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Abstract: Photovoltaic energy (PV) is considered one of the pillars of the energy transition. However,
this energy source is limited by a power density per unit surface lower than 200 W/m2, depending
on the latitude of the installation site. Compared to fossil fuels, such low power density opens a
sustainability issue for this type of renewable energy in terms of its competition with other land
uses, and forces us to consider areas suitable for the installation of photovoltaic arrays other than
farmlands. In this frame, floating PV plants, installed in internal water basins or even offshore, are
receiving increasing interest. On the other hand, this kind of installation might significantly affect
the water ecosystem environment in various ways, such as by the effects of solar shading or of
anchorage installation. As a result, monitoring of floating PV (FPV) plants, both during the ex ante
site evaluation phase and during the operation of the PV plant itself, is therefore necessary to keep
such effects under control. This review aims to examine the technical and academic literature on FPV
plant monitoring, focusing on the measurement and discussion of key physico-chemical parameters.
This paper also aims to identify the additional monitoring features required for energy assessment
of a floating PV system compared to a ground-based PV system. Moreover, due to the intrinsic
difficulty in the maintenance operations of PV structures not installed on land, novel approaches
have introduced autonomous solutions for monitoring the environmental impacts of FPV systems.
Technologies for autonomous mapping and monitoring of water bodies are reviewed and discussed.
The extensive technical literature analyzed in this review highlights the current lack of a cohesive
framework for monitoring these impacts. This paper concludes that there is a need to establish
general guidelines and criteria for standardized water quality monitoring (WQM) and management
in relation to FPV systems.

Keywords: floating photovoltaic; autonomous surface vehicle (ASV); autonomous underwater
vehicle (AUV); ROV; environmental monitoring; water quality monitoring (WQM); unmanned aerial
vehicle (UAV); renewable energy; pervasive sensing

1. Introduction

Electricity produced by photovoltaic systems represents one of the central pillars for
the energy transition, supposed to account for about 50% of the global electric energy
balance by 2050, becoming prevalent and dominant in the Southern Europe region, together
with wind energy in Europe as a whole, as well illustrated by Nijsse and co-authors in [1].
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One of the major problems connected with the massive diffusion of this energy source
is its low density of power installable per unit of surface area compared to conventional
fossil sources, with an average energy produced per year and per unit of surface area which
is 10–100 times lower than that produced, for example, by means of natural gas [2]. In the
current state of photovoltaic sector technology, the power capacity that can be installed
per m2, even in the most favorable installation conditions, does not exceed 200 W/m2 [3].
In these conditions, the diffusion of photovoltaic energy can imply a significant use of land
areas, raising questions of competition with other land uses, such as agricultural uses. This
opens ethical debates, since photovoltaic diffusion could create competition between the
production of a good that is more relevant for richer countries, i.e., energy at the expense of
another, e.g., food, which is still insufficient in many poor countries [4,5].

In this context, the use of floating photovoltaics, which is characterized by photo-
voltaic systems built on water basins, including offshore areas, appears to be a particularly
interesting solution to the aforementioned dichotomy since it could lead to a reduction in
land consumption by approximately three times for photovoltaic system installation [6].
This may happen not only because FPV technology is potentially compatible with open
sea offshore installations, with evidently no main conflicting problems with other area
uses, but also due to the exploitation of internal basins, such as abandoned quarries, which
generally have no other possible uses [7].

Floating photovoltaics have a relatively recent history, the first systems having been
built less than 20 years ago [8], but it is receiving rapid and growing interest, as will be
better discussed in paragraph 2. In addition to the issue of the indirect saving of land areas
mentioned above, the reasons for this growth can be attributed to specific advantages of
this technology:

1. Better average PV system efficiency due to the mitigating thermal effect resulting
from the thermal capacity of the water [9];

2. Indirect effect of water evaporation minimization [10];
3. Shorter installation times compared to ground-based systems [11];
4. Higher power density as compared to ground-based systems [12].

As mentioned above, paragraph 2 of this work is devoted to a review of floating PV
technologies, mainly focused on inner water basins; paragraph 3 discusses more specifically
issues related to monitoring technology related both to the part of an FPV plant above
the surface of the water, and the one correlated to the quality of the water; paragraph
4 is a review of the sensors that can be used, in particular for monitoring water quality;
in paragraph 5, the problems related to the autonomous monitoring of water quality are
discussed; in paragraph 6, possible autonomous systems for monitoring water basins for
photovoltaic use are proposed and analyzed; discussions are reported in paragraph 7, while
the conclusions will be drawn in paragraph 8.

2. PV Floating Plants

PV modules are generally installed over the ground and rooftops using rigid mounting
structures, whose technical and economic issues are well assessed in the literature [13].
However, due to limited land availability, dense populations, and significant deforestation
threats, there is increasing interest in installing photovoltaic modules over water bodies
such as canals, lakes, reservoirs, and oceans. These installations are generally referred to
as water-based photovoltaics (WPVs), which include floating freshwater PV, offshore PV,
underwater PV, and canal-top PV systems [14].

Specifically, according to [15], floating photovoltaic systems can be divided into four
types: pile-based, floating, tracking systems, and water level variation systems. The first
three types are mainly used in shallow water bodies with stable water levels and calm
surfaces, such as lakes (including saltwater lakes), rivers, and fishponds. The last category,
water level variation systems, is designed for use in reservoirs with significant water level
fluctuations, such as pumped storage reservoirs. It is also possible to integrate tracking
systems into both floating and pile-based PV systems [16,17]. It is worth noting that
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evaporation reduction, in this case, directly translates into energy efficiency savings, for
obvious reasons.

Recently, there has also been increasing interest in offshore FPV solutions, with the
first offshore FPV system established in the Netherlands in 2017, a decade after the first
FPV system in Japan [18,19]. Despite the challenging operating conditions of marine FPV
systems, such as high waves, high winds, and a corrosive atmosphere, industrial and
research institutions are actively working to develop and enhance various FPV solutions
for marine environments. These marine FPV systems differ significantly from freshwater
FPV systems and aim to achieve adequate operational safety and cost-efficiency [20].

A schematic view of an FPV system is shown in Figure 1, its key components being
a floating platform, mooring and anchoring systems, PV modules, electric cables, and
connectors [21]. Notably, a lightning protection system is also present.
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The threat of lightning to floating photovoltaic power plants arises from several factors.
Firstly, their location in open areas, such as the surface of a water reservoir, poses a significant
risk. Additionally, the sharp upper edges of the photovoltaic modules, which are mounted
at an angle on supporting structures, concentrate the electric field. This concentration can
increase the likelihood of a lightning strike hitting one of the modules [22].

The floating platform is the most crucial component of floating photovoltaic systems.
It supports all components of PV generators and as well as the supporting structure
(when used), and furthermore provides the right buoyancy, including a space for human
accessibility, also considering operating conditions (high wind, waves, and when applicable,
snow weight). Hence, the choice of the design and related material is fundamental. Floating
platforms are mostly made of high-density polyethylene (HDPE), which is UV-resistant,
corrosion-resistant, and has a high tensile strength, but there are other materials available,
such as medium-density polyethylene (MDPE), fiber-reinforced plastic (FRP), and ferro-
cement [23,24]. From the design point of view, floating platforms can be categorized, as
reported in [25] as pure float, which is made of shaped floats that can hold PV modules
directly, and pontoon plus a metal structure, which uses a metal structure to connect
the elements that provide buoyancy by means of metallic elements (the PV modules are
held by a metallic structure similar to PV land-based system). As stated in [20], using
flexible crystalline silicon-based modules backed with foam may be less expensive than
pontoon-based FPV systems. Ocean Sun technology lays rigid crystalline silicon modules
on a reinforced flexible membrane. The operating temperature of the module is reduced
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due to direct heat transfer into the water below, exhibiting higher yields than standard
air-cooled systems. Buoyancy is obtained by an HDPE ring that encloses the membrane. In
all described floating solutions, rigid PV modules are used. An alternative approach using
flexible thin-film photovoltaic technologies has been demonstrated, employing foams for
flotation [26,27]. The PV modules are positioned so close to the water that waves clean
the panels of dust and provide additional cooling. Using foam for flotation significantly
reduces the cost per watt of the racking system.

