection)

EEZ*, continental
shelf, coastal waters,
coast (land)

Continental shelf,
coastal waters, coast
(land)

Continental shelf,
coastal waters, coast
(land)

Power distributor (not part
of the SUREWAVE concept)

Coast (land)

Coast (land)

Coast (land)

* Exclusive Economic Zone
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Figure 13: Locations of the offshore PV plant in the North Sea (top), Baltic Sea (centre), and Mediterranean
(bottom) assessed.

3.4. Reference systems

The goal of existing policies in most countries of the European Union is to replace fossil energy sources
by renewable energy sources. The goal of this project is to contribute to making FPV available as a
further alternative to other renewable electricity sources for an accelerated transition of the electricity
market at growing demand. Theoretically, sufficient capacities of PV could be installed onshore, too,
but for several e.g. socio-political reasons further alternatives are sought for, which is the reason for
this project. Therefore, the offshore PV concept is compared to fossil-based electricity production to
determine the potential for environmental impact mitigation.

The main fossil fuels used to generate electricity are coal, natural gas, and crude oil. Crude oil plays a
virtually negligible role in this context in Europe. Coal is used almost exclusively to cover base load.
Natural gas, on the other hand, is used as an important energy source to cover peak loads, a role that
will continue to play an important role in the future. Therefore, coal is considered the most important
fossil fuel to be replaced by renewable energies and is considered being the reference for the offshore
PV concept investigated in this project. For this, a European average mix based on hard coal and lignite
is applied.

Finally, we note that PV cannot physically replace coal one-to-one due to the different load profiles
and dispatchability. However, as part of a suitable mix of all renewable energy sources, all PV systems
can make a contribution. The goal of this study is not to determine when and where this can be the
case in the future, but to assess how far such a replacement would be environmentally friendly if it
were to take place. To this end, FPV is compared with coal power.

Excursus: For comparison purposes, offshore PV is contrasted with PV on land as well as wind energy
onshore and offshore in terms of climate change impacts. The purpose is to see how far the additional
efforts needed to unlock offshore PV installation potentials could increase those impacts.

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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3.5. SUREWAVE scenarios

Taking into account the goal and scope questions, the system description, and the requirements for
the integrated sustainability assessment, the following main scenarios need to be considered in the
technological, environmental, economic, and social assessments:

1. North Sea location, uniform layout, innovative breakwater

2. Baltic Sea location, uniform layout, innovative breakwater

3. Maediterranean location, uniform layout, innovative breakwater
For North Sea location only:

4. North Sea location, split layout, innovative breakwater

5. North Sea location, uniform layout, conventional breakwater

3.6. Input data

Table 8 provides an extract of the most important primary quantitative input data, i.e. mass and energy
balances, for the environmental assessment. All inputs < 1 t / plant are not listed here, e.g. monitoring
sensors or silicon edges of the floats. Data are provided for a 9 MWp system each.

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
funding programme under GA No. 101083342.



Funded by
the European Union

SUREWRVE

Table 8: Summary of the most important quantitative input data for the environmental assessment.

Material Baltic Sea | Mediterranean | North Sea | Unit
Breakwater

LWAC 8,200 8,200 8,200 t / plant
Cellular concrete core 5,100 5,100 5,100 t / plant
Reinforcement 680 680 680 t/ plant
Breakwater connections

Structural steel 210 210 210 t/ plant
Rubber 32 32 32 t/ plant
Anchoring

Tubular piles: steel 630 1,500 2,200 t / plant
Chains: steel 660 800 1200 t / plant
Transition elements

PVC pipe 57 57 57 t / plant
Polypropylen ropes 4.1 4.1 4.1 t / plant
Floating PV modules

Aluminium sheet 88 88 88 t/ plant
Solar panel 490 490 490 t / plant
Transport pallet: wood 40 40 40 t/ plant
Hinges: polyurethane 38 38 38 t / plant
EVA sheet 40 40 40 t / plant
EPS 14 14 14 t / plant
Polyurethane 15 15 15 t/ plant
Power 48,000 48,000 48,000 kWh / plant
Dummy floats

Aluminium sheet 12 12 12 t/ plant
Transport pallet: wood 5.4 5.4 5.4 t / plant
Hinges: polyurethane 5.1 5.1 5.1 t / plant
EVA sheet 5.4 5.4 5.4 t / plant
EPS 1.9 1.9 1.9 t/ plant
Polyurethane 2 2 2 t / plant
Power 480 480 480 kWh / plant
Electrical components

Combiner boxes 68 68 68 number / plant
DC cable 4,100 4,100 4,100 m / plant
Inverter 20 20 20 number / plant
AC cable 1,800 1,800 1,800 m / plant
Transformer station 1 1 1 number / plant
Cable to shore 30 11 170 km / plant
Ship fuel consumption

Transport and installation 1,200 1,200 1,500 t of ship fuel / plant
Replacement of PV after 25 a 500 500 570 t of ship fuel / plant
Maintenance 1,300 1,300 1,600 t of ship fuel / 25 a
Dismantling 740 740 1,000 t of ship fuel / plant

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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Results on life cycle assessment

The following sections 4.1 to 4.3 present the results of the Life Cycle Assessment (LCA) covering global
and regional impacts (see section 2.2). The results on local environmental impacts can be found in
chapter 5, while chapter 6 summarises key findings from both assessments, and formulates
consolidated conclusions as well as recommendations to several stakeholder groups.

The LCA related impacts in this chapter are shown as stacked bar diagrams highlighting individual
contributions of different life cycle categories to the respective environmental impact. The various
inputs to the SUREWAVE concept were aggregated by the following categories:

Breakwater: The breakwaters consisting of shell and core, the connection elements between the
breakwaters, and the energy required for their production.

Transition elements: Connections between the breakwaters and the floating PV modules,
comprising PVC pipes and polyethylene ropes.

Anchoring: The tubular steel piles and steel chains used for anchoring of the system.

Transport: All trailer and ship transport required to make the various components available at the

harbour before loading to the installation ships, including transport of the individual sub-
components to the respective production facility of floating PV, breakwaters, etc.

Other FPV components: All components of the floating PV modules apart from the solar panels. It
comprises the aluminium floats, the hinges, and other materials.

Solar panel: The photovoltaic panels that reside on top of the floats.

FPV production and waste treatment: The energy consumed during production of the floating PV
modules, and the efforts required for the treatment of waste materials.

Dummy floats: The floats installed within the floating PV system for maintenance purposes, which
reflect normal floating PV modules without the photovoltaic panels on top.

Electrical components: The inverters, combiners, transformers, and electrical cables within the
floating PV system required to transport the produced electricity to the central cable to shore. For
the excursus “connection to existing offshore facility” (section 4.3.1), this category additionally
includes a short floating cable supported by buoys.

Cable to shore: The large cable on the seabed which leads from the central transformer unit to the
distribution unit onshore.

Installation: The marine fuel consumed by the ships used to transport all components to the
respective offshore location and install them.

Replacement: The marine fuel consumed by the ships used for replacement of the floating PV
modules after the operating period of 25 years.

Dismantling: The marine fuel consumed by the ships used for dismantling of the offshore PV
installation after 50 years.

Maintenance: The marine fuel consumed by the ships used for maintenance of the components.

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation
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4.1. Overview of environmental impacts results

4.1.1. Comparison of impacts to fossil electricity production

This section presents the results on all environmental impacts specified in section 2.2.3, comparing
offshore PV with electricity production from coal (Figure 14). As described in section 2.1.2, all inputs
and outputs over the entire life cycle from cradle to grave are considered.
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Figure 14: Comparison of several environmental impacts associated to electricity production from offshore PV
and coal, respectively, using the example of the North Sea location. Impacts are normalised to the average impact
caused by one European inhabitant per year.

How to read Figure 14: The upper panel contrasts environmental impacts associated to offshore PV
with the credits given for the replacement of coal-based electricity. The 2nd bar in the lower panel
illustrates that replacing 1 GWh electricity produced from coal by offshore PV can save greenhouse gas
emissions equal to the average annual greenhouse gas emissions of about 140 EU inhabitants.

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation 4
funding programme under GA No. 101083342.



Funded by ‘9‘-—;
the European Union SUREWRVE

Compared to electricity production from coal, offshore PV can yield large savings with respect to the
emission of greenhouse gases (climate change) and the consumption of non-renewable energy sources
(resource use, fossil). All other impact categories show moderate advantages of offshore PV or at least
no disadvantages. The remaining impact categories such as ozone depletion or land use are irrelevant
for an implementation of the SUREWAVE concept as neither offshore PV nor the replaced fossil
electricity production are associated with any considerable impacts.

Findings:

e Compared to electricity generation from fossil energy resources, especially coal, the SUREWAVE
concept could enable large savings of greenhouse gas emissions and fossil resources.

e All otherimpact categories show moderate advantages of offshore PV or at least no disadvantages.

e Further environmental impacts such as land use and ozone depletion are of less importance.

4.1.2. Contribution of inputs

Figure 15 shows the contribution of the different inputs of the SUREWAVE concept to environmental
impact categories with relevant emissions.
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Figure 15: Contribution of inputs of offshore PV to various environmental impact categories with relevant
emissions, normalised to the average impact caused by one European inhabitant per year. Contributions are
shown using the example of the North Sea location.
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The largest contributor to the environmental impacts is the marine diesel consumed by the vessels
during maintenance, installation, replacement of the floating PV modules after 25 years, and
dismantling. Further considerable contributions come from the solar panels, the anchoring, and the
breakwaters. Other inputs such as the aluminium floats, the transition elements, the hinges (included
in Other FPV components) and the various electrical components play only a minor role.

Especially for acidification, terrestrial eutrophication and photochemical ozone formation (summer
smog), the fuel consumption largely dominates the impacts due to air pollutants and is therefore the
only obstacle for additional savings also in these impact categories (compare section 4.1.1).

As Figure 15 displays the example of the North Sea location far away from the coast, the cable to shore
becomes another considerable contributor to the environmental impacts. For locations closer to the
shore the impact of the cable becomes less significant or may be neglectable.

Findings:

e The environmental impacts are dominated in particular by the quantities of vessel fuel used for
maintenance, installation, replacement of the floating PV modules and dismantling, especially for
locations far from the shore. Further, yet lower, considerable environmental contributions are
caused by the solar cells, the anchoring, and the breakwaters.

e For floating offshore PV systems further from the coast (> approx. 50 km), the cable to shore
becomes another relevant factor.

o All other components contribute much less to the overall result. They include the aluminium floats,
the various connecting elements as well as most electrical components.
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4.1.3. Relevance of recycling

In the previous and following sections of chapter 4, credits due to replacement of primary materials
by recycled SUREWAVE components — such as the aluminium floats or steel anchoring chains - are
directly considered within the respective contribution. To assess the relevance of recycling for the
results of the LCA, these credits are shown separately in Figure 16 using the example of climate change.

