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ABSTRACT

Investigations into the impacts of floating photovoltaic panels (FPV) have shown that
these are dependent on the area of coverage, as well as the characteristics of the water body in
which they are located. Two case studies were monitored, a gravel pit lake located in the south
of Germany, with 8% covered area, and a subtropical reservoir in the south of Brazil, with 0.01%
covered area. The former was monitored from September 2023 to July 2024, while the latter
was monitored from October 2022 to April 2023, both with fixed temperature and oxygen
sensors, and punctual measurements with multi-parameter sensors. For both sites, it was found
that the temperature variation showed no statistically significant differences between the
covered and uncovered points. On the other hand, the dissolved oxygen results showed
reductions in concentration due to the presence of panels. Cover expansion scenarios were also
simulated in order to assess their impact on advective transport and on the reaeration process.
The models were calibrated for temperature and dissolved oxygen, showing satisfactory results.
Five scenarios were simulated for the lake (base, current, and three expansions) and two for the
reservoir (current and expansion). Both showed a reduction in surface temperature, thermocline
depth and Schmidt stability. Regarding dissolved oxygen, which was modeled considering only
the reaeration process, there was an increase in concentrations. Both models showed a reduction
in evaporation, which was higher in the reservoir than in the lake, considering similar coverage
percentages. In terms of velocities, the models differed between the environments, with an
increase in velocity in the lake compared to the base scenario, and a reduction in the reservoir.
In general, the impacts of FPV are not linear and depend on the system's configurations, as well
as the environment in which they are inserted, and can increase the spatial heterogeneity of
environments. The computer modeling approach used is considered promising and could be
complemented to consider more water quality processes in the future.

Keywords: lake modeling; floating photovoltaic system; reservoir hydrodynamics



RESUMO

As investigagdes sobre os impactos dos painéis fotovoltaicos flutuantes (FPV)
mostraram que estas sdo dependentes da area de cobertura, bem como das caracteristicas do
corpo hidrico em que se encontram. Foram monitorados dois estudos de caso, um lago de
pedreira localizado no sul da Alemanha, com 8% de area coberta, e um reservatorio subtropical
no sul do Brasil, com 0.01% de area coberta. O primeiro foi monitorado de setembro de 2023
a julho de 2024, enquanto o segundo foi monitorado de outubro de 2022 a abril de 2023, ambos
com sensores fixo de temperatura e oxigénio, e medigdes pontuais com sensores multiparametro.
Para ambos os locais, constatou-se que a variagdo de temperatura ndo apresentou diferencas
estatisticamente significativas entre os pontos coberto e nao coberto. J4 os resultados de
oxigénio dissolvido apresentaram redugdes de concentracdo devido a presenga de painéis.
Ainda, foram simulados cenarios de expansao de cobertura a fim de avaliar seus possiveis
impactos no transporte advectivo e no processo de reaeragdo. Os modelos foram calibrados para
temperatura e oxigénio dissolvido, apresentando resultados satisfatorios. Foram simulados 5
cenarios para o lago (base, atual, 3 de expansdo) e 2 para o reservatorio (atual e expansao).
Ambos apresentaram redugdo da temperatura superficial, da profundidade da termoclina ¢ da
estabilidade de schmidt. Com relagdo ao oxigénio dissolvido, que foi modelado considerando
apenas o processo de reaeragdo, houve um aumento de concentracdes. Em ambos os modelos
houve reducdo da evaporagdo, que apresentou maiores propor¢des no reservatorio que no lago,
considerando porcentagens de cobertura semelhantes. Em termos de velocidades, os modelos
divergiram entre os ambientes, obtendo-se um aumento de velocidade no lago em relagdo ao
cenario base, e uma redu¢do no reservatdrio. De maneira geral, observa-se que os impactos do
FPV nao sdo lineares e dependem das configura¢des do sistema, bem como do ambiente em
que estdo inseridos, e podem aumentar a heterogeneidade espacial do ambiente. Considera-se a
abordagem da modelagem computacional utilizada promissora, podendo ser complementada
para considerar mais processos de qualidade da dgua no futuro.

Palavras-chave: modelagem de lagos; sistema fotovoltaico flutuante; hidrodinamica de
reservatorios



ZUSAMMENFASSUNG

Untersuchungen zu Auswirkungen schwimmender Photovoltaikanlagen (FPV) haben
gezeigt, dass die bedeckten Fliche sowie die Eigenschaften des Gewdssers, auf dem sich die
Anlagen befinden, entscheidenden Einfluss haben. Im Rahmen der Arbeit wurden zwei
Fallstudien durchgefiihrt: eine in einem Kiesgrubensee in Siiddeutschland mit 8% bedeckter
Flache und eine weitere in einem subtropischen Stausee im Siiden Brasiliens mit 0,01%
bedeckter Flache. Der Kiesgrubensee wurde von September 2023 bis Juli 2024 {iberwacht, der
Stausee von Oktober 2022 bis April 2023. In beiden Gewidssern wurden kontinuierliche
Temperatur- und Sauerstoffaufzeichnungen ergénzt durch punktuellen Messungen mit
Multiparameter-Sensoren. Fiir beide Standorte wurde gezeigt, dass bei den festgestellten
Temperaturschwankungen keine statistisch signifikanten Unterschiede zwischen den bedeckten
und den unbedeckten Messpunkten aufweisen. Andererseits zeigten die Ergebnisse fiir den
geldsten Sauerstoff eine Verringerung der Konzentration unterhalb der Photovoltaikanlagen. In
Modellbetrachtungen wurden Szenarien fiir die Erweiterung der Abdeckung simuliert, um
Auswirkungen auf den advektiven Transport und den Wiederbeliiftungsprozess zu bewerten.
Die Modelle wurden fiir Temperatur und gelosten Sauerstoff kalibriert und zeigten
zufriedenstellende Ergebnisse. Es wurden fiinf Szenarien fiir den Kiesgrubensee (Basis,
aktueller Zustand und drei Erweiterungen) und zwei fiir den Stausee (aktueller Zustand und
Erweiterung) simuliert. Beide zeigten eine Verringerung der Oberflaichentemperatur, der
Sprungschichttiefe und der Schmidt-Stabilitdt. Beim gelosten Sauerstoff, der nur unter
Berticksichtigung der physikalischen Wiederbeliiftung modelliert wurde, kam es zu einem
Anstieg der Konzentrationen. Beide Modelle zeigten eine Verringerung der Verdunstung, die
im Stausee hoher war als im Kiesgrubensee, wenn man von dhnlichen Bedeckungsgraden
ausgeht. Hinsichtlich der Geschwindigkeiten unterschieden sich die Modelle zwischen den
Umgebungen, wobei die Geschwindigkeit im See im Vergleich zum Basisszenario anstieg und
im Stausee sank. Im Allgemeinen sind die Auswirkungen von FPV nicht linear und héngen von
den Systemkonfigurationen sowie der Umgebung ab, in der sie eingesetzt werden, und konnen
die  rdumliche  Heterogenitit der = Umgebungen erhdhen. Der  verwendete
Computermodellierungsansatz wird als vielversprechend angesehen und konnte ergénzt werden,
um in Zukunft weitere Wasserqualititsprozesse zu beriicksichtigen.