The floating structures need to be moored for several reasons [28]:

1. To keep floating solar arrays within reasonable proximity of a target location (sta-
tion keeping).

2. To minimize the movement of solar arrays caused by environmental forces such as
winds, waves, and currents.

3. To maintain a minimum distance between solar arrays.
4. To cope with varying water levels.
5. Finally, the design of mooring systems must address the following challenges:

• A large number of mooring lines (especially in the case of pure float designs).
• Site constraints.
• Varying water levels.
• Unequal load distribution.
• Array shape and size.

Rigid supports in the form of anchorages are provided using plinths at the bottom of
the reservoir to manage dead loads and lateral forces [29]. In 2021, DNV recommended
practices for designing floating PV mooring systems in freshwater [30]. While these
recommendations provide a good technical reference, significantly larger environmental
loads in marine environments need to be fully considered [19].

3. PV Floating Monitoring Issues
3.1. Monitoring FPV Systems for Evaluating the Water Environment Impact on Energy Production

The interactions between an FPV system and the aquatic environment must be closely
observed and monitored from both perspectives: the impact of water on the floating
system, and conversely, the impact of the floating system on the aquatic environment. In
this paragraph, the first case is considered.

The interactions to be monitored, considering the environmental influence on FPV
systems, include:

1. Positioning of the PV Modules: The position of the photovoltaic (PV) modules can
be affected by wave movements, which vary significantly depending on whether the
system is located offshore or in freshwater basins, as well as the type and design of
the anchoring system. Consequently, the modules exhibit variable positioning.

2. Temperature of the PV Modules: The temperature of the PV modules is affected by
their surrounding microclimate, in turn depending on the water temperature and the
thermo-hygrometric conditions induced by the presence of water.

3. Efficiency Degradation of the PV Modules over time. The hygrometric conditions
in which the PV modules operate can impact their efficiency over time, potentially
leading to a loss of performance.

Considering the aforementioned factors, additional environmental and operational
measurements are essential for monitoring an FPV system. These measurements are crucial
not only for assessing the system’s short- and long-term energy performance but also for
ensuring its safety and reliability.

3.1.1. Variable Module Positioning

The variation in the position of FPV modules over time due to the effect of water
waves results in energy losses, which are currently measured and investigated by various
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models [31]. These measurements are also crucial for ensuring the safety of the anchoring
mechanisms of the floating photovoltaic system itself.

Unlike land-based systems, floating systems may experience pitch, yaw, and roll
movements similar to those of a properly anchored vessel, as shown in Figure 2, where the
conventions used for ship movements are adopted.
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The various rotations can be identified through direct measurements using accelerom-
eters; see [33]. For instance, an inertial measurement unit (IMU) Ellipse-E from SBG was
attached to a panel to measure its roll, pitch, and angular velocities, as has been reported
in [34]. For offshore plants, indirect measurements related to wave motion are highly
complex [35]. Wind speed and direction measurements, when combined with wave motion
data, can be converted into the motion of the floating platform using algorithms based on
artificial intelligence.

Another indirect measurement approach involves comparing global radiation mea-
surements taken on the ground on the theoretical plane of the modules (assuming a
perfectly flat water surface) with those on the floating platform. The discrepancies between
these measurements can be translated into misalignment angles between a ground-based
module with a fixed orientation and a floating module. In this context, the difference in
albedo between terrestrial and aquatic environments should be considered as a bias when
evaluating the actual losses due to the movement of the floating platform. To mitigate this
issue, installing two pyranometers (one on the ground and the other on the floating system)
horizontally could minimize the albedo problem as much as possible. Additionally, a GPS
receiver and a geomagnetic sensor solution, as used in [36], could provide valuable data
for monitoring the movements of FPV systems.

3.1.2. PV Module Temperature

The temperature of floating photovoltaic modules is affected by the different operating
conditions compared to those on the ground, due to both the proximity of the water and the
different wind conditions (soil roughness factor). Therefore, to evaluate the cell temperature
by means of mathematical models, additional measurements of the local environmental
variables will have to be carried out, specifically ambient temperature and wind speed,
which may depend on the size of the basin and may be different compared to locations on
land. In particular, water temperature is particularly important, as it has been included in
multivariate regression models [37]. Vice versa, the role of humidity on cell temperatures,
which could be important for FPV, has not been extensively studied [38], apart from by
Peters and Nobre [39], who consider relative humidity to calculate the contribution of
cooling by radiative exchange. In their model, Tina et al. [40] took vapor pressure into
account to calculate the apparent temperature of the model. Other researchers, however,
fully neglected the impact of relative humidity [41].
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3.1.3. Loss of Efficiency of PV Modules Over Time

The combination of high temperatures and high relative humidity has been shown
to significantly impact the performance loss rate (PLR) of photovoltaic (PV) modules.
In environments with relative humidity exceeding 70%, the risk of moisture penetration
increases, leading to greater corrosion of metal joints, necrosis of the polymer, and yellowing
of its color [42].

However, initial experimental evidence from the largest testbed of FPV systems cur-
rently in operation, located in the Tengeh Basin (Singapore), a tropical climate location,
indicates that over a three-year observation period, the PLRs of floating systems are compa-
rable to those of a rooftop reference system installed near the basin [43].

3.1.4. Effects of Soiling on FPV

In the case of floating photovoltaic systems, the effect of the basin water quality
on the cleanliness of the PV modules remains almost completely underestimated. The
soiling phenomenon affecting photovoltaic systems performances is well known and
several reviews have been published on the topic [44]. It is, moreover, well known that
soiling-related economic losses can be very relevant, especially in those cases where the
photovoltaic energy production system coexists with other production activities, such as
those connected to agricultural crops [45].

As regards FPV in particular, it should also be considered that in the soiling mechanism,
the role of water, mainly intended in terms of a humidity rate, is of the utmost relevance;
in environments with a high humidity, consolidation phenomena of material residues
affecting the electrical conversion efficiency might occur more frequently [46]. Extrema in
these cases can be observed in the case of marine waters where, power limitations higher
than 10% have actually been observed, suggesting that FPV systems could be subject to
severe reductions in the power generated [47]. Finally, in environments characterized by
poor water quality, it has been observed that the cleaning efficiency due to the mechanical
action of the water itself may be quite limited and that, therefore, water quality could also
play a role in energy production [48].

3.1.5. Monitoring via UAV

Unmanned aerial vehicle (UAV) monitoring systems for photovoltaic installations have
reached a level of full maturity. However, marine applications [49], particularly floating
photovoltaics (FPV) and offshore systems [19] present novel challenges that necessitate
further advancements in UAV monitoring techniques. The monitoring of FPV systems by
UAVs encounters specific difficulties due to the aquatic environment and the anchoring
mechanisms of the infrastructure. Previously unaddressed issues can emerge with FPVs,
such as optical disturbances affecting sensors due to sunlight reflections and wave glints.
Additionally, controlling the UAV’s attitude and stability may be more challenging due
to stronger wind gusts. Take-off, landing, and navigation become more difficult because
of the random relative motion of the pontoons. These factors may necessitate additional
maneuvers, thereby reducing the UAV’s operational autonomy.

Navigation complexity increases with FPV systems, since the floating structure is
in constant motion. Even with perfect GPS positioning of the UAV, its relative position
to the FPV remains uncertain. This uncertainty requires frequent verification of the GPS
position and orientation of the FPV, considering its continuous random rotation along the
axes, which imposes a significant real-time computational burden. Nonetheless, non-GPS
navigation systems, such as optical navigation and microwave radar sensors, are available.

Finally, issues related to the quality of the images acquired by UAVs during FPV
monitoring may arise. Sunlight reflection and glint can significantly impact vision-based
object detection in marine environments. Rapid course corrections can limit the areas
affected by reflections.
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3.2. Monitoring FPV Systems for Evaluating Their Impact on Water Ecosystem

The exponential growth observed in the installation of residential, commercial, and
industrial photovoltaic systems has resulted in a debate on the potential environmental
risks associated with such a widespread diffusion of this renewable energy technology [50].
As a matter of fact, the debate is backed by assumptions which are often unfounded.
Nevertheless, these might risk slowing down the energy transition process, as has been
recently discussed, for example, by Mirletz and coauthors with respect to the problem of
special waste that would be produced by the diffusion of this type of technology [51].

On the other hand, photovoltaic systems built on lands used for agricultural crops
or, as discussed here, floating plants built on water basins show their own peculiarities,
since in both such cases, the problem is to evaluate the potential negative effects that such
installations may have on complex environmental and ecological systems. Given that both
agrivoltaics and floating photovoltaics are rather new application sectors, it should not
seem strange that the points of view on the topic can still be very different. As an example,
Gunerhan and coauthors list in their work a series of negative elements related to the
diffusion of solar photovoltaics [52] and in the case of floating photovoltaics, environmental
modeling works have, for example, suggested negative effects on phytoplankton concentra-
tions, which increase with the area of the reservoir covered by the photovoltaic system [53].
However, in most of the cases reported and discussed in the literature, floating photovoltaic
systems do not currently have any type of monitoring system installed that could allow
us to actually evaluate possible negative (or positive) effects on the environment, which
makes the discussion rather undefined [54,55]. The problem is, therefore, determining
which are the water parameters that need to be kept under control at the installation site of
a floating photovoltaic system, and also, how to carry out the sampling itself. As a matter
of fact, all the guidelines that have been published so far up to now on this topic [56,57]
suggest carrying out a series of measurements ex ante, during plant operation and after its
decommission, evaluating the water parameters reported in Table 1.

Table 1. The physical–chemical parameters to be controlled in the case of installations of floating
plants with the related possible effects on the ecosystem as per ref. [58].

Parameter Possible Effects on the Ecosystem Observed Effects in an FPV Plant

Submarine
light intensity (W/m2)

The intensity of sunlight at different depths not only
activates biological processes, but can also play a

role in the migration of animal species. On the
contrary, shading may also influence fish behavior,

attracting fishes which perceive increased safety
from predators or reducing interactions [57].

Under an FPV system, UV reduction has
been observed [59]

Turbidity (NTU/FNU)

Turbidity may be correlated to the presence of
suspended particles. As it increases, the fraction of light

that can reach underwater plants, either sessile or
floating, decreases along with photosynthesis intensity.

A certain decrease in turbidity has been
observed due to the lower presence of

algae [60] under an FPV.

Water
Temperature

(◦C)

The temperature of the water affects the chemical
reaction kinetics and the overall concentration of

dissolved oxygen.

The average temperature of the basin as a
whole decreases by approximately 1◦C as its

occupation by the FPV increases from 0 to
90%. Correspondingly, the Schmidt stability

index is almost halved [61].

Dissolved
Oxygen
(mg/L)

It is an index of self-purification of water, and it
gives direct and indirect information on bacterial

activity, photosynthesis, and leads to stratification.

Dissolved oxygen tends to decrease in
non-aerated basins [62] and is observed to

decrease significantly below an FPV system [63].

Chlorophyll-a (µg/L)
Chlorophyll a is a measure of the amount of algae
growing in a water body. It can be used to classify

the trophic condition of a water body.

A slight increase, however not statistically
significant, is observed under the FPV

plant [63], which seems in contradiction with
what is reported in Ref. [60].
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Table 1. Cont.

Parameter Possible Effects on the Ecosystem Observed Effects in an FPV Plant

pH

pH is an index of the healthiness of water. Normally
between 6.5 and 8.5, it is modified as a result of the

presence of pesticides or by the organic
decomposition process.

A slight, although non-statistically
significant, decrease under the FPV plant is

reported in Ref. [63].

Conductivity
(S/m)

It may be correlated to various parameters such as
salinity, i.e., the presence of positive and negative

ions. Its variation may be an indication of
water contamination.

A certain decrease is claimed in Ref. [64].

Therefore, if there is a general consensus on what should be monitored in an FPV
plant, the issues of first “where” and second “how” to measure such parameters seems to
be much less defined. Figure 3 shows a diagram of the possible contamination processes
and of the consequent environmental risks associated with the installation of a photovoltaic
system on a reservoir.
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As can be seen from the possible contamination paths highlighted in Figure 3, in
general, it should be necessary to monitor water quality immediately under the floating
photovoltaic system at various depths and to compare the observed values with those of
samples collected relatively far away from it. This is in fact the general approach followed
in all works published in the literature. There are, however, differences regarding how such
measurements have to be carried out. Atikah and co-authors [66] carry out measurement
campaigns by means of static systems for water sample collection, displaced immediately
near and below the plant, which are then analyzed in the laboratory. A similar technique is
used by the authors in refs. [63,64] and also in ref. [67]. Always static but by means of the
use of multiparametric probes is the approach proposed by Vlaswinkel and co-authors in
ref. [68], which is therefore advantageous in terms of a more timely water analysis.

On the contrary, Rui L. Pedroso de Lima [69] and co-authors propose the use of robotic
systems for the control of multiple points both under the FPV plant and at a distance from
it, suggesting that the measurements should be carried out in multiple points, immediately
below the plant and away from it (100 m in the specific case studied by the authors) and
at depths such as to cover the full water column. It is interesting to underline that such
a monitoring approach, by means of automatic systems, has also been proposed in other
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scenarios. More generally, unmanned systems for aquaculture have been discussed in [70]
and they have also been proposed for the case of floating buildings [71].

Finally, it is interesting to recall here an innovative approach, although not related to
FPV plants but to fish farms, proposed by Chatziantoniou and co-authors, in which satellite
data and local data are combined to obtain real-time modeling of reservoir conditions [72].

4. Sensors for Water Quality Monitoring

Proper water quality monitoring (WQM) is necessary before installation, during oper-
ation, and after decommissioning of an FPV to investigate its environmental impact [26].
This paragraph provides an overview of commercial off-the-shelf sensors used for water
quality monitoring in research applications.

Water bodies can be monitored using static sensors submerged at fixed locations and
depths (fixed sensors), or by using underwater robots with integrated onboard sensors
(mobile sensors), or, finally, by collecting water samples for laboratory analysis. The first
two approaches are preferred to increase the autonomy of water monitoring activities, and
benefit from compact and lightweight sensors. It is worth noting though, that the general
tradeoff involving spatial and temporal sampling frequency when considering mobile and
fixed monitoring stations is also relevant. Mobile platforms are capable of increased and
readily tunable spatial coverage and density, while fixed stations offer better temporal
density performances. Cost considerations may heavily impact the choice.

The preferred sensing approaches generally rely on multiparametric probes consisting
of a main body with a data logger and inputs for multiple sensor integrations, enabling
simultaneous or consecutive measurement of several parameters such as temperature
(T), conductivity (σ), dissolved oxygen (DO), turbidity (NTU/FNU), pH, light intensity
(I), and chlorophyll-a (Chl-a). A depth or pressure sensor is also required to normalize
measurements with specific depths in the water column. Some multiparametric probes
are also equipped with wipers to clean the sensor regularly, reducing maintenance efforts
by lowering the post-deployment intervention frequency. As we have seen, water body
monitoring can be implemented through fixed, networked installations or with the use
of underwater vehicles. The dimensions and weight of the probes can impact the ma-
neuverability of underwater vehicles [73] as well as the positioning in fixed networked
deployments. For this reason, compact and light probes have evident advantages for both
uses (fixed and mobile). The maximum operating depth of the sensors varies depending on
the model and manufacturer. FPV installation can occur in water bodies of varying depths.
According to the literature, WQM under FPV has been performed at different nodes of
selected water columns, reaching the bottom of the water body (Pedroso de Lima 2021).
Thus, a multiparametric probe has to take into account the maximum depth of the water
body to be monitored.

Here, the scientific literature using multiparametric probes for WQM in FPV instal-
lations has been reviewed. The cited multiparameter probes, their manufacturers, their
sensors, and their main features are summarized in Table 2, where additional papers
on general WQM (not specific to FPV) were included for the sake of completeness. The
review identified six papers that used nine different multiparameter probes (EXO3, YSI
6920, QAM300-DE, UltraPen PT1, Troll 9500, CTD Diver, AP2000, MiniDOT Logger) for
monitoring water bodies with FPV. These are listed in Table 2 (column “Ref”) in order of
decreasing publication year. Works related to FPV are marked with an asterisk under the
second column (“FPV”).
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Table 2. Commercial multiparametric probes used in WQM in FPV implants and other applications.
* Works related to FPV are marked with an asterisk under the second column (“FPV”).

Available Sensors
(by Data Sheets)

Probe Features
(by Data Sheets)

Ref. FPV Probe
Name

Probe
Mfr.

P/
Depth T σ

NTU/
FNU DO pH I Chl-a

Max
Depth

(m)

Weight
(kg)

Ø
(cm)

Lenght
(cm)

Vlaswinkel
(2023) [68] * EXO3

[74] YSI * * * * * * * 250 2 7.6 58.7

Liu
(2023) [63] * n.s. YSI * * * * * *

Yang
(2022) [59] * 6920

[75] YSI * * * * * * * 200 1.8 7.2 45.7

Wang
(2021) [64] * QAM300-DE

[76] Quadlink * * *

Al Widyan
(2021) [60] *

UltraPen
PT1
[77]

Myron L * * 0.055 1.6 17.2

Pedroso de
Lima

(2020) [78]
* Troll 9500

[79] In Situ * * * * * * 210 1.9 8.8 47.3

Pedroso de
Lima

(2020) [78]
* CTD Diver

[80]
Van Essen

Inst. * * * 0.08 2.2 13.5

Pedroso de
Lima

2020 [78]
* AP2000

[81] Aquaread * * * * * 100 0.7 4.2 29

Pedroso de
Lima

(2020) [78]
*

MiniDOT
Logger

[82]
PME * * 300 0.34 5 8.6

Germ
(2023) [83]

AP-7000
[84] Aquaread * * * * * * * 100 1.4 7.7 44

Khrohkaew
(2023) [85]

MANTA
+35
[86]

Eureka * * * * * * * 100 2.3 8.9 48.3

Liu
(2021) [87]

EXO2
[74] YSI * * * * * * * 100 3.6 7.6 70.5

Nazirova
(2021) [88]

RBR
Concerto

[89]
RBR * * * * * * * 750 6.3

Salas-Cueva
(2021) [90]

Aqua
TROLL 600

[91]
In Situ * * * * * * 200 1.5 4.7 60.2

Boehrer
(2021) [92]

Ocean Seven
316
[93]

Idronaut * * * * * 100 2.2 10 71

The first such study appeared in 2020 [78] when FPV technology and awareness of
its potential environmental effects were sufficiently mature to be studied experimentally.
Pedroso de Lima and colleagues in 2020 and 2021 proposed the idea of using small robotic
vehicles equipped with sensors and multiparametric probes for FPV applications [78].
EXO3 (YSI) and YSI 6920, used by Vlaswinkel et al. in 2023 [68] and Yang 2022 [60],
respectively, can measure the highest number of parameters (seven out of eight), with
Light Intensity being the only missing parameter (see Table 2, “Available Sensors”). Troll
9500 by In Situ (USA) measures six out of eight parameters, excluding Light Intensity
and Chlorophyll-a. These three probes have similar weights (about 2 kg) and dimensions,
as indicated by data sheets (see Table 2). In contrast, probes with two or three sensors
(UltraPen PT1, CTD Diver, and MiniDOT Logger) are much lighter (80 g–340 g) and smaller.
All the probes have a maximal operating depth ranging from 100 m (AP2000) to 250 (EXO3).

Six additional papers from 2021 to 2023 on WQM in applications other than FPV were
included in the list, in decreasing order of publication year listing six more commercial
multiparameter probes. AP-7000 (Aquaread, UK) and EXO2 (YSI, USA) provide all neces-
sary sensors except Light Intensity, while MANTA +35 (Eureka, USA) and RBR Concerto
(RBR, Canada) cannot measure Chlorophyll-a, but are the only probes that measure Light
Intensity. Almost all identified probes have a maximum operating depth of 100 m (AP-7000,
Manta+35, EXO2, Ocean Seven 316) while Aqua TROLL 600 can operate at 200 m depth,
and RBR Concerto up to 750 m. The higher the operating depth, the more advanced the
technology required to withstand water pressure, which generally increases the probe’s cost.
The probes’ weight ranges from 1.4 kg (AP-7000) to 3.6 kg (EXO2). The probes’ diameters
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span from 4.7 cm (Aqua-TROLL 600) to 10 cm (Ocean Seven 316, Idronaut), while lengths
range from 44 cm (AP-7000) to 70.5 cm (EXO2).

Quantitative monitoring is of course of paramount importance for assessing pri-
mary drivers of environmental effects. Measuring environmental end ecosystem impacts
may, however, be more complex and subtle, with the need for targeting particular ana-
lyte/parameter mixture patterns as well as specific metabolites signaling peculiar ecosystem
conditions which may be relevant for the FPV application. A typical example is bacterial
or algae activity monitoring [94]. In this case, electronic tongues may emerge as a viable
concept to avoid lengthy and complex sampling and sample processing activities. Elec-
tronic tongues are nothing more than multiparametric sensing nodes which are usually
coupled with computational intelligence software components to implement detection,
identification, and quantification tasks in liquid matrices including water. Their introduc-
tion and early development dates back to the pioneering work of the group of Vlasov and
D’ Amico [95,96]. Their sensor units often rely on broadly selective electrochemical (poten-
tiometric or amperometric/voltammetric reading) or optical processes, for which selectivity
could be controlled with the appropriate choice of sensor architecture (e.g., miniaturized
ISFETs) or coating membrane materials and processes, including the use of biosensors [97].
Raw sensors data are often collected by feature extraction techniques and then processed
with data-driven or machine learning components to accomplish the given task [98], their
use for water quality monitoring being reported in the literature since the first years of
this century [99]. Natural basins have been, of course, a sensitive target for the develop-
ment of such devices, as shown in [100] along with wastewater treatment plants [101,102].
Starting from lab-based equipment architecture, they are evolving towards point-of-care
measurement devices, potentially addressing continuous monitoring tasks. In view of this,
the capability of monitoring bacteria, algae activity, or the health status of ecosystem agents
could be targeted. A relevant example is reported in Cruz et al. 2018 [103], where authors
show the possibility of detecting and quantifying shellfish toxins with potentiometric
multisensory platforms. The integration of these concepts into autonomous vehicles and
the IoT framework has been recently shown by [104–107]. Particularly revealing is the case
of the Mayflower, an IBM trans-oceanic autonomous navigation vehicle equipped with an
e-tongue for complementing on-board measurement instrumentation in a long-term and
long-range ocean water quality measurement campaign [108].

In general, in the case of long-term operative in-water deployment, drift effects due to
physical, chemical, or biological activity-driven degradation often occurs [100]. Frequent
recalibration is hence perceived as mandatory to maintain high accuracy of the online mea-
surement process, as highlighted in [109], which also reviews several relevant remediation
methodologies. Frequency of the recalibration interventions may of course vary due to
several factors, including environmental and biological conditions of the basin. Finally,
unless mounted on ROVs, when a multiparametric probe is submerged at fixed locations
for long periods, wipers are adopted to clean the sensors regularly.

In conclusion, the ideal multiparameter probe for FPV application should be selected
based on the water body’s nature, dimensions, depth, FPV features, and sensor distribution
(fixed or mobile). Available sensors and their technical specifications (range, accuracy,
and resolution), weight, dimensions, maximum operating depth, and cost will guide the
selection of the best multiparameter probe for each application.

5. Technologies for Autonomous Water Basin Mapping and Monitoring

FPV systems’ autonomous monitoring presents unique challenges, requiring advanced
robotic systems for both surface and underwater monitoring to optimize performance and
minimize environmental impact. Unmanned aquatic vehicles are increasingly accessible to
reservoir operators [78] due to rapid component development and cost reductions, fueled
by advancements in IoT and multiparametric probes (see Section 4).
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5.1. State of the Art of Surface and Underwater Robotic Systems

There are actually mainly three types of autonomous drones that can be used in the
FPV scenario. They are as follows:

• ASVs (autonomous surface vehicles), also called USVs (unmanned surface vehicles),
are boats controlled by an autopilot, commonly linked to a ground station through at
least one radio trans-receiver (for sending telemetry data) and to a radio-controller
through a radio receiver module aboard the vessel, enabling manual recovery of
the ASV or failsafe functions at any time. Positions, trajectories, and all on-board
data acquired aboard the vessel are available on the ground station (or directly in a
control room), making it possible to set waypoints of interest and let the robot follow
them automatically.

• ROVs (Remotely Operating Vehicles), due to their cost-effectiveness, excellent ma-
neuverability and on-line acquisition capability, represent the current commercial
tool for widespread use in underwater exploration. Some ROVs configurations can
be equipped with an extension module, enabling the tethered cable to supply the
energy required for an indefinite time due to the availability of an electrical socket on
the surface.

• AUVs (Autonomous Underwater Vehicles), unlike ROVs, are characterized by the
absence of a tethering cable, relying on a battery pack for power supply and off-
line data acquisition capabilities. Indefinite operation requires permanent electrical
recharge/docking/recovery stations. The cost of these vehicles increases with the
number of sensors fitted on-board. The more automated and powerful the vehicle, the
more complex the missions it can perform.

All three systems can be broadly categorized into two groups: those still in the research
stage and those that are already a market diffusion.

Regarding the research stage of ASVs, the SeaTrac autonomous boat [110] is an ex-
ample of advanced technology designed for surface monitoring, equipped with various
sensors to collect environmental data. Autonomous boats like the Saildrone offer extended
deployment times and are used for extensive data collection, capturing observations at
the air/sea interface by solar-powered meteorological and oceanographic sensors [111].
The IntCatch project is also noteworthy [112]. Although at a lower technological maturity,
ENEA’s ASV shown in Figure 4 is another example of autonomous ASV prototype.
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Figure 4. Examples of ASV, ROV, and AUV. (a) The ENEA’s ASV prototype during a mission; (b) a
commercial mini ROV for water quality monitoring [courtesy of Eurosportos srl—Chasing Innovation
ldt]; (c) ExRay wireless ROV [courtesy of Hydromea SA.]; (d) Vertex AUV advanced prototype [courtesy
of Hydromea SA.]; (e) ENEA’s AUV prototype VENUS; (f) Mesh Network. An ENEA theoretical
depiction of a possible swarm communication link (multi-hop) between cooperative underwater drones.



Sustainability 2024, 16, 8367 13 of 26

Industrialized ASVs from companies such as Liquid Robotics and ASV Global are
designed for robust environmental monitoring and surface inspections. These commercial
ASVs are widely utilized in marine research and environmental assessment. All ASVs,
however, face challenges related to autonomy and energy management [113]. In most cases,
PV modules on the vessel or wind-powered technology could resolve these issues.

On the other hand, in the first group of underwater drones, Remotely Operated Vehi-
cles such as the OpenROV and BlueROV2 offer real-time control and data transmission,
making them versatile tools for detailed inspections [114]. The main challenge with ROVs
is their tethered nature, which can limit operational range and cable deployment. Com-
mercial ROVs from manufacturers such as VideoRay and Deep Trekker offer solutions for
underwater inspection and maintenance, often used in aquaculture and offshore energy
sectors. These tethered systems provide a real-time video feed and can be equipped with
various sensors for water quality assessment and structural inspection. A more economical
way to carry out limited operations in shallow water (some limitations are, for example,
depth, range, limited accuracy, optional devices available on the vehicle, etc.) should be
evaluating CHASING ROV employment (Figure 4). In case the water manager needs a
more flexible solution, QYSEA might be a possible choice [115]. Both solutions can be
equipped with multiparametric water quality sensors and essential manipulators (e.g.,
gripper, mood sampler, nest, robotic arm, etc.) too, as well as possible water sampling
tanks up to 500 mL. Some industrialized systems combine the benefits of both ROVs and
AUVs. Saab Seaeye’s Sabertooth, for instance, can operate in both fully autonomous and
remotely operated modes, offering real-time human telepresence [116].

Hydromea has also developed a hybrid ROV/AUV solution with the project named
ExRay [117] (Figure 4); this project aims to drive the vehicle wirelessly with an optical
channel paired with a second ROV cabled to the surface, serving as a docking station.

As far as AUVs are concerned, robots that mimic the locomotion and appearance of
aquatic organisms are under development. These biomimetic robots can navigate through
complex underwater structures with minimal disturbance to the environment. The SoFi
(Soft Robotic Fish) developed by Katzschmann et al. in 2018 [118], for example, can swim
alongside real fish (acoustically tele-guided), capturing video and environmental data with
reduced invasiveness. Other prototypes characterized by different technological readiness
levels, are, for example, VENUS [119] (Figure 4), UnexMin [120], and FeelHyppo [121].

Hydromea indeed is studying for an AUV solution, named VERTEX (Figure 4), with
the aim to monitor the water environment with three possible types of probes on their
special and compact autonomous vehicles [122]. Regarding the second category of AUVs,
commercially available models include the REMUS series and those from Bluefin Robotics.
These AUVs can be equipped with advanced sensors for collecting environmental data
and conducting system inspections [123]. In terms of industrial products, companies
such as Kongsberg and Saab offer robust AUVs designed for subsea inspection, which are
commonly employed in seabed mining and the offshore energy sectors. While these systems
are reliable, they come with a high cost [124]. AUVs operate without direct human control
and can perform pre-programmed survey missions. For instance, Kongsberg Maritime’s
HUGIN AUV series, although primarily used in the offshore sector, has the potential for
adapting to monitoring tasks. These vehicles are capable of carrying multiple sensors and
covering extensive areas autonomously [125]. GAVIA AUV of Teledyne Marine [126] is
another example of industrial AUVs. An example of a long-range, long-duration AUV
(several hundred meters) is Slocum glider, designed to be an ocean sensor platform.

Finally, although not strictly related to FPV systems, there is a fourth category of
drones which deserves to be mentioned: unmanned aerial vehicles (UAVs). They could
play a crucial role indeed in FPV monitoring. Advanced drone systems equipped with
multispectral and thermal imaging capabilities can provide rapid, high-resolution data on
panel condition and performance, for example, for PV module failure prevention. They
can be rapidly deployed to investigate and detect anomalies or emergencies, providing
real-time combined data, and optical and thermal imagery. The adoption of an aerial
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monitoring methodology for FPV suffers, however, from inherent problems arising from
both the water environment (sunrise reflection and shimmering are typical problems) and
the instability of the infrastructure anchorage (leading to GPS data localization error), as
stated in [127].

5.2. Issues Related to Robotic Systems
5.2.1. Localization Issues

As far as surface (ASV) robot localization, GPS is generally a feasible choice, although
physical obstructions and reflective surfaces from the same FPV structures can be a limita-
tion. GPS accuracy can also be affected by atmospheric conditions, which may cause signal
degradation or multipath errors. For underwater drones, the total absence of GPS signal
below the water surface brings back the issue of underwater localization. So, as discussed
in [70], both ROVs and AUVs need localization devices to get them geo-referenced under-
water. This issue is faced using two major methods: (1) setting a short time submerged
trajectory, based on the Doppler velocity technique (with Doppler Velocity Logs devices),
combining INS (Inertial Navigation System), more or less expensive, and first GPS data
acquired at the initial diving point and (2) long time continuous control from the surface,
by an operator or a computer, through an acoustic bidirectional link. Communication links
can typically be made with a mono-/bi-directional transponder anchored to the vehicle that
can return the position underwater in real time to a USBL (Ultra-Short Base Line) acoustic
positioning system, locating ROVs/AUVs just below the surface. These acoustic devices
can be less accurate in shallow or cluttered environments (Kinsey, Eustice, and Whitcomb,
2006) [128]. Acoustic positioning systems, while effective in deep and open waters, struggle
with reflections and multipath effects in confined spaces, leading to reduced accuracy.
Acoustic systems are also known to be susceptible to noise and multipath effects [129]. As
a consequence of the previous considerations, the main limits of these acoustic systems are
the bandwidth reachable and both the range and the latency over long distances, ranging
from a few hundred meters in cheaper systems to a few kilometers.

5.2.2. Data Transmission

While tethered solutions generally do not face significant challenges with data trans-
mission, wireless and real-time monitoring in aquatic environments can encounter several
obstacles. Surface robots that rely on radio and satellite communication require a clear
line of sight and can be adversely affected by weather conditions. In contrast, underwater
communication primarily relies on acoustic modems, which offer limited bandwidth (typi-
cally ~50 kbps) and range (typically 300 m–1 km) [130]. Acoustic communication can be
disrupted by various water conditions, such as temperature gradients, salinity changes,
and background noise from marine life or human activities. Such disruptions can result in
data loss or delays, impacting the real-time monitoring capabilities of wireless underwater
robots (e.g. AUVs) or sensors, potentially leading to missed defect detection of the FPV or
an inaccurate real-time assessment of their environmental impact.

Various alternative communication channels have been investigated [131], both be-
tween drones and/or drone-to-surface buoy/infrastructure, from radio frequency (10–40 m)
to optical blue/green (10–120 m) [130,132]. Underwater acoustic/optical modems, when
used in a mesh network (Figure 4), can facilitate data transmission between submerged sen-
sors, surface buoys/infrastructures, and underwater drones. These systems are equipped
with dedicated and georeferenced communication systems to relay data to the cloud. On
the other hand, choosing to fully automatize the submerged structure with underwater
drones would mean using quite expensive localization systems. Video streaming involves
even greater costs to achieve high wide communication bands to bring back a strong sig-
nal to the surface for heavy remote monitoring purposes. Hence, wireless and real-time
underwater solutions are not ideal for FPV monitoring.
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5.2.3. Energy Autonomy and Environmental Impact

Operational challenges include energy management and environmental impact too.
Prolonged operation of robotic systems demands efficient energy use. However, energy
storage and consumption remain critical concerns [113]. Battery life limits the operational
time of both ASVs and ROVs/AUVs, requiring frequent recharging or battery replacement.
Efficient energy management systems and the development of high-capacity, durable bat-
teries are essential to extend operational missions. Designing docking stations for ASVs,
ROVs, and AUVs is necessary to enable autonomous retrieval and docking for battery
recharging, data upload, and maintenance checks, thus enabling continuous system opera-
tion. Additionally, robotic systems must minimize their environmental footprint to avoid
disturbing aquatic life and prevent contamination or disruption of the water body [133].
System designs and operation should consider noise reduction, eco-friendly materials,
and non-toxic lubricants to minimize environmental impact. Establishing guidelines and
protocols for responsible robotic operations in aquatic environments is crucial for ensuring
sustainable and ethical use. Surface and underwater drones can also carry multiparametric
probes with the specific aim to monitor their own environmental footprint.

5.2.4. Operation and Maintenance

Even if FPV maintenance and operation costs are still not well assessed [127], tech-
nologies for monitoring water quality and preventing ecological problems are specifically
necessary for floating solar projects [134]. As [135] reminds us, further improvements
in FPV technologies are needed, in particular in the design of floating structures, instru-
mentation, and monitoring systems, the most important challenges concerning safety and
standardization issues, such as the type of body structure.

Regarding monitoring in general, swarm robotics deserve a mention. This concept
could be applied to underwater environments, allowing multiple small robots to work
collaboratively. These systems could cover large areas efficiently and could provide redun-
dancy in data collection. A swarm of robots needs an additional control layer to determine
their geometric configuration. This requires robots to know each other’s distances using
both acoustic and optical techniques [136,137]. Ad hoc methodologies to minimize the
exchange of information between robots have been developed [138].

More generally, for operations of monitoring and maintenance performed by ASVs,
ROVs, AUVs. and UAVs, a combination of them is desirable, but this is not so easy to
achieve. As mentioned by [139], with the increasing complexity of underwater operation
tasks, in fact, it is difficult for a single underwater drone to perform complex tasks, espe-
cially in an often-unknown underwater environment. However, more and more, AI and
machine learning together enable adaptive sampling strategies, allowing robots to adjust
their sampling locations and rates based on real-time data and environmental conditions.
Predictive modelling could be used to anticipate potential water quality issues or failure
issues, enabling the implementation of robots to better investigate the environment. Ma-
chine learning algorithms, for example, could be implemented to detect anomalies in water
quality data, triggering specific autonomous investigation missions with ROVs, AUVs, or
other types of drones or a combination of them.

Looking ahead, future studies should explore and develop automated data monitor-
ing and recording systems for FPV installations in order to improve the efficiency and
accessibility of data collection [135].

6. A Case Study for an FPV Autonomous Monitoring System

The environmental impact of FPV involves complex interactions between physical,
chemical, and ecological components of the water body and ecosystems [71].

The monitoring system can be based on configurations made of (1) fixed sensors or
(2) mobile sensors, or a hybrid configuration that combines the two.

Configuration 1 can be achieved with multiparametric probes (see Section 4) moored to
floating systems (FPV or buoy) with fixed x, y, and z. Most of the literature on WQM in FPV
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is based on this strategy [61,69,87]. Fouling (the accumulation of microorganisms, plants,
algae, or small animals on wetted surfaces) [30] has always been a problem when devices
are submerged for extended periods. Modern multiparameter probes (configuration 1) have
addressed this problem with different antifouling devices depending on the technology
employed by the sensor. Ultraviolet light [140] prevents biofouling formation on the
water conductivity cell. Optical sensors, such as dissolved oxygen and turbidimeters,
can instead be kept efficient with electromechanical systems such as wipers that keep the
glass clean. These antifouling devices significantly increase the energy requirements of
the multiprobe, but can allow its use for longer periods of operation, even in the harshest
ambient conditions [141–144]. This is the case of static positioning, with the availability of
electrical energy as in the proposed monitoring system. Furthermore, they reduce sensing
drift phenomena and thus contribute to maintaining accuracy requirements. Camera traps
in fixed positions could be useful for registering the movements of animals, like in [145],
which can also help to reduce the O&M cost burden by controlling interactions with living
beings. Lundesgaard and co-authors [144] calibrate the sensors before and after deployment
and, assuming linear drift, correct the final data time series. Generally, small corrections
within the accuracy specified by the manufacturer are required. More effective algorithms
can be implemented for non-linear drift compensation in the case of e-tongue usage. The
remote management of these probes in terms of anti-vandalism, anti-theft (possibly sharing
those of the FPV if present), and real-time control of the quality of the acquired data would
be an added value. Machine learning algorithms could alert remote management in case
of suspect data patterns (malfunctions, unexpected events, need for sensor calibration,
etc.) and can be trained to recognize specific events and conditions with environmental
significance. A hybrid sensor configuration can be achieved by combining configuration 1
(fixed position of the sensor in x and y) with a controlled winch to guarantee mobility of
the sensors along z. A similar approach was followed by Vlaswinkel in 2023 [68] which
manually controlled the winch. A further improvement to this hybrid solution can be
obtained by managing the winch in a remote and automated manner. Configuration 1
and its variation would have a good degree of autonomy and a relatively low rate of
human intervention.

Configuration 2 can be achieved using single carriers with the appropriate sensors
integrated onboard (multiprobe, cameras, etc.); ROV and AUV can guarantee the movement
of sensors in x, y, and z. Sensors to be used in motion must be calibrated following
a different procedure [146]. Vehicles could be equipped with water and/or sediment
sampling devices [147] to obtain biotic parameters of interest from laboratory analyses (e.g.,
microscopic plankton). De Lima and coauthors [69] field-tested an ROV with sensors and
cameras in various pilot applications in the Netherlands. The aquatic ecology was analyzed
assessing the presence of fish, aquatic plants, or other aquatic organisms, identifying
fish communities, and characterizing local habitats (e.g., stock assessment). Meng and
coauthors [148], through deep learning on images from a 360-degree panoramic camera,
identified fish in real time. Object recognition is challenging beneath FPV because of poor
lighting and backscattering caused by suspended particulates.

The analysis of the water column could be also performed with multiparametric probes
moored to an ASV (which guarantees movement in x and y in open waters) combined with
an automated winch (to control sensor position in z).

A more complex solution can be applied when the carrier is a team/swarm of ROVs/AUVs,
also equipped with the necessary sensors and communication/self-localization capacity for
team/swarm interaction. Docking systems [149] for launch, recovery, and automatic
charging are necessary to reduce on-site human presence and allow remote management
of the water body monitoring system. Some problems take advantage of simultaneous
measurements. For example, Figure 5 shows an AUV swarm cooperating (data-driven) to
efficiently map an illicit discharge outflow plume in a water body. The monitoring speed
indicated by the authors (0.5 km2 in 2 h) is probably optimistic, but it is useful to have an
order of magnitude of the time needed to monitor a large water body with mobile sensors.
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The aim of this paragraph is to identify and highlight issues that can be encountered
when studying an autonomous monitoring system for FPV installations. The study of an
autonomous (with reduced human intervention) monitoring system depends heavily on
the problem at hand: climatic conditions, water body types, currents, tidal effects, coverage
ratios, etc. Water bodies on which an FPV system is planned to be installed (or has already
been installed) can have, for example, very different dimensions. Areas can vary from 1 ha
to 10,000 ha (10 km × 10 km) [56] or more, and the depths generally range from less than
one meter to several tens of meters. Large areas to be monitored [21,56], very shallow water,
algae bloom, etc., are issues to pay attention to for designing an autonomous monitoring
system. Large areas are challenging because vehicles like ROVs, AUVs, and ASVs have
limited resources in terms of navigation speed, battery life before recharge or substitution,
tether length (for ROVs), etc. Furthermore, when monitoring a large area with mobile
sensors in short-term analyses, survey timing could be comparable with the phases of some
thermodynamic forcings such as solar radiation and wind intensity and direction. Water
bodies in some cases present an algal bloom problem. A classic hub propeller may not be
suitable in this situation. The design of an ROV/AUV/ASV from scratch for use in a such
monitoring system could evaluate propellers such as Rim-Driven Thrusters (RDTs) [150].
Their further characterization regarding hydrodynamic performance, durability, etc., would
be useful, specifically in their use with ROVs/AUVs. Commercial products exist, from
large ships (Rolls-Royce, Schottel, Brunvoll, Voith, Van der Velden) to small ROV/AUV
prototypes, as in [151]. Other authors used an ROV to obtain vertical profiles of water
quality in FPV systems [69]. The measuring strategy of De Lima et al. was to measure and
compare water quality at several depths at the center of the solar farm (beneath the FPV)
and at a reference location located over 100 m away from the FPV outside its influence.
The authors compared measurements acquired with static sensors (configuration 1) with
measures taken with the same sensors on an ROV (configuration 2).
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7. Discussion

The trade-offs associated with any potential FPV installation can be accurately studied
through fixed and/or mobile (robotic) technologies that can measure and sample, and thus
provide a comprehensive assessment of environmental and ecological impacts on water
bodies. This knowledge can be used to develop reliable models and strategies to mitigate
potential negative impacts of the plant, maximizing the co-benefits of FPV technology and
providing synergistic benefits to the water–food–energy nexus.

Static sensors, mobile sensors, or a combination of the two different configurations can
be used to design the monitoring activities of water quality under FPV plants. The selection
of the best monitoring strategy depends on several factors, including the size of the FPV
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system and the maximum depth of the water body to be monitored. Table 3 summarizes
the experiences of WQM in FPV applications analyzed in the previous paragraphs, with
the aim of providing guidelines for the selection of WQM strategies in FPV applications.
For each WQM experience in FPV, Table 3 includes information on the dimensions of the
FPV, the maximum depth of the water body, the number and position of water columns
(WCs) analyzed, the number and depths of measurement points for each water column,
and the configuration of sensors adopted, whether fixed or mobile.

Table 3. State of the art of solutions adopted for WQM in FPV in relation to size and depth of the
water body.

Ref.
FPV
Dim.
[ha]

Water Depth [m]
Max

(Avg)

n◦

WC
FPV

n◦

WC
Fringe

(dist. from FPV)

n◦

WC
Open Water

(dist. from FPV)

Depths of
Measurements

for Each WC [m]

Monitoring
Configuration

Vlaswinke
(2023)
[68]

0.04 22
1 - 1

(100 m) 0.6 Fixed: x, y, z

1 - 1
(100 m) each 0.5 Fixed: x, y

Mobile (winch): z

Liu
(2023)
[63]

400 >3
8 3 0.5, 2, 3 Fixed: x, y, z

6 6 0.5, 2, 3 Fixed: x, y, z

Ilgen
[2023]
[61]

0.8 70
(22) 1 1

(<5 m)
1

(120 m)
each 0.5
until 10

Fixed: x, y, z
(low-cost
sensors)

Yang
(2022)
[60]

1 Shallow 1 1 1 0.8 Fixed: x, y, z

Wang
(2021)
[64]

0.08 1 1 0.2 Fixed: x, y, z

Pedroso de Lima
[69] 18.3 35

1 1
(100 m)

1.5
10
20

31.5

Fixed: x, y, z

1 1
(100 m) each 1 Mobile (ROV): x,

y, z
Pedroso de Lima

[71] 0.006–0.8 1 1 1
(>10 m) 1.5 Fixed: x, y, z

In terms of the dimensions of FPV, WQM of the largest FPV installation was performed
by Liu and colleagues [63], who monitored several parameters (temperature, conductivity,
dissolved oxygen, pH, Chl-a) in relation to an FPV implant with a total area of 400 ha,
distributed across four coal mining subsidence areas. Liu and colleagues monitored two
coal mining subsidence areas with multiple water columns (eight and six) under the FPV,
and in open waters (three and six). All the other works performed WQM in relation to
small FPV implants (<20 ha), analyzing a single water column under the FPV and a single
column in open water (usually at a distance greater than 100 m from the FPV). Among the
seven studies reviewed, three of them [60,61,78] included an additional water column in
fringe areas, a few meters from the FPV. Hence, the literature review suggests that small
installations (<20 ha) can be monitored with only two water columns: one at the center of
the structure and one in open water.