Climate Change
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Figure 16: Relevance of recycling credits using the example of the impact category climate change at the North
Sea location.

Compared to the emissions related to the SUREWAVE concept, the credits achievable by recycling of
components at their respective end of life are negligible. This is mainly due to the fact that the
SUREWAVE plant will be at sea for a long period of time, since in 50 or even 25 years' time, it is likely
that the production of replaced primary materials will be much more environmentally friendly than it
is today. For instance, the electricity required for aluminium or steel production will be largely provided
by low carbon electricity such as from renewable and nuclear energy sources.

Regarding resource scarcity, too, further or repeated use of materials is of limited importance. The
reason is that recyclable components of offshore PV mainly consist of aluminium and steel, as the raw
materials bauxite and iron ore, respectively, are expected to still be widely available in the future. The
only resource that is significantly scarce is copper, which could be found in larger quantities in the
cable to shore next to the shares in the other electronical components.

Findings:

o The further or repeated use of resources after the dismantling of the facility plays no significant
role from an LCA perspective since the production of alternative primary materials in the future is
likely to be more environmentally friendly.

e From a resource perspective, recycling of copper is important due to scarcity.
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4.2. Comparison of offshore PV scenarios

This section investigates the scenarios of the SUREWAVE concept described in chapter 3. Since the
environmental consequences of the scenarios are the same across the different environmental impact
categories shown in section 4.1, they are presented as examples in terms of the carbon footprint. In
SUREWAVE, the environmental impact category climate change (carbon footprint) is further of utmost
importance as greenhouse gas emissions associated to the concepts determine whether such marine
concepts have the potential to extend land-based photovoltaic areas from an environmental
perspective.

4.2.1. Comparison of locations

Figure 17 shows the climate impacts of the SUREWAVE concept within an operating period of 25 years
for three different locations that differ with respect to the metocean conditions and solar irradiation
(see section 3.3).
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Figure 17: Climate change impacts of the SUREWAVE concept at three different location per plant and operating
period of 25 years.

Due to higher anchoring efforts (red bar), a longer cable to shore (light yellow bar) as well as more fuel
consumption for installation, maintenance, and dismantling (greenish bars) associated to offshore PV
at the North Sea location, greenhouse gas emissions are higher compared to the other two locations
that benefit from milder metocean conditions, shallower sea, and closer distance to shore. Meanwhile,
the breakwaters, floating PV modules, and the electrical components are identical for all locations.
Compared to the Baltic Sea location, implementation of the SUREWAVE concept at the North Sea
causes approx. 40% more greenhouse gas emissions per plant and operating period.
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To determine the carbon footprint of the produced electricity reflecting the product of offshore PV,
the numbers per plant and operating period must be correlated with the electricity yield at the
respective location. Figure 18 compares the three locations based on 1 kWh of produced electricity,
which is determined by the solar irradiation.

Climate Change

- - North Sea

Mediterranean

Baltic Sea

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16
kg CO, eq / kWh electricity

B Breakwater O Transition elements B Anchoring

B Transport O Other FPV components | Solar panel

O FPV prod. and waste treat. O Dummy floats O Electrical components

O Cable to shore W Installation O Replacement

@ Dismantling O Maintenance © IFEU 2025

Figure 18: Climate change impacts of the SUREWAVE concept at three different locations per kWh of produced
electricity.

Due to the highest solar irradiation, the Mediterranean location becomes the most favourable option
from an LCA perspective despite requiring slightly higher material efforts than the Baltic Sea location.
On the other hand, the disadvantages of the North Sea location become even higher due to the lowest
solar irradiation, which translates into an increase of greenhouse gas emissions of approx. 120 %
compared to the Mediterranean location.

However, even with a carbon footprint of about 150 g of CO; equivalents per kWh produced electricity
at the North Sea location, large savings of more than 180,000 t of CO; equivalents compared to coal-
fired electricity production are possible over a 25-year operating period.

Findings:

o The electricity yield that is determined by different solar irradiation levels represents the largest
single contribution to the environmental advantage of different locations such as the North Sea or
the Mediterranean.

e In contrast, the differences with respect to higher material and fuel efforts due to higher waves or
greater distances from the coast are significantly less important.

o The differences with regard to the location are not decisive compared to the large environmental
savings achievable by replacement of fossil energy sources.
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4.2.2. Comparison of layouts

Figure 19 shows the comparison of climate changes impacts of offshore PV following a large uniform
layout and a split layout with five smaller units (see section 3.1) for the North Sea scenario, i.e., at
similar solar irradiation and hence electricity yield.
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Figure 19: Climate change impacts of the SUREWAVE concept following a large uniform layout compared to a
split layout with five smaller units, using the example of the North Sea location.

Given the higher circumference to surface area ratio, a split of the system into five smaller units
requires a significantly larger number of breakwaters (brown bar), more material for the anchoring
(red bar), as well as more fuel consumed during installation, maintenance, and dismantling (greenish
bars). At the North Sea location, this translates to an increase of greenhouse gas emissions of approx.
30%. From an LCA perspective, the split layout is hence unfavourable.

Compared to more than 160,000 t of CO; equivalents that can be saved even with the split layout at
the North Sea by replacing coal-fired electricity production over a 25-year operating period, the
differences to the uniform layout are not decisive.

Findings:

e Due to the higher material requirements and the associated efforts for installation and
dismantling, a design in which the plant is split into five smaller units has a higher environmental
impact from an LCA perspective.

e The differences with regard to the layout are not decisive compared to the large environmental
savings achievable by replacement of fossil energy sources.
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4.2.3. Carbon footprint of breakwater variants

Figure 20 compares the contribution of the breakwaters to the carbon footprint of the SUREWAVE
concept (corresponding to the brown bar in the previous Figure 15 to Figure 19) for four combinations
of different breakwater shell and core options as specified in section 3.2.1. Results are shown per plant
and operating period of 25 years.
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Figure 20: Comparison of the carbon footprint associated with the breakwaters for four combinations of different
breakwater shell and core options.

The carbon footprint associated to the breakwaters is not substantially different for the four material
combinations considering the uncertainty of the underlying background data. A comparison of the
lower two rows in Figure 20 shows that the two shell options, namely LWAC and HPC, lead to more or
less the same greenhouse gas emissions while also the contributing materials remain largely the same.
In addition, the innovative material options, i.e. LWAC or HPC as shell material and CCLC as core
material, do not account for considerable savings of greenhouse gases when compared to
conventional breakwaters with a concrete shell and an expanded polystyrene core. The reason for the
similar climate performance of the innovative shell materials compared to the conventional concrete
lies in the content of cement that is needed to achieve the required compressive strength. Notably,
the steel reinforcement already makes up about half of the shell carbon footprint. The possible impacts
of improving the concrete mixes are hence limited in general. Regarding the core, the climate change
impacts of the polystyrene are by chance levelled by the emissions associated to the innovative core
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components, mainly by glass waste aggregates, lime and aluminium powder. Therefore, the hybrid
core option (second row from the top) is also similar to the other options.

Reliability of the result: In accordance with LCA requirements, the carbon footprint associated with
expanded polystyrene shown in Figure 20 includes the atmospheric release of carbon stored within
the material itself at the end of its life, e.g. through combustion. Depending on the actual end of life
treatment after 50 years of operation, however, this part of the polystyrene-related footprint could be
much smaller. For instance, if the polystyrene in the breakwaters is subjected to landfill or combusted
in combination with carbon capture and storage, carbon release to the atmosphere could be reduced
or even prevented. This could result in a reduction of up to 50% for the total carbon footprint of
expanded polystyrene (orange bar in Figure 20). Similar variability relates to the glass waste aggregates
used in the innovative core material. The carbon footprint of the latter is largely determined by the
electricity required for the production. This means that a future electricity mix, provided it largely
consists of low carbon electricity such as from renewable and nuclear sources, could reduce the total
carbon footprint of the glass waste aggregates up to 70%.

All these changed boundary conditions can therefore significantly change the results of the carbon
footprint, but relate to the future (10, 20, or 30 years from now). From today's perspective, the result
that there are currently no significant differences in the carbon footprints associated with the different
breakwater variants can therefore be regarded as reliable.

Given the limited contribution of the breakwaters to the overall carbon footprint of the SUREWAVE
concept (see section 4.1.2), it can further be stated that the choice of the material option is not decisive
from an LCA perspective.

Besides environmental impacts studied in LCA, the choice of the material can have an influence on the
circularity because the innovative breakwaters concrete mixes contain substantial amounts of by-
products from other industrial processes. Unfortunately, many circularity indicators exist these days
that depend on different goal and scope intentions and/or on specific circularity aspects. Circularity
benefits can for example vary with the amounts of recycled inputs, how these inputs can or would be
used otherwise or with the amounts of reusable materials at the end of life. Therefore, circularity was
analysed on the technical level in the technological assessment conducted in parallel to this study.

Findings:

e The innovative circular, concrete-based material options developed as part of the SUREWAVE
project for the breakwaters do not result in any relevant savings in greenhouse gas emissions
compared to conventional breakwaters.

o The choice of material for the breakwaters is not crucial due to the large greenhouse gas savings
that can be achieved overall by the SUREWAVE concept compared to fossil electricity production.
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4.3. Excursus

4.3.1. Connection to existing offshore facility

To investigate potential environmental advantages associated to a connection of the SUREWAVE PV
plant to existing offshore facilities (see section 2.1.1), Figure 21 compares the carbon footprint for the
North Sea location with and without electrical connection to a facility such as a wind park.
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Figure 21: Comparison of the carbon footprint of the SUREWAVE concept at the North Sea location with and
without connection to an existing offshore facility.

The replacement of the cable to shore by a significantly shorter cable used to connect the system to
the wind park, translates to greenhouse gas savings of approx. 10% in the case of the North Sea
location. For other locations, the level of savings is determined by the distance to shore and the related
cable length.

Finding:

Connection to existing offshore installations, such as an offshore wind farm, can significantly reduce
the environmental impact from an LCA perspective, as the cable to shore is no longer necessary and
electrical losses are lower. This is particularly true for installations that are far from the coast.

The SUREWAVE project has received funding from the European Union's Horizon Europe Research and innovation 51
funding programme under GA No. 101083342.



Rl Funded by L%
SR the European Union -

SUREWRVE

4.3.2. Alternative vessel logistics

Depending on the distance between the respective offshore PV locations and the port, pre-assembly
of parts of the offshore floating PV systems in the port and subsequent tugging to the final location
can be an alternative to the installation on site. In addition, overnight positioning of vessels could be
prevented if they return into the port by the end of each day. Table 9 shows the resulting fuel
consumptions for the Baltic Sea and Mediterranean.