Schliisselworter: Seemodellierung; schwimmender Photovoltaikanlagen; Hydrodynamik von
Stauseen.
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1 INTRODUCTION

Artificial reservoirs play an important role in environmental sanitation. Among the largest and
most important are reservoirs for public water supply. However, its construction interrupts the natural
river flow, potentially resulting in problems with siltation, eutrophication, and increased evaporation
(Hogeboom et al., 2018). These problems can result in both the loss of the desired quality and its use to
meet water demand if not properly monitored and controlled.

The use of floating photovoltaic systems (FPV) can create a mutual benefit for reservoirs,
since they generate energy and can reduce evaporation by up to 90% if the entire surface area is covered
by modules, according to mesocosm experiments (Taboada et al., 2017). According to Scavo et al.
(2020), coverage of 50% of the water surface reduced evaporation by 30 to 73%, depending on the type
of system array. The reduction in insulation can also result in a reduction in algae growth (World Bank
Group, 2019), in addition to electricity production. Another advantage is that the installation on
reservoirs that produce hydroelectricity, or reservoirs that capture water, reduces the cost of installing
the system, since the existing electrical infrastructure for transmitting energy can be used. Using the
water surface reduces the cost of acquiring land, which also makes installation difficult due to
topographical restrictions. In addition, installation above a water surface benefits photovoltaic modules
due to their greater cooling and thermal control (Bahaidarah et al. (2013); Choi et al. (2020)). Due to the
worldwide growth in photovoltaic module applications, their costs have reduced significantly,
encouraging the construction of several of these floating photovoltaic plants (IRENA, 2018).

Initial floating photovoltaic plant projects (from 2007) were summarized in Trapani & Redon
Santafé (2015), with installations starting at 175kWp in California, Europe, and South Asia, mainly. In
2020 there was already a total installed capacity of 2.6 GWp, with the majority in China (73%), and
large capacities in Japan, South Korea, and Europe (World Bank Group (2019); IRENA (2018);
Haugwitz (2020)). Many systems have been implemented in hydroelectric plant reservoirs, but there are
also applications in lakes and closed mining areas. The expected growth rate in installed power is 20%
(Haugwitz, 2020), but mostly on a small scale (less than 3 MWp). According to Lee et al. (2020), the
greatest growth is expected in Asian countries and countries with a greater number of hydroelectric
plants and public supply reservoirs. Gonzalez Sanchez et al. (2021) showed that the potential for Africa
could double existing hydroelectric production with coverage of 1% of the area of reservoirs currently
built. It is noteworthy that, in addition to photovoltaic electricity production, an important benefit has
been the reduction of evaporation that threatens reservoirs during recent severe droughts. Equivalent
results are reported by Ravichandran et al. (2021) for India. For Brazil, Silvério et al. (2018) evaluated
that, for the Sao Francisco River basin, there could be an energy gain of up to 73% with the exploitation
of 2% of the reservoirs' surface area, on average, in relation to current production by hydroelectricity.
Santos et al. (2019) predicted significant gains with coverages of 10% for the Sobradinho, Tucurui,

Balbina and Itaipu reservoirs. Lopes et al. (2020) estimated the reduction in evaporation for reservoirs
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in the semi-arid region and, in a recent article, Lopes et al. (2022) estimated that a coverage of 1% of
Brazilian reservoirs could generate energy equivalent to 12.5% of current national demand. In addition,
Lee et al. (2020) evaluate Brazil as having the second largest potential in the world, with 739 GWp.

Many analyses of FPV systems, installed in various locations around the world, have been
based on technical (i.e. anchoring) and sizing considerations, as well as estimates of growth potential
and economic analyses, with a focus on small plants (less than 3MWp). Studies on environmental
benefits focus on evaporation processes, but with few in-situ studies. Haas et al. (2020) point out that a
major scientific challenge of large installations is related to ecosystem effects, on which they focus on
the hypothetical analysis (without field measurements) of the effect of reduced light penetration,
reducing the photosynthesis potential of organisms. They argue, as qualitatively cited in other studies
(World Bank Group, 2019), of the favorable effect, inhibiting potentially toxic algal blooms and
eutrophication events, but point out that large installations can reduce basic primary production,
affecting the food chain. Abdelal (2021) argues along the same lines but does not present measurement
results or quantitative approaches. Some recent studies include measurements of water temperature and
water quality parameters (Ji et al., 2022; Yang et al., 2022a; Ilgen et al., 2023; Nobre et al., 2025). These
studies show that there is no linearity between impacts and coverages (Ji et al., 2022; Ilgen et al., 2023;
Nobre et al., 2025). Furthermore, some studies show a reduction in water temperature, while others show
an increase (Yang et al., 2022a). Some modeling studies showed the dependency on the array/design of
the FPV system (Exley et al., 2021).

In this research, two study sites were chosen. The first, Passatina Reservoir, located in a
tropical region and influenced by surface water. Second, a gravel pit lake located in a temperate climate,
with no tributaries and only groundwater flow. After a year of field measurements (for both water bodies),
where parameters like water temperature, pH, dissolved oxygen (DO), total phosphorus, chlorophyll-a,
phytoplankton, nitrate, COD, and photosynthetic active radiation were analyzed, a modeling approach
is proposed to calibrate a 3D hydrodynamic model and to assess the impact of potential extensions in
coverage of the FPV system on the lakes. After calibrating the model, there is a discussion about different
expansion scenarios, aiming to find an optimized case between coverage area and impact on the water

body. Figure 1-1 presents the flowchart of the stages developed during this doctoral research.
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1.1 RESEARCH QUESTIONS AND HYPOTHESIS

The main open research question that guided the development of this thesis is: do floating
photovoltaic systems impact the transfer processes at the air-water interface and generate changes on
water quality?

Based on this, the following questions were defined, and the following hypotheses were
described.

QUESTION 1: How is advective transport and mixing affected by the presence of these structures?
The hypothesis is that FPVs can have an impact on advective transport and mixing by
reducing water velocity and turbulence, due to the reduction of wind shear on the water
surface. This impact can extend to thermal stratification (variations in the depth of the
thermocline), depending on the covered area. This would be the primary effect of
coverage by FPV, which can influence the behavior of transport and mixing of other
substances.

QUESTION 2: How does the presence of these structures affect the physical processes of dissolved
oxygen?

The hypothesis is that the presence of these systems might reduce dissolved oxygen
concentrations, since there is a reduction in the effect of the wind induced velocity and

mixing, thus renewal efficiency, and the reduced area of the air-water interface.

This thesis aims to investigate the environmental impacts of FPV systems on aquatic
ecosystems, specifically focusing on how these structures influence the transfer processes at the air-

water interface and subsequently alter water quality.

1.2 THESIS OUTLINE

The introduction is followed by chapter 2, that presents the theoretical background, with basic
concepts of hydrodynamics and water quality in reservoirs, and reservoir modeling. Chapter 3 presents
the state of the art of studies related to floating photovoltaic systems. Chapter 4 presents the materials
and methos, including the software and the two case studies of this thesis. Chapter 5 contains the results
and discussions of the thesis, divided into case studies and a general comparison at the end. The
conclusions are summarized in chapter 6, while chapter 7 lists the technical-scientific contributions

developed during the PhD period.
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2 THEORETICAL BACKGROUND
2.1 HYDRODYNAMICS AND WATER QUALITY

Reservoirs are usually different to lakes, as they are considered man-made artificial structures.
Reservoirs can behave both as lentic and lotic environments. The latter, like run-of-the-river reservoirs,
have hydrodynamic characteristics similar to rivers, dominated mainly by the water inflow, presenting
shorter residence times. These structures tend to suffer less from thermal or chemical stratification
processes since they present higher velocities. On the other hand, lentic environments, such as
accumulation reservoirs or lakes, are the ones that present lower velocities, having their processes
strongly influenced mainly by meteorological forcing (wind, radiation). They are more susceptible to
stratification processes, which influence water quality.

Reservoirs with large depths tend to stratification, which occurs due to changes in fluid density,
that can be caused by temperature differences and suspended solids. Temperature stratification, a result

of solar heating at the surface, is characterized by the following structure (Figure 2-1):
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Figure 2-1. Reservoir vertical stratification (Morris & Fan, 1998).

o epilimnion: a vertically mixed layer of warmer, well-oxygenated surface water;
o metalimnion: zone of rapid change in temperature and density; it encompasses the
thermocline;

e Jiypolimnion: deep, colder, and darker zone, lacking oxygen.

The thermocline is the zone where the temperature gradient is greatest, relatively narrow, and
encompassed by the metalimnion, with the adjacent transition layer between the shallow and deep zones
of the reservoir.

The wind is the main factor causing horizontal and vertical circulation, and mixing in
reservoirs, where wind velocities of high magnitude can cause deeper circulation patterns. Winds of

sufficient strength and duration can erode temperature-induced stratification, causing full mixing of the
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water column. However, small reservoirs are also susceptible to changes due to high inflows, which can
mix the layers, as well as being able to renew the stored water. This, however, is generally a very local
effect, limited to the inflow region.

In the mass balance equation (2-1), in reservoirs, here represented in the 1D longitudinal
representation for simplicity, the dispersion term often has an equal or greater magnitude than the

advection term.

ac U6C+6(
at 0x

ac
D—)+S+R -1
d0x

0x

C being the concentration, ¢ the time, x the longitudinal distance from inflow to the dam, U the
advection velocity in x-direction, D the dispersion coefficient (combination of advection by mean
velocity profile and mixing by eddy diffusivity/turbulence), S sources and sinks, such as intakes,
outflows (spillway or groundwater outlet) or alike, R the chemical and/or biological reactions, including
deposition and resuspension processes.

Reservoirs exhibit characteristics of both rivers and lakes. Generally, they are river-like in the
upstream region, where the main tributaries enter, and lake-like in the regions closest to the dam. In
addition to vertical stratification, these water bodies can present significant longitudinal variations in
terms of hydrodynamic and water quality characteristics (Ji, 2008). Longitudinally, the reservoir can be
divided into three main zones (Figure 2-2):

e riverine: usually narrower and still dominated by the inflow of the river, this zone presents

characteristics of higher speeds and complete mixing, generally with significant transport
of suspended solids and characterized by higher turbidity. In the transport equation (2-1),
the advection term is dominant.

e transition: between the riverine and lacustrine zones, is where velocities begin to decrease,

and suspended solids begin to settle.

e Jacustrine: a zone that presents lake-like characteristics, with greater depth and lower

velocities. Usually with low concentrations of suspended solids, with greater penetration

of solar radiation, more susceptible to the process of temperature stratification.
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Figure 2-2. Main longitudinal zones of a reservoir (left) and longitudinal distribution of hydro-
dynamic and water quality variables (Ji, 2008).
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Primary producers (autotrophs) create organic matter from inorganic matter, using solar
radiation as an energy source. In most reservoirs, phosphorus and nitrogen are the main nutrients limiting
productivity. These nutrients are rapidly removed assimilated from the water phase by attaching to
sediments in much higher concentrations than those present in the water (Morris & Fan, 1998).

A large part of the organic matter and nutrients present in the reservoir are particulates,
undergoing the same sedimentation process as suspended sediments. Suspended organic matter is
subjected to physical processes and settles, usually forming a gradient, from upstream towards the dam.
In some tropical reservoirs, nutrients are incorporated into the algae biomass, contributing to the
sedimentation of organic matter, as these organisms die and settle to the bottom of the reservoir.

Reservoirs are closely linked to their contributing basins. Thus, the characteristics of this basin,
such as land use, climate, and size, among others, directly or indirectly affect the water quality of these
water bodies. A high drainage area to surface area ratio, DA/SA, usually indicates the potential for high
nutrient and/or sediment loads reaching the reservoir (Sotiri et al., 2022).

Several factors determine the hydrodynamic conditions of reservoirs, including their
morphometry (length, depth, volume, surface area), water inflows and outflows, their hydraulic
residence time, and the occurrence of stratification. Water Residence time (RT), despite presenting
different concepts in the literature, is commonly known as the average time that the water resides inside

the reservoir (Bernardo, 2018), and is calculated as

RT = — (2-2)

where V is the reservoir volume, in m?, and Q is the average reservoir inflow, in m3/s. This is
one of the main parameters for understanding reservoir processes. If the residence time is high, it is
expected that processes such as internal mixing, stratification and nutrient flows will directly affect the
water quality. In reservoirs with lower residence times, such as run-of-the-river reservoirs, it is expected

that the processes are influenced more significantly by the inflow and advection.

2.2 LAKE AND RESERVOIR MODELING

Modeling lakes and reservoirs can be accomplished by zero, one-, two-, and three-dimensional
models. The definition of which model to use should be based on the processes prevailing and the
objectives of the model. Becker et al. (2023) compared a 0D and a 3D model for a reservoir in Brazil.
Their results show that simplified numerical schemes can be potential tools for initial analysis of water
dynamics. An overview of these models and their considerations is presented in Table 2-1.

Zero-dimensional models are the result of averaging over the entire volume of the system. For
transport models, it is the basis for input-output water quality models (Martin & Mccutcheon, 1999).
The Bathtub model is an example of a zero-dimensional, steady-state model that simulates water quality
problems related to eutrophication in lakes and reservoirs (total phosphorus, total nitrogen, chlorophyll-

a, water transparency, and oxygen depletion) using empirical relationships (Nadim et al., 2007). In Brazil,
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Becker et al. (2023) developed a zero-dimensional water quality model for the Paranapanema reservoirs
that showed goods results in comparison with more complex models.

One-dimensional models (averaged over the longitudinal and transversal directions) have been
widely used to simulate thermal structures in reservoirs, identification of mixing periods, and coupled
with water quality models (Martin & Mccutcheon (1999); Weinberger & Vetter (2012)). The MTCR-1
model (Polli & Bleninger, 2019) is a one-dimensional (vertical) heat transport model that assumes
homogeneity in the horizontal direction. The GLM (General Lake Model) is a hydrodynamic model that
simulates vertical stratification (Hipsey et al., 2019) and is suitable for simulations in water bodies with
little horizontal variability. The GLM model can be coupled with ecological models to perform modeling
of water quality and ecological processes. The GLM model can be coupled with the FABM model
(Framework for Aquatic Biogeochemical Models), in which turbidity, dissolved oxygen, nutrients,
phytoplankton, zooplankton, pathogens, and chemical variables can be simulated (Hipsey et al., 2019).

Two-dimensional models averaged over the cross-section simulate water quality changes in
the longitudinal and vertical directions (Martin & Mccutcheon, 1999). These models are applicable in
reservoirs that exhibit thermal stratification and whose lateral variations can be neglected (Martin &
Mccutcheon, 1999). The CE-QUAL-W2 model is a hydrodynamic and water quality model for rivers,
lakes, reservoirs, and estuaries. The model assumes lateral homogeneity and is therefore suitable for
narrow and long water bodies that have longitudinal and vertical gradients (Cole & Wells, 2013). It
simulates basic eutrophication-related processes such as temperature (Zouabi-Aloui & Gueddari (2014);
Bonalumi et al. (2012)), nutrients, algae, dissolved oxygen, organic matter, and sediment relationships
(Cole & Wells, 2013).

However, all above models assume none or small horizontal changes over the entire reservoir,
thus have strong limitations whenever horizontal variations exist. This is the case for non-uniform wind
forcing, heterogeneous distributions of point-sources (Goulart et al., 2024) but especially considering
partial coverage as it is the case for FPVs. In those cases, three-dimensional models are necessary to
represent all processes adequately. Three-dimensional models solve the continuity, quantity of motion,
and transport equations in all three dimensions. Delft3D is a three-dimensional model widely used in
solving problems related to reservoirs and thermal stratification (Soulignac et al. (2017); Wahl & Peeters
(2014); Smits et al. (2009)) and water quality (Smits et al., 2009). The Delft3D-FLOW hydrodynamic
module simulates two-dimensional (vertically averaged) and three-dimensional unsteady flow and
transport due to meteorological forcing and includes density effects (due to temperature and salinity).
The FLOW module also includes suspended sediment transport. The water quality (WAQ) module
allows the simulation of various substances, such as nutrients, dissolved oxygen, and micropollutants
(Deltares, 2025b). The PART module simulates transport and simple water quality processes by the
particle tracking method (Deltares, 2025a).



Table 2-1. Models for simulating water quality in reservoirs.
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3  FLOATING PHOTOVOLTAIC SYSTEMS

Floating photovoltaic systems gained ground on the world market mainly after 2010, although
a few small systems appeared from 2007 onwards. The first FPV was built in 2007 in Aichi, Japan,
followed by several other countries, including France, Italy, Korea, Spain and the United States. All
tested small-scale systems for research and demonstration purposes. The first commercial installation
(175 kWp) appeared in California in 2008, and floats on a reservoir of approximately 0.4 ha, in
conjunction with solar panels arranged on land (Trapani & Redoén Santafé, 2015). The initial aim was
not only to generate energy, but also to avoid land occupation. Medium to large systems (larger than 1
MWp) began to emerge in 2013 and, after an initial wave of deployment concentrated in Japan, Korea
and the United States, the FPV market has spread to China (now the leader), Germany, Australia, Brazil,
among others. Nobre et al. (2024) spotted 643 FPV power plants across the globe, in 28 countries, mainly
concentrated in Asia.

Floating systems have been used in Brazil but on a much smaller scale. One of the factors
justifying the lack of use of FPV in Brazil is the high availability of land and its low cost, close to the
places where the energy generated is consumed, especially in regions with the highest solar irradiation
(Empresa de pesquisa energética - EPE, 2021). According to EPE (2021), this type of technology will
begin to be more widely used in this country when costs decrease compared to land-based systems.

As exemplified above, FPV have emerged as an alternative way of eliminating the need to use
large areas of land. According to YSG Solar (2022), the five largest plants in the world today are:

1. Dezhou Dingzhuang Floating Solar Farm (320 MW), China (Figure 3-1);
Three Gorges New Energy Floating Solar System (150 MW), China (Figure 3-2);
CECEP Floating Solar farm (70 MW), China (Figure 3-3);
Sembcorp Floating Solar Farm (60 MW), Singapore (Figure 3-4);
Sirindhorn Dam Floating Solar farm (45 MW), Thailand (Figure 3-5).

A

Figure 3-1. Dezhou Dingzhuang Floating Solar Farm, China (YSG Solar, 2022).
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Figure 3-5. Sirindhorn Dam Floating Solar Farm, Thailand (YSG Solar, 2022).

In Brazil, despite the great potential in terms of available area, there are still only small systems
and few of them. According to EPE (2020), Brazil has 36,271 km? of available area, in 299 water bodies.
Using 1%, 5% and 10% of this area, it would have 36, 181 and 363 GWp of power, and the energy
delivered would be 58, 290 and 581 TWh/year, respectively. The forecast is that Brazil could reach 4.5
TWh/year, according to the National Energy Plan (PNE) 2050. This potential would supply almost 1%
of the country's consumption for an entire year, using the 474.2 TWh consumed in 2020 as a reference,
according to data from the Energy Research Company (EPE).

In the state of Parana (Brazil), there are currently two FPV in operation. One of them is the
pilot plant in the Passatina Reservoir, located in the western portion of the city of Curitiba, that opened
in 2019 with 396 modules and a maximum capacity of 130 kWp, covering an area of approximately
1,200 m? (SANEPAR, 2021). The forecast is for expansion of up to 5 MWp in this or other of Sanepar’s
reservoirs in the short term. Recently, another FPV plant was inaugurated in the reservoir of the Santa
Clara Hydroelectric Plant!, between the cities of Cando6i and Pinhdo, consisting of 276 photovoltaic
modules, with an installed power of 100 kWp, occupying an area of 1,100 m?.

The floating photovoltaic plant in the Passatna reservoir is still a small experimental system.
However, as the reservoir is used for public supply, if there is an expansion of the photovoltaic plant
area, the Collection Station's pumping system will be able to take advantage of the energy generated,
thus adding environmental and sanitation management benefits.

According to EPE (2021), the main FPVs in Brazil are to be found:

e at the Sobradinho hydropower reservoir, in the state of Bahia, on the Sao Francisco River,
with 11,000 m?, 3,792 modules, and a capacity at the end of the project (2020) of 2.5 MWp;

! https://mestrado.lactec.com.br/dissertacoes/395-sistema-de-monitoramento-para-a-integracao-de-diferentes-
dispositivos-eletronicos-de-uma-planta-solar-fotovoltaica-flutuante-instalada-na-uhe-santa-clara-pr/



https://mestrado.lactec.com.br/dissertacoes/395-sistema-de-monitoramento-para-a-integracao-de-diferentes-dispositivos-eletronicos-de-uma-planta-solar-fotovoltaica-flutuante-instalada-na-uhe-santa-clara-pr/
https://mestrado.lactec.com.br/dissertacoes/395-sistema-de-monitoramento-para-a-integracao-de-diferentes-dispositivos-eletronicos-de-uma-planta-solar-fotovoltaica-flutuante-instalada-na-uhe-santa-clara-pr/
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e at the Passatina reservoir, in the state of Parana, with 1,200 m?, 396 photovoltaic modules
and a capacity of 130 kWp, with plans to expand it to 5 MWp;

e at the Santa Clara hydroelectric plant reservoir, with 1,100 m?, 276 photovoltaic modules
and a capacity of 100.7 KWp.

e by 2024, the FPV Araucaria was installed at Billings reservoir, in the state of Sdo Paulo,
with 10,500 modules and SMW 50,000 m? of coverage area. This is the largest FPV system
in Brazil (CETESB, 2024; SEMIL (2024)).

Figure 3-6 — FPV power plant on the Billings reservoir, Sdo Paulo/Brazil.

As of early 2024, Germany had an operational FPV capacity of around 21 megawatts (MW),
with another 62 MW either approved or under development. In October 2024, the country launched its
largest floating PV system on Philippsee Lake in southern Germany. This facility, covering 8 ha, consists
0f27,160 solar modules and has a total capacity of 15 MW. It is anticipated to produce around 16 million
kilowatts of electricity each year. The location is Bad Schénborn, Baden-Wiirttemberg (Roider, 2024).

Figure 3-7 — FPV system on Philippsee, Bad Schonborn, state of Baden-Wiirttemberg — Ger-
many (Roider, 2024).
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3.1 ENVIRONMENTAL IMPACTS OF FPVS

FPVs can impact on the aquatic system during the assembly and installation phases and, above
all, during the system's useful life. Among the main impacts are the blocking or limitation of sunlight,
changes in ecosystems, reduction in photosynthesis, changes in currents and wind patterns, reduction in
evaporation, leaching of substances/heavy metals and, consequently, changes in water quality
(Mathijssen et al., 2020). The environmental impacts depend on the dimensions, design, and proportions
of the system in relation to the size of the lake/reservoir, as well as the characteristics of the aquatic
system (currents, mixing, temperature profile) and climatic conditions.

There are currently few studies quantifying these impacts on the aquatic environment. This is
because this technology has only recently begun to be used on the market. However, there are studies
that have already addressed some of these impacts for other types of floating structures, for example,
floating houses (Lenz, 2018), docks (Alexander & Robinson, 2006) and other structures (de Lima et al.
(2021)).

Blocking or decreasing solar radiation and reducing wind shear at the water surface can cause
changes in water quality, in terms of dissolved oxygen, nutrients and algae, and physical changes, such
as reduced evaporation, temperature, luminosity and changes in circulation patterns and stratification
conditions. As a result, behavioral changes can occur in the local fauna with the creation of new niches.
For example, low concentrations of dissolved oxygen cause an unbalanced ecosystem, with fish
mortality, odors and other aesthetic nuisances. When oxygen concentrations are reduced, aquatic
animals are forced to alter their breathing patterns or decrease their level of activity (COX, 2003). pH is
also an important parameter, as it influences various naturally occurring chemical balances, contributing
to the precipitation of toxic chemical elements, such as heavy metals, and can have an effect on nutrient
solubility. The criteria for protecting aquatic life set the pH between 6 and 9 (Stumm & Morgan, 1996).

Water temperature is one of the parameters with the greatest influence on aquatic life and
systems (Cathcart & Wheaton, 1987). It can influence physical, chemical and biological processes, such
as circulation patterns, oxygen concentrations and fish growth and mortality. In addition, various
biological conditions are linked to the river thermal regime (Benyahya et al., 2007). Nitrogen can occur
in the forms of organic nitrogen, ammonia, nitrite and nitrate in water bodies (ANA, 2022) and
contributes to the phenomenon of eutrophication (excessive algae growth) along with other nutrients
such as phosphorus. This phenomenon can harm public supply, recreation and the preservation of aquatic
life.

Changes in the circulation pattern and mixing within a reservoir can lead to changes in
suspended solids concentrations. Suspended solids are ubiquitous pollutants in water and cause
significant environmental damage as well as economic costs (Clark et al., 1985). The most ecologically
significant and visual impact of suspended sediment is optical: the reduced transmission of light through

water/light attenuation. The attenuation of light by suspended matter has two main types of biotic effects:
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reduced penetration of light into the water for photosynthesis and reduced visual range of sighted
organisms (Vogel & Beauchamp, 1999).

Several review studies have been conducted about the environmental impacts resulting from
the installation and use of FPVs, which brought together the main research and results to date on the
subject (Gongalves et al., 2025, Rocha et al., 2024). According to them, studies on the environmental
impacts of FPVs have only emerged since 2013, with high growth in recent years. Currently, most of
the research on environmental impacts related to FPVs is concentrated in temperate regions with a low
coverage of countries (only ten countries have published on the subject). Two important studies in
tropical climates have been done: one on the Tucutu Reservoir in Pernambuco, Brazil (da Costa & da
Silva, 2021), and the other in Indonesia, an on-site analysis of Lake Mahoni (Andini et al., 2022). Of
the studies analyzed, most mention some kind of impact on the physical environment (48%), followed
by the chemical environment (31%), and the least studied environment was the biotic (24%).

Due to the low number of studies - some parameters were analyzed in only one article - the
evidence of changes is still weak and further research is needed. Regarding the physical environment
parameters, water temperature and evaporation are the predominant parameters, being analyzed in 34.4%
and 31% of the studies analyzed, respectively, in which all observed a reduction in the value of both.
The Suspended Solids and Irradiation parameters were mentioned in approximately 7% of the studies,
and a reduction in their concentration and incidence was also observed. Next, the parameters of Wind
Speed, Dissolved Solids, Diffusivity and Magnetic Field are present in only 3% (a single article) of the
studies analyzed.

Regarding the chemical environment, the most analyzed parameter was oxygen concentration,
which was present in approximately 20% of the studies. There was a convergence of results, with all the
studies that investigated oxygen concentration observing a reduction in its value. The parameters pH
and concentration of biochemical oxygen demand were investigated in 7% of the articles, which also
found a reduction. As for phosphorus, there was a divergence between the results, as two studies found
an increase in the concentration of the parameter and another a decrease. The other parameters such as
silicate, nitrate, nitrogen and ammoniacal nitrogen were analyzed in only one study each. The most
commonly analyzed parameters in the biotic environment were biomass and chlorophyll (14 % and 10 %
of'the studies consulted, respectively), both of which were always found to be decreasing in value. About
eutrophication, two studies (7%) mentioned a reduction. Two studies analyzed changes in aquaculture
production following the installation of FPVs in farm ponds, one of which found an increase in
production and the other a decrease.

Wei et al. (2025) carried out an interdisciplinary review of the literature on the environmental
impacts of FPVs. Among the studies discussed are the effects on sediments, due to their resuspension
because of the anchoring systems (Hooper et al., 2021). The restriction of gas exchange between water

and air is also highlighted (H. M. Pouran et al., 2022). However, the impacts depend on the design of
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the system, as well as the meteorological and hydrological conditions of the site (Hooper et al., 2021).
One well-established impact is the reduction in evaporation due to the presence of FPVs (Pouran et al.
(2022), Soltani et al. (2022) Lopes et al. (2020)). Scavo et al. (2020) made a comparison between models
and measurements, achieving errors of less than 5%.

As for water quality, few studies involve in situ measurements. Lima et al. (2021) carried out
measurements at Bomhofsplas lake in the Netherlands. The FPV covers an area of 18.25 ha,
approximately 30% of the lake. The measurements focused on dissolved oxygen and water temperature,
where they observed little variation between the areas with and without FPV. In both parameters, less

variation was observed along the water column below the panels.

3.2 FPV MODELING

Another approach to studying the effects of floating photovoltaic systems is based on modeling
the hydrodynamic and water quality conditions in lakes and reservoirs, simulating the presence of the
module cover at the air-water interface. An example of an application is the study conducted in the Rapel
reservoir in Chile, in which Haas et al. (2020) used three-dimensional numerical modeling with
ELCOM-CAEDYM (Estuary, Lake, and Coastal Ocean Model - Computational Aquatic Ecosystem
Dynamics Model), observing the growth of algae through the concentration of Chlorophyll-a with
different percentages of coverage by modules. They represented the FPV in the model by reducing the
incident radiation. The results showed that a cover of less than 40% of the reservoir had no significant
effect on algae growth, while values above 60% resulted in their eradication. Coverage ranging from
40% to 60% proved ideal, allowing for controlled development. This study also considered the revenue
generated by the hydroelectric plant, as the modules need to raise the minimum water level in the
reservoir to prevent them from running aground. The results showed that coverage above 60% generates
significant losses in hydroelectric power generation due to the need to maintain a higher minimum water
level in the reservoir, reducing the flow used in power generation and increasing the flow through the
spillway.

Abdelgaied et al. (2023) observed that covering shallow areas of Lake Nasser in Egypt was
efficient and economical regarding water evaporation in the reservoir. Evaporation estimates were made
using aerodynamic methods, using the Harbeck equation (Rosenberry et al., 2007). This study
considered coverages of 25%, 50%, 75% and 100% of the reservoir, and estimated the volumes of water
that would be maintained due to the reduction in evaporation and the energy produced by the modules,
in each of the scenarios. The FPV was represented considering the irradiation balance due to the
coverage. The study indicated that the use of FPVs can help increase water availability and energy
production, especially in arid and semi-arid regions.

Scavo et al. (2020) analyzed Lake Lentini in Italy using evaporation models such as Penman-
Monteith (1948), Valiantzas (2006), Hargreaves & Allen (2003) and others, and proposed evaporation

models based on linear regression and design of experiments (DoE) methods. The results showed that
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not only did the percentage of surface covered influence the amount of water evaporation, but also that
the characteristics of the floating arrangement are of significant relevance. In addition, with an optimized
arrangement, i.e. positioned in areas of greatest evaporation and with the right spacing, it is possible to
reduce evaporation by up to 49% with 30% of the reservoir surface covered.

Exley et al. (2021) studied the potential effects of installing an FPV on Lake Windemere in
England. Using the MyLake model (Saloranta & Andersen, 2004), they simulated scenarios varying the
coverage of the modules from 0 to 100% of the lake surface, based on a reduction in incident radiation
and wind speed. Their results did not show a linear variation, being dependent on the design of the
system and the coverage. However, most of them showed a reduction in water temperature and a
reduction in thermal stratification.

Using the Xiangjiaba reservoir (China) as a case study, Ji et al. (2022) studied the potential
impact of installing a floating system in the lake area. Using the CE-QUAL-W2 model and applying
reductions in incident radiation and wind speed, their results showed reductions in water temperature
and relative stability of the water column.

Yang et al. (2022a) used ELCOM-CAEDYM to simulate a hypothetical installation of an FPV
covering 30% of the Poyan Reservoir, in Singapore. The representation of FPV was made by a reduction
of wind speed and incident radiation. They analyzed several water quality parameters, including
dissolved oxygen, chlorophyll-a, total organic carbon, nitrogen, phosphorus, temperature and stability
(Richardson number). After calibration with measured data on a pilot installation, the simulations
showed an increase in the water column stability, reduced wind mixing and, consequently, reduced
dissolved oxygen concentration.

Ilgen et al. (2023) recently quantified the impacts of an FPV on Lake Mainwald (Germany),
assessing water temperature, energy balance and water column stratification. Using water temperature
data measured over three months, they calibrated a hydrodynamic model of the lake with modules using
GLM to simulate expansion scenarios, also representing the FPV by reducing wind speed and radiation.
Their results showed less stratification during the summer, and the reduction in water temperature
followed a non-linear relationship with the increase in panel coverage area.

Liu et al. (2024) have constructed a numerical model to reflect the water energy balance in
open water and under FPV coverages based on measured data. The study was developed in Hauian,
China, and was able to represent the energy balance characteristics with a correlation coefficient of 0.80.

Table 3-1 shows a summary of the cited studies, with the characteristics of the sites.
Considering the research and methods mentioned above, the limitations in the way FPVs are represented
are noticeable. One-dimensional modeling, although capable of representing stratification, disregards
the hydrodynamics of lakes, which can have a significant influence on the effects of coverage. Two-
dimensional vertical models disregard horizontal interactions, limiting the representation of the systems

and thus their impact. Without representing lateral heat exchange, it is difficult to represent the real state
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of water temperature throughout the area. Thus, developing a three-dimensional numerical model is still
essential to gain a deeper understanding of heat transfer processes and to define the lateral extent of the
FPV's impact more clearly (Liu et al., 2024).

In this study, a 3D modeling is proposed considering the meteorological variables varying in
time and space, being able to apply the estimated reduction in wind speed and solar radiation reaching
the water surface. The aim of this approach was to get as close to the reality of these structures as possible,
since most floaters are not completely blocking the wind and the radiation reaching the water surface in
the whole area of the systems.

In addition, two study areas were considered, one being a reservoir in a subtropical climate
and the other a gravel pit lake in a temperate climate. These two environments have different
characteristics, since one has the influence of surface water reaching its area, while the other has a
predominantly groundwater contribution. The difference in climate may also impact the effects of the
FPV since temperate climates have well-defined seasons, affecting the amount of rainfall and solar

radiation incident on the lake, unlike subtropical climates.



Table 3-1. Studies involving modeling with floating photovoltaic systems.
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Ilgen et al. Lake Maiwald ) . N General Lake Reduced incident radiation  temperature data (3
(2023) (Germany) 0.4 km Existent 2,10% Model (GLM) 1DV No and wind speed months of
measurements)
. Xiangjiaba . o
Qb Pt hydropower 5.2 km? Potential 0a 100% Ce-Qual-W2 2DV No Iiedesd 1n91dent i ihlion B.a stedl -
(2022) (China) and wind speed calibrated model
Tengeh and
Yang et al. Poyan 1.4 knp? Installed / 0,7% / ELCOM- 3D Yes s S;rgf:t‘f/ue lgl cz:/l::(i(;fgo Measured data on
(2022b) Reservoirs ’ Hypothetical 30% CAEDYM P . pan prototype (1 ha)
(Singapore) wind condition)
bulk aerodynamic
Abdelgaied et Lake Nasser 6500 km?, Potential 25a method (estimativa ) No Irradiation balance )
al. (2023) (Egypt) 162 Mm? 100% de perdas por
evaporagio)
Lake . .
Exley et al. Windemere 6.7 km? Potential MyLake 1DV No Reduced m(fldent radiation -
(2021) (England) and wind speed
Bontempo .. ..
Scavo et al. Llles et 12 km? Potential 0a50% Estlmatlng - No % covered area -
(2020) (Italy) evaporation losses
Haas et al. Rapel Reservoir 5 . o ELCOM- Yes. Focus on o - Based on pre-
(2020) (Chile) 400 Mm Potential 0a 100% CAEDYM 3D Chlorophyll-a Reduced incident radiation calibrated model
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4 MATERIALS AND METHODS

This thesis aimed to assess the influence of FPVs on the hydrodynamics, temperature and
water quality of lakes and reservoirs. To this end, two case studies were used, in which field monitoring,
data analysis and computer modeling were developed. This chapter presents the software used, as well

as characterizing the two case studies and the monitoring and modelling strategies adopted.

4.1 HYDRODYNAMIC AND WATER QUALITY MODELING SOFTWARE

The model used was Delft3D®, software developed by Deltares. This is a multidimensional
model (2D or 3D) that simulates hydrodynamics and transport phenomena of unsteady flows (Deltares,
2025a). It has a water quality module that simulates various components, from conservative substances
to dissolved oxygen, BOD, nutrients, macrophytes, bacteria, and algae, among others.

The Delft3D-FLOW hydrodynamic module simulates unsteady, two-dimensional (vertically
averaged) and/or three-dimensional flows, as well as the transport of constituents due to meteorological,
tidal, and river discharge forces, including density effects resulting from temperature and salinity
gradients, and sediment transport. This module provides the hydrodynamic conditions used by the other
modules and is the first step in developing any simulation with the Delft3D program.

The equations that describe free-surface flows are based on fundamental physical conservation
principles: conservation of mass (equation (4-1) and conservation of momentum (equations (4-2, (4-3,
and (4-4). In addition, these flows are capable of transporting substances and/or thermal energy.
Delft3D-FLOW simulates the transport of mass and heat using the advection-diffusion equation,
presented in the next section (equation (4-5). The equations presented below correspond to the
Reynolds-averaged Navier-Stokes equations (RANS), adapted for shallow water conditions and

incorporating the incompressible flow and hydrostatic assumptions (Deltares, 2025a).

c’)u+6v+aw_0 -1
ox dy 0z
6u+ 6u+ (’)u_l_ ou _ 0H 16P+ 62u+62u N d ( au) 4-2)
ot ' “ox ”ay r fv_gc’)x p 0x VH \ 92 dy?) 0z 4
6v+ 6v+ 6v+ 6v+ _ O0H 16P+ 62v+62v +6( 61)) @3)
ot " “ox ”ay e f”_gay p dy VH\ 9x2 dy?) 0z >
daP
—=pxy2)g (4-4)

0z
Where X, z, and y are the spatial coordinates; t is the time; u, v, and w are the velocities in x,

y, and z directions, respectively; f is the Coriolis parameter?; g is the acceleration due to gravity; H is

2 Coriolis parameter is f = 2Q) sin® where Q is The rotation rate and 0 is the latitude.
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the water depth (m); P is the hydrostatic pressure; vy and vy, are the horizontal and vertical eddy
viscosity, respectively.
4.1.1 HYDRODYNAMIC MODEL SETUP

To perform a simulation in the Delft3D model, a series of settings are required. A flowchart of

the model setup is presented in Figure 4-1, and the main components are explained as following.

(Inputs and setup h (Outputs )
= Processes considered « Hydrodynamic
= Initial conditions o flow rates, flow velocity, water
« Compuational Grid = Boundary conditions level, processes considered (e.
« Bathymetry interpolation o horizontal (inflows, outflows) ' g., temperature)
o surface (precipitation, evaporation) « Water Quality
> bed (roughness) o input files required to run
« FPV representation WAQ
- / N J

Figure 4-1. Flowchart of the hydrodynamic model setup.

e Computational grid

To solve the governing equations, the study area must be covered by a computational grid,
assumed to be orthogonal and well-structured. The model supports two types of vertical coordinates: o-
grid (boundary-fitted) and Z-grid (strictly horizontal). In the first type, the number of vertical layers is
constant throughout the domain, regardless of the depth of the water column, so the layer thickness is
not uniform. This type of grid is commonly used for near-bed area representations, such as sediment
transport. The Z-grid features horizontal coordinate lines that remain almost parallel to density interfaces
in areas with steep bottom slopes. This design helps minimize artificial mixing of scalar properties like
salinity and temperature, which is important in this study. Therefore, the Z-grid is used.

Once the computational grid has been defined, the bathymetry within it is interpolated using
the grid cell averaging method. This is an iterative process in which grid configurations and bathymetry

interpolations are tested until a stable and representative model is obtained.

e Processes modeled

Among the processes available in the hydrodynamic model, this study considered the Wind
and Temperature processes. It is therefore necessary to provide basic parameters for the simulation.

In the case of wind, the wind drag coefficients must be provided, as well as the timeseries for
wind speed and direction. For temperature modeling, there are five heat transfer models available. In
this study, the Ocean model was used, which has been calibrated for the North Sea and has been
successfully applied to large lakes (Deltares, 2025a). Input data includes Secchi depth, Dalton number
for evaporative heat flux, Stanton number for heat convection, and time series of relative humidity, air

temperature, cloud cover and solar radiation.
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e Initial conditions

Initial conditions can be constant values, map files, initial condition files (with water level,
velocities in the x and y directions, and the variables dependent on the processes considered, such as
temperature), or previous simulation results (restart-files). In this study, constant initial conditions were

used and the model's warm-up period was analyzed.

¢ Boundary conditions and Source and Sink terms

The model allows the use of horizontal boundary conditions, which can be discharge data,
water level, current, among others. It is also possible to insert flow inputs or sinks into the model by
means of discharges. In this study, both options were used and will be indicated in each case study.

With regard to bed boundary conditions, the roughness formulas available are Manning, Chezy,
White-Colebrook, and Z0. In this study, Manning was used for both models.

In terms of surface boundary conditions, the processes of evaporation and precipitation were
included. Precipitation rate and rain temperature data are required, while evaporation rate can be entered
as an input or calculated by the model. This study considers the effects of cells on evaporation, so the

option of calculating evaporation was used. This processes are added in the additional parameters section.

e FPV representation

There are two possible ways of representing FPVs in this model: by means of floating
structures (available in the software) and by means of time series files with spatial variation in weather
conditions (e.g. solar radiation and wind).

In the hydrodynamic module, it is possible to include floating structures (Figure 4-2)
positioned in cells of the computational grid. It is possible to change the position and height (H-h in the
figure) underwater of this floating structure in order to achieve the best representation of the system.
Delft3D understands that this structure alters evaporation E (disregarding it in the covered region) and
the action of wind W in the covered region (disregarding its effects). However, it does not alter the
effects of precipitation P, with the water being infiltrated on site, nor the formation of vertical turbulence,
and there is no friction between the structure and the runoff (DELTARES, 2025a). These conditions
were considered sufficient to simulate the presence of the modules in a water body, despite being a

conservative approach. However, this approach is not compatible with the water quality module.
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structure

Figure 4-2. Schematic figure on the interpretation of the Delft3D software and floating struc-
tures. E: evaporation, P: precipitation, W: friction and wind speed, H: height of the water col-
umn, h: height of the water column below the structure.

Another option is to define files of meteorological forces (air temperature, cloudiness, solar

radiation, relative humidity, wind speed) varying in time and space to represent the floating system

(Figure 4-3). Based on observed values of the variables, this reduction can be applied to the region of

the FPV, like the example of solar radiation on Figure 4-4. These inputs must be built with some offline

program (in this study, a python script was used) and added as additional parameters in the model setup.

See Delft3D Flow User Manual for detailed information (Deltares, 2025a).

Considering that most FPV array designs do not fully cover the surface of the water in the area

of the structure, the latter approach is considered to be closer to reality. It was therefore decided to use

these spatialized files to conduct the simulations in this study.

« Radiation measurements

[ » Wind speed measurements

J-

-
Python script to generate time

™~

series with spatial variation
« Definition of the grid cells
where the FPV is located
« Define reductions of wind
speed, solar radiation and
other measured
parameters

» Run the script and save

L the files )

Import on Delft3D
+ Additional parameters
« specific keywords and

indication of the files

Figure 4-3. Flowchart of the implementation of FPV coverage in the hydrodynamic module of

Delft3D.
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Figure 4-4. Solar radiation time- and space-varying input of Delft3D-FLOW, showing an specific
time as example. The region of FPV is the one in blue, with lower radiation.

4.1.2 WATER QUALITY MODEL SETUP

The water quality module is available on the same interface, but has different configurations

to the hydrodynamic one. A flowchart is shown in Figure 4-5 and the items are detailed below.

( Processes and substances )

(Inputs and setup A
+ Processes considered
» Iinitial conditions Qutputs
« Boundary conditions « Substances
+ Processes parameters « Rates
o FPV representation » Hydrodynamic
« Numerical options
« Discharges
\ _J

( Hydrodynamics results )

Figure 4-5. Flowchart of the water quality model setup.

e Computational grid

To configure the water quality model, the results of the hydrodynamic model must first be

coupled. By importing the files exported in the previous module, the water quality model incorporates
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the computational grid, water levels, flows and velocities, among other parameters. There is an
aggregation option for the grid, in which the horizontal and/or vertical resolution can be changed for the
quality model, but this was not used in this study. Therefore, the computational grid is the same as that
used in the hydrodynamic module.

e  Processes and substances

The water quality substances available are wide-ranging and include tracers (conservative and
decaying), dissolved oxygen, nutrients (such as phosphorus and nitrogen), bacteria, algae, metals,
vegetation, among others. It is a two- or three-dimensional model used to represent water quality in
natural and artificial environments, by solving the advection-diffusion-reaction equations (eq. (4-5)) for

a computational grid predefined by Delft3D-FLOW (Deltares, 2025b).

ac ac 2%C ac 2%C ac 2%C
-D,—
0z2

aﬁ”’"@‘ "W-I_vy@_Dya_yz-l_vza_z =S+ fz(C,t) (4-5)

Where C is the concentration of a substance; t is the time; v is the velocity in x, y, and z
directions; D is the dispersion coefficient in x, y, and z directions; S are the discharges or loads
(additional inflows of water or mass that are not present in the hydrodynamic module); and f are the
reaction terms (processