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Purpose of this Guideline

Due to the wide range of FPV designs, differing approval procedures, and varying environmental
requlations across EU member states, a common monitoring approach is essential. This guideline
presents a unified framework for the standardized monitoring of floating photovoltaic (FPV)
systems on inland waters (e.q. lakes and reservoirs) and in nearshore coastal environments. It
defines how FPV systems should be monitored in a systematic and comparable way across sites,
focusing on enerqgy production, structural integrity, and environmental impacts on the physical,
chemical, and biological components of aquatic ecosystems. The quideline proposes three
monitoring tiers, allowing the level of effort and detail to be adapted to site sensitivity, project
scale, and available resources, while providing a comparative perspective across inland and
nearshore FPV installations. A harmonized framework enables comparable datasets, supports
consistent evaluation of technical performance and environmental effects, and improves cross-
border coordination. In addition, standardized monitoring enhances transparency for authorities,
project developers, stakeholders, and the public, while increasing requlatory and investment
certainty for FPV projects.
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Executive Summary

Floating photovoltaic (FPV) systems are increasingly deployed worldwide as a land-efficient renewable
energy technology. In Europe, FPV is gaining strategic importance within the energy transition and
initiatives such as REPowerEU, which aim to accelerate renewable electricity generation. At the same
time, FPV installations interact with aquatic environments and may influence physical, chemical, and
biological processes in water bodies. Combined with heterogeneous regulatory frameworks and
approval procedures across EU member states, this highlights the need for a harmonized monitoring
approach.

This guideline provides a standardized framework for monitoring FPV systems on inland water bodies
(e.g. lakes and reservoirs) and nearshore coastal environments. It aims to ensure comparable
monitoring practices across sites while supporting reliable assessment of system performance and
environmental effects. The framework integrates technical monitoring of FPV installations with eco-
hydrological monitoring of aquatic ecosystems, thereby addressing both engineering and
environmental perspectives.

A central element of the framework is a tiered monitoring concept that balances scientific depth with
practical feasibility. Three monitoring tiers are defined:

e Basic Tier: baseline characterization and early detection of trends using a limited set of key
physical and chemical parameters.

e Extended Tier: additional parameters and improved spatial resolution to support process-
oriented environmental assessment.

e Advanced Tier: high-resolution interdisciplinary monitoring suitable for sensitive sites, pilot
projects, or research installations.

Monitoring activities are structured along the project lifecycle, including a baseline phase prior to
installation, an early operational phase during the first years of operation, and a later operational
phase where monitoring intensity may be adjusted based on observed system behaviour and
environmental responses.

To support the selection of an appropriate monitoring level, the guideline introduces FPV-MASI (Multi-
Axis Sensitivity Index) as a diagnostic tool. FPV-MASI combines system characteristics, lake properties,
climatic conditions, and external pressures into a sensitivity profile that helps identify sites where FPV
impacts are more likely to be detectable.

By harmonizing monitoring practices across inland and nearshore FPV installations, the framework
enables comparable datasets, supports consistent evaluation of technical performance and
environmental effects, and improves cross-border coordination. Standardized monitoring also
enhances transparency for authorities, project developers, researchers, and stakeholders while
increasing regulatory clarity and investment certainty for FPV projects.
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Glossary and Abbreviations

Term / Abbreviation

ADCP - Acoustic Doppler
Current Profiler

Baseline Monitoring

Benthic

Biofouling

Buoyancy

CFD - Computational Fluid
Dynamics

Chlorophyll-a

Dissolved Oxygen (DO)

DOC - Dissolved Organic
Carbon

Epilimnion

FPV - Floating Photovoltaics

FPV-MASI - Floating
Photovoltaic Multi-Axis
Sensitivity Index

Hydrodynamics

Definition

Instrument used to measure water current velocity profiles
using the Doppler effect of sound waves.

Monitoring conducted prior to FPV installation to establish
reference environmental conditions for later comparison.

Referring to organisms or ecological processes associated
with the bottom sediments of a water body.

Accumulation of aquatic organisms such as algae, mussels,
or barnacles on submerged FPV structures.

Upward force exerted by water that enables floating
structures such as FPV platforms to remain afloat.

Numerical modelling approach used to simulate fluid flow,
turbulence, and hydrodynamic processes.

Pigment used as an indicator of phytoplankton biomass and
primary productivity in aquatic ecosystems.

Concentration of oxygen dissolved in water, essential for
aquatic organisms and ecosystem functioning.

Fraction of organic carbon dissolved in water, originating
from biological processes or terrestrial inputs.

The upper, well-mixed layer of a stratified lake.

Solar photovoltaic systems installed on floating platforms on
water surfaces such as lakes, reservoirs, or sheltered coastal
waters.

Diagnostic tool used to estimate the sensitivity of a water
body to FPV impacts and guide the selection of monitoring
intensity.

Movement and circulation of water within a water body,
including mixing processes and currents.
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Term / Abbreviation

Hypolimnion

Inland FPV

Lake Morphology

Lake Stratification

LiDAR - Light Detection and
Ranging

Metalimnion

Mixing Regime

Natura 2000

Nearshore Floating PV (NFPV)

O&M - Operation and
Maintenance

PAR - Photosynthetically
Active Radiation

Pelagic

Primary Production

Definition

Deep, colder, and typically less mixed layer of a stratified lake
located below the metalimnion. Oxygen concentrations may
decline during prolonged stratification.

Floating photovoltaic systems installed on freshwater bodies
such as lakes, reservoirs, or artificial basins.

Physical characteristics of a lake such as size, shape, depth
distribution, and shoreline configuration.

Vertical separation of water layers in a lake caused by
differences in temperature and density.

Remote sensing technology using laser pulses to measure
distances and generate high-resolution spatial data.

Intermediate layer of a stratified lake located between the
epilimnion and hypolimnion, typically characterized by a
strong temperature gradient (thermocline).

Characteristic pattern of vertical mixing in a lake (e.g.
polymictic, dimictic), influencing temperature and oxygen
distribution.

Network of protected areas across the European Union
established under the Birds and Habitats Directives to
conserve biodiversity.

Floating photovoltaic systems deployed in sheltered coastal
environments such as ports, lagoons, or nearshore marine
waters.

Activities required to ensure reliable operation of FPV
systems, including inspection, cleaning, and repair.

Portion of the light spectrum (400-700 nm) used by
photosynthetic organisms for photosynthesis.

Referring to the open-water zone of a lake or sea, away from
the bottom and shoreline.

Formation of organic matter by photosynthetic organisms
such as algae and aquatic plants.
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Term / Abbreviation Definition

Reduction of solar radiation reaching the water surface

Shading Effect beneath FPV modules due to panel coverage.

Statistical measure of wave height defined as the average

Significant Wave Height height of the highest one-third of waves in a wave record.

Soilin Accumulation of dust, pollen, bird droppings, or salt deposits
9 on PV modules that can reduce energy yield.
Ability of FPV structures and mooring systems to withstand

Structural Integrit . .
grty environmental loads such as wind, waves, and currents.

Measure of water clarity determined by the concentration of

Turbidity suspended particles such as sediments or plankton.

European Union Directive (2000/60/EC) establishing
ecological objectives and monitoring requirements for
surface waters.

WFD - Water Framework
Directive

Reduction of wind speed at the water surface caused by

Wind Attenuation physical barriers such as FPV arrays.

Mechanical force exerted by wind on floating structures and

Wind Load photovoltaic modules.
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1. Introduction

Floating photovoltaics (FPV) have become an important part of global solar energy. FPV systems
are being installed in many countries around the world and are contributing to the expansion of
renewable electricity generation. FPV is also gaining importance in the European Union, supported
by political initiatives to accelerate the energy transition. In this context, FPV is a promising solution
for utilizing existing water areas and diversifying energy production.

FPV is embedded in the European framework for the energy transition. The European
Commission's REPowerEU program gives solar energy a leading role in reducing dependence on
fossil fuels. To support these goals, the use of renewable technologies will be further promoted,
with new forms of solar power generation to be expanded on suitable land (European
Commission, 2025a). The revision of the Renewable Energy Directive (RED) aims to establish clear
support mechanisms for innovative technologies and emphasizes the need for reliable approval
procedures, coordinated approval processes with water authorities, and the disclosure and
publication of environmental parameters. A cross-sectoral dialogue should enable a common EU
approach to FPV sites. Clear guidance on site selection, water and land use, and water
management systems is needed, as ownership and legal frameworks vary from country to country
(SolarPower Europe, 2024).

The EU's environmental and legal frameworks play a central role in FPV projects (de Rijk et al.,
2025a). The Environmental Impact Assessment (EIA) establishes EU-wide standardized procedures
for assessing potential environmental impacts, public participation, and transparency (European
Parliament and the Council, 2012). In addition, the Water Framework Directive (WFD) sets out the
ecological objectives for water bodies and requires measures to achieve good ecological status,
including monitoring of water quality indicators related to FPV operations and water bodies
(European Commission, 2025b). Natura 2000 requires projects to assess in advance the potential
impacts on protected species and habitats in order to avoid negative effects (European
Commission, 2025¢).

Given the heterogeneous design variants, different approval processes, and diverse environmental
requirements in the EU, a uniform monitoring concept is essential. It creates comparable data
bases across onshore and offshore FPV variants, enables consistent assessment of performance
and environmental impacts, facilitates cross-border cooperation, and supports fast, reliable
decisions for planning, operation, and regulation. At the same time, standardized monitoring
increases transparency for stakeholders, promoters, and the public and strengthens planning
security for investments in FPV projects.
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1.1 FPV Interaction on Inland Water Bodies

FPV systems on inland water bodies are increasingly deployed as a land-efficient renewable energy
technology, yet their environmental implications extend beyond energy production. By partially
covering the water surface and introducing artificial structures, FPV systems modify radiative,
thermal, and aerodynamic boundary conditions at the air-water interface. These physical
alterations can cascade through processes, such as gas exchange, stratification, and nutrient
dynamics, and ultimately affect biological communities and ecosystem functioning (de Rijk et al.,
2025a). As illustrated in Figure 1, potential FPV-induced impacts span multiple ecosystem
compartments, from changes in light availability and mixing regimes to responses of plankton,
macrophytes, fish, and higher trophic levels. However, empirical evidence for many of these
effects remains limited and highly context dependent, reflecting differences in climate, lake
typology, and FPV system design. This highlights the need for standardized, integrative monitoring
concepts to robustly quantify FPV impacts across sites and scales, supporting both scientific
assessment and operational environmental management of FPV installations on inland waters.

523
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Figure 1. Top: Potential ecological interactions of floating photovoltaic (FPV) systems with lake
ecosystems, illustrating physical, chemical, and biological processes potentially affected (llgen,
2025). Effects range from empirically supported (e) to likely but with limited empirical evidence
(»), synthesized from Nobre et al. (2023), Benjamins et al. (2024), Mehl et al. (2024), and own
findings (llgen, 2026). Bottom: Reported numbers of physical, chemical, and biological FPV
impacts, differentiated by evidence type and direction. Values refer to individual pieces of evidence
from the literature, including multiple coverage scenarios from empirical studies and model-based
assessments (Rocha et al., 2024).

1.2 FPV interaction on Nearshore Water

For inland freshwater FPV systems, interactions between the installation and the aquatic
environment have already been investigated in considerably greater detail. For these systems, first
robust findings are available regarding impacts on water quality, thermal stratification, oxygen
dynamics, and selected biological components. As a result, research in this domain increasingly
shifts towards integrated ecological and socio-economic assessment and life-cycle based
evaluation.

In contrast, for nearshore floating PV (NFPV) in coastal environments, the primary research focus
to date lies less on ecosystem-level impacts and more on the technical performance of the systems
under marine boundary conditions. Key questions concern the detailed characterization of site-
specific loads in coastal settings—such as waves, currents, tides, salinity, corrosion processes, and
biofouling—as well as the derivation of appropriate design criteria. The overarching aim is to
enhance structural and electrical robustness and long-term operational reliability through targeted
technical adaptations and coastal-specific system design, including material selection, mooring
and buoyancy concepts, and cable and connector configurations.

From a technical perspective, coastal environments are highly variable and require careful site-
specific assessment of meteorological and oceanographic conditions. In sheltered nearshore
settings, typical operational significant wave heights range between 0.2 and 1.0 m, while storm
conditions may generate wave heights of 1.5 to 3.0 m depending on basin exposure. Wave
periods are generally shorter than offshore swell conditions. Wave action influences platform
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motion, including heave, pitch, and roll, induces fatigue in structural connections, and affects
mooring line tension. Although port infrastructure often attenuates wave energy, extreme storm
events, typically defined by 50-year return period conditions, must be incorporated into structural
design.

Wind loading frequently represents the governing design parameter for nearshore FPV systems.
In European coastal areas, mean annual wind speeds typically range from 5 to 9 m/s, strong storm
winds from 20 to 25 m/s, and extreme gusts associated with 50-year return periods from 30 to
40 m/s. Wind generates aerodynamic uplift forces on the panels, contributes to wave formation
within basins, and increases mooring tension. Design approaches commonly align with [EC
standards or established offshore engineering practices.

Hydrodynamic conditions vary depending on geographic location. Tidal ranges may be minimal,
below 1 m, or significant, exceeding 5 m. Floating systems must accommodate vertical movement
associated with tides, and mooring configurations require sufficient slack and adjustability. In
high-tidal regions, anchoring and mooring design complexity increases substantially. In estuaries
and river mouths, current velocities can reach 1 to 3 m/s, sediment transport and scour processes
may occur, and ship wakes can introduce dynamic loading. These factors directly influence anchor
selection and mooring system configuration.

Marine environments further introduce durability challenges, including saltwater corrosion,
ultraviolet exposure, and biofouling due to marine growth on structural components. Materials
must therefore be corrosion-resistant, for example marine-grade metals or high-density
polyethylene, protected through appropriate coatings or cathodic systems, and designed for
operational lifetimes of approximately 20 to 25 years.

Environmental considerations are equally relevant. Coastal ecosystems may comprise bird habitats,
fish spawning areas, benthic communities, and protected marine zones. Environmental impact
assessments are often required, particularly under European marine spatial planning and
environmental protection regulations.

Page 11




2. Monitoring Concepts and Parameters for inland
FPV

This chapter looks at the environmental assessment of FPV systems on lakes and other inland
waters. It focuses on:

. a step-by-step (tiered) concept for environmental monitoring,

. measurement methods and sensor systems that can be used over long periods,

. the integration of observations across physical, chemical, and biological compartments
. the main processes through which FPV systems can affect the environment.

2.1 Tiered monitoring concept

The tiered monitoring concept was developed to address the inherent trade-off between scientific
depth and practical feasibility in environmental monitoring of FPV systems on inland water bodies
(Tab. 1). While comprehensive, high-resolution monitoring programs provide valuable mechanistic
insights into FPV—ecosystem interactions, they are often resource-intensive in terms of costs,
infrastructure, and data management. As a result, such approaches cannot be realistically
implemented at every FPV project without potentially compromising economic viability.