Table 9: Fuel (marine diesel) consumption based on alternative vessel logistics. The last row indicates the
considered distance to the nearest port.

Alternative fuel consumption Baltic Sea Mediterranean Unit
Transport and installation 150 90 t of ship fuel / plant
Replacement of PV after 25 a 90 70 t of ship fuel / plant
Maintenance 1,300 400 t of ship fuel / 25 a
Dismantling 110 60 t of ship fuel / plant
Distance to nearest port 45 13 km

Figure 22 shows the effect of such alternative vessel logistics on the environmental impacts at the
Baltic Sea location using the example of the carbon footprint.
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Figure 22: Comparison of the carbon footprint of the SUREWAVE concept at the Baltic Sea location with
conventional and alternative vessel logistics such as pre-assembly of parts of the system at the harbour and
prevention of overnight positioning.

If the distance between the intended location and the shore is small enough for such alternative
logistics to be implemented, as would in principle be conceivable for the Baltic Sea or Mediterranean
location investigated in this study, environmental impacts associated with the vessel fuel could be
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considerably reduced from an LCA perspective. In case of the Baltic Sea location, the carbon footprint
of offshore PV could for instance be about 20% smaller. This emphasises the importance of the vessel
fuel as it is not only the largest contributor to the environmental impacts (see section 4.1.2) but can
feasibly be reduced through suitable measures in contrast to most other, rather material-dependent,
inputs.

Finding:

Alternative vessel logistics, e.g. pre-assembly and tugging of parts of the offshore floating PV system
or the avoidance of overnight positioning of vessels, has the potential to largely reduce the global and
regional environmental impacts by minimizing the vessel fuel.

4.3.3. Comparison to established renewable energy sources

Figure 23 compares the carbon footprint of the SUREWAVE concept per kWh of produced electricity
to a selection of other renewable energy sources.
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Figure 23: Climate change impact of the SUREWAVE concept at different locations compared to the impacts
associated to electricity production from selected other renewable energy sources.
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Compared to PV onshore, offshore PV comes with a significantly higher material demand and efforts
for installation, maintenance and dismantling. While PV on land usually requires only few components
in addition to the solar panels, e.g. a simple metal substructure, offshore PV following the SUREWAVE
concept relies on both breakwaters and material intensive anchoring. This implies higher
environmental impacts per kWh of produced electricity.

From an LCA perspective, the system performs also worse than wind energy, which requires at least
turbines, blades and heavy piles.

Finding:

Compared to other renewable energy sources, in particular onshore PV or onshore and offshore wind
power, offshore floating PV systems perform significantly worse from an LCA perspective, mainly due
to the significantly higher material input and efforts for installation, operation and dismantling.
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5. Results on local environmental impacts assessment

In accordance with the methodological approach described in chapter 2.3, an assessment of the
locations with regard to the expected environmental obstacles to approval and optimisation from an
environmental perspective was carried out early in the project. As a result of these investigations, the
site originally planned in Polish waters in the Baltic Sea was abandoned in favour of a site in the German
part of the Baltic Sea. The reason was that the location was within a Polish national park, Fauna, Flora,
Habitat area (FFH) and bird sanctuary. Finally, all of the locations investigated in SUREWAVE are
located outside of protected areas and are generally eligible for approval from an environmental
perspective. For more information, see section 3.3. The situation is illustrated in Figure 24.
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Figure 24: Location of the tested sites in the Baltic Sea.

In the subsequent investigation phase, a large number of protected goods that are potentially affected
by the deployment of the analysed system were considered (see Table 4 in section 2.3.5). In the case
of offshore PV, the following protected goods proved to be particularly relevant in an initial scoping
for at least one of the phases under consideration (construction, operation, dismantling):

o Water
e Flora
e Fauna

e Landscape

The local environmental impacts on these protected goods are described in detail in the following
sections 5.1.1 to 5.1.3 depending on the implementation phase and the respective system component.
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Subsequently, section 5.2 describes differences in the local environmental impacts as they arise when
comparing the three analysed locations (see section 3.3). Section 5.3 compares them for the different
layouts (see section 3.1). All other protected goods are only slightly affected (soil, cultural/material
goods) or are already sufficiently addressed elsewhere in the environmental assessment in this study
(climate/air, human health, biodiversity). They are therefore no longer listed in the following sections.
Details on these protected goods can be found in section 11.1 in the annex.

Table 10 shows generic and local parameters that were used or developed for the assessment of
environmental impacts.

Table 10 : Generic and local parameters for the three SUREWAVE locations.

Mediterranean Baltic Sea

Sea

Parameters North Sea | North Sea ll

(one large unit) (five split units) (one large unit)

(one large unit)

Generic = predominantly location-independent

Distance to the 166 km 166 km 11 km 11 km
coast

Water depth 49 m 49 m 38 m 16 m
Size of the 94.025 m? 5 X 23,506 m? 94.025 m? 94.025 m?

system area

Height of the
system above the
water surface

1 m (breakwater)

1 m (breakwater)

1 m (breakwater)

1 m (breakwater)

Number of
anchor chains or
anchors

38

5X16

26

26

Length of the
anchor chains

1923 m

1923 m

184.4 m

101 m

Diameter of the
anchor chains
incl. corrosion
allowance

87 mm

66 mm

87 mm

107 mm

Height of the
beacons

Local = predominantly location-dependent
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Parameters

North Sea |

(one large unit)

North Sea ll

(five split units)

Mediterranean
Sea

(one large unit)

Baltic Sea

(one large unit)

Characterisation Gravel Gravel Sand and silt | Sand and rock in
of the soil place
Unknown Unknown Potentially Unknown
Occurrence of surrounding
aquatic plants Posidonia
meadows
Proximity to the 32,90° 32,90° 44 ,45° 34,55°

equator (mean
solar altitude)

Shaded area on

Approx. 115,707
2

Approx. 34,347

Approx. 107,163
2

Approx. 100,883

2

m m2*5=171,736 m m
the seabed )
m
Light conditions 0.0055 % of the 0.0055 % of the 14.96 % of the 4.08 % of the
on the seabed sunlight sunlight sunlight sunlight
Norway: no, Norway: no, Bird sanctuaries FFH area on the

Protected areas
on the coast /
coastal habitat

types

Denmark: bird
protection and
FFH area,
sandbanks,
shallow water
zones, reefs

Denmark: bird
protection and
FFH area,
sandbanks,
shallow water
zones, reefs

on parts of the
coast, Posidonia
meadows, reefs,
sandbanks

nearest coast,
reefs

Nearby resting
places for
migratory birds /
bird sanctuaries

No bird
sanctuaries in the
vicinity

No bird
sanctuaries in the
vicinity

Bird sanctuaries
within a radius of
less than 15 km

Bird sanctuaries
within a radius of
less than 25 km,
crane resting
places on Riigen

Wind farms in
the
neighbourhood

Next wind farm
planned within a
25 km radius

Next wind farm
planned within a
25 km radius

No wind farm in
the immediate
vicinity

Nearest wind
farm within 20
km radius
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5.1. Results with respect to life cycle stages

5.1.1. Construction phase

During the construction phase, both the anchoring piles and the cable to shore prove to be relevant
factors for the local environment. Both components are analysed in detail below. Floating solar
modules, transportation/shipping and the facilities onshore (distribution unit), on the other hand, have
only minor construction-related impacts on the protected goods analysed. Details on this can be found
in section 11.2 in the annex.

Anchoring piles

Table 11: Impact of the anchoring piles on the protected goods during construction.

Protected North Sea Mediterranean Sea Baltic Sea

good Impact Significance | Impact Significance | Impact significance
Water no - no - no -

Flora yes medium yes medium yes low

Fauna yes - yes medium yes medium
Landscape no - no - no -

Water: Contamination by lubricants or similar during construction is to be expected, but is unlikely to
be measurable if handled properly. No impact on biological, hydromorphological or chemical quality
components is expected.

Flora: Piling the anchors to the ground damages the habitats there. The extent of the damage
increases with the number of anchors and is therefore greatest for the North Sea location (see Table
10). As the vegetation in the North Sea and Baltic Sea is not known, the presence of Posidonia
meadows means that the Mediterranean site in particular can be assumed to be a sensitive location
in this respect. The underwater vegetation must be investigated in subsequent authorisation
procedures.

Fauna: Piling the anchors to the ground by "vibrating" will result in the disturbance/scaring away of
animals, including fish and mammals, in the surrounding area due to the vibrations and noise
generated. The more anchors are required, the greater the disturbance effect which is therefore
greatest for the North Sea site (see Table 10), where there were also some sightings of marine
mammals (see excursus in section 5.1.2). Furthermore, the spawning grounds of various fish species
are located around the area of the North Sea site [Sundby et al. 2017]. These include the commercial
important species cod and sand eel. However, the sand eel requires water depths of 20 to 50 m and
sandy substrate during spawning, which is both not available at the North Sea site (see Table 7). Cod
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prefers water depths of up to 200 m for spawning, which is much deeper than the Noth Sea site (see
Table 7). Furthermore, the cod eggs are free-floating and therefore not endangered by the anchor
piling. A scaring effect on these and other fish species cannot be ruled out.

Finding: The "vibrating" during the installation of the anchors generates vibrations and noise, which
can disturb fish and marine mammals.

Cable to shore

Table 12: Impact of the cable to shore on the protected goods during construction.

North Sea Mediterranean Sea Baltic Sea
Protected
good Impact Significance | Impact Significance | Impact Significance
Water no - no - no -
Flora yes low yes low yes low
Fauna yes low yes low yes low
Landscape | yes medium yes medium yes medium

For the connection to land, a cable must be routed over the seabed and over areas close to the coast.
The distance of the offshore PV system from the coast has an influence on the cable route on the
seabed. Connections to existing wind parks are possible for the North Sea and Baltic Sea locations (see
Table 10) and would shorten the cable route on the seabed and avoid routing over areas close to the
coast.

Flora: Damage to plants during installation of the cable cannot be ruled out.

Fauna: Short-term disturbance of aquatic life due to movement in the water cannot be ruled out, but
is probably insignificant.

Landscape: Depending on the exact location of the land connection, protected areas and special
habitat types may be affected. Particularly sensitive coastal structures (habitat types, protected
areas) depend on the location and must be avoided when considering the project (see Table 10).

Finding: The cable must be routed over areas close to the coast which, depending on the exact
location, could include relevant biotopes such as seagrass meadows or reefs as well as onshore coastal
biotopes, e.g. sand cliffs, dunes or salt marshes.
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5.1.2. Operation phase

During the operation phase, the floating solar modules and the anchoring chains prove to be relevant
factors for the local environment. Both components are analysed in detail below. Anchoring piles, the
cable to shore, transportation/shipping/maintenance work and the facilities onshore, on the other
hand, have only minor operation-related impacts on the protected goods analysed. Details can be
found in section 11.3 in the annex.

Floating solar modules

Table 13: Impact of the floating solar modules on the protected goods during operation.

North Sea Mediterranean Sea Baltic Sea
Protected
good Impact Significance | Impact Significance | Impact Significance
Water yes low yes low yes low
Flora yes medium yes - yes medium
Fauna yes medium yes medium yes medium
Landscape | yes low yes medium yes medium

The floating offshore PV systems will cause shading of the ground due to their opacity. The size of the
shaded area is significantly influenced by the area size of the system, the water depth and the position
of the sun (see Table 10). The area calculated taking the above parameters into account is largest for
the system in the North Sea, followed by the system in the Mediterranean and the smallest shaded
area is generated by the system in the Baltic Sea, which is due to the shallow water depth at this
location. It should be noted that less than 1% of the sunlight reaches the seabed at the North Sea
location, even in the unshaded case, and the effect of the shade is therefore very small. The water at
the Mediterranean site is more permeable to light, whereas only small amounts of light reach the
bottom at the Baltic Sea location. The comparatively lower visibility depth in the Baltic Sea is due to
its shallower waters compared to the Mediterranean and North Sea, which results in higher turbidity
from suspended particles and algae growth.

Water: A possible influence on the local water temperature is not considered relevant. For details, see
section 11.3.1 in the annex.

Flora: Shading will have an impact on soil-colonising and photosynthetic organisms. The effects of
shading depend on the size of the shaded area, as well as water depth, light permeability and plant
occurrence (see Table 10). A potentially relevant impact can be expected up to a depth of 5-10
metres. If a kelp forest (brown algae forest up to 50 m high) occurs in an area, it must be kept free of
shading. In the Mediterranean, there may be Posidonia meadows in the vicinity of the location.
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Whether the particular FPV installation will affect these by shading and if mitigation measures are to
be implemented must be investigated in subsequent authorisation procedures.

Fauna: If the shading causes a change in the habitat by affecting the flora, which serves as a
reproduction and living area, an interaction of the flora and fauna is possible.

The floating PV modules form an artificial substrate in the water, which serves as a settlement area for
sessile organisms such as mussels or sponges, which in turn can lead to the attraction of new fish
species. Colonisation varies with the distance of the facility from the coast [Apolinario & Coutinho
2009; Van Der Stap et al. 2016] (see Table 10) and is a potential positive environmental impact. It is to
be expected that at greater distances from the coast (>20 km to the North Sea location) there will be
less fouling on the systems than at shorter distances [Apolinario & Coutinho 2009]. The size of the area
to be colonised differs depending on the size of the facilities (see Table 10).

The offshore PV modules could also pose an obstacle to the emergence of marine mammals, but this
impact is negligible due to the size of the installations and it tends to be smaller if the systems are
arranged in split units with distances between them.

A dazzling effect of the solar panels on birds, landing attempts due to the "lake effect" [NOROCK,
Northern Rocky Mountain Science Center 2025] or an attraction effect on birds [Wang & Lund 2022]
cannot be ruled out, but have not yet been sufficiently researched. The site in the North Sea has no
nature conservation areas in the vicinity, but is located on a route used by migratory birds [Critchley
et al. 2025]. Additionally, there are bird sanctuaries within a radius of less than 15 km around the
Mediterranean site. The Baltic Sea site is located less than 25 km from the nearest bird sanctuaries and
is presumably on the migration route of cranes [Kranichschutz Deutschland 2025]. Birds are likely to
occur on the installations at all three sites.

As fish are sensitive to light [Briining et al. 2015], an impact of the beacons on the animals cannot be
ruled out. Additional lighting is to be expected in the Baltic Sea, as the site is close to a shipping route.
However, the local environmental impact of light emissions from beacons is not considered relevant
overall.

Landscape: The perceptibility of the offshore PV systems, e.g. from the coast or cruise ships, is
considered to be non-existent or irrelevant. For details, see section 11.3.1 in the annex.

Findings:

e The adverse impact of the shading caused by the systems on photosynthetic organisms is highly
site-dependent (turbidity), but up to a depth of 5-10 metres it can also have a relevant impact on
marine animals that use the affected habitats as reproduction and living space.

o The floating installation serves as a "floating island" and thus as a colonisation opportunity for
sessile organisms, which has a potential attraction effect on fish. This is considered a beneficial
effect.
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Anchoring chain

Table 14: Impact of the anchoring chain on the protected goods during operation.

Protected North Sea Mediterranean Sea Baltic Sea

good Impact Significance | Impact Significance | Impact Significance
Water yes low yes low yes low

Flora no - no - no -

Fauna yes yes yes

Landscape | no - no - no -

The number and length of chains are greater in the North Sea than in the Mediterranean and Baltic
Sea (see Table 10), and the number becomes even larger for the split concept than for the large
uniform concept.

Water: An impact on biological quality elements according to the EU Water frame directive may
occur and has to be considered in the approval process. These biological quality elements include -
for coastal and transitional water bodies - phytoplankton, macroalgae and angiosperms, benthic
invertebrates, and fish fauna. An influence on the direction of prevailing currents, which belongs to
the hydromorphological quality components, is possible in the water body in which the system is
located. However, the impacts on the quality components probably do not affect the entire water
body.

Fauna: The anchor chains form an artificial substrate in the water to which sessile organisms can
attach and serve as an attraction for other fish species. The attachment of sessile organisms varies
according to the length, thickness and depth of the anchor chains, as well as the distance from the
coast [Apolinario & Coutinho 2009; Van Der Stap et al. 2016] (see Table 10), but should generally be
seen as a positive impact. It is to be expected that there will be less fouling on the installations at
greater distances from the coast (>20 km from the North Sea location) than at shorter distances
[Apolinario & Coutinho 2009], which is why more fouling is expected at the Mediterranean and Baltic
Sea locations.

The vertical structures can also act as a disturbance factor for migrating marine mammals and fish
migration through their visual perception and perception through echolocation. As the anchor chains
used consist of individual chain links that rub against each other due to water motion, noise is also
generated that can have an irritating effect on marine mammals. Both are particularly relevant for
marine mammals in the North Sea (see Excursus in 5.1.2). As some fish are sensitive to noise [Codarin
et al. 2009; Ladich 2012], too, the possibility of irritation cannot be ruled out. The spawning grounds
of various fish species are located in the area of the North Sea site [Sundby et al. 2017]. Even if the
irritation of fish cannot be ruled out, spawning of the commercial relevant fish species cod and sand
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eel is not expected to be affected (see section 5.1.1). Furthermore, there are no known spawning areas
of endangered or critically endangered fish species at the North Sea site (according to IUCN).

Excursus: Potential impact on marine mammals at the three locations

There have been sightings of harbour porpoises and minke whales in the North Sea. Furthermore,
white-beaked dolphins have also been sighted in the North Sea (see Figure 25) [ORCA 2025]. In the
Baltic Sea harbour porpoises have been found in the vicinity of the location [German Oceanographic
Museum 2025]. Fin whales can be found feeding in the northern Mediterranean from July to
September (see Figure 26) [WWF 2025]. It should be considered whether construction can be avoided
during this period. If a site is affected by known migration routes, the system must be designed in such
a way that known routes are not disrupted. This is part of subsequent authorisation procedures. In
addition, grey seals live around Riigen in the Baltic Sea [German Oceanographic Museum 2025]. Known
resting places for marine mammals and their access to the open sea should not be obstructed.
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Figure 25: Sightings of marine mammals in the North Sea since 2010 [ORCA modified].
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Figure 26: Whale migration routes in Europe [WWF modified].

Findings:
e The anchor chains also form an artificial substrate in the water to which sessile organisms can

attach and serve as an attraction for other fish species. This is seen as a beneficial effect.

e The anchor chains create a visual and acoustic disturbance that particularly affects migratory
marine mammals and fish (sharks, mackerel, etc.). The acoustic environmental impacts of the
anchor chains are caused by the chain link friction.

Transportation/shipping/maintenance work

Cleaning and maintenance processes will lead to regular ship traffic, noise and the washing in of small
guantities of cleaning agents. However, this is not considered a relevant environmental impact. Details
on this and other non-relevant impacts of transportation/shipping/maintenance work can be found in
section 11.3.4 in the annex.
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5.1.3. Dismantling

During dismantling, both the floating solar modules and the anchoring chains prove to be relevant
factors for the local environment. Both components are analysed in detail below.
Transportation/shipping, on the other hand, is only associated with minor dismantling-related impacts
on the protected goods analysed. Details on this can be found in section 11.4 in the annex. As the
anchoring piles and the cable to shore remain in the seabed, they do not play a role in the dismantling-
related local environmental impacts.

Floating solar modules

Table 15: Impact of the floating solar modules on the protected goods during dismantling.

Protected North Sea Mediterranean Sea Baltic Sea

good s g - I
Impact Significance | Impact Significance | Impact Significance

Water yes low yes low yes low

Flora no - no - no -

Fauna yes medium yes

Landscape no - no - no -

When the system is dismantled, the artificial structures are removed from the water.

Water: An impact on biological quality elements according to the EU Water frame directive may
occur and has to be considered in the approval process. These biological quality elements include -
for coastal and transitional water bodies - phytoplankton, macroalgae and angiosperms, benthic
invertebrates, and fish fauna. The impact will probably not affect the entire water body.

Fauna: The removal of the system means a loss of sessile organisms at the floating PV system. The
larger the area of the system (see Table 10), the greater the amount of grown organisms lost during
dismantling. It is to be expected that there will be less fouling on the systems at greater distances
from the coast (>20 km from the North Sea site) than at shorter distances [Apolinario & Coutinho
2009]. More attachment of sessile organisms is therefore to be expected at the Mediterranean and
Baltic Sea locations.

Finding: Established habitat, including the organisms living on it, is removed when the plant is
dismantled. This is considered an adverse impact, though it may depend on the specific conditions.
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Anchoring chains

Table 16: Impact of the anchoring chains on the protected goods during dismantling.

Protected North Sea Mediterranean Sea Baltic Sea

good Impact Significance | Impact Significance | Impact Significance
Water yes low yes low yes low

Flora no - no - no -

Fauna yes medium yes yes

Landscape no - no - no -

When the system is dismantled, 75% of the anchor chains are removed from the water. 25% remain
in the sea and sink to the bottom.

Water: An impact on the biological quality components is to be expected in the body of water in
which the system is located. An impact on the structure and substrate of the soil due to the sinking
anchor chains, which is part of the hydromorphological quality components, is possible in the water
body in which the system is located. The impacts will probably not affect the entire water body.

Fauna: The sinking of the chains to the ground means a change in the "anchor chain habitat". Pulling
out the chains means a loss of the sessile organisms living on these chains. The more anchor chains
there are (most anchor chains in the North Sea, see Table 10), the greater the amount of sessile
organisms lost when they are decommissioned. However, it is to be expected that at a great distance
from the coast (>20 km from the North Sea location) there will be less fouling on the installations
than at shorter distances [Apolinario & Coutinho 2009] (see Table 10). Therefore, more growth is
expected at the Mediterranean and Baltic Sea locations.

Finding: When the anchor chains are pulled out, established habitat, including the organisms living on
it, is removed. This is considered an adverse impact, though it may depend on specific conditions.
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5.2. Comparison of locations

The location in the North Sea has the least impact in terms of shading due to the low transparency and
the great depth of the water. Furthermore, there are no protected areas in the immediate vicinity. A
connection to the wind farm planned within a radius of 25 km of the system can be considered. With
respect to the disturbance potential of the anchor chains on marine mammals, the impact at the North
Sea location is greater than at the other locations and special attention must be paid to avoidance
measures in the course of the authorisation procedure.

The location in the Mediterranean is probably only affected by migratory marine mammals for a few
months of the year and requires fewer anchor chains and anchors. Therefore, the impacts of
disturbance from the anchor chains on migratory marine mammals are presumably lower. With
respect to the impacts of shading, special attention must be paid to avoidance measures in the course
of the authorisation process due to the more translucent water and the shallower water depth,
combined with the occurrence of seagrass meadows. There are no wind farms in the immediate
vicinity. The protected areas on the coast must be taken into account for the connection to land in the
course of the authorisation procedure.

The Baltic Sea site has several protected areas on the coast, which must be taken into account in the
authorisation procedure with regard to the connection to land. The impact of the anchor chains on
marine mammals living around the Baltic Sea location must be minimised during the approval process
by paying particular attention to avoidance measures. Special lighting of the Baltic Sea site using
beacons may be necessary due to its location on a shipping route, which increases the visibility of the
installation from the coast as well as the light emission for fish. In terms of shading, the impact at this
location is lower than at the Mediterranean location. The proximity of the Baltic Sea site to wind parks
would enable a connection.

It is conceivable to install the offshore PV systems at any of the three locations. The recommendations
outlined should be taken into account.

Table 17 : Particularly relevant impact factors for the respective SUREWAVE locations. The ® marks the location
at which the impact of the respective indicator is particularly relevant during the authorisation procedure.

Indicator North Sea Mediterranean Baltic Sea
Floating system: shading ()
Connection to land: °

protected areas

Shipping routes L
Anchor chains: noises L L]
Connection to existing ®

technology: wind farm
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Finding: The adverse and beneficial impacts of the SUREWAVE concept described above come into
play in different ways at the three locations under consideration. It is therefore not possible to
prioritise the sites in the SUREWAVE project from a local environmental perspective. Rather, the
impact factors presented must be assessed on a case-by-case basis and weighted and taken into
account in the location selection (assessment of alternatives) and project approval according to the
current situation. They include shading influenced by water depth and light transmission, the presence
of designated protected areas and protected biotopes (e.g. FFH areas, seagrass meadows, reefs and
sandbanks), connection options to wind farms to save the cable to shore, and the disturbance potential
of the anchor chains on migratory marine mammals.

5.3. Comparison of layouts

From a local environmental perspective, two aspects are relevant for the comparison of the layout
options defined in section 3.1: shading of the seabed and the impacts of the anchor chains. For a
detailed description of the anchor chain-related impacts, see section 5.1.2.

With regard to shading, the following picture emerges: The size of the shaded area is significantly
influenced by the size of the installation area, the water depth and the position of the sun (see Table
10). The area calculated taking the above parameters into account is larger for the split system in the
North Sea than for the large uniform layout. The shading depth, on the other hand, is lower for the
split layout than for the large uniform system.

Due to the lower shading depth, the split layout can therefore tend to be advantageous at locations
with particularly shallow water depths compared to a large uniform system. The spatial flexibility
therefore represents an advantage of the concept.

Finding: While the total shading area of a system consisting of five smaller units is slightly larger than
that of one large uniform unit, the shading depth decreases in comparison. The latter can be an
advantage for biotopes in shallower waters. The decision on the layout must be made in the
assessment of alternatives or the project authorisation. It is conceivable that, particularly in the case
of locations closer to the coast, the choice of the layout based on local investigations may help to avoid
affecting protected marine biotopes. The spatial flexibility therefore represents an advantage of the
concept.
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6.

Key results, conclusions and recommendations

This chapter summarises the key results from chapter 4 and 5 and derives conclusions and
recommendations from these. Reference is made in particular to the following main and sub-questions
(see section 2.1.1 for more details):

6.1.

What are the environmental impacts associated with the production of electricity from floating
offshore photovoltaic systems compared to production from fossil fuels?

Which parameters or life cycle stages significantly determine the environmental impacts and
which optimisation potentials result from this?

What are the differences in environmental impacts when floating PV is installed in the North
Sea, the Baltic Sea or the Mediterranean under different conditions?

What are the differences in the environmental impacts of a system concept with several
smaller split units compared to a large, uniform unit with the same electricity production?

What are the differences in environmental impacts if the system concept analysed in the
project is connected to an existing offshore wind farm?

Which are the differences concerning the CO; footprint of the innovative "new" breakwaters
developed in the project compared to conventional breakwaters with expanded polystyrene
core?

Key results

The most important results of the environmental assessment are summarised in two sub-chapters:
with regard to the life cycle assessment methodology (see section 2.2) and with regard to the life cycle
environmental impact assessment methodology for the analysis of local environmental impacts (see
section 2.3).

6.1.1. Key results from a life cycle assessment perspective

The results of the environmental assessment with regard to the LCA methodology derived in chapter
4 can be summarised as follows:

Floating PV systems compared to fossil energy resources: Compared to the production of
electricity from fossil energy resources, especially coal, the SUREWAVE concept could enable
large savings in greenhouse gas emissions as well as a reduction in other relevant
environmental impacts.

Dominant individual contributions: The environmental impacts are dominated in particular
by the vessel fuel required for maintenance, installation, replacement of the floating PV
modules, and dismantling. Other considerable contributions are caused by the solar panels,
breakwaters, and anchoring.
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Cable for shore connection: For larger distances of the floating PV system from shore (>
approx. 50 km), the cable to shore becomes another relevant factor.

Impacts with low relevance: All other individual contributions contribute to the overall result.
These include the aluminium floats, the various connecting elements and further electrical
components.

Material recycling after dismantling: The further use or reuse of materials after dismantling
the system (after 50 years of operation or 25 years in the case of the floating PV elements and
electronics) does not play a significant role from an LCA perspective since the production of
alternative primary materials is likely to be much more environmentally friendly in the future
and can outweigh the efforts for the whole recycling-related logistic processes. One exception
is copper, being a scarce and hence relevant resource.

Differences between the locations: The electricity yield due to different solar irradiation
makes the largest single contribution to the environmental benefits at different locations such
as the North Sea or the Mediterranean. In contrast, the differences due to higher material
efforts and higher efforts for installation, maintenance and dismantling due to higher waves
or larger distances from the coast are much less significant. This is valid as long as the
implementation relies on similar vessel logistics. If not, the fuel consumed by the vessel
activities could become a relevant factor.

Uniform versus split concept: Due to higher material requirements and the associated effort
for installation and dismantling, a design in which the system is split into five smaller units has
a higher environmental impact from a life cycle assessment perspective, e.g. in terms of the
CO,footprint. The additional material consumption causes around 8,000 tonnes of greenhouse
gases. However, this is not decisive with respect to the saving of around 170,000 tonnes of CO,
compared to electricity generation from coal over a 25-year operating period.

Connection to offshore facilities: The connection to existing offshore facilities such as an
offshore wind farm can significantly reduce the environmental impacts from a life cycle
assessment perspective, as the cabling distance can be significantly shorter than to onshore
grid connection. This applies in particular to plants that are far from the coast.

Innovative breakwaters: The innovative circular, concrete-based material options developed
as part of the SUREWAVE project do not result in any relevant greenhouse gas savings
compared to conventional breakwaters. Ultimately, however, the choice of material for the
breakwaters is not decisive because of the large greenhouse gas savings that can be achieved
with the SUREWAVE concept compared to fossil-based electricity production.

Evaluation of optimisation potentials: In view of the clear environmental advantages that
even an unfavourable system concept (especially with comparably low solar irradiation, far
from the coast, high swell) offers compared to electricity production from fossil fuels, the
choice of location, layout and material for the breakwaters is only of secondary importance.

Comparison with other renewable energy sources: Compared to other renewable energy
sources, such as PV on land or onshore and offshore wind power in particular, offshore floating
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PV systems can perform significantly worse from an environmental perspective, mainly due to
the significantly higher material input and efforts for installation, maintenance and

dismantling.

6.1.2. Key results from the perspective of local environmental impacts c——

The results of the assessment of local environmental impacts based on the Life Cycle Environmental
Impact Assessment (LC-EIA), see chapter 5, can be summarised as follows:

e Relevant adverse impacts: For the environmental assessment, the following aspects have
emerged as relevant adverse impact factors of the SUREWAVE concept.

o Piling the anchors during installation (construction phase): Vibrations and noise are
generated by the "vibrating", which can disturb fish and marine mammals.

o The shading caused by the floating plant and its effect on photosynthetic organisms
(operation phase): The latter is highly location-dependent (turbidity), but can also
have a relevant impact on marine animals that use affected habitats as reproduction
and living space up to a depth of 5-10 metres.

o The environmental impact of anchor chains through their visual and acoustic
disturbance, which particularly affects migratory marine mammals and fish (sharks,
mackerel, etc.). The acoustic environmental impact of anchor chains is caused by the
friction between chain links.

o The removal of artificial, colonised structures during the dismantling of the system, as
established habitat including the organisms living on it is removed. Still, its extent
depends on the actual local conditions.

o The installation of the cable to shore. This must be routed across coastal areas which,
depending on the exact location, could include relevant biotopes such as seagrass
meadows or reefs as well as land-based coastal biotopes, e.g. sand cliffs, dunes or salt
marshes.

Note: not all of the impact factors ally at all locations. The extend of the impacts depend on
the actual local conditions.

e Relevant beneficial impacts: For the environmental assessment, the following aspects have
emerged as relevant beneficial impact factors of the SUREWAVE concept.

o The function of the floating installation as a "floating island" and thus as a colonisation
possibility for sessile organisms and its potential attraction effect on fish.

o The anchor chains form another artificial substrate in the water to which sessile
organisms can attach and serve as an attraction for other fish species.
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o The marine space beneath the floating device can serve as a refuge for maritime
species, since fishing is not possible. Still, this is not an argument in favour of the
floating device, but at least a positive side effect.

Impacts of low relevance: All other local impacts of the SUREWAVE concept were found to be
not significantly relevant for the environmental assessment in the analysis carried out. These
include a possible local change in water temperature, visibility of the installations from the
coast, noise and shipping traffic generated during cleaning and maintenance, and light
emissions from beacons.

Differences between the locations: The adverse and beneficial effects of the SUREWAVE
system described above contribute in different ways at the three locations under
consideration. Thus, it is not possible to prioritise the locations in the SUREWAVE project from
alocal environmental perspective. Rather, the impact factors presented in section 5.2 must be
assessed on a case-by-case basis, weighted and taken into account in the site selection process
(assessment of alternatives) and project authorisation process. They include shading
influenced by water depth and light transmission, presence of designated protected areas and
protected biotopes (e.g. FFH areas, seagrass meadows, reefs and sandbanks), connection
options to wind farms to save the cable to shore, and the disturbance potential of the anchor
chains on marine mammals.

Uniform versus split concept: While the total shading area is slightly larger with a layout
consisting of five smaller units than with one large unit, the shading depth decreases in
comparison. The latter can be an advantage for light-sensitive biotopes in shallower waters.
The decision on the system layout must be made in the assessment of alternatives or in the
project authorisation process. It is conceivable that, particularly in the case of near coast
locations, the choice of the layout based on local investigations may help to avoid affecting
protected marine biotopes. The spatial flexibility therefore represents an advantage of the
concept.

Suitability of the method used: The assessment of environmental impacts with respect to
protected goods, both generic (i.e. not dependent on the specific sensitivity of the protected
goods) and local environmental impacts (taking into account the possible sensitivity of the
protected goods), has proven its worth and enables a comparison of the technologies with
regards to the environmental impacts at different locations.
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6.2.

Conclusions

The following conclusions on the environmental impacts of offshore PV systems can be
drawn from the key results listed in section 6.1:

General conclusions

Offshore PV concept as an important component of the energy transition: The analysed
offshore PV concept in European waters is advantageous from an environmental perspective
compared to electricity production from fossil fuels. Even if they perform less favourably from
an environmental perspective compared to conventional renewable energy sources, they can
complement the portfolio of renewable energy sources in the energy transition. This can be
overall environmentally friendly in particular if the expansion of other renewable energy
sources is limited e.g. by land availability or its mobilisation and if at the same time primarily
fossil-based electricity is replaced in the electricity market into which the offshore FPV systems
are to be integrated.

Optimisation reasonable, but not decisive: Optimising the concept with respect to the
selected location or layout can significantly reduce the environmental impacts in some cases.
However, this is subordinate to implementing such offshore photovoltaic systems as quickly
as possible, as all of the considered offshore PV scenarios in European waters can enable an
enormous reduction in greenhouse gas emissions and other environmental impacts compared
to electricity production from fossil energy resources.

Reasonable from a local environmental perspective: Most of the local environmental impacts
in question can be categorised as rather irrelevant or less relevant and do not fundamentally
hinder offshore PV installations in European waters. However, the few very relevant potential
impacts, such as the shading of biotopes or the impact on migratory marine mammals and fish
(sharks, mackerel, etc.), can be severe and must be assessed in detail in every single case. The
efforts required for this can be significantly reduced in advance through appropriate early
scoping and, if necessary, adaptation of the location selection or layout design. Provided that
the factors specified are taken into account and adequately addressed in the course of an
authorisation process, the concept is justifiable from a local environmental perspective.
Overall, the creation of settlement opportunities (artificial reefs) and possibly the creation of
refuges that are blocked for fishing can even have a positive overall impact on the local
environment.

Note: The mature technology scenarios underlying these conclusions include a durability, which is not
yet achieved in practise. In particular the hinges connecting the PV modules are currently still under
intensive development to improve durability under extreme conditions. For a technological
assessment see [Panjwani 2025]. Still, as the quantitative LCA results do not significantly depend on
the hinges themselves (below 1 %) the conclusions drawn are not affected as long as sufficient
durability is achieved in the further development.
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Conclusions on the methodology

e Global and regional environmental impacts: The LCA methodology used here is suitable for
accurately determining the global and regional environmental impacts associated with the
implementation of the SUREWAVE scenarios analysed from an LCA perspective.

e Local environmental impacts: The life cycle environmental impact assessment (LC-EIA)
methodology used to determine local environmental impacts does not replace the location-
and project-related environmental impact assessment, but can identify key aspects in advance
and help to assess the efforts required for an environmental impact assessment and, if
necessary, reduce them through an adapted location selection initiated by scoping.

Conclusions on the choice of location

e Suitability of the analysed locations: Installation of offshore PV is conceivable at any of the
three analysed locations from an environmental perspective. The recommendations for
avoiding relevant environmental impacts outlined in section 5.2 should be taken into account.

e Solar irradiation first criterion for location: In the long term, the environmental impacts per
kWh of electricity produced can be reduced most effectively by choosing locations with high
solar irradiation instead of making it dependent on metocean conditions and the associated
material requirements for anchoring. However, vessel fossil fuel consumption could become a
relevant factor when comparing locations if optimized vessel logistics for installation,
maintenance, and dismantling (see section 4.3.2) are feasible only at one or the other location.
This depends, for example, on the distance to the port.

e Proximity to the coast: Whether a location near or far from the coast is more favourable within
aregion with uniform solar irradiation cannot be clearly stated at a generic level from the point
of view of the locally occurring environmental impacts, as this depends on several factors such
as, in particular, the water depth and the biotopes present on the seabed, which must be
examined on a case-by-case basis. In this sense, both nearshore and offshore sites are
conceivable from a local environmental perspective. If relevant local environmental impacts
can be ruled out, from a general environmental perspective, locations should be favoured that
involve the lowest possible material efforts for anchoring and shore connection as well as fuel
consumption of the vessels, i.e. closer to the coast and in a uniform layout or with a direct
connection to existing facilities such as an offshore wind farm. With regard to the vessel fuel
consumption, a shorter distance to the coast can be especially beneficial if this allows
optimised logistic concepts as discussed in section 4.3.2.

e Impact on biotopes: The impact of offshore PV systems on location-specific biotopes (FFH
areas, seagrass meadows, reefs, sandbanks) should be reduced or avoided altogether as part
of the project approval process.

e Impact on marine species: Locations of offshore PV installations on the edge of or within
known migration routes of marine mammals and fish can lead to significant negative impacts
on the marine species concerned due to visual and acoustic disturbance. However, provided
that disturbance of marine mammals by the anchor chains can be avoided, the overall benefit
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of the chains is given from a local environmental perspective due to the possibility of
colonisation by sessile organisms. Next to this, also spawning grounds of fish should be
considered.

Compensatory measures: It is known that the environmental impact assessment to be carried
out specifies appropriate compensatory measures for the respective site-specific boundary
conditions (e.g. provision of artificial reefs following the removal of colonised structures). No
specific supplementary recommendations can be made in this regard in the context of the
rather generic derivation carried out here.

Locations in international waters: The installation of offshore PV systems outside the
European economic zone and thus at locations where international maritime law applies is not
necessarily bound by the relatively high requirements of European environmental
authorisation procedures. This means that it is not possible to make a conclusive assessment
of the potential local environmental impacts without analysing international maritime law in
more detail if the requirements of the European procedures are not complied with as part of
a voluntary commitment.

Conclusions on optimisation potentials

Cable to shore: The onshore connection of an offshore PV system is particularly important in
terms of local environmental impacts and can be associated with major environmental
interventions. Affected are sea-land ecotones in which ecosystems that are particularly worthy
of protection often occur. This issue could be avoided by connecting the offshore PV system
to existing offshore facilities such as wind farms or oil platforms.

Vessel fuel consumption: A further improvement in the environmental footprint of offshore
PV systems can be achieved by minimising the fossil fuel consumption of the vessels during
installation, maintenance and dismantling of the system, as well as by using more
environmentally friendly fuels or propulsion technologies. If local conditions permit, the
operating time of the vessels offshore and thus fuel consumption can be reduced by pre-
assembling parts of the offshore floating PV system in the harbour and then merely pulling
them to the final location. Returning the vessels to the harbour in the evening can also
significantly reduce idle times offshore if the distance from the location to port makes this
logistically possible.

Lifetime of the breakwaters: As, from a climate perspective, the innovative material options
developed in this project do not provide any relevant advantages over conventional concrete
and expanded polystyrene used in conventional breakwaters, it is possible to optimise the
greenhouse gas balance primarily by significantly increasing the lifetime of the breakwaters
beyond 50 years.

Conclusion on the design of the system

Split concept a serious alternative in coastal regions: Particularly in locations with shallower
water depths and sensitive biotopes, an arrangement in which the installation is not designed
as one large uniform unit, but is divided into several smaller units, can be advantageous due
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6.3.

to the lower shading depth despite the slightly higher material requirements. The prioritisation
of the system design can therefore vary depending on the location. Therefore, a clear
prioritisation from an environmental point of view is not possible without specific regard to
the location and must be based on the specific investigation of the locations.

Recyclability: From today's perspective, the reuse or further use of the individual system
components does not play a decisive role in emission-related environmental impacts, as the
materials will only be available after the replacement or dismantling of the PV system in 25 or
50 years' time and therefore replaceable primary materials can probably be produced much
more sustainably at that time than today. The situation is different in terms of resource
scarcity: the copper required for the cable to shore and other electrical components in
particular is limited in its global availability.

®
Recommendations /

The following recommendations for the target groups defined in section 2.1.1 can be derived from the

conclusions.

To the scientific community and industry (process developers)

Upscale the offshore photovoltaic systems developed in this project in several steps as quickly
as technological de-risking allows. From an environmental perspective, implement the
offshore photovoltaic systems afterwards in addition to established renewable energy
sources, insofar as they improve their expansion rate, resilience or load distribution and thus
primarily replace fossil-based electricity. Where this is the case should be narrowed down
using electricity market models. The resulting expansion of the portfolio of renewable energy
sources can represent an important building block for the energy transition as well as for
greenhouse gas reduction. The conclusions of this assessment on overall environmental
benefits however have to be verified before an industrial-scale deployment if the FPV systems
should deviate substantially from the analysed scenarios, in particular in their ratio of
electricity yield to material intensity — either resulting from major design updates or from other
developments beyond this project.

Ensure that the logistics of the vessels used for installation, maintenance and dismantling are
as efficient as possible, as the fuel consumption associated with them makes by far the
greatest contribution to the environmental burdens. In addition to sustainable fuels,
alternative propulsion technologies such as LNG (liquefied natural gas) or electric drive could
also be used here. In order to minimise the idle time of the vessels associated with fuel
consumption during the installation of the system offshore, the floating solar systems and
breakwaters should further be assembled in port if the distance to shore allows the system to
be towed to the location afterwards.

Examine and generally favour a connection to existing offshore facilities, e.g. offshore wind
parks. This would save the cable to shore, which can have a local environmental impact on
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ecosystems in coastal areas that are particularly worthy of protection, but also improves the
environmental balance due to the reduced use of materials.

If there is freedom of choice, select locations with higher solar radiation, even if they have
unfavourable metocean conditions and therefore require more material for anchoring.

If relevant local environmental impacts, such as the shading of sensitive biotopes or the
influencing of migration routes of marine mammals, can be ruled out, from a general
environmental point of view and with comparable solar irradiation locations should be
favoured, which are associated with the lowest possible material requirements for anchoring
and fuel consumption for the vessels.

Generally, consider the potential impact on seabed biotopes when choosing whether to design
a large uniform unit or several smaller units. Particularly at locations with shallower water
depths and light-sensitive biotopes, an arrangement in which the system is divided into several
smaller units may be advantageous due to the reduced shading depth. Otherwise, large
uniform layouts are advantageous due to the lower material efforts.

Design the overall system so that the individual solar modules can be replaced with minimal
effort if, for example, the efficiency of the solar cells develops so quickly that it becomes
reasonable to replace them well before the end of the planned service life, e.g. as part of a
repowering programme.

Design for recycling: The concept of the individual components, such as the solar modules,
should be based on the recyclability of individual materials such as aluminium. In particular,
the cable to shore and other electrical components (such as inverters or transformers) should
be designed to maximise the recovery of copper in order to conserve it as a resource. If the
cable remains on the seabed after the plant has been dismantled - especially at locations far
from the coast - care should be taken to minimise the use of copper when selecting the cable,
if technically possible.

If a location is affected by known migration routes of marine mammals:

o Position the system in such a way that known routes are not dissected. Although this
is part of the authorisation procedure to be carried out, it should already be taken into
account when selecting the location.

o Do not obstruct known resting places and their access to the open sea. It should also
be checked whether construction can be avoided in months when other species are
temporarily present in the area in question to feed.

o Monitor pilot plants with regard to their influence on the migration of marine
mammals.
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To policy makers and research funding agencies

Clearly support concepts for producing electricity from offshore PV in order to expand the
portfolio of renewable energy technologies and thus drive forward the energy transition and
accelerate the reduction of greenhouse gases.

Take into account that, from a life cycle assessment perspective, current renewable
technologies do not need to be fully optimised beyond the level reached in this project in order
to contribute to reducing the fossil energy resources used and climate change, as long as
technical durability is ensured. Research aimed at such optimisation should be carried out in
parallel or even as a secondary priority to actual implementation if it delays it. If new
technological developments such as those in this project can increase the possible
applications/potentials, this is reasonable and should be implemented as soon as possible
regardless of possible further developments.

After an establishment phase, use electricity market models to determine the regions in which
a large-scale expansion of offshore photovoltaic systems such as the SUREWAVE concept can
improve the expansion speed, resilience or load distribution and thus replace fossil-based
electricity in particular. This should be taken into account in political planning for expansion
targets for renewable energies.

Consistently continue the approach of carrying out environmental accompanying projects in
parallel with projects that analyse technological developments. This allows undesirable
developments - from an environmental perspective - to be recognised at an early stage and
optimisations to the environmental impacts to be identified.

In order to simplify planning processes in the future, it is recommended that the Commission
or expert committees define particularly sensitive habitats to be taken into account when
planning specific locations. These are also habitats or habitat types that do not occur at the
three investigated SUREWAVE locations, such as kelp forests or mudflats. The following
locations are found within SUREWAVE: seagrass meadows, reefs, shallow water zones and
shallow sandbanks. Particularly sensitive structures of this type should be avoided when
considering the project.

It is recommended to provide guidance on the environmental considerations to be taken into
account based on the location of sites in marine zones applicable under international law. This
guidance should be based on the regulations that apply to locations to which EU law applies.

Support the implementation of pilot offshore PV systems in European waters until they are
developed to market maturity. For the first pilot plants, examine whether a simplified
authorisation for construction can be granted if the most important critical local
environmental concerns have been demonstrably excluded in advance
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7. Outlook

The environmental analysis applied here, based on the life cycle assessment (LCA) and supplemented
by a life cycle environmental impact assessment, represents a practical method for comprehensively
analysing and evaluating global, regional and local environmental impacts. However, in order to
represent the entire sustainability spectrum, other sustainability aspects (in particular economic,
social, technical, political and legal aspects) should be taken into consideration. This can be realised by
an application of a so-called integrated life cycle sustainability assessment (ILCSA) described by [Keller
et al. 2015], which allows a joint evaluation of all aspects with the aid of multi-dimensional comparison
matrices. This helps decision-makers to understand the overall complexity of a system and to initiate
appropriate steering measures.

8. Abbreviations

AC Alternating current
CCLC Circular cellular lightweight concrete
CDW Construction and demolition waste
DC Direct current
EEZ Exclusive economic zone
EF3.1 Environmental Footprint method 3.1
EIA Environmental impact assessment
EPS Expanded polystyrene
EU European Union
EVA Ethylene-vinyl acetate
FFH Fauna, Flora, Habitat area
FPV Floating photovoltaic
GWP Global warming potential
HPC High-performance concrete
ILCD International reference life cycle data system
ILCSA Integrated life cycle sustainability assessment
IUS Institute for Environmental Studies, IUS Team Ness GmbH
LCA Life cycle assessment
LC-EIA Life cycle environmental impact assessment
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LCI Life cycle inventory
LCIA Life cycle impact assessment
LCoE Levelised costs of electricity
LCT Life cycle thinking
LNG Liquefied natural gas
LWAC Lightweight aggregate concrete
MSFD Marine strategy framework directive
MSPD Maritime spatial planning directive
PV photovoltaic
PVC Polyvinyl chloride
SEA Strategic environmental assessment
S-LCA Social life cycle assessment
TRL Technology readiness level
WFD Water framework directive
WP Work package
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11. Annex

This chapter provides additional information on the local environmental impacts of offshore PV on
further protected goods not included in chapter 5 due to low relevance or consideration elsewhere in
this report (section 11.1). Further, local environmental impacts of offshore PV components with low
impacts on the investigated protected goods are presented for each life cycle stage (section 11.2 to
11.4).

11.1. Local environmental impacts on further protected goods

Soil: The project is only expected to have an impact on soil as a protected good during the construction
phase. A local assessment of the impact is not possible as the exact locations of the onshore facilities
(distribution unit) and cables are not known. The laying of the cable on land and the excavation of a
trench will result in land utilisation. When laying the cable, areas with specially protected species must
be avoided. Heating of the cable and immediately surrounding structures is possible. No significant
adverse impact is expected.

Climate/air: Offshore PV systems are a substitute for fossil fuels, which are being reduced in response
to climate change. The protected good climate/air is considered in the life cycle assessment (chapter
4). In order to avoid a duplicate assessment, it is therefore not dealt with in the LC-EIA.

Human beings/human health: Human beings and human health as a protected good are affected as
the project contributes to energy security. There are further impacts on workers during cleaning and
maintenance processes. As this is part of occupational safety, this topic is addressed in the SWOT
analysis.

Biodiversity: Biodiversity as a protected good serves to preserve biological diversity and therefore
relates to the location of the sites in protected areas, which was already addressed and excluded in
the first assessment stage. Any impact on Natura 2000 protected areas and habitat types as a result of
the land connection is included in the protected good landscape, as these are spatially delimited areas.

As the protected good biodiversity comprises the diversity of species and habitats, it can also be
affected by environmental impacts on the protected goods flora and fauna.

Culture/material goods: Any impact on culture as a protected good can be ruled out. Material goods
could be affected in the form of economic activity. If fishing is carried out at the planned locations of
offshore PV, this would be restricted by the construction of the facilities. This could have a positive
effect on benthic organisms.

Furthermore, there is military territory in the Baltic Sea waters off Riigen. However, it is not part of the
environmental assessment to take this into account.

Fish/spawning waters: Whether such facilities, which are relatively small in size and have a low impact
compared to other offshore facilities (oil, wind), can have a demonstrable effect on reproductive
behaviour or the use of spawning grounds is currently unknown and must be scientifically investigated
in the future. Based on the current state of knowledge, no significant adverse environmental impacts
are expected due to the small amount of space required on the seabed and the location outside the
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core areas of the spawning grounds identified in this study. A small-scale displacement of spawning
grounds is conceivable, but a complete loss of spawning grounds is unlikely due to their peripheral
location. With regard to the protected good fish/spawning waters within the meaning of
environmental and nature conservation law, no significant adverse effects are therefore assumed.
With respect to the possible effects on fishing yields due to the relocation of spawning grounds, no
statement can be made within the scope of SUREWAVE. Such an assessment requires substantiated
analyses and evaluations of catch yields over several years. Such an analysis can be integrated into the
scientific study of spawning grounds mentioned above. Ultimately, it is the task of fisheries experts to
verify the compatibility with fisheries management as part of the approval process.

11.2. Local environmental impacts: construction phase

This section of the annex provides the results of the analysis of local environmental impacts for
offshore PV components that have only minor impacts on the analysed protected goods during the
construction phase. For a detailed analysis of relevant components, see section 5.1.1.

11.2.1. Floating solar modules

Table 18: Impact of the floating solar modules on the protected goods during construction.

North Sea Mediterranean Sea Baltic Sea
Protected
good Impact Significance | Impact Significance | Impact Significance
Water no - no - no -
Flora no - no - no -
Fauna yes medium yes medium yes medium
Landscape no - no - no -

Fauna: The installation of the offshore PV system on the water is expected to cause movement
disturbance, ship traffic, noise and visual disturbance, e.g. through light, which can lead to a short-
term disturbance (scaring effect) of marine species, including mammals (see excursus in section
5.1.2).
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11.2.2. Transportation / shipping

Table 19: Impact of the transportation/shipping on the protected goods during construction.
Protected North Sea Mediterranean Sea Baltic Sea
good Impact Significance | Impact Significance | Impact Significance
Water no - no - no -
Flora no - no - no -
Fauna yes low yes low yes low
Landscape no - no - no -

Water: In the case of accident-free vessel operation, no measurable or naturally detectable input of
pollutants and thus no impact on chemical QC can be assumed.

Flora: The shipping traffic caused by the construction of the system could lead to damage to kelp if
these were located on the route between the coast and the plant. However, there is no known kelp
site between one of the locations and the nearest coastline. Should such a site be discovered in the
future, it must be avoided.

Fauna: The construction of the offshore PV system on the water is expected to result in an increased
volume of shipping traffic, which may lead to a short-term disturbance (scaring effect) of marine
species, including mammals (see excursus in section 5.1.2).

11.2.3. Facilities onshore

Table 20: Impact of the facilities onshore on the protected goods during construction.

North Sea Mediterranean Sea Baltic Sea
Protected
good Impact Significance | Impact Significance | Impact Significance
Water no - no - no -
Flora yes low yes low yes low
Fauna yes low yes low yes low
Landscape yes low yes low yes medium
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The laying of the power lines and the installation of electric facilities on land will probably cause a
temporary closure of a limited section of the coast. The duration of the construction phase and the
exact location of the onshore connection are not known and will have to be investigated in subsequent
authorisation procedures. Connections to existing wind farms are possible for the North Sea and Baltic
Sea locations and would make the construction of new onshore facilities unnecessary.

Flora: The traffic associated with the construction and the construction of the facilities itself may
cause damage to plants in the construction area. No significant impacts on the flora are expected.

Fauna: The noise and traffic during the construction phase can have a temporary disturbing effect on
animals.

Landscape: The duration of the construction phase and the exact location of the land connection are
not known and must be investigated in subsequent authorisation procedures, which means that the
number of visitors to this area cannot be estimated. If construction is completed within a short
period of time, the disruptive effect on recreation is likely to be insignificant.

Depending on the exact location of the land connection, protected areas and special habitat types may
be affected. Particularly sensitive coastal structures (habitat types, protected areas) depend on the
location and must be avoided when considering the project (see Table 10).

11.3. Local environmental impacts: operation phase

This section of the annex provides the results of the analysis of local environmental impacts for
offshore PV components that have only minor impacts on the analysed protected goods during the
operation phase. For a detailed analysis of relevant components, see section 5.1.2.

11.3.1. Floating solar modules

Water: It is conceivable that the water beneath the offshore PV systems will cool down, but this will
be distributed by the ocean currents. An impact on biological quality elements according to the EU
Water frame directive may occur and has to be considered in the approval process. These biological
quality elements include - for coastal and transitional water bodies - phytoplankton, macroalgae and
angiosperms, benthic invertebrates, and fish fauna. The impact will probably not affect the entire
water body. An influence on the water temperature, which is one of the general physical-chemical
quality components, is not expected to be measurable or detectable in nature due to water current.

Landscape: The visibility of the floating solar installations is influenced by their size and height above
sea level, their arrangement, potential ancillary facilities and the distance to the coast as well as the
nature of the coast as a vantage point (see Table 10).

Due to the great distance between the North Sea location and both the Norwegian and Danish coasts,
it can be ruled out that the solar plant will be visible from land. As far as the Mediterranean location is
concerned, it is possible that parts of the plant can be recognised from the beach in the distance. The
installation is probably visible from higher altitudes up to a distance of 122 km. The system in the Baltic
Sea would probably be visible from the elevated vantage point "Siebenschneiderstein".
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A disturbing effect can arise from the overutilisation of the sea surface if the visibility of the system
restricts the recreation of people, e.g. holidaymakers. This applies to shipping routes, for example.
Existing technical infrastructure, e.g. a wind farm in the immediate vicinity of the planned system, is
considered as positive (see Table 10). If shipping routes are affected, stronger lighting or acoustic
signals of the plants are necessary to make it noticeable. This increases the overall noticeability of the
installations from the coast in the dark and the light and noise emission.

It cannot be ruled out that the location in the North Sea is on a route used by cruise ships. Frequently
operating ferries in this area are not known. Perception of the installation from a cruise ship is to be
expected at a distance of approx. 32 km. The centre of the location in the Mediterranean is 750 m from
a route used by ferries. Cruise ships do not use this route; the visibility of the system from cruise ships
passing in the distance is negligible. The location in the Baltic Sea is in the area of the shipping routes
for both Libeck and Rostock. In addition, it is located about 250 m from the Travemiinde-Helsinki
route. This could result in increased lighting and acoustic alarms in foggy and stormy weather.

If one of the planned sites is located in a protected area (see Table 10 and Figure 27), it must be
excluded. The site originally considered in Polish waters in the Baltic Sea was abandoned in favour of
a site in the German part of the Baltic Sea. The reason for this was the location in a Polish national
park, FFH and bird sanctuary (see Figure 27). Nearby protected areas must be taken into account in
further planning (e.g. land connections).

Legend
Location (Mediterranean
Sea

Legend
M Location (North Sea)

NATURA 2000 NATURA 2000

-
g
|} - -
- e &
- '3? o
‘- v Y g .
» : 7S
L S % 74
§ 5 J o V.
R el 20, . %
Yo, N . y
- A g % 1 N
2% %0 0 50 100 A
© Bundesamt fur Kartogral p». le (2023). WMS TopPlasOpen o " daBeMt fur Kartographie und Geodasie (2023), WMS TopPlusOpen —
ra 3 . Legend
- ‘ -- ' [ M New location (Baltic Sea)
,’.r = ‘ @ e s g ﬂ ‘ ‘, # [T Old location (Baltic Sea)

\ : ¢
® . i 5 LE 8 & NATURA 2000
% , :

Figure 27: Location of Natura 2000 protected areas.
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11.3.2. Anchoring piles
Table 21: Impact of the anchoring piles on the protected goods during operation.
Protected North Sea Mediterranean Sea Baltic Sea
good Impact Significance | Impact Significance | Impact Significance
Water yes low yes low yes low
Flora no - no - no -
Fauna yes low yes medium yes medium
Landscape no - no - no -

Water: The anchors can cause small-scale flow changes (turbulence). As the anchors remain in the
ground for a long time, corrosion is likely to form, but this is not associated with a measurable input
of pollutants. An impact on the structure and substrate of the soil, as well as on the direction of
prevailing currents, which are part of the hydromorphological quality components, is possible in the
body of water in which the facility is located. An impact on biological quality elements according to
the EU Water frame directive may occur and has to be considered in the approval process. These
biological quality elements include - for coastal and transitional water bodies - phytoplankton,
macroalgae and angiosperms, benthic invertebrates, and fish fauna. An impact on the chemical
quality components is not to be expected. The impacts on the various quality components will
probably not affect the entire water body.

Fauna: The anchors piled in the ground form an artificial substrate in the water and can lead to a
change in benthic colonisation. The water depth and distance to the coast are greatest at the North

Sea site (see Table 10) and the benthic colonisation is therefore presumably the lowest [Van Der Stap

et al. 2016]. Disturbance of significant structures on the seabed (e.g. local ridges with corals) should
be avoided.
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11.3.3. Cable to shore
Table 22: Impact of the cable to shore on the protected goods during operation.
Protected North Sea Mediterranean Sea Baltic Sea
good Impact Significance | Impact Significance | Impact Significance
Water yes low yes low yes low
Flora no - no - no -
Fauna yes low yes low yes low
Landscape no - no - no -

Water: Due to the plastic sheathing of the cables, the entry of microplastics is conceivable, but could
be limited by vegetation or sedimentation. The polyurethane hinges are removed during dismantling.
Antifouling coating of the cables should be avoided. If an antifouling coating is used, the release of
pollutants in the immediate vicinity of the cable cannot be ruled out. An impact on the biological and
hydromorphological quality components is unlikely. An impact on the chemical quality components
due to the entry of pollutants into the waters in which the installation is located and into coastal
waters is possible. The impact will probably not affect the entire water body.

Fauna: Similar to anchor chains, the power cables form an artificial substrate in the water. The
effects are less pronounced as there are fewer and presumably less thick structures. Electromagnetic
fields may occur in the immediate vicinity of the cables, but are not considered to have a significant
impact.

11.3.4. Transportation/shipping/maintenance Work

Table 23: Impact of transport/shipping/maintenance work on the protected goods during operation.
Protected North Sea Mediterranean Sea Baltic Sea
good Impact Significance | Impact Significance | Impact Significance
Water yes low yes low yes low
Flora no - no - no -
Fauna yes low yes low yes low
Landscape no - no - no -
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Water: No impact on the biological quality components is expected. An impact on the chemical
guality components due to the input of pollutants into the water body in which the facility is located
is probably not measurable or detectable in nature. In the case of accident-free ship operation, no
measurable or naturally detectable input of pollutants and thus no impact on chemical quality
components is expected.

Flora: The shipping traffic caused by cleaning and maintenance of the system could lead to damage
to kelp forests if these were located on the route between the coast and the facility. However, there
is no known kelp location between one of the facilities and the nearest coastline. Should such a site
be discovered in the future, it must be avoided.

Fauna: Regular shipping traffic can lead to a regular, short-term disturbance effect on marine
species.

The proximity to bird sanctuaries probably leads to a need for more regular cleaning, as the excrements
left behind by the birds staying at the facility must be removed. Due to the proximity to bird sanctuaries
and the coast (see Table 10), more frequent cleaning is to be expected in the Mediterranean and the
Baltic Sea than in the North Sea.

11.3.5. Facilities onshore

Table 24: Impact of the facilities onshore on the protected goods during operation.

North Sea Mediterranean Sea Baltic Sea
Protected
good Impact Significance | Impact Significance | Impact Significance
Water no - no - no -
Flora no - no - no -
Fauna no - no - no -
Landscape | yes low yes low yes low

Connection to existing wind parks is an option for the North Sea and Baltic Sea locations and would
eliminate the need for additional onshore facilities.

Landscape: As the appearance of the onshore facilities (distribution unit) is unlikely to blend in with
the coastal structure, its presence could be perceived as a nuisance by those seeking recreation. As
the exact location of the distribution unit on land is not known and has to be investigated in
subsequent authorisation processes, it is not possible to make a concrete assessment of the
disturbance effect. The severity of the disturbance varies with the visitor density of the affected
coastal section.
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11.4. Local environmental impacts: dismantling

This section of the annex provides the results of the analysis of local environmental impacts for
offshore PV components that have only minor impacts on the analysed protected goods during

dismantling. For a detailed analysis of relevant components, see section 5.1.3.

11.4.1. Transportation/shipping

Table 25: Impact of the transportation/shipping on the protected goods during dismantling.

North Sea Mediterranean Sea Baltic Sea

Protected
good Impact Significance | Impact Significance | Impact Significance
Water no - no - no -
Flora no - no - no -
Fauna yes low yes low yes low
Landscape no - no - no -

Water: In the case of accident-free ship operation, no measurable or naturally detectable input of
pollutants and thus no impact on chemical quality components can be assumed.

Flora: The shipping traffic caused by the dismantling of the facility could lead to damage to kelp
forests if these were located on the route between the coast and the facility. However, there is no
known kelp site between one of the installations and the nearest coastline. Should such a site be
discovered in the future, it must be avoided.

Fauna: When dismantling the offshore PV system on the water, an increased volume of shipping traffic
is expected, which can lead to a short-term disturbance (scaring effect) of animals living in the water,
including mammals (see excursus in section 5.1.2).
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