Regarding the depths of water body analyzed, three studies worked with shallow
waters (depth < 10 m). Yang et al. 2022 and Wang et al. 2021 monitored each WC at a single
depth for each water column, at 0.8 m and 0.2 m, respectively. Liu et al. 2023 measured
three depths for each water column at 0.5 m, 2 m, and 3 m. In the rest of the studies, water
bodies exceeded 20 m in depth [61,68,71], and multiple depths of measurements were used
with different strategies. Vlaswinkel et al. in 2023 monitored vertical profiles by slowly
lowering a multiparametric probe with a manual winch (hybrid configuration), binning
data at 0.5 m intervals.

The manual control of the winch obviously requires the presence of a human oper-
ator. A more autonomous solution could be achieved with a variation of this method,
by managing the winch remotely and lowering the operation costs. Despite none of the
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reported studies using an automated winch, this is a very interesting method to perform
autonomous monitoring for small FPV systems when only a reduced number of water
columns is required (two or three).

A different strategy was employed by Ilgen et al., who measured vertical profiles of
water temperature. In this case, several low-cost sensors were applied at a fixed location
on water columns (x, y), each 0.5 m of increasing depths (z). This can be a convenient
solution, when water quality monitoring is focused on a single or just a few parameters that
can be measured with several cheap sensors distributed in the water body. This solution
can guarantee autonomous and continuous monitoring of water quality for a long period
without requiring human intervention, and with the help of mapping algorithms, it also
allows 3D mapping of the monitored parameters. This approach becomes less sustainable
as the number of monitored parameters increases along the vertical profile or when many
water columns need to be monitored (as for large FPVs).

De Lima et al. proposed two different strategies to monitor each water column: four
different sensors at fixed depths (1.5 m, 10 m, 20 m, 31.5 m) for continuous and autonomous
monitoring, and a single mobile sensor equipped on-board a commercial ROV. The use of
the ROV allowed the measuring of the whole vertical profile at depth steps of 1 m of two
water columns with a single multiparameter probe. The advantages of this method increase
when several water columns must be monitored with multiple parameters throughout
the vertical profiles of a water body with a certain depth (>20 m). In this case, the cost of
monitoring can be significantly reduced with the use of a robotic device equipped with an
expensive multiparameter probe. As, by definition, an ROV requires human control during
the monitoring activity, the solution proposed by De Lima and colleagues is not suitable
when continuous WQM is required for long periods of time. A more advanced robotic
solution, though more expensive, may be represented by the use of an AUV as a carrier
of sensors for WQM of FPV instead of using an ROV. Despite pre-programmed missions
making the use of AUVs, a more autonomous solution for WQM activities, none of the
studies reviewed so far in FPV applications employed this solution. The proper use of
AUVs in WQM requires advanced robotic skills, equipment, and higher costs, not justified
so far for use in FPV plants. A further increase in complexity can be achieved when a team
or swarm of AUVs is used. This future solution may be considered an interesting option
when large water bodies need to be monitored, and vertical profiles of many water columns
are required, or when a contemporary measurement of parameters at different locations is
required. As the commercial offer of AUV swarms is still lacking, this solution belongs to a
future scenario.

8. Conclusions

Floating PV is an emerging technology that can help the sustainable diffusion of
photovoltaic energy by exploiting poorly used areas and reducing the requirement of areas
more suitable for other uses, such as, for example, agricultural ones. However, even the
involvement of large areas of inland or sea basins can lead to an environmental impact that
has been so far poorly evaluated at an experimental level.

The extensive technical literature examined in this review highlights, however, first
and foremost that there is no organic effort to monitor this impact to date, but that, on the
contrary, FPV probably urgently requires the definition of general rules and criteria that
photovoltaic plants should adopt both in implementation and operational management.

As regards strictly the object of this work, the literature of the sector is mainly related
to photovoltaic systems built on internal basins. For these, the general recommendation is
not to exceed coverage factors, equal to 50% of the available basin surface, and to monitor a
series of chemical–physical parameters: submarine light intensity, Chlorophyll-a, turbidity,
pH, water electric conductivity, dissolved oxygen, and temperature, both immediately
below the plant and in points sufficiently away from it. There are no data related to how
many of these points there should be nor how deep the column of water examined in
each of them should be (and, therefore, how many samples should be examined for each
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column). We can obviously assume, as a starting hypothesis, that the points to be sampled
are directly proportional to the extension of the FPV system, but at present, there are no
specific works addressing this problem, not even from a purely modeling point of view.
In any case, monitoring must be carried out both before the installation of the system and
during its operational life, with a periodicity such as to be able to reliably evaluate the
environmental impact of the system itself.

In addition to the standard parameters to be monitored for any photovoltaic system,
floating systems require the monitoring of a series of additional parameters, which are very
similar to those typical of any vessel. These parameters are in fact also essential for the
study and the evaluation of the environmental impact of a floating photovoltaic system
because they allow a more reliable correlation of the parameters detected with the actual
state of the PV system itself. As regards the water monitoring technologies most suitable
for this purpose, the review highlights the need for ad hoc solutions that can positively
exploit the existing compromise between the cost of the detection units, their number, and
the profiles and the width of the area to be monitored. The choice is between solutions
based on multiparametric probes managed by specialized personnel and means, or through
completely mobile systems or even autonomous units such as ASV/AUV solutions. Again,
there are not enough data to make a choice. However, while the first solution certainly
involves a broader and more complex use of specialized personnel, the second minimizes
human intervention, and could also more easily adapt, in theory, to operational contexts,
such as, for example, off-shore ones, where the use of unmanned solutions is also preferable
for security reasons. For robotic agents, various technical solutions underlying innovative
sampling technologies were therefore reviewed with the aim of presenting their strengths
and weaknesses in different operational scenarios.

This review paper highlights the need for a standardized approach to water quality
management (WQM) in relation to floating photovoltaic (FPV) systems. Moving forward,
future research should prioritize water quality modeling to thoroughly assess the potential
impacts of FPV systems on water ecosystems, taking into account various water body types
(e.g., lakes, reservoirs, estuarine and coastal areas, hydropower reservoirs) and linking their
specific properties (e.g., depth, size) with the characteristics of FPV plants (e.g., coverage
ratio). A multidisciplinary approach, drawing on expertise from physicists, ecologists,
pedologists, and other specialists, will be essential for the effective development, calibration,
and validation of these models [153,154]. Several advanced hydrodynamic and water
quality modeling tools, such as ELCOM-CAEDYM, MIKE, and Delft3D, offer promising
solutions for this task [21,56]. By utilizing these tools, we can work toward a standardized
WQM framework that incorporates the interactions between water bodies and FPV systems.
Ultimately, these efforts should culminate in the development of comprehensive guidelines
that will inform the selection of critical parameters to monitor, alongside their optimal
spatial and temporal distribution. This approach will significantly enhance our ability to
manage and mitigate the environmental impacts of FPV installations, paving the way for
more sustainable integration of renewable energy technologies.
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