At the same time, there is a growing need for robust empirical evidence on the environmental
effects of FPV installations, both to advance scientific understanding and to inform regulatory
decision-making. The tiered framework therefore enables systematic participation of all FPV
projects in evidence generation, while allowing monitoring intensity and complexity to be scaled
according to site sensitivity, project scope, and available resources. The different tiers are defined
as follows:

« Basic Tier — Baseline characterization and trend detection

The Basic tier is designed for commercial FPV installations at less vulnerable sites, as
identified through site-specific environmental risk assessments. Its primary purpose is to
establish reference conditions and enable early detection of possible long-term trends
during the initial operational phase. Monitoring focuses on a limited set of key physical
and chemical parameters, typically measured continuously using robust, low-maintenance
sensors. The Basic tier is intentionally structured to require minimal additional effort and
cost, ensuring broad applicability without compromising project feasibility, while still
enabling commercial installations to contribute to empirical evidence generation.

« Extended Tier - Process-oriented assessment

The Extended tier is intended for FPV installations at moderately vulnerable sites, where
environmental sensitivity or regulatory requirements warrant a more detailed assessment
of FPV-induced effects. It builds on the Basic tier by extending parameter coverage, spatial
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resolution, and temporal detail. In addition to core physical and chemical measurements,
the Extended tier may include selected water quality variables, periodic biological
observations, and expanded meteorological monitoring. This tier supports the analysis of
dominant physical and biogeochemical processes and provides a balanced compromise
between monitoring effort and explanatory power, suitable for environmentally relevant
but operationally constrained projects.

e Advanced Tier - High-intensity, research-driven monitoring

The Advanced tier is designed for highly sensitive sites, pilot installations, or dedicated
research locations where process-based, causal understanding of FPV—ecosystem
interactions is required. It involves high-resolution, interdisciplinary monitoring, covering
physical, chemical, and biological compartments in detail. This tier may include
measurements of hydrodynamics, stratification dynamics, benthic and pelagic biological
communities. Due to its complexity and resource demands, the Advanced tier is typically
implemented within research-driven projects, generating transferable insights that support
model validation, cross-site synthesis, and evidence-based guidance for FPV deployment
in sensitive environments.

Table 1. Tiered environmental inland FPV monitoring framework with parameters structured into
basic, extended, and advanced levels across physical, chemical, and biological domains.

FPV monitoring approach

Parameter Basic Extended Advanced
Physical and atmospheric forcing
Light conditions + Secchi depth X X X
Wind conditions X X X
Water level X X X
Surface heat fluxes X X
Wind-driven wave dynamics X
Flow velocity X
Hydrochemistry and water quality
Water temperature X X X
Dissolved oxygen X X X
pH X X X
Conductivity X X X
Turbidity X X X
Nutrients (NOs, PO.) X X
Dissolved organic carbon X X
Pollutants and microplastics X
Morphology and substrates
Shoreline structure X X X
(qualitative) (detailed) (detailed)
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Sediments X X

Primary producers and basal indicators

Chlorophyll-a X X X
Aquatic macrophytes and X X X
phytobenthos (presence/cover) (quantitative) (quantitative)
Phytoplankton X X
Benthic diatoms X X
Consumers and higher trophic levels
Zooplankton X X
Macrozoobenthos (e.g. mussels) X X
Birds X X
Insects (e.g. dragonflies) X
Fish and cyclostomes X
Mammals (e.g. bats) X

2.2 Adaptive Timing of the FPV Monitoring Framework

The monitoring framework is divided into three phases: baseline, early operation, and late
operation (Fig. 2). Prior to FPV installation, a one-year baseline survey is conducted to establish
reference conditions for subsequent assessments. This baseline survey is mandatory for Extended
and Advanced monitoring tiers, whereas for Basic monitoring it is not obligatory but may be
required by the permitting authority on a case-by-case basis.

After completion of the baseline survey, the FPV installation is implemented and the monitoring
framework is re-assessed. Where site-specific evidence indicates potential risks, additional
parameters may be incorporated at this stage. Monitoring then continues into the early operation
phase, which is accompanied by further evaluation and adjustment. This phase is particularly
critical, as immediate ecological responses to the installation are most likely to occur during this
period, especially with respect to key parameters such as water quality and hydrodynamics. While
direct effects may become apparent shortly after installation, the propagation of impacts through
the trophic pyramid, for example to higher levels of the aquatic food web, typically requires more
time.

Accordingly, the early operation phase is designed to extend over three years in order to capture
both short-term responses and intra-annual variability, as well as to identify early indications of
impact propagation within the ecosystem. At the end of this period, a comprehensive re-
evaluation is conducted. Monitoring results are interpreted in their site-specific context, including
the consideration of potential positive effects, to determine whether individual parameters require
continued observation or whether monitoring efforts can be reduced without compromising
ecological safeguards.

The subsequent late operation phase generally involves a gradual reduction in eco-hydrological
monitoring once early-phase impacts have been sufficiently characterized. Under Extended
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monitoring, selected parameters may optionally be maintained where site-specific conditions
justify continued observation or where uncertainties remain too high to support discontinuation.
This is particularly relevant for sensitive or highly variable systems under Advanced monitoring,
where delayed or cumulative effects cannot be ruled out. Even in such cases, monitoring may be
restricted to the most relevant parameters to maintain project feasibility while ensuring adequate
ecological protection.

Basic,
1

Enhanced

Advanced

Baseline Early operation Late operation

(1 year) {up to 3 years) (up to 5 years)

FPV installation Re-evaluation
(monitoring concept & parameters)

Eco-hydrological monitoring

PV Performance & Condition monitoring

Figure 2. Allocation of monitoring tiers (Basic, Extended, Advanced) along the FPV project timeline
(Ilgen, 2026).

Over the project lifetime, the emphasis of monitoring is expected to shift progressively from eco-
hydrological parameters towards PV system performance and condition. Nevertheless, both
dimensions remain closely interconnected. The long-term durability of FPV systems is not yet well
understood, and potential degradation processes, such as material ageing, leaching, or pollutant
release, may directly affect aquatic ecosystems. For this reason, system condition assessments
should increase in importance as installations age and, to ensure transparency and credibility,
should preferably be conducted by neutral and independent institutions. Ideally, these
assessments are embedded within an interdisciplinary monitoring framework, in which technical
findings inform decisions on whether eco-hydrological monitoring should be partially reactivated
or refocused. This integrated approach ensures that technical reliability and ecological safeguards
are evaluated jointly rather than in isolation.
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2.3 Selection of monitoring tier: FPV-MASI

To support the selection of an appropriate monitoring intensity for FPV installations on inland
water bodies, the FPV-MASI (Multi-axis Sensitivity Index; llgen, 2026) as a pragmatic screening
and prioritization tool can be applied (Fig. 3). FPV-MASI integrates key characteristics of FPV
systems, lake properties, climatic forcing, and external pressures into a consolidated sensitivity
profile, allowing an initial assessment of where FPV-induced effects are more likely to be
detectable.

The approach follows recent methodological developments (llgen, 2026) and is intended to
provide a transparent and operationally feasible basis for scaling monitoring effort, particularly in
early project phases or in contexts where detailed pre-construction assessments are not available.
FPV-MASI does not replace comprehensive site-specific risk assessments; rather, it offers a
structured way to guide decisions on monitoring scope under practical constraints.

In principle, monitoring tier selection may also be based on detailed preliminary assessments,
expert judgement, or hydrodynamic and eco-hydrological modelling, either as alternatives or in
combination with FPV-MASI. Such approaches can reduce uncertainty, especially for sensitive sites
or novel FPV designs, but are not always feasible for all projects. FPV-MASI therefore represents a
practical compromise between scientific robustness and real-world applicability.

Importantly, FPV-MASI is a diagnostic indicator of potential sensitivity rather than a predictive tool
for ecological outcomes. Higher scores reflect an increased likelihood that FPV-induced effects are
detectable, but do not imply whether such effects are beneficial, neutral, or adverse for lake
ecosystems. Accordingly, FPV-MASI should be used solely as a decision-support tool for selecting
an appropriate monitoring tier, while the ecological relevance and interpretation of observed
changes must be derived from targeted monitoring results and site-specific assessment.
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Figure 3. FPV-MASI radar plots showing relative sensitivity profiles of FPV installations. Upper
panel: study sites analyzed in ligen (2026). Lower panel: contrasting literature cases (Nobre et al.,
2025; Ray et al., 2024). MASI-score (0-1) indicates cumulative sensitivity.
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Based on comparative analyses of multiple FPV installations and contrasting literature cases, FPV-
MASI scores can be used to indicatively guide the selection of monitoring intensity as follows:

FPV-MASI < 0.25 - Very low sensitivity

FPV-induced effects are unlikely to be measurable or are largely overridden by external
drivers.

— Dedicated environmental monitoring is not required.

FPV-MASI 0.25-0.50 - Low to moderate sensitivity

FPV-induced effects may become detectable under specific meteorological conditions or
during certain seasonal states.

— Basic Tier monitoring is recommended, focusing on baseline characterization and
long-term trend detection.

FPV-MASI 0.50-0.75 — Moderate to high sensitivity

FPV-induced effects are likely to be measurable and may influence dominant physical and
biogeochemical processes.

— Extended Tier monitoring is appropriate to resolve key drivers and seasonal dynamics.

FPV-MASI 0.75-1.00 - High sensitivity

Strong FPV—ecosystem interactions are expected due to the combined influence of system
design, lake morphology, climatic exposure, and low external pressure.

— Advanced Tier monitoring is recommended and may be complemented by modelling-
based assessments.

Cle
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2.4 Overview of Methods and Sensor Types

Light Conditions & Euphotic Zone Depth

Methodological Principles

Floating PV systems substantially reduce photosynthetically active radiation (PAR, 400—-700 nm)
at the water surface beneath the installation (Prandini et al., 2025). As water attenuates
different wavelengths unevenly (red light near the surface, blue light penetrating deeper),
shading primarily affects primary production, oxygen generation, and light-dependent habitats
of phytoplankton, macrophytes, and phytobenthos within the euphotic zone (Tanabe et al.,
2019). Light attenuation also interacts with lake heat balance and stratification dynamics (Exley,
2022).

To adequately capture these effects, light conditions should be measured at spatially high
resolution (Prandini et al., 2025). Measurements should be combined with simple optical clarity
indicators (Secchi depth) to derive the euphotic depth and to enable an ecologically meaningful
interpretation of impacts on the trophogenic zone (Golubkov et al., 2024; Mehl et al., 2024).

Study Design and Variables

Monitoring level
Basic Extended Advanced

X X X

System Layout
Basic, Extended, Advanced:
PAR sensors above and below FPV modules
e One sensor above the modules as a reference for incoming radiation
e Minimum of three sensors below the modules at different positions
e Recommended locations include module edges and the central module area
e Due to module tilt and orientation, PAR may differ between the upper and lower
module edges
Secchi depth measurements
e Conducted below FPV installations and at reference locations
e Used to estimate euphotic depth and spatial differences in light availability

Sampling Period and Frequency
Photosynthetically Active Radiation:

e Continuous measurements

e Recommended sampling interval: 15 minutes

Secchi depth:
e Four measurements during the vegetation period (regular intervals, e.g. every two
months)
e One additional measurement during the circulation period

Data Evaluation and Expected Insights

e Quantification of FPV-induced light reduction relative to reference conditions
e Determination of changes in euphotic depth beneath FPV installations

Page 19




e Assessment of spatial heterogeneity in light availability caused by module layout and
tilt

e Interpretation of potential impacts on primary production, macrophyte distribution,
and phytobenthic habitats

e Contextualization of light effects in relation to thermal structure and stratification
dynamics

Wind conditions
Methodological Principles

Wind conditions play a key role in both the structural design and the operational performance
of FPV systems (Selj et al., 2025). Wind loads are among the dominant environmental forces
acting on FPV installations and directly affect mechanical stability, anchoring systems, and long-
term durability. Computational Fluid Dynamics (CFD) studies demonstrate that wind speed,
wind direction, turbulence intensity, and array configuration strongly control the spatial
distribution of loads across FPV systems (Joo et al., 2023).

Load maxima typically occur at the leading rows of PV modules under forward wind conditions.
Under backward or oblique wind directions, the highest loads may shift to trailing or lateral
rows. This spatial variability can induce differential stress, deformation, and fatigue if not
explicitly accounted for in design and operation. In addition, wind-driven surface shear interacts
with thermal stratification and mixing processes in the water body, thereby influencing gas
exchange, heat fluxes, and near-surface hydrodynamics (Choi et al., 2023).

Consequently, wind conditions should be monitored in a spatially resolved manner above and
below FPV installations and systematically linked to hydrodynamic and thermal measurements.
This integrated approach supports both structural safety assessments and eco-hydrological
interpretation.

Study Design and Variables
Monitoring level
Basic Extended  Advanced

X X X

System Layout
Basic, Extended, Advanced:
e Deployment of 2D or 3D ultrasonic anemometers above and below the FPV modules.
e Three measurement positions are recommended:
o One integrated within the on-site climate station.
o One directly above the PV modules at module height.
o One beneath the modules, directly above the water surface.
e Measured variables include wind speed and direction, turbulence parameters, and
where applicable vertical wind components.

Sampling Period and Frequency
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e Continuous, year-round monitoring with a multi-year perspective to capture seasonal
and extreme-event variability.

e High temporal resolution measurements, typically 1 to 10 Hz for wind speed,
direction, and turbulence parameters, to adequately resolve gusts and short-term load
fluctuations.

e Aggregation of high-frequency data to standardized 15 min intervals for statistical
analysis, model input, and comparison with meteorological and hydrodynamic
datasets. Aggregated variables should include mean wind speed and direction,
maximum gusts, standard deviation, and turbulence intensity.

e Regular maintenance, cleaning, and functional checks, particularly after storms, high-
wave events, or ice formation.

e Strict time synchronization and consistent measurement heights across all stations,
with uniform data acquisition rates.

Data Evaluation and Expected Insights

e Quantification of spatial and temporal wind load distributions across FPV arrays under
different wind regimes.

e |dentification of critical wind directions and speeds associated with peak structural
loads and fatigue risks.

e Assessment of turbulence characteristics and their role in dynamic loading and
anchoring performance.

e Analysis of wind-driven air-water interactions, including effects on thermal
stratification, mixing depth, and gas exchange.

e Improved parameterization of wind forcing in coupled structural, hydrodynamic, and
ecological models for FPV systems.

Water level
Methodological Principles

FPV systems are explicitly distinguished by the behavior of the water surface (Du et al., 2024).
While some concepts are intended for shallow or regulated water bodies with relatively stable
water levels, dedicated water level variation systems are designed for reservoirs with
pronounced fluctuations, such as pumped-storage reservoirs. At the same time, all floating
structures require mooring and anchoring systems to maintain their target position, limit
horizontal and vertical movement, ensure minimum distances between arrays, and safely
accommodate water level changes (Kanotra et al., 2022). Variable water levels are therefore a
central challenge for FPV mooring design, as highlighted by Bossi et al. (2024).

In this context, information on the magnitude, rate, and temporal dynamics of water level
variations constitutes a fundamental boundary condition for site classification, FPV concept
selection, and the evaluation of mooring and anchoring performance. Systematic water level
monitoring is thus an integral component of the overall monitoring concept, as it documents
the actual hydraulic conditions to which the FPV structure and its mooring system are exposed
over time, including seasonal variability and extreme drawdown or filling events (Lian et al.,
2025).
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Study Design and Variables

Monitoring level
Basic Extended Advanced

X X X

System Layout
Basic, Extended:
¢ Gauge measurement:
o A measuring stick or staff gauge fixed at a stable reference point.
o Water level is determined by reading the water height relative to the scale.
o Suitable for basic monitoring and visual validation.
Advanced:
e Pressure sensor measurement:
o Submerged pressure transducers installed at a fixed depth and referenced to
atmospheric pressure.
o Enables continuous, high-resolution recording of water level fluctuations.
o Recommended for Extended and advanced monitoring, especially at sites with
rapid or large water level changes.

Sampling Period and Frequency
Basic:

e Discrete water level readings during regular site visits.

e Typical frequency of 4 to 6 measurements per year for lakes or reservoirs with low
water level variability.

Extended:

e Regular gauge readings during site visits, with increased visit frequency if moderate
water level fluctuations are expected.

e Seasonal coverage recommended to capture characteristic high- and low-water
conditions.

e Optional short-term deployment of automatic loggers for targeted campaigns.

Advanced:

e Continuous, year-round monitoring using pressure sensors with a multi-year
perspective.

e High temporal resolution measurements, typically at 1 to 10 min intervals.
Aggregation of raw data to standardized 15 min intervals for analysis, synchronization
with meteorological and FPV operational data, and long-term statistics.

e Regular inspection, calibration, and maintenance of sensors, particularly after rapid
drawdown, refilling, storm events, or ice conditions.

All levels:

e Consistent referencing of all measurements to a fixed vertical datum.

e Documentation of site visits, reading times, and hydrological conditions to support
data interpretation.

Data Evaluation and Expected Insights
e Characterization of typical water level states and seasonal high- and low-water
conditions relevant for FPV deployment.
e Quantification of water level variability ranges supporting site classification and FPV
concept selection.
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e |dentification of water level change rates and extreme events affecting mooring
geometry and anchoring loads.

e Support for the interpretation of thermal stratification stability, external pressures as
well as inflow and outflow regimes of the water body.

e Validation of design assumptions and long-term exposure conditions through
combined analysis with wind, wave, and operational data.

Surface heat fluxes

Methodological Principles

Surface heat flux measurements quantify the exchange of thermal energy at interfaces affected
by FPV installations. Heat-flux sensors measure the total surface heat flux as the sum of
incoming and outgoing convective and radiative components, while embedded thermocouples
simultaneously record surface temperature (Rueda et al., 2025). Positive fluxes indicate heat
gain by the surface, whereas negative fluxes indicate heat loss. Applied to FPV systems, these
measurements allow direct assessment of how PV modules modify surface heat exchange,
shading effects, and near-surface thermal conditions, with implications for module
performance, microclimate, and water temperature dynamics (Cannon and Vasel-Be-Hagh,
2024; Nobre et al., 2025).

Study Design and Variables

Monitoring level
Basic Extended Advanced

X X

System Layout
Extended, Advanced:
Heat flux sensors attached below the modules
e Heat-flux sensors attached directly to the underside of PV modules.
e At least three sensors installed at different locations:
o One at the module center.
o Two near opposing module edges.
e Spatial differences in measured heat flux are expected due to module tilt, shading
patterns, and varying distance to the water surface.
e Sensors should be securely mounted, thermally well-coupled to the module surface,
and protected against moisture and mechanical stress.

Sampling Period and Frequency
e Continuous measurements during system operation with a multi-year perspective.
e High temporal resolution sampling at typically 1 to 10 Hz to resolve diurnal cycles and
short-term variability.
e Aggregation of high-frequency data to standardized 15 min intervals for analysis and
synchronization with meteorological, hydrodynamic, and FPV performance data.
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e Regular sensor inspection and recalibration, particularly in advanced monitoring, to
ensure long-term data quality.

Data Evaluation and Expected Insights

e Quantification of FPV-induced modifications of surface heat exchange compared to
ambient conditions.

e Assessment of spatial variability in heat flux across module surfaces.

e Analysis of diurnal and seasonal heat flux patterns beneath FPV arrays.

e Improved understanding of feedbacks between thermal conditions, module efficiency,
and near-surface air and water temperatures.

e Support for interpreting FPV impacts on local energy balance and thermal stratification
processes.

Methodological Principles

Measuring wind-driven wave dynamics is essential to quantify how FPV installations modify
wind-wave interactions, surface drag, and the transfer of momentum and energy at the air—
water interface (Denis et al., 2025). FPV arrays partially shelter the water surface, reduce
effective fetch, and alter wave growth and dissipation, thereby redistributing turbulent stresses
and locally modifying the atmospheric boundary layer.

The resulting attenuation of wave energy beneath and downstream of FPV systems affects near-
surface turbulence, vertical mixing, and air-water exchange (Rueda et al., 2025). Reduced wave
breaking and bubble entrainment can weaken mixing and increase thermal stratification
stability, while strong gradients at array edges may induce localized zones of Extended
turbulence. Capturing wind-driven wave dynamics is therefore critical for assessing FPV-induced
changes in mixing regimes and thermal properties of the water body.

Study Design and Variables
Monitoring level
Basic Extended  Advanced

X

System Layout
Advanced:
e Deployment of wave measurement systems in open-water areas representative of FPV
exposure conditions.
e Suitable instruments include wave buoys, pressure-based wave sensors, or ultrasonic
wave gauges mounted on fixed structures.
e Sensors should be positioned both within and upstream of FPV arrays where feasible,
to capture modifications of the wave field by the installation.
e Co-location with wind sensors is recommended to enable direct analysis of wind—
wave coupling.

Founded by CETPartnership
‘ e and co-founded by the European Union Page 24
A

Partnership



Y

-

-
i \/~
[ \\
[ \

- — ~

STEWART

Sampling Period and Frequency

e Continuous monitoring during system operation, preferably year-round with a multi-
year perspective.

e High temporal resolution sampling, typically 1 to 5 Hz, to resolve wave spectra,
groupiness, and breaking events.

e Aggregation to standardized 15 min intervals for statistical analysis and
synchronization with wind, water level, and FPV operational data.

e Regular maintenance and calibration, particularly after storm events or periods of high
wave activity.

Data Evaluation and Expected Insights

e Quantification of wave climate characteristics, including significant wave height,
dominant period, and wave direction.

e Assessment of wind—wave coupling strength and its variability under different wind
regimes.

e |dentification of conditions leading to Extended surface drag, wave breaking, and
intensified near-surface turbulence.

e Evaluation of wave-induced loads and motions relevant for FPV structural integrity and
mooring design.

e Improved interpretation of wind-driven mixing, air-water exchange, and thermal
processes in FPV-affected water bodies.

Flow velocity
Methodological Principles

Measuring water flow velocity is essential because hydrodynamic drag acting on FPV structures
depends on the Reynolds number and therefore directly on flow speed (Xu et al., 2024; Graham
& Li, 2024). Increasing flow velocity leads to higher drag forces and amplifies the influence of
draft depth on resistance (Arora et al., 2023). Flow velocity also controls the pressure field
around FPV elements, with increased positive pressure on the inflow side and Extended negative
pressure in the wake region, resulting in expanded entrainment and reflux zones (Debnath et
al., 2025a). These effects govern vorticity generation and wake development (Nair et al., 2025).
In FPV arrays consisting of multiple floating bodies, shielding effects and flow obstruction could
lead to non-uniform velocity and pressure distributions along the flow direction. As a result,
hydrodynamic loads and resistance vary spatially within the array (Friel, 2024). Quantifying flow
velocity is therefore critical for assessing FPV-induced modifications of local circulation patterns,
wake interactions, and their implications for structural loading, mixing processes, and transport
pathways, consistent with the findings of Denis et al. (2025).

Study Design and Variables

Monitoring level
Basic Extended Advanced

X

System Layout
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Advanced:

e Deployment of flow velocity sensors such as Acoustic Doppler Velocimeters (ADV) or
Acoustic Doppler Current Profilers (ADCP).

e Profilers can be installed in an upward-looking configuration beneath FPV arrays as
well as in adjacent open-water areas to quantify FPV-induced flow modification
relative to undisturbed conditions.

e Sensors positioned upstream, within, and downstream of FPV arrays to capture flow
alteration, shielding effects, and wake development.

e Measurements at multiple depths to resolve vertical velocity profiles, shear, and
turbulence characteristics.

e Co-location with water level and wind measurements to support integrated
hydrodynamic interpretation.

Sampling Period and Frequency

e Continuous monitoring during system operation, preferably year-round to capture a
range of hydrological and operational conditions.

e High temporal resolution sampling, typically 1 to 10 Hz, to resolve turbulence, velocity
fluctuations, and wake dynamics.

e Aggregation of high-frequency data to standardized 15 min intervals for analysis and
synchronization with meteorological, wave, and FPV operational data.

e Regular sensor inspection and calibration, particularly after high-flow or extreme
events.

Data Evaluation and Expected Insights

e Quantification of ambient and FPV-modified flow velocity regimes.

e |dentification of wake structures, velocity deficits, and Extended shear zones
associated with FPV arrays.

e Assessment of hydrodynamic loads and spatial variability in resistance acting on
floating structures.

e Improved understanding of FPV-induced changes in circulation, mixing intensity, and
transport processes.

e Support for validating hydrodynamic and structural models used in FPV design and risk
assessment.

Water temperature
Methodological Principles

Water temperature is a fundamental limnological variable for assessing whole-lake processes
and energy balance (Wetzel, 2001). In FPV settings, temperature dynamics are directly affected
by reduced shortwave irradiance at the water surface due to shading and by modified near-
surface wind flow caused by the FPV structure. Both mechanisms influence heat fluxes, vertical
mixing, and the development and stability of thermal stratification. Continuous temperature—
depth profiles are therefore required to resolve diurnal variability, thermocline depth and
strength, and seasonal stratification dynamics (Read et al., 2011).
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From these profiles, stability metrics such as Schmidt stability, mixed-layer depth, and internal
heat content can be derived (Idso, 1973). These metrics are essential for calibrating and
validating hydrodynamic models, for example the General Lake Model, and for testing FPV
coverage and climate scenarios. As thermal impacts of FPV systems remain insufficiently
constrained but are highly relevant for environmental assessment, licensing, and approval
procedures, water temperature monitoring constitutes a core element of FPV monitoring
concepts (llgen et al., 2023).

Study Design and Variables

Monitoring level
Basic Extended Advanced

X X X

System Layout
Basic:
Water temperature chains installed at two locations:

e FPV location: in the central area of the FPV array, positioned at the locally deepest
feasible point beneath the installation.

e Reference (REF) location: in open water at the deepest available point that is
simultaneously as far away as possible from the FPV array to avoid shading and
hydrodynamic influence. If the deepest point of the lake is located directly at or near
the FPV array edge, a sufficient horizontal distance should be maintained and the
reference chain placed at the next deepest undisturbed location.

e Sensor placement:
o First sensor at 1 m below the water surface.
o Last sensor at 1 m above the lake bottom.
o One intermediate sensor positioned at an intermediate depth between surface
and bottom, representing the mid-water column.
e Suitable for capturing seasonal temperature differences and coarse vertical
stratification patterns.

Extended, Advanced:
e High-resolution water temperature chains installed at the same two locations (FPV
center and REF open water) following the same spatial criteria as above.
e Sensor placement:
o One sensor directly below the water surface.
o Sensors at 0.5 m intervals from the surface down to 10 m depth to resolve the
epilimnion and thermocline.
o In higher depths (hypolimnion), larger spacing is acceptable, with sensors at 5
m intervals down to the lake bottom.
e This configuration enables detailed resolution of diurnal temperature dynamics,
thermocline structure, and FPV-induced modifications of vertical mixing.

Sampling Period and Frequency
e Continuous, year-round monitoring with a multi-year perspective.
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e Direct measurement at standardized 15 min intervals

e Synchronization of temperature data with meteorological, hydrodynamic, and FPV
operational datasets.

e Regular inspection, cleaning, and recalibration of sensors to ensure long-term data
quality and stability.

Data Evaluation and Expected Insights

e Quantification of FPV-induced changes in surface and subsurface water temperatures.

e Assessment of thermocline depth, strength, and seasonal evolution beneath FPV
arrays compared to reference conditions.

e Derivation of thermal stability metrics and heat storage changes relevant for ecological
processes.

e Improved understanding of FPV effects on mixing regimes and internal lake dynamics.

e (Calibration and validation of hydrodynamic models to support impact assessment and
scenario testing.

Dissolved oxygen

Methodological Principles

Dissolved oxygen (DO) is a key variable for assessing FPV impacts on aquatic systems, as FPV
installations can modify oxygen dynamics through multiple interacting pathways (Kalff, 2002).
Shading by FPV reduces shortwave radiation and photosynthetically active radiation, potentially
suppressing primary production and altering phytoplankton biomass and community
composition. At the same time, wind shielding by FPV arrays can reduce surface reaeration and
vertical mixing, limiting oxygen exchange between the atmosphere and the water column (Cole
& Caraco, 1998). The resulting DO response is not binary but may vary across diurnal, seasonal,
and spatial scales, depending on meteorological forcing, FPV layout, and site-specific
hydrodynamic and ecological conditions (Winslow et al., 2018). Given the relevance of lakes
and reservoirs for drinking water supply and biodiversity, continuous DO monitoring is essential
for detecting FPV-induced changes in limnological functioning and ecosystem health (Prandini
et al., 2025).

Study Design and Variables

Monitoring level
Basic Extended @ Advanced

X X X

System Layout
Basic, Extended, Advanced:
e Dissolved oxygen sensors installed at two locations:
o FPV location: below the FPV array, preferably in the central area of the
installation.
o Reference (REF) location: in open water, sufficiently distant from the FPV
system to represent undisturbed conditions.
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e Discrete vertical sensor placement:
o First sensor at 1 m below the water surface.
o One intermediate sensor at mid-depth of the water column.
o Last sensor at approximately 1 m above the lake bottom.
e Sensors should be co-located with temperature measurements to support
stratification-aware interpretation.

Sampling Period and Frequency

e Continuous, year-round monitoring with a multi-year perspective.

e Measurement at standardized 15 min intervals, sufficient to capture diurnal oxygen
dynamics and longer-term trends.

e Synchronization with water temperature, meteorological, and FPV operational data.

e Regular sensor cleaning, calibration, and maintenance to prevent biofouling and signal
drift.

Data Evaluation and Expected Insights

e Detection of FPV-induced changes in near-surface and deep-water oxygen
concentrations.

e Assessment of vertical oxygen gradients and hypolimnetic oxygen depletion under FPV
influence.

e Interpretation of diurnal and seasonal oxygen dynamics in relation to shading,
stratification, and mixing regimes.

e Evaluation of potential ecological risks, such as hypoxia, relevant for water quality and
ecosystem functioning.

e Support for integrated assessment of FPV impacts on lake metabolism and
biogeochemical processes.

Methodological Principles

pH is a central indicator of aquatic biogeochemical conditions and ecosystem functioning
(Stumm & Morgan, 1996). In FPV systems, pH dynamics may be indirectly affected by reduced
photosynthetically active radiation, altered primary production, modified CO, uptake and
release, and changes in mixing and gas exchange caused by wind shielding (Verschoor et al.,
2017). These processes influence the balance between photosynthesis, respiration, and
carbonate chemistry, leading to spatial and temporal pH variability. Monitoring pH is therefore
essential to detect FPV-induced shifts in metabolic regimes, acid—base balance, and potential
implications for nutrient availability, metal solubility, and aquatic organisms (Hanson et al.,
2003).

Study Design and Variables
Monitoring level
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Basic Extended Advanced

X X X

System Layout
Basic, Extended, Advanced:
e pH is measured using a multiparameter probe deployed at two locations:
o FPV site: at the deepest feasible point centrally beneath the FPV array.
o Reference (REF) site: at the deepest available point in open water, located as
far as possible from the FPV installation.
e Vertical profiling across the full water column with measurements at 0.5 m depth
intervals.
e pH measurements conducted simultaneously with temperature, dissolved oxygen, and
other water quality parameters to enable integrated interpretation.
e Where total water depth differs between FPV and REF sites, profiles should extend to
comparable relative depths, ensuring consistent evaluation of vertical gradients.

Sampling Period and Frequency

Basic
e At least four profiles during the vegetation period at regular intervals.
e One additional profile during full circulation.

e Total:5
Extended
e Six profiles during the vegetation period and two profiles during circulation periods.
e Total: 8
Advanced
e Monthly depth-resolved profiling throughout the year.
e Total: 12

Data Evaluation and Expected Insights

e |dentification of FPV-induced shifts in vertical pH gradients relative to reference
conditions.

e Interpretation of pH variability in relation to primary production, respiration, and
stratification dynamics.

e Assessment of seasonal differences in metabolic balance beneath FPV arrays.

e Support for evaluating FPV impacts on biogeochemical processes and water quality
conditions.

Conductivity

Methodological Principles

Electrical conductivity is a proxy for the concentration of dissolved ions and thus reflects
catchment inputs, groundwater influence, evaporation—dilution dynamics, and internal mixing
processes. In FPV settings, conductivity is not typically altered directly by the installation, but it
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can change indirectly through modified mixing and stratification (wind shielding), altered inflow
and outflow patterns, and spatial differences in evaporation and heat balance beneath the array
(Exley et al., 2021; llgen et al., 2023). Depth-resolved conductivity profiles therefore support
the interpretation of water mass structure, mixing regimes, and the transport of dissolved
substances, and they help distinguish FPV-related effects from hydrological forcing (Cagle,
2023; de Rijk et al., 2025b).

Study Design and Variables
Monitoring level
Basic Extended Advanced

X X X

System Layout
Basic, Extended, Advanced:
e Conductivity is measured using a multiparameter probe deployed at two locations:
o FPV site: at the deepest feasible point centrally beneath the FPV array.
o Reference (REF) site: at the deepest available point in open water, as far as
possible from the FPV installation.
e Full-depth profiling with measurements at 0.5 m depth intervals.
e Conductivity recorded together with temperature, dissolved oxygen, and pH to
support interpretation of stratification, mixing, and water mass differentiation.

Sampling Period and Frequency
Basic
e At least four profiles during the vegetation period at regular intervals.
e One additional profile during full circulation.
e Total: 5
Extended
e Six profiles during the vegetation period and two profiles during circulation periods.
e Total: 8

Advanced
e Monthly depth-resolved profiling throughout the year.
e Total: 12

Data Evaluation and Expected Insights

e |dentification of conductivity stratification and its temporal evolution under and
outside FPV influence.

e Detection of water mass separation, mixing events, and inflow signatures (e.g., low-
or high-conductivity intrusions).

e Support for interpreting changes in stratification stability and mixing regime when
combined with temperature and DO.

e Context for assessing hydrological forcing (inflow/outflow, dilution, evaporation)
versus FPV-related effects.

Page 31




Turbidity
Methodological Principles

Turbidity (NTU/FNU) is a key water quality parameter in FPV impact assessment, as it reflects the
concentration of suspended particles and directly influences underwater light availability and
biological processes. Increasing turbidity reduces light transmission and thus limits
photosynthetic activity. In FPV systems, surface forcing is modified through reduced solar
radiation and altered wind excitation, which in turn affect thermal stratification, vertical mixing,
and particle resuspension (Exley et al., 2021; ligen et al., 2023). These background processes
must be considered when interpreting turbidity measurements. Previous studies have reported
site-specific reductions in turbidity beneath FPV installations, in some cases linked to reduced
algal biomass and altered primary production (llgen et al., 2025; de Rijk et al., 2025b).

Study Design and Variables
Monitoring level
Basic Extended = Advanced

X X X

System Layout
Basic, Extended, Advanced:
e Turbidity is measured using a multiparameter probe deployed at two locations:
o FPV site: at the deepest feasible point centrally beneath the FPV array.
o Reference (REF) site: at the deepest available point in open water, as far as
possible from the FPV installation.
e Full-depth profiling with measurements at 0.5 m depth intervals.

Sampling Period and Frequency

Basic
e At least four profiles during the vegetation period at regular intervals.
e One additional profile during full circulation.

e Total:5
Extended
e Six profiles during the vegetation period and two profiles during circulation periods.
e Total: 8
Advanced
e Monthly depth-resolved profiling throughout the year.
e Total: 12

Data Evaluation and Expected Insights
e |dentification of FPV-induced differences in turbidity between the FPV site and the
reference location across the full water column.
e Interpretation of vertical turbidity gradients in relation to stratification, mixing
intensity, and seasonal circulation.
e Assessment of reduced turbidity beneath FPV arrays associated with lower
phytoplankton production and potential filtration or settling effects.
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e Detection of Extended turbidity linked to resuspension processes during mixing events,
inflow episodes, or at FPV edges where turbulence may be increased.

e Improved understanding of how FPV installations modify particle dynamics,
underwater light climate, and related ecological processes.

Nutrients (NOs, PO,)

Methodological Principles

Dissolved inorganic nutrients, particularly nitrate (NO3~) and phosphate (PO437), are key drivers
of primary production and trophic state in lakes and reservoirs (Goldman et al., 1996; Kennedy
& Walker, 1990). In FPV systems, nutrient dynamics may be indirectly influenced by reduced
photosynthetically active radiation, altered thermal stratification, and modified mixing regimes
(Merino-lbarra & Ramirez-Zierold, 2021; Sandrini et al., 2025). These changes can affect
nutrient uptake by phytoplankton, vertical nutrient transport across the thermocline, and
internal nutrient loading from deeper layers (Li et al., 2022; Engel & Fischer, 2017). Monitoring
nutrients under FPV therefore supports the assessment of potential shifts in productivity,
nutrient limitation, and biogeochemical cycling associated with FPV-induced physical changes
(Exley, 2022; Vouhe et al., 2025).

Study Design and Variables

Monitoring level
Basic Extended Advanced

X X

System Layout
Extended, Advanced:
e Nutrient concentrations measured using depth-resolved water sampling combined
with laboratory analysis.
e Sampling conducted at two locations:
o FPV site: at the deepest feasible point centrally beneath the FPV array.
o Reference (REF) site: at the deepest available point in open water, located as
far as possible from the FPV installation.
e \Vertical sampling across the full water column, typically aligned with temperature and
dissolved oxygen profiles, with representative depths in the epilimnion, metalimnion,
and hypolimnion.

Sampling Period and Frequency
Extended
e Sampling during key phases of the vegetation period, typically four to six campaigns
per year, complemented by one to two campaigns during circulation periods.
Advanced
e Monthly sampling throughout the year to capture seasonal transitions, stratification
breakdown, and internal loading processes.
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Data Evaluation and Expected Insights

e Comparison of nutrient concentrations and vertical distributions between FPV and
reference sites.

e Assessment of FPV-related changes in nutrient availability linked to altered
stratification and mixing.

e |dentification of nutrient depletion in surface layers due to reduced primary
production or enhanced settling.

e Detection of nutrient accumulation in deeper layers and implications for internal
loading during mixing events.

e Support for interpreting FPV impacts on trophic state, productivity, and ecosystem
functioning.

Methodological Principles

Dissolved organic carbon (DOC) is a key component of aquatic carbon cycling and strongly
influences light attenuation, microbial metabolism, and the transport of nutrients and trace
substances (Cory et al., 2015; Minor & Oyler, 2023). In FPV systems, DOC dynamics may be
indirectly affected by reduced photosynthetically active radiation (PAR), altered primary
production, and modified mixing and stratification regimes (Vouhe et al., 2025). Changes in
wind forcing and surface energy balance beneath FPV arrays can influence the vertical
redistribution of DOC and its exposure to photodegradation at the surface (Brentrup, 2017).
Monitoring DOC therefore supports the assessment of FPV-induced changes in carbon
processing, light climate, and biogeochemical functioning.

Study Design and Variables
Monitoring level
Basic Extended  Advanced

X X

System Layout
Extended, Advanced:

e DOC measured through depth-resolved water sampling with subsequent
laboratory analysis, which provides the highest accuracy and reliability.

e Optionally, DOC (or CDOM as a proxy) can be measured using multiparameter
probes, allowing higher spatial or temporal coverage; however, these measurements
should be interpreted with caution and, where possible, validated against laboratory
analyses.

e Sampling conducted at two locations:

o FPV site: at the deepest feasible point centrally beneath the FPV array.
o Reference (REF) site: at the deepest available point in open water, as far as
possible from the FPV installation.
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e Vertical sampling across the full water column, aligned with temperature and
dissolved oxygen profiles, with representative depths in the epilimnion, metalimnion,
and hypolimnion.

e Filtration (e.g. 0.45 ym) prior to laboratory analysis to ensure consistency of DOC
measurements.

Sampling Period and Frequency
Extended
e Sampling during the vegetation period, typically four to six campaigns per year, and
one to two campaigns during circulation periods.
Advanced
e Monthly sampling throughout the year to capture seasonal variability and mixing-
driven redistribution.

Data Evaluation and Expected Insights

e Comparison of DOC concentrations and vertical distributions between FPV and
reference sites.

e Assessment of FPV-related changes in surface DOC linked to reduced
photodegradation under shading.

e Evaluation of DOC accumulation or depletion patterns associated with altered mixing
and stratification.

e Improved understanding of FPV effects on carbon cycling, light attenuation, and
microbial processes.

Methodological Principles

Pollutants and microplastics represent emerging and site-specific water quality concerns in lakes
and reservoirs. FPV installations may influence their distribution and fate indirectly by modifying
hydrodynamic conditions, mixing intensity, and particle settling processes (Sharip et al., 2025).
Reduced wind-driven mixing beneath FPV arrays can promote the accumulation or settling of
particulate pollutants and microplastics, while enhanced turbulence at array edges may increase
resuspension (Mancini et al., 2024).

In addition, FPV systems may act as a local source of microplastics through mechanical abrasion,
material fatigue, and weathering of floats, cables, and auxiliary components (De Carvalho et
al., 2025). Long-term exposure to UV radiation, temperature fluctuations, and biofouling can
further contribute to material degradation and particle release (Btotnicki et al., 2025).
Monitoring microplastics is therefore essential to distinguish between background inputs,
hydrodynamically driven redistribution, and potential FPV-related emissions, supporting risk
assessment for water quality, drinking water safety, and aquatic ecosystems (Exley, 2022).

Study Design and Variables
Monitoring level
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Basic Extended Advanced

X

System Layout
Extended, Advanced:
e Sampling conducted at two locations:
o FPV site: centrally beneath the FPV array at the deepest feasible point.
o Reference (REF) site: in open water at the deepest available point, as far as
possible from the FPV installation.
e Collection of water samples at representative depths, typically near the surface, mid-
water column, and close to the lake bottom.
e For microplastics, use of contamination-controlled sampling protocols and appropriate
filtration methods.
e Pollutant analysis performed using laboratory-based analytical techniques suited to the
target substances.

Sampling Period and Frequency
Extended
e Targeted sampling campaigns, typically two to four times per year, aligned with
periods of stratification and circulation.
Advanced
e Regular or annual monitoring, with increased frequency where FPV materials, sensitive
water uses, or regulatory requirements apply.

Data Evaluation and Expected Insights

e |dentification of potential differences in pollutant and microplastic concentrations
between FPV and reference sites.

e Assessment of accumulation, settling, or resuspension patterns linked to FPV-induced
changes in mixing and flow.

e Evaluation of potential contributions from FPV materials or operational activities.

e Support for risk assessment related to water quality, drinking water abstraction, and
ecosystem health.
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Shoreline structure
Methodological Principles

Shoreline structure reflects the long-term interaction between hydrodynamic forcing, sediment
transport, and biological stabilization processes (Knighton, 1998; Gurnell et al., 2001). FPV
installations can indirectly influence shoreline morphology by modifying wind fetch, wave
energy, and nearshore circulation patterns (Attar et al., 2025; Haas et al., 2020). Reduced wave
exposure behind FPV arrays may decrease erosion and promote sediment accumulation, while
wave reflection or redirection at array edges can locally enhance erosion (Trapani, 2014).

In addition, shoreline structure must also be considered during the installation phase, as
construction activities, temporary access routes, anchoring works, and material handling can
directly affect shoreline stability and riparian vegetation (Ilbrahim et al., 2024). Monitoring
shoreline structure therefore supports the assessment of both short-term installation-related
impacts and long-term operational effects on erosion, sediment dynamics, and habitat
conditions (Ogles, 2021).

Study Design and Variables

Monitoring level
Basic Extended Advanced

X X X
(qualitative) (detailed) (detailed)

System Layout
Basic

e Baseline visual surveys of shoreline structure documenting vegetation cover, erosion
features, bank stability, and sediment deposits.

e Photographic documentation from fixed reference points to ensure consistent
comparison before installation, during construction, and throughout operation.

e Historical map and aerial image analysis (orthophotos, satellite imagery) to identify
long-term shoreline trends and provide pre-installation reference conditions.

Extended, Advanced

e Geodetic shoreline surveys using GPS or total stations to obtain accurate horizontal
positions and elevation profiles of the shoreline.

e LiDAR surveys to generate high-resolution digital elevation and surface models of the
shoreline and adjacent nearshore zone.

e \egetation surveys of the shoreline, documenting dominant plant communities,
species composition, and coverage, with particular attention to riparian and emergent
macrophyte species.

e GIS-based spatial analysis integrating all datasets to quantify shoreline position
changes, erosion and deposition rates, and spatial patterns over time.

Sampling Period and Frequency
Basic
e Visual surveys and photographic documentation conducted before installation, shortly
after installation, and one to two times per year during operation.
e Additional surveys following major storm, high-water, or construction-related
disturbance events.
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Extended
e Geodetic surveys conducted prior to installation and annually thereafter, with
additional surveys before and after major hydrodynamic events where feasible.
e Vegetation surveys conducted annually during the growing season.
Advanced
e LiDAR surveys and detailed GIS analyses conducted pre-installation and at multi-year
intervals during operation, or following significant system modifications or extreme
events.
e Repeated vegetation surveys at one- to two-year intervals, enabling detection of
longer-term shifts in species composition and habitat structure.

Data Evaluation and Expected Insights

e |dentification of shoreline segments affected by construction activities, erosion, or
sediment accumulation.

e Assessment of changes in shoreline vegetation cover and species composition in
relation to FPV installation and operation.

e Separation of short-term installation-related impacts from long-term operational
effects on shoreline morphology and habitats.

e Evaluation of FPV-induced changes in wave exposure and hydrodynamic forcing and
their combined geomorphological and ecological effects.

e Support for impact assessment, mitigation planning, and adaptive shoreline and
habitat management.

Sediments
Methodological Principles

Sediments integrate physical, chemical, and biological processes over time and provide an
archive of environmental conditions in lakes and reservoirs. In FPV systems, sediment
dynamics may be altered by modified hydrodynamic forcing, reduced wave energy, and
changes in mixing beneath and around the arrays, affecting sedimentation rates, grain size,
organic matter accumulation, and nutrient storage and release (Vouhe et al., 2025; ligen et
al., 2025).

In addition, FPV structures promote biofouling and biocolonization (e.g. mussels), and the fall-
off of biomass, shells, and biodeposits can locally enhance organic matter input and influence
redox conditions and nutrient cycling (Sandrini et al., 2025; Attar et al., 2025). Altered
suspension and resuspension patterns, with reduced particle mobilization under sheltered
areas and potentially increased resuspension at array edges, further affect particulate nutrient
transport and internal loading (Denis et al., 2025).

Study Design and Variables
Monitoring level

Basic Extended Advanced
X X
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System Layout
Extended, Advanced:
e Sediment traps (particularly relevant for FPV):

o Install traps beneath the FPV array (centrally, at the deepest feasible point) and
at a reference (REF) site in open water at comparable depth and as far as
possible from the installation.

o Optionally deploy additional traps at the FPV edge to capture gradients
between sheltered and more turbulent zones (shallow lakes).

o Purpose: quantification of current particle fluxes, including effects of shading,
altered mixing and resuspension, and biodeposition or biofouling fall-off (e.g.
mussels).

e Sediment sampling (grab/core):

o Collection of surface sediments (0-5 cm) at FPV and REF sites to assess organic
matter accumulation, nutrient storage, and redox-sensitive processes.

o Short sediment cores where longer-term trends or before—after comparisons
are required.

e Choice of sampling devices:

o Sediment traps for time-resolved deposition rates.

o Gravity corers or Kajak corers for intact cores, and Ekman or grab samplers for
surface sediments, depending on sediment type and study objectives.

Sampling Period and Frequency
Extended
e Sediment sampling conducted once per year, preferably during stable stratification
or low-flow conditions.
Advanced
e Repeated sediment sampling at multi-year intervals to detect trends in sediment
accumulation, composition, and contaminant loads.
e Additional sampling following major hydrodynamic events or substantial changes in
FPV layout.

Data Evaluation and Expected Insights

e Comparison of sediment properties beneath FPV arrays and at reference locations,
including spatial patterns of deposition.

e Detection of FPV-related changes in sedimentation, including increased organic matter
accumulation potentially linked to biofouling fall-off and biodeposition.

e Assessment of altered nutrient storage and mobilization, including the potential for
increased internal loading under low-oxygen conditions.

e Evaluation of changes in suspension and resuspension dynamics that affect particulate
nutrient transport and turbidity.

e Support for linking benthic changes to water column responses (oxygen, nutrients,
stratification) and for assessing long-term ecological effects.
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Chlorophyll-a
Methodological Principles

Chlorophyll-a is a widely used proxy for phytoplankton biomass and primary productivity in
lakes and reservoirs (Wetzel, 2001; Reynolds, 2006). In FPV systems, chlorophyll-a dynamics
may be affected by reduced photosynthetically active radiation (PAR) due to shading, altered
thermal stratification, and modified mixing regimes resulting from wind shielding (Bossi et al.,
2024; Sandrini et al., 2025). These changes can influence phytoplankton growth rates, vertical
distribution, and community structure (Falkowski & Raven, 2007; Attar et al., 2025).
Monitoring chlorophyll-a is therefore essential for assessing FPV impacts on primary
production, trophic state, and associated biogeochemical and ecological processes (Zhao et
al., 2023).

Study Design and Variables

Monitoring level
Basic Extended Advanced

X X X

System Layout
Basic, Extended, Advanced:
e Chlorophyll-a measured at two locations:
o FPVsite: centrally beneath the FPV array at the deepest feasible point.
o Reference (REF) site: in open water at the deepest available point, as far as
possible from the FPV installation.
e Depth-resolved measurements across the water column:
o Either using multiparameter probes with chlorophyll-a fluorescence sensors, or
o Through water sampling followed by laboratory analysis (e.g. extraction and
fluorometric or spectrophotometric determination), which provides higher
accuracy and calibration reference.
e Vertical resolution adapted to the monitoring level, with finer resolution in the upper
water column where phytoplankton biomass is highest.

Sampling Period and Frequency
Basic
e Depth-resolved measurements during regular site visits, typically four times during the
vegetation period and once during circulation.
e Total: 5
Extended
e Six measurements during the vegetation period and two during circulation periods,
synchronized with temperature and nutrient profiling.
e Total: 8
Advanced
e Monthly depth-resolved measurements throughout the year, with optional high-
frequency fluorescence logging where continuous sensors are deployed.
e Total: 12

Data Evaluation and Expected Insights
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e Quantification of phytoplankton biomass differences between FPV and reference sites.

e Assessment of vertical chlorophyll-a distribution and potential deep chlorophyll
maxima.

e Interpretation of seasonal and FPV-induced changes in primary production linked to
shading, stratification, and mixing.

e Support for evaluating FPV impacts on trophic state, ecosystem functioning, and
water quality.

Aquatic macrophytes and phytobenthos

Methodological Principles

Aguatic macrophytes and phytobenthos play a key role in shallow-water ecosystem functioning
by structuring habitats, stabilizing sediments, and regulating nutrient and oxygen dynamics
(Gurnell et al., 2001; Jeppesen et al., 1998). FPV installations may influence these communities
primarily through reduced light availability, altered wave exposure, and changes in nearshore
hydrodynamics (llgen et al., 2025; Haas et al., 2020). Shading can limit macrophyte growth and
shift species composition toward more shade-tolerant taxa, while modified wave energy and
sediment dynamics may affect phytobenthic biomass and distribution (Sandrini et al., 2025).
Monitoring macrophytes and phytobenthos is therefore essential for assessing FPV impacts on
littoral habitats, biodiversity, and ecosystem processes (Vouhe et al., 2025).

Study Design and Variables

Monitoring level
Basic Extended Advanced

X X X
(presence/cover)  (quantitative) = (quantitative)

System Layout
Basic:

e Qualitative assessment of macrophyte cover, focusing on spatial extent rather than
species-level detail.

e Mapping of macrophyte presence and relative cover using acoustic methods (e.g.
sonar/echosounder) and/or visual surface observations.

e Differentiation between areas beneath or adjacent to FPV installations and reference
shoreline sections.

e Suitable for a coarse overview of macrophyte distribution and potential large-scale
shading effects.

Extended, Advanced:

e Diver-based macrophyte and phytobenthos mapping following standardized transect-
based methods in accordance with WFD (Water Framework Directive) protocols or
comparable national standards.

e Quantitative assessment of species composition, percent cover, and depth distribution,
and where feasible biomass.

e Surveys conducted along fixed transects at multiple locations:
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o Beneath or adjacent to FPV arrays where light reduction and hydrodynamic
changes are expected.
o At reference sites in unshaded littoral areas.
e Phytobenthos sampling using scraping techniques or artificial substrates to quantify
benthic algal biomass and community structure.
e Georeferencing of transects and sampling points to enable spatial analysis and
repeated long-term assessments.

Sampling Period and Frequency
Basic
e Surveys conducted once per year during peak vegetation growth.
Extended
e Annual surveys during the growing season, with repeated measurements at fixed
transects.
Advanced
e Annual or biannual surveys over multiple years to detect long-term changes in species
composition, coverage, and biomass.

Data Evaluation and Expected Insights
e |dentification of FPV-related changes in macrophyte and phytobenthos presence,
cover, and species composition.
e Assessment of light-driven shifts toward shade-tolerant species beneath FPV
installations.
e Evaluation of changes in littoral habitat structure and benthic primary production.
e Support for biodiversity assessment, habitat management, and regulatory compliance.

Phytoplankton
Methodological Principles

Phytoplankton form the base of pelagic food webs and respond sensitively to changes in light
availability, nutrient supply, and mixing regimes. FPV installations can influence phytoplankton
dynamics by reducing photosynthetically active radiation (PAR) through shading, altering
thermal stratification, and modifying vertical mixing due to wind shielding. These changes may
affect phytoplankton biomass, species composition, vertical distribution, and bloom dynamics
(Exley et al., 2022; Sandrini et al., 2025). Monitoring phytoplankton is therefore essential for
assessing FPV impacts on primary production, trophic state, and ecological status of lakes and
reservoirs (Vouhe et al., 2025; Cagle et al., 2025).

Study Design and Variables

Monitoring level
Basic Extended Advanced

X X

System Layout
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Extended, Advanced:
e Phytoplankton sampled at two locations:
o FPV site: centrally beneath the FPV array at the deepest feasible point.
o Reference (REF) site: in open water at the deepest available point, as far as
possible from the FPV installation.
e Depth-integrated or depth-resolved water sampling covering the euphotic zone,
aligned with temperature and chlorophyll-a profiles.
e Laboratory analysis for species identification, abundance, and biovolume, using
microscopy or image-based methods.
e Optional use of in situ fluorometric sensors as supporting information, calibrated
against laboratory measurements.

Sampling Period and Frequency
Extended
e Two surveys per year during the vegetation period, timed to capture key phases
of phytoplankton development (e.g. early and peak summer).
e A baseline survey prior to FPV installation (or at the earliest feasible operational
stage) is recommended, followed by repeated surveys in subsequent years.
Advanced
e Four surveys per year during the vegetation period, covering major succession
phases (spring development, summer stratification, late-season conditions).
e A baseline survey prior to FPV installation (or at the earliest feasible operational
stage) is required, followed by repeated multi-year monitoring.

Data Evaluation and Expected Insights

e Representative assessment of phytoplankton biomass and community composition
under FPV and reference conditions.

e Detection of FPV-induced differences in phytoplankton biomass, species composition,
and dominance structures.

e |dentification of shifts toward shade-tolerant and low-light-adapted taxa beneath FPV
installations.

e Analysis of seasonal phytoplankton dynamics and bloom development in relation to
altered stratification, mixing, and nutrient availability.

e Improved separation of FPV-related effects from natural seasonal and interannual
variability.

e Support for ecological status assessment, bloom risk evaluation, and overall FPV
impact assessment.

Benthic diatoms

Methodological Principles

Benthic diatoms are sensitive indicators of light availability, nutrient conditions, and
hydromorphological stability in littoral and shallow benthic zones (Round et al., 1990). FPV
installations may influence benthic diatom communities indirectly through shading, altered
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wave exposure, and changes in sediment stability and near-bottom flow (Nobre et al., 2025;
Sandrini et al., 2025). Reduced light beneath FPV arrays can shift diatom assemblages toward
shade-tolerant taxa, while modified hydrodynamics may affect substrate availability and
disturbance regimes (llgen et al., 2025). Monitoring benthic diatoms therefore provides a
robust, integrative measure of FPV impacts on benthic primary producers and ecological status
(Mancini et al., 2024).

Study Design and Variables
Monitoring level
Basic Extended = Advanced

X X

System Layout
Extended, Advanced:
e Benthic diatom sampling conducted at two locations:
o FPV-influenced sites beneath or adjacent to FPV installations.
o Reference (REF) sites in unshaded littoral areas.
e Sampling from standardized substrates (e.g. stones, artificial substrates, or sediment
surfaces), following established protocols (e.g. WFD-compliant methods).
e Replicated sampling along fixed transects to capture spatial variability.
e Samples preserved and analyzed in the laboratory for species identification and index
calculation.

Sampling Period and Frequency
e Sampling is conducted once per year during the vegetation period under stable
hydrological conditions.
e A baseline survey prior to FPV installation (or at the earliest feasible operational stage)
is required, with annual repetition to enable trend analysis.

Data Evaluation and Expected Insights
e Detection of FPV-related shifts in benthic diatom species composition and ecological
indices.
e Assessment of shading and hydrodynamic effects on benthic primary production.
e Comparison of ecological status between FPV-influenced and reference sites.
e Support for regulatory assessment and long-term monitoring of FPV impacts on
benthic habitats.

Zooplankton

Methodological Principles

Zooplankton plays a central role in pelagic food webs by linking primary producers to higher
trophic levels and by contributing to grazing control of phytoplankton. Zooplankton
communities respond sensitively to changes in light availability, temperature stratification,
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mixing intensity, and food quantity and quality. FPV installations may indirectly affect
zooplankton through reduced photosynthetically active radiation, altered phytoplankton
composition, and modified thermal and hydrodynamic conditions (Oliveira et al., 2025; ligen
et al., 2023; Exley et al., 2022; Jeppesen et al., 2014; Vouhe et al., 2025). Monitoring
zooplankton therefore supports the assessment of FPV impacts on pelagic ecosystem
structure, trophic interactions, and energy transfer (Sandrini et al., 2025; Attar et al., 2025).

Monitoring Design

Monitoring level
Basic Extended Advanced

X X

System Layout
Extended, Advanced:
e Zooplankton sampling conducted at two locations:
o FPV site: centrally beneath the FPV array at the deepest feasible point.
o Reference (REF) site: in open water at the deepest available point, as far as
possible from the FPV installation.

e Sampling using vertical net hauls (e.g. plankton nets with appropriate mesh size)
covering the epilimnion or the full water column, depending on lake depth and
stratification.

e Replicated samples to account for spatial variability.

e Samples preserved and analyzed in the laboratory for taxonomic composition,
abundance, and size structure.

Sampling Period and Frequency
o Two surveys per year during the vegetation period, timed to represent early and
peak summer conditions.
e A baseline survey prior to FPV installation (or at the earliest feasible operational
stage) is recommended, followed by repeated annual surveys to detect long-term
changes.

Data Evaluation and Expected Insights

e Assessment of zooplankton community composition, abundance, and size structure
under FPV and reference conditions.

e |dentification of FPV-related changes in grazing pressure and trophic interactions with
phytoplankton.

e Interpretation of zooplankton dynamics in relation to food availability, thermal
stratification, and mixing regimes.

e Detection of indirect FPV effects propagated through pelagic food-web interactions.

e Support for evaluating FPV impacts on pelagic ecosystem functioning and energy
transfer.

Macrozoobenthos (e.g. mussels)
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Methodological Principles

Macrozoobenthos integrates environmental conditions over longer time scales and responds
sensitively to changes in sediment quality, organic matter availability, oxygen conditions, and
hydrodynamics. FPV installations may influence macrozoobenthic communities indirectly
through altered sedimentation patterns, biodeposition from biofouling organisms (e.g.
mussels), reduced resuspension beneath sheltered areas, and modified oxygen and nutrient
dynamics (Kristensen et al., 2012; Prandini et al., 2025; Attar et al., 2025; Langenheder et al.,
2017; McGowan et al., 2023). Monitoring macrozoobenthos supports the assessment of FPV
impacts on benthic habitats, biogeochemical processes, and food-web structure (Chen et al.,
2021; ligen et al., 2025).

Study Design and Variables
Monitoring level
Basic Extended Advanced

X X

System Layout
Extended, Advanced:
e Macrozoobenthos sampling at two locations:
o FPVsite: beneath the FPV array at the deepest feasible point.
o Reference (REF) site: open-water site at comparable depth, as far as possible
from the FPV installation.
e Sampling using standardized benthic methods (e.g. grab samplers or cores), following
established protocols.
e Replicated samples to account for spatial variability.
e Laboratory analysis for taxonomic composition, abundance, and biomass.

Sampling Period and Frequency
e Sampling conducted once per year during stable conditions, preferably during late
summer or early autumn.
e A baseline survey prior to FPV installation (or at the earliest feasible operational stage)
is recommended, followed by annual repetition.

Data Evaluation and Expected Insights
e Assessment of FPV-related changes in benthic community composition and
dominance patterns.
e |dentification of effects linked to biodeposition, altered sedimentation, and oxygen
conditions.
e Interpretation of macrozoobenthos responses in relation to sediment and nutrient
dynamics. Support for evaluating FPV impacts on benthic ecosystem functioning.
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Methodological Principles

Birds respond to FPV installations through changes in habitat availability, disturbance, collision
risk, and altered foraging conditions. FPV systems may attract certain species (e.g. resting or
roosting birds) while deterring others due to visual barriers or human activity. Monitoring birds
supports the assessment of FPV impacts on species presence, abundance, behavior, and
conservation-relevant sensitivities (de Jong et al., 2022; Zhou et al., 2023; Kiesecker et al., 2019;
Johnson et al., 2020; Bellio et al., 2021).

Study Design and Variables
Monitoring level
Basic Extended  Advanced

X X

System Layout
Extended, Advanced:
e Standardized bird surveys conducted at FPV and reference areas.
e Combination of visual counts, point counts, and transect surveys, depending on site
characteristics.
e Recording of species presence, abundance, behavior (e.g. foraging, resting, flight
paths), and seasonal use.
e Focus on waterbirds, shoreline-associated species, and sensitive or protected taxa.

Sampling Period and Frequency
e Surveys conducted multiple times per year, covering key periods:
o breeding season,
o migration periods,
o wintering period (if relevant).
e A baseline survey prior to FPV installation is recommended, followed by repeated
annual surveys.

Data Evaluation and Expected Insights

Identification of FPV-related changes in bird presence, abundance, and spatial use.
Assessment of attraction, avoidance, or displacement effects.

Evaluation of potential disturbance or collision risks.

Support for biodiversity assessment and compliance with nature conservation
requirements.

Insects (e.g. dragonflies)

Methodological Principles

Aguatic and semi-aquatic insects, such as dragonflies (Odonata), are sensitive indicators of
littoral habitat quality, vegetation structure, and microclimatic conditions (New, 2020). Floating
photovoltaic (FPV) installations may indirectly affect insect communities by shading water
surfaces, thereby influencing macrophyte development and thermal regimes, both critical for
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insect life cycles (Vouhe et al., 2025; Oliveira et al., 2025). Alterations of shoreline and nearshore
habitats due to FPV-induced changes in light availability and wind dynamics may further impact
oviposition sites and larval development zones (de Rijk et al., 2025b). Monitoring aquatic insects
thus supports the assessment of FPV impacts on biodiversity and habitat integrity at the land-
water interface, particularly given their key roles in trophic dynamics and ecosystem functioning
(Lambert, 2022).

Monitoring Design
Monitoring level
Basic Extended = Advanced

X

System Layout
Advanced:
e Targeted insect surveys along shoreline sections adjacent to FPV installations and at
reference sites.
e Standardized methods such as visual surveys, netting, and exuviae collection for
dragonflies.
e Recording of species presence, abundance, and habitat associations.
e Georeferenced sampling locations to enable repeat surveys.

Sampling Period and Frequency
e Surveys conducted once per year during the main flight period.

e A baseline survey prior to FPV installation is recommended, followed by annual
repetition.

Data Evaluation and Expected Insights
e |dentification of FPV-related changes in insect species composition and abundance.
e Assessment of habitat alterations at the shoreline and littoral zone.
e Support for biodiversity assessment and evaluation of indirect FPV effects on
nearshore ecosystems.

Fish and cyclostomes

Methodological Principles

Fish and cyclostomes integrate physical, chemical, and biological conditions across spatial and
temporal scales. FPV installations may influence fish communities through altered light regimes,
habitat structure, thermal conditions, and prey availability. Monitoring fish supports the
assessment of FPV impacts on habitat use, community composition, and trophic interactions
(Oliveira et al., 2025; Sandrini et al., 2025; Vouhe et al., 2025; Exley, 2022; Haas et al., 2020).

Study Design and Variables
Monitoring level
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Basic Extended Advanced
X

System Layout
Advanced:
e Fish surveys conducted at FPV and reference sites using appropriate methods (e.g. gill
nets, hyroacoustics, or electrofishing, depending on site conditions and regulations).
e Recording of species composition, abundance, size structure, and habitat use.
e Alignment with existing fisheries or regulatory monitoring programs where possible.

Sampling Period and Frequency
e Surveys conducted once per year, preferably during stable thermal conditions.
e A baseline survey prior to FPV installation is required, followed by annual repetition.

Data Evaluation and Expected Insights
e |dentification of FPV-related changes in fish community structure and habitat use.
e Assessment of indirect effects mediated through light, temperature, and prey
availability.
e Support for ecological status assessment and fisheries management considerations.

Mammals (e.g. bats)

Methodological Principles

Mammals, particularly bats, may interact with FPV installations through altered foraging
habitats, flight paths, and insect availability. Water surfaces often serve as important foraging
areas for bats, and FPV installations may modify prey density, surface structure, and acoustic
conditions. Monitoring mammals supports the assessment of FPV impacts on protected species
and nocturnal ecosystem dynamics (Barré et al., 2024; Vouhe et al., 2025; Hernandez et al.,
2025; Oliveira et al., 2025).

Study Design and Variables
Monitoring level
Basic Extended Advanced

X

System Layout
Advanced:
e Bat monitoring using acoustic detectors deployed at FPV installations and reference
shoreline locations.
e Recording of activity levels, species presence, and temporal patterns.
e Optional combination with visual observations or roost surveys where relevant.

Sampling Period and Frequency
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e Monitoring conducted during the active season, with repeated recording nights.
e A baseline survey prior to FPV installation is required, followed by repeated annual
monitoring.

Data Evaluation and Expected Insights
e Assessment of FPV-related changes in bat activity and species composition.
e Evaluation of potential impacts on foraging behavior and habitat use.
e Support for conservation assessment and compliance with species protection
regulations.

2.5 Example monitoring and sensor setups across monitoring tiers

The following figures illustrate representative monitoring and sensor setups for FPV installations
across basic, extended, and advanced monitoring tiers. All setups are based on a consistent
conceptual framework comparing conditions at an open water reference (REF) site in open water
with measurements conducted beneath the FPV array (Fig. 4). The examples demonstrate how
increasing monitoring levels primarily reflect higher spatial and temporal resolution and improved
process attribution, rather than fundamentally different parameter selections.

1 | | )
927000 927200 927400 927600

Legend

Distance to FPV system [m]
Measurement points 7
O FPV
O REF
© unsuitable
E= FPV system

Depth [m]
i -1
-19

Figure 4. Selection of the open water reference measurement point (REF).

Figure 5 presents a Basic tier, focusing on point-based measurements at REF and FPV locations.
The configuration relies on discrete depth profiling using a multiparameter probe combined with
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a Secchi disk and captures core hydrochemical variables such as temperature, dissolved oxygen,
pH, conductivity, turbidity, and chlorophyll-a. This setup enables a first-order comparison between
FPV-influenced and open-water conditions but resolves only coarse vertical gradients and limited
temporal dynamics.
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Figure 5. Setup for Basic tier with discrete multiparameter profiling at reference (REF) and FPV
sites.

Figure 6 illustrates a setup for Extended tier, where discrete multiparameter profiling is
complemented by continuous measurements from water temperature chains and distributed
dissolved oxygen sensors beneath the FPV array. This configuration improves the resolution of
thermal stratification, oxygen gradients, and near-surface responses to altered wind forcing and
shading, while still maintaining comparability with the REF site.
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Figure 6. Setup for Extended tier combining multiparameter profiling with continuous
temperature and dissolved oxygen measurements beneath the FPV array.

Figure 7 shows a monitoring setup for Advanced tier, integrating continuous high-resolution
temperature and oxygen measurements with expanded multiparameter profiling that may include
additional chemical variables (e.g. nutrients or dissolved organic carbon). The advanced
configuration supports detailed analysis of FPV-induced changes in thermal structure,
hydrochemistry, and the coupling between atmospheric forcing and water column processes,
enabling robust process-based interpretation and long-term trend assessment.
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Figure 7. Setup for Advanced tier with high-resolution temperature and oxygen monitoring and
extended hydrochemical profiling.

2.6 Lessons learned from environmental Monitoring for Inland FPV

1. Ensure accessibility: Design sensor placement so that instruments remain safely accessible
for maintenance after installation and during adverse weather conditions, including high
water levels, wind, waves, or ice.

2. Plan for redundancy: Measure critical parameters such as water temperature, wind, or
power supply redundantly wherever possible to avoid data loss.

3. Implement robust cable management: Protect cables against abrasion, tensile loads,
movement, and UV exposure, and inspect them regularly.

4. Account for biofouling: Plan realistic cleaning and maintenance intervals, particularly for
sensors prone to fouling (e.g. dissolved oxygen, pH, turbidity).

5. Ensure time synchronization: Precisely synchronize all loggers and sensors, especially in
distributed multi-sensor configurations.

6. Design a reliable power supply: Dimension autonomous power systems, including solar
panels and battery storage, to reliably cover prolonged periods of low irradiance or winter
conditions, and allow connection to the plant’s AC output when required.

7. Document metadata comprehensively: Record sensor depths, heights, positions,
calibrations, and any subsequent changes in a consistent and traceable manner.

8. Establish a clear safety concept: Conduct all work on floating structures under clearly
defined safety and rescue protocols.
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9. Check data quality early: Systematically verify data quality and plausibility immediately after
installation and during the first weeks of operation.

10. Consider long-term stability: Select materials, fixations, and sensor positions to withstand
multi-year exposure to mechanical stress, UV radiation, and continuous movement.

2.7 Adaptive Management and Response Strategy for adverse
ecological effects

To ensure ecological protection while maintaining planning certainty, a staged adaptive
management framework is proposed for FPV installations. Responses to detected ecological
effects are proportional, transparent, and explicitly linked to monitoring results and site-specific
evidence, partial of full system removal is considered only as a last resort or in cases of non-
compliance with regulatory requirements.

Monitoring results are evaluated in an integrated, ecosystem-based manner, accounting for both
negative and positive FPV-related effects. Assessment is not based on isolated parameter changes,
but on the overall ecological status and ecosystem functioning of the lake or reservoir. A
deterioration in a single parameter does not automatically trigger mitigation or intervention if it is
balanced by improvements in other relevant parameters. Management decisions are guided by
the net effect on ecosystem resilience and ecological status.

Exceedance of predefined trigger values does not automatically result in corrective measures.
Trigger values initiate a verification and causal analysis, during which observed changes are
assessed in relation to natural variability, external pressures, and co-occurring positive effects. Only
impacts that are confirmed, persistent, and ecologically relevant at the system level lead to further
response stages.

Where impacts are confirmed, operational adjustments represent the next level of response. These
may include seasonal operating constraints, modifications to FPV layout or orientation, or
adjustments to maintenance practices aimed at reducing ecological stress during sensitive periods.
If such measures prove insufficient, technical mitigation options can be implemented. These
include structural modifications to improve hydrodynamic exchange, partial reduction or
relocation of FPV coverage to ecologically less sensitive zones, or other site-adapted retrofitting
measures.

If some residual impacts cannot be fully avoided, targeted ecological compensation or restoration
measures can be carried out at the lake or catchment scale. These measures are intended to offset
remaining pressures and at the same time support wider restoration objectives.

Partial or full removal of the FPV installation constitutes the final escalation step and is reserved
for situations where significant adverse effects persist despite mitigation efforts, or where the
operator fails to cooperate with monitoring requirements and corrective actions. By defining this
hierarchy of responses in advance, the framework provides clarity for regulators and operators
alike, ensures proportionality of interventions, and enables flexible, site-specific FPV integration
without compromising ecological safeguards.
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2.7.1 Staged Adaptive Response Model for Adverse Ecological Effects

Stage 0 - Reference conditions and trigger values

Before installation, site-specific reference conditions are established and indicators with associated
threshold values are defined. These form the basis for impact detection, evaluation, and
transparent decision-making throughout the project lifetime.

Stage 1 - Verification and causal analysis

Monitoring is temporarily intensified to confirm observed deviations and to assess their
magnitude, duration and spatial extent. The analysis explicitly examines whether deviations can
be causally attributed to the FPV installation or are driven by other factors, such as external
stressors or natural variability. The analysis explicitly documents both adverse and beneficial
ecological changes and evaluates whether observed trade-offs result in a net deterioration or
improvement of ecosystem condition.

Stage 2 - Operational adjustments

Operational and maintenance practices that remain flexible after installation are adapted to reduce
ecological pressures. This primarily includes adjustments to O&M activities, such as timing and
frequency of maintenance operations, temporary access restrictions, or reduced activity during
ecologically sensitive periods (e.g. fish spawning or bird breeding seasons). Measures at this stage
aim to minimize disturbance and secondary impacts while leaving the system structure and energy
output largely unchanged.

Stage 3 - Technical and operational mitigation within system constraints

Proportionate mitigation measures are implemented within the technical and structural
constraints of the installed FPV system. These may include minor layout modifications,
optimization of hydrodynamic exchange where feasible, or further refinement of operational
practices. Where structural interventions are limited or impractical, priority is given to non-invasive
measures, potentially complemented by ecological compensation (Stage 4).

Stage 4 - Ecological compensation or restoration

If residual impacts persist despite on-site mitigation, targeted ecological compensation or
restoration measures are implemented at the lake or catchment scale. These may range from low-
effort interventions (e.g. bird breeding refuges or support of fish spawning habitats) to higher-
effort actions such as technical lake maintenance or restoration (e.g. littoral reconfiguration,
sediment management, or nutrient load reduction). The level of intervention is selected
proportionately, aiming to offset remaining pressures while contributing to long-term ecological
improvement. Compensation and restoration measures are designed to address remaining system-
level impacts rather than isolated parameter deviations and may explicitly build on positive FPV-
related effects to enhance overall ecological performance.

Stage 5 - Partial or full system removal
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Partial or full removal of the FPV installation is considered only as an ultima ratio under exceptional
circumstances. These include cases where monitoring provides robust evidence of persistent and
significant ecological impacts that threaten the integrity of valuable or legally protected
ecosystems, where there is a high and substantiated risk of system failure or accident leading to
severe environmental harm, or where irreversible pollutants or hazardous substances are
demonstrably released into the aquatic environment. System removal may also be required in
cases of non-compliance with agreed monitoring, mitigation, or safety measures.

2.7.2 Integration of Temporal Monitoring Phases and Adaptive Response
Measures

The adaptive response framework is aligned with the monitoring phases (baseline, early operation,
late operation), reflecting decreasing flexibility for structural intervention over time.

Baseline phase (pre-installation)

Reference conditions, indicators, and trigger values are defined. Preventive design measures are
prioritized, as planning flexibility is highest before installation and strongly determines the scope
of later mitigation options.

Early operation phase (0-3 years)

This phase is critical for detecting FPV-related effects. Monitoring is intensified, and exceedance
of trigger values initiates verification and causal analysis (Stage 1). If impacts are confirmed,
operational adjustments (Stage 2) and technical mitigation measures (Stage 3) can still be
implemented with comparatively limited constraints.

Late operation phase (>3 years)

System responses are generally characterized and monitoring may be reduced. Structural
modifications are often limited; responses therefore focus on ecological compensation or
restoration measures (Stage 4). Partial or full system removal (Stage 5) remains a safeguard for
persistent or severe impacts.

Across all phases, monitoring results are interpreted proportionally at the ecosystem level.
Opposing trends among individual indicators do not necessarily require intervention if the overall
ecological condition remains stable or improves.
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3. Monitoring Concept and Parameters for FPV on
Nearshore Waters

The deployment of nearshore floating photovoltaics (NFPV) systems in coastal environments
entails a distinct set of technical challenges that clearly differentiate them from inland freshwater
installations. Operating in marine or brackish conditions, such as at the Port of Brest (France),
requires the system to maintain long-term structural and electrical integrity under combined
mechanical loading, aggressive corrosion processes, and biological colonization. These site-specific
stressors demand a design approach rooted in marine engineering principles rather than
conventional inland FPV practice.

From a metocean perspective, wind loading frequently represents the governing design parameter
in nearshore environments. In European coastal regions, systems must be designed to withstand
extreme gusts of up to 40 m/s for a 50-year return period. Site-specific measurements from a
demonstrator in Brest indicate absolute maximum gusts of 43.1 m/s (Fig.8) and maximum
sustained wind speeds of 21.74 m/s. Such wind forces generate aerodynamic uplift on PV
modules, amplify internal wave formation within harbor basins, and significantly increase mooring
line tension. Although port infrastructure provides partial wave attenuation, storm conditions can
still produce significant wave heights in the range of 1.0 to 1.5 m. These waves induce platform
motions, including heave, pitch, and roll, and contribute to fatigue loading in structural
connections and anchoring systems.
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Figure 8. Max. wind speed and wave height in dependence to the wind direction measured at a
NFPV demonstrator near Brest (France).

Hydrodynamic influences further complicate system design. In high-tidal regions, vertical water
level variations can reach up to 7.5 m, requiring mooring configurations with sufficient slack and
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adaptability to accommodate large amplitude vertical displacement without inducing excessive
tension (Fig. 9). In estuarine contexts, current velocities may approach 1 m/s, affecting anchor
stability, increasing drag forces, and potentially enhancing seabed scour processes. Together,
wind, waves, tides, and currents define the mechanical boundary conditions for safe long-term
operation.
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Figure 9. Monthly mean sea level (mm) from the early 19th century to 2025, illustrating long-
term rise and variability. In high-tidal coastal and estuarine environments, vertical fluctuations of
several meters, combined with wind, waves, and currents, define critical hydrodynamic boundary
conditions for mooring stability and structural design of nearshore FPV systems.

Material degradation constitutes an additional critical risk factor in marine deployments. A key
issue identified during the pilot phase in Brest was accelerated galvanic corrosion in anchoring
assemblies composed of dissimilar metals. In one documented case, a 14 mm galvanized steel
chain connected to a stainless-steel shackle exhibited a mass loss of 32.5% within 24 months.
This degradation far exceeded conventional safety thresholds of 10 to 12% and was driven by the
high electrolyte conductivity of Atlantic seawater combined with galvanic coupling between the
more noble stainless-steel cathode and the less noble galvanized steel anode. The resulting
electrochemical potential difference effectively created a local galvanic cell, accelerating anodic
dissolution.

Electrical components were similarly affected by the harsh marine environment. Standard MC4
connectors, despite IP67 or IP68 ratings, proved insufficient under persistent high salinity
exposure. Salt deposition, combined with temperature-driven pressure equalization processes
within connectors, facilitated internal moisture ingress. This led to the formation of copper
carbonate and copper chloride corrosion products, commonly referred to as “green rot”, and in
some cases resulted in electrical arcing. Capillary transport mechanisms and vapor entrapment
within protective tapes further intensified internal corrosion processes, highlighting the limitations
of standard terrestrial sealing strategies in marine contexts.
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Biological processes also exerted significant influence on structural performance. Marine
biofouling, particularly mussel accretion on submerged components, substantially increased
system mass during the Brest pilot phase. The average mass per floater increased from 30 kg to
43 kg, corresponding to a 43% rise in weight. This additional load reduced effective buoyancy,
caused partial submergence of critical connectors, and restricted the movement of articulated
mechanical elements such as hinges. Beyond structural implications, biofouling also introduces
maintenance challenges and may alter hydrodynamic behavior.

Addressing these interrelated challenges requires a systematic transition toward marine-grade
design standards. This includes the use of corrosion-resistant materials such as high-density
polyethylene and homogeneous galvanized assemblies to avoid galvanic coupling, structural
configurations that position sensitive and mobile components above the waterline, and
hermetically sealed electrical systems. For electrical protection, dual-wall adhesive-lined heat-
shrink solutions and fully marine-certified connectors provide enhanced resistance to salt ingress
and moisture diffusion.

In summary, NFPV in marine environments is technically feasible, but only when site-specific
metocean conditions, electrochemical interactions, hydrodynamic loads, and biological growth
processes are explicitly integrated into engineering design and long-term operational planning.

3.1 Monitoring Concept Adaptation

Ensuring the long-term sustainability of NFPV and inland FPV systems requires monitoring
strategies that reflect the fundamentally different physical and biological dynamics of marine and
freshwater environments. Coastal installations, such as the demonstrator at the Port of Brest, are
primarily governed by extreme mechanical forcing and aggressive corrosion processes. In contrast,
inland systems are more strongly influenced by limnological variability, water quality dynamics,
and ecological stability.

In nearshore environments, monitoring concepts must prioritize high-energy interactions between
structure and environment. Sensor systems should capture high-resolution wave characteristics,
tidal currents, wind speed, and aerodynamic uplift forces. Structural health monitoring plays a
central role, with continuous measurement of mooring line tension and platform motions
including pitch, roll, and yaw. Accelerometers and inclinometers enable calibration of
hydrodynamic models against observed sea states, including storm conditions with significant
wave heights approaching 3 m. This data-driven validation is essential for assessing fatigue
behavior, anchor performance, and long-term structural reliability under cyclic loading.

Inland FPV installations require a different focus. Here, bio-accretion and ecological processes
often dominate operational risk. The accumulation of mussels, algae, or other aquatic organisms
can significantly alter buoyancy and load distribution. Monitoring strategies therefore include
periodic inspections of submerged components using remotely operated vehicles, combined with
quantification of biomass accumulation and its contribution to structural weight. In addition,
parameters such as water temperature, dissolved oxygen, nutrient concentrations, and turbidity
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are relevant to detect eutrophication trends that may affect both system performance and
ecosystem integrity.

A unified monitoring framework can be established through a digital twin approach. In this
concept, site-specific meteorological and hydrodynamic data such as wind, solar radiation, air
temperature, waves, and currents are integrated with in situ biological and structural
measurements. The digital twin enables predictive maintenance by linking environmental stress
indicators to structural response and degradation pathways. Maintenance activities, including
cleaning of biofouling or inspection of electrical connectors, can thus be scheduled based on
measured environmental loads rather than fixed time intervals.

By tailoring monitoring protocols to site-specific boundary conditions, operators can address
distinct risk profiles. In marine settings, this includes mitigation of corrosion phenomena such as
green rot under high salinity exposure, while inland systems must manage risks associated with
stagnation and nutrient enrichment. An adaptive, data-driven monitoring strategy therefore
constitutes a central component of resilient and environmentally compatible FPV deployment
across diverse aguatic environments.

3.2Lessons learned from Nearshore Floating Photovoltaic
Deployment

The Brest-NFPV demonstrator provided critical empirical insights into the structural,
electrochemical, and ecological challenges associated with long-term operation in marine
environments. The findings demonstrate that NFPV systems cannot be treated as a direct extension
of inland FPV technology. Instead, they require dedicated marine-grade design principles. The
following lessons synthesize observed failure mechanisms and their implications for future system
design and standardization.

1. Electrochemical Compatibility Is a Primary Design Constraint

The most critical structural failure mechanism observed was accelerated galvanic corrosion in the
anchoring system. The combination of galvanized steel chains with stainless steel shackles created
an electrochemical potential difference in seawater, leading to rapid anodic dissolution of the
zinc-coated chain. A diameter reduction of approximately 2.5 mm within 24 months resulted in a
32.5% loss of cross-sectional area, significantly exceeding accepted maritime wear thresholds.
This degradation reduced the Minimum Breaking Load to an unacceptable level, posing a
structural failure risk under storm conditions.

The corrosion rate was amplified by:
e High electrolyte conductivity due to Atlantic salinity
e Cathode—anode surface area imbalance
e Mechanical abrasion removing protective zinc coating
e Continuous wetting and oxygen availability

Lesson:
Material pairing in marine anchoring systems must follow strict electrochemical compatibility rules.
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Mixed-alloy assemblies require electrical isolation or sacrificial anode protection. Inland-derived
assumptions regarding corrosion rates are not transferable to marine environments.

Figure 10. Galvanic corrosion in a marine anchoring assembly caused by electrochemical
incompatibility between a galvanized steel chain and a stainless-steel shackle, resulting in
accelerated material loss and structural degradation.

2. Standard PV Connectors Are Not Marine-Resilient

Despite IP67/IP68 certification, standard MC4 connectors failed under persistent saline exposure.
The failure mechanism was not bulk submersion, but salt aerosol ingress combined with daily
thermal cycling. Temperature fluctuations caused air exchange within the connector housing,
drawing in salt-laden humidity. In the presence of DC voltage, electrolysis accelerated copper
dissolution, resulting in:

e Formation of copper chloride/carbonate (“green rot”)
e Increased contact resistance

e localized overheating

e Electrical arcing

e Ground faults via salt bridges to aluminium frames

Temporary overprotection using self-fusing tape reduced but did not eliminate failure due to
capillary ingress and vapor trapping. The implementation of dual-wall adhesive-lined heat shrink
tubing represents a transition toward hermetic sealing, eliminating micro-gaps at cable interfaces.

Lesson:
Ingress protection ratings alone are insufficient in marine environments. NFPV systems require
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hermetic sealing strategies, physical separation from metallic frames, and marine-certified DC
connector solutions.

Figure 11. Corrosion damage to a standard MC4 connector exposed to saline marine conditions,
showing copper oxidation (“green rot”) and insulation degradation caused by salt aerosol ingress,
thermal cycling, and DC-induced electrochemical reactions.

3. Instrumentation Must Preserve Structural Flexibility

The integration of rigid load cells in place of flexible EPDM connectors introduced unintended
local stiffness. This altered the natural deformation behavior of the floating structure and created
stress concentration points. The resulting localized constraint exceeded design tolerances and led
to mechanical failure at the connection interface. The revised configuration integrates load cells
within traction lines using flexible websling interconnections, preserving distributed deformation
behavior.

Lesson:
Monitoring instrumentation must be mechanically non-invasive. Sensor integration must not
modify structural boundary conditions or introduce artificial stiffness discontinuities.
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Figure 12. Rigid load cell integration within a floating structure joint, illustrating local stiffness
discontinuity and stress concentration at the connection interface due to replacement of flexible
EPDM elements.

4. Biofouling Is a Structural Load Case

Marine bio-accretion, primarily mussel colonization, resulted in a 43% mass increase of
submerged floaters. The additional weight reduced buoyancy reserve and caused unintended
submergence of electrical components.

Biofouling also restricted hinge movement and increased mechanical friction in articulated
elements.

This demonstrates that biofouling must be treated not merely as a maintenance issue but as a
structural design load case affecting:

e Buoyancy margins

e Fatigue behavior

e Accessibility for O&M

e Electrical safety clearance

Lesson:

Marine growth must be incorporated into structural mass calculations, buoyancy design, and
fatigue analysis. Elevated placement of connectors and hinges above the waterline significantly
improves resilience.
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Figure 13. Biofouling of a submerged floater, showing extensive mussel colonization and marine
growth leading to increased structural mass, reduced buoyancy reserve, and restricted movement
of articulated components.

5. Elevation and Geometric Separation Increase Robustness

The redesign implemented the following geometric modifications:

Hinges positioned =130 mm above water level

Lowest panel edge positioned =370 mm above water level
Splash-protected connector cones

Decoupled connector mounting away from aluminium frames

This passive elevation strategy reduces bio-accretion risk, splash exposure, and salt-bridge
formation without relying solely on material solutions.

Lesson:
Geometric separation from direct seawater exposure is an effective and low-complexity
resilience strategy in NFPV design.
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Water line

Figure 14. Revised floating PV geometry showing elevated hinges and panel edges above the
waterline, illustrating geometric separation as a passive strategy to reduce splash exposure,
biofouling, and salt-induced electrical risks.

Structural Implications for Future NFPV Standardization

The demonstrator findings suggest that future NFPV guidelines should formalize:

Mandatory material compatibility matrices
Corrosion allowance thresholds

Hermetic electrical sealing requirements
Hydrodynamic load integration for fatigue design
Biofouling mass allowances in buoyancy calculations

Non-invasive sensor integration protocols

These empirical lessons provide a practical foundation for marine-specific standardization beyond
adaptations from inland FPV or offshore energy sectors.
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4. Synthesis and Comparative Analysis for Inland FPV
and NFPV

4.1 Cross-System Comparison

4.1.1 Differences and Commonalities between Inland and NFPV

Systems

FPV systems deployed on inland water bodies and in coastal environments are based on the same
core technological concept of modular buoyant PV platforms. However, they differ significantly
with respect to hydrodynamic boundary conditions, corrosion exposure, regulatory complexity,

and operational requirements (Tab 2.).

Table 2. Comparative overview of inland FPV and Nearshore Floating Photovoltaic (NFPV) systems.

Inland FPV (Lakes / NFPV (Coastal / Port
Commonalities
Reservoirs) Waters)

Environment

Water Type Freshwater Brackish or seawater Floating PV platforms
installed on water surface

Salinity Low High; salt spray and marine UV radiation and humidity

Exposure corrosion affect materials

Wave Typically low (0.1-0.5 m Moderate; storm-driven Wave-induced motion

Conditions operational) waves possible (up to ~3 m in influences structural fatigue
sheltered basins)
Wind Loads Moderate exposure Higher average and extreme Wind is a primary structural

Tidal Influence

None or negligible

gusts

Possible tidal variation up to
several metres

load driver

Mooring systems must
accommodate movement

Currents Minimal, except in rivers Significant in estuaries (1-3  Hydrodynamic forces

m/s possible) influence anchoring design
Engineering
Structural Designed for limited Designed for marine fatigue, Modular floating structures

Requirements

Mooring &
Anchoring

Corrosion Risk

Operation

Biofouling

hydrodynamic stress

Bank or bottom anchoring;

simpler systems

Low

Algae and freshwater
organisms

corrosion, and dynamic
loading

Engineered marine mooring
(e.g., catenary or elastic
systems)

High due to saltwater and
marine atmosphere

Marine growth such as
barnacles and mussels

supporting PV panels

Anchoring design based on
site-specific loads

Protective coatings and
durable materials required

Maintenance required to
control biological growth

cl
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Inland FPV (Lakes / NFPV (Coastal / Port ..
. Commonalities
Reservoirs) Waters)
Soiling & Bird  Mainly pollen, dust, and bird Increased exposure to Surface contamination
Droppings droppings; manageable seabirds and salt spray, reduces module efficiency
through periodic freshwater potentially enhancing soiling and requires periodic
cleaning and corrosion interactions cleaning
Installation Moderate Higher due to marine logistics Modular assembly and
Complexity and safety requirements floating deployment
Operation & Boat access; freshwater Marine access; corrosion Regular inspection of
Maintenance  cleaning management electrical and mechanical
components
Governance
Environmental  Focus on water temperature, Focus on marine habitats, Environmental impact
Assessment oxygen levels, aquatic fisheries, and bird interactions assessments often required
ecology
Regulatory Water management MSP frameworks; coastal and Permitting subject to
Framework authorities; land-use port authorities national and EU
planning environmental law
Spatial Mainly recreational and Competition with shipping,  Multi-stakeholder
Competition ecological uses fisheries, aquaculture consultation required
Applications
Grid Often on-site direct energy  Typically close to industrial or On-site consumption and
Connection consumption or near port loads grid export possible

hydropower dams, connect
to high- or medium-voltage
grids
Typical man-made water bodies, Port decarbonization; Contribution to renewable
Applications hydropower hybridization industrial self-consumption  energy targets
and decarbonizing the
quarrying gravel industry
Technology Commercially mature; widely Emerging but growing; fewer Rapidly evolving
Maturity deployed installations engineering standards

In summary, inland FPV systems operate in comparatively stable freshwater environments with
lower structural and maintenance complexity. NFPV systems, by contrast, must withstand salinity,
stronger wind and wave loads, tidal dynamics, and a more complex maritime regulatory
environment. Despite these differences, both configurations rely on the same fundamental
floating PV principles and contribute to the expansion of renewable energy generation in spatially
constrained regions.
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4.1.2 Comparative Overview of Environmental Processes, Monitoring Needs, and
System Design Requirements

The deployment of FPV systems creates a direct interface between floating structures and aquatic
ecosystems. This interaction changes physical boundary conditions at the air-water interface and
requires an integrated framework that links environmental assessment, monitoring strategy, and
engineering design. A comparison of inland and NFPV installations highlights both shared
mechanisms and site-specific sensitivities.

Environmental Processes and Ecosystem Interactions

FPV installations alter incident solar radiation and surface-atmosphere exchange processes. A
primary effect is the reduction of photosynthetically active radiation beneath the platform, which
directly influences primary production and light-dependent habitats. In inland reservoirs, this may
affect phytoplankton dynamics, thermal stratification patterns, and dissolved oxygen distribution.
In coastal NFPV systems, shading effects can interact with tidal mixing and salinity gradients,
potentially modifying benthic habitats and local productivity.

Wind shielding by floating structures further alters surface heat fluxes and momentum transfer.
Reduced wind stress may weaken vertical mixing and stabilize stratification in lakes, while in
nearshore environments the effect interacts with wave action and tidal forcing. These coupled
processes influence oxygen dynamics, nutrient cycling, and, ultimately, ecological status.

Tiered Environmental Monitoring Framework for Inland FPV/NFPV

To quantify environmental effects and ensure regulatory compliance, a tiered monitoring concept
can be implemented, with intensity scaled to site sensitivity and project size:

e Basic: The basic level focuses on baseline characterization and long-term trend detection.
For inland FPV, this includes continuous measurement of water temperature profiles,
dissolved oxygen, pH, conductivity, turbidity, and light penetration to assess stratification
dynamics and primary production changes. In NFPV systems, the same core parameters
could be monitored, focusing on data such as wind speed and water level to capture tidal
influence (Tab 3.).

e Extended: The Extended level supports process-oriented assessment at moderately
sensitive sites. In inland systems, this involves expanded monitoring of nutrients such as
nitrate and phosphate, dissolved organic carbon, and phytoplankton composition to
evaluate eutrophication risks and trophic responses. In NFPV environments, the Extended
tier may further focus on salinity, sediment characteristics, and biological indicators such
as macrozoobenthos or fish presence.

e Advanced: The advanced tier is reserved for ecologically sensitive areas, Natura 2000
proximity, or research-driven projects. In inland FPV, this may require high-resolution
profiling of stratification, hydrodynamics, detailed benthic and macrophyte surveys, and
food web analysis. For NFPV, advanced monitoring may incorporate high-resolution wave
dynamics, flow velocity measurements, sediment transport processes, benthic habitat
mapping, and assessment of potential contaminants such as microplastics.
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Table 3. Monitoring parameter matrix for environmental assessment of FPV and NFPV systems

across implementation levels.

Param.eter Representative Extended Advanced
Domain Parameters

v v v e e e

Physical Light climate, wind,

. X X X X X X
forcing water level
Heat fluxes /
stratification X X X X
Wavg dynamics / flow X X X
velocity
Temperature, DO, pH,
Water quality conductivity, turbidity, X X X X X X
chlorophyll-a
Nutrients, DOC X X X X
qulutants( X X
microplastics
Substrates & Shoreline structure, X X X X X X
morphology sediments (qual.) (qual.) (detailed) (detailed) (detailed) (detailed)
Primary Macrophytes / X X X X X
producers phytobenthos (presence)
Phytoplankton /
benthic diatoms X X X X X
Consumers Zooplankton/ X X X X
macrozoobenthos
Fish X X X
Birds / mammals X X X X X

4.2 Integration and Harmonization

The transition of FPV technology from a niche to utility-scale deployment depends on the
systematic integration of interdisciplinary engineering principles and the harmonization of
currently fragmented standards. FPV systems operate at the interface of structural, electrical,
marine, and environmental engineering, yet the regulatory and technical framework remains

largely derived from adjacent sectors.

At present, the industry relies on adapted methodologies from Oil and Gas, offshore wind, and
land-based photovoltaic engineering. This sectoral transfer has enabled rapid development but
has also resulted in inconsistencies in load assumptions, safety factors, and durability concepts.
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Ongoing standardization efforts aim to consolidate these approaches into dedicated FPV
guidelines. A prominent example is DNV-RP-0584, which provides a structured framework for the
design, assessment, and operation of floating photovoltaic systems, integrating marine
engineering practice with photovoltaic performance requirements. A key engineering principle is
the harmonized distribution of mechanical loads throughout the floating array and mooring
system. Unlike static ground-mounted PV installations, FPV structures are subject to coupled
aerodynamic and hydrodynamic forces. Poorly coordinated stiffness and anchoring concepts may
lead to progressive load redistribution and localized overstressing. Robust design therefore
requires the integration of site-specific data, including wind, waves, currents, and water level
variability, with structural safety philosophies based on defined consequence categories and target
reliability levels. This approach may ensure mechanical stability, electrical safety, and material
durability over a typical operational lifetime of 20 to 25 years.

Digitalization plays a central role in this integration process. Digital Twin concepts create a dynamic
link between the physical installation and a continuously updated numerical model. Real-time data
from field instrumentation, such as anemometers, wave sensors, and load cells measuring
mooring tension, are used to calibrate hydrodynamic and structural simulations. This reduces
uncertainty in performance prediction, supports condition-based maintenance, and enhances risk
management.

Harmonization also encompasses environmental monitoring. A standardized tiered framework,
structured into Basic, Extended, and Advanced levels, enables proportional and site-adapted
monitoring intensity across both inland FPV and NFPV systems. Core physical and chemical
parameters are assessed consistently to ensure comparability, while additional hydrodynamic or
ecological indicators are incorporated depending on site sensitivity. Such structured monitoring
facilitates regulatory approval, supports environmental impact assessments, and improves
technical optimization through feedback loops between environmental response and structural
performance. Beyond technical alignment, harmonization must address the regulatory interface.
FPV and NFPV projects must comply with maritime spatial allocation, water protection legislation,
and biodiversity conservation frameworks, including Marine Spatial Planning, the Water
Framework Directive, and Natura 2000 requirements. Integration into existing maritime uses such
as fisheries and aquaculture requires early stakeholder engagement and spatial compatibility
assessment.

Finally, technological integration enhances system-level efficiency. Hybridization of FPV with
hydropower reservoirs allows shared transmission infrastructure and complementary generation
profiles. Coupling FPV with green hydrogen production or industrial self-consumption models can
further improve economic viability and contribute to energy autonomy in coastal and inland
regions. Overall, the harmonized integration of engineering design, environmental monitoring,
digital modeling, and regulatory compliance forms the foundation for resilient, scalable, and
environmentally compatible FPV deployment.
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4.3 Opportunities for Unified Monitoring Standards across Aquatic
FPV Applications

The expansion of FPV across freshwater reservoirs and nearshore marine environments offers a
strategic opportunity to establish unified monitoring standards. Although inland FPV and NFPV
operate under different hydrological and ecological boundary conditions, they share core
structural, electrical, and environmental interfaces. A harmonized monitoring framework can
therefore ensure methodological consistency while remaining adaptable to site-specific
sensitivities.

Key opportunities for harmonization include:

e Comparable databases: Standardized monitoring protocols enable cross-site
comparability of energy yield, structural performance, and ecological impacts across FPV
and NFPV projects. This supports cumulative evidence generation, cross-border research
cooperation, and robust regulatory assessment.

e Tiered monitoring integration: A unified Basic, Extended, and Advanced tier structure
allows monitoring intensity to scale with ecological sensitivity and project size while
maintaining methodological comparability between inland FPV and NFPV.

e Uniform core variables: Core parameters such as electrical yield, performance ratios,
water temperature, dissolved oxygen, turbidity, and light attenuation can be monitored
consistently across all aquatic systems, ensuring comparable environmental and technical
datasets.

e Digital Twin integration: Linking real-time environmental and structural sensor data
with predictive models enables standardized lifecycle management, condition-based
maintenance, and risk reduction across diverse FPV applications.

e Standardized technical robustness: Defining minimum requirements for monitoring
equipment, including IP67 or IP68 protection and corrosion resistance for NFPV systems,
enhances durability and data reliability.

e Regulatory alignment: Unified monitoring standards reduce uncertainty in
environmental impact assessments and facilitate structured dialogue with authorities
responsible for Marine Spatial Planning, water protection, and biodiversity conservation.

Through these measures, harmonization improves scientific comparability, regulatory
transparency, and long-term operational resilience across both inland FPV and NFPV deployments.

4.4 Recommendations for Adaptive Monitoring Frameworks and Data
Interoperability

Large-scale FPV deployment requires a transition from static compliance-based monitoring toward
adaptive and interoperable data systems. Monitoring concepts must remain robust over a typical
20 to 25 year design life while enabling cross-project learning.

Monitoring strategies should be aligned with project phases, including baseline assessment, early
operation, steady-state operation, and late-life evaluation. Initial deviations from baseline
conditions should trigger causal analysis rather than immediate technical intervention. Over time,
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adaptive flexibility may shift from structural adjustments toward ecological mitigation or
compensation measures.

Data interoperability is essential for international comparability. Monitoring programs should
follow FAIR principles to ensure datasets are findable, accessible, interoperable, and reusable.
Standardized metadata schemes and persistent identifiers enhance transparency and facilitate
integration into regional and international repositories. Environmental and technical datasets
should be stored in open, machine-readable formats such as CSV, JSON, NetCDF, or HDF5 to
enable model integration and long-term archiving. Mapping project-specific data to recognized
sensor and energy data structures improves compatibility across research and regulatory systems.

Adaptive monitoring can be strengthened through Digital Twin concepts. Continuous integration
of wind, wave, mooring tension, and water column measurements into calibrated multi-physics
models supports predictive maintenance, structural risk management, and yield optimization,
particularly for NFPV systems exposed to dynamic marine forcing.

Monitoring equipment must ensure long-term stability under freshwater and marine conditions,
include redundancy for critical parameters, and maintain synchronized time-stamping across
distributed sensor networks. Reliable data continuity is essential for detecting gradual ecological
change and structural fatigue.

Standardized monitoring outputs should be archived in trusted repositories to enhance scientific
credibility and regulatory transparency. Open data practices reduce uncertainty regarding
environmental impacts and support integration into Marine Spatial Planning and broader
sustainability assessments.
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5. Conclusions and Outlook

The comparative assessment of inland FPV and nearshore FPV (NFPV) systems demonstrates
that while both technologies share a common FPV architecture, their monitoring
requirements, risk profiles, and environmental interfaces differ fundamentally. These
differences are primarily driven by hydrodynamic forcing, salinity exposure, ecological
sensitivity, and regulatory complexity.

Inland FPV systems operate in relatively controlled freshwater environments where
limnological processes dominate. Monitoring priorities focus on stratification dynamics,
nutrient cycling, primary production, and dissolved oxygen stability. The main environmental
concern lies in potential alterations of thermal regimes and trophic cascades in semi-enclosed
water bodies. Structural loads are comparatively moderate, and corrosion risks are limited,
allowing monitoring frameworks to emphasize ecological process understanding and long-
term water quality trends. In contrast, NFPV systems are governed by marine boundary
conditions. Wind loads, wave action, tidal variability, and saline exposure introduce dynamic
mechanical stress and accelerated material degradation. Monitoring must therefore extend
beyond ecological parameters to include hydrodynamic forcing, mooring integrity, corrosion
development, and biofouling accumulation. Environmental assessment shifts toward marine
habitat interaction, benthic communities, fish, and avifauna. Consequently, NFPV monitoring
frameworks require stronger integration of structural health monitoring and marine ecosystem
observation. Despite these differences, substantial harmonization potential exists. A unified
tiered monitoring framework provides methodological consistency while allowing site-specific
scaling. Core physical and chemical parameters, including temperature, dissolved oxygen,
turbidity, and light attenuation, are relevant across both systems and enable cross-comparison.
Digital Twin integration offers a common analytical layer by linking environmental data and
structural performance models in both freshwater and marine contexts. Standardized data
structures and interoperable formats further support cumulative knowledge generation and
regulatory transparency. The key challenge moving forward lies in balancing standardization
with adaptability. Overly rigid monitoring prescriptions risk inefficiency in low-sensitivity sites,
whereas insufficiently defined protocols reduce comparability and regulatory confidence.
Future frameworks must therefore remain modular, allowing inland and nearshore
applications to share a common core while incorporating environment-specific extensions.

Looking ahead, three strategic priorities emerge. First, the development of internationally
harmonized monitoring standards tailored to floating solar applications will strengthen
permitting predictability and investor confidence. Second, long-term datasets from both
inland FPV and NFPV installations are essential to quantify ecological thresholds, fatigue
behavior, and corrosion progression under real operating conditions. Third, interdisciplinary
integration between hydrodynamic modeling, ecological assessment, and structural
engineering will be critical for optimizing system resilience and environmental compatibility.
In summary, inland FPV and NFPV represent complementary pathways for expanding
photovoltaic deployment on water surfaces. Their successful large-scale implementation
depends not only on technological robustness but also on the establishment of adaptive,
interoperable, and scientifically defensible monitoring systems that reconcile energy
production with aquatic ecosystem protection.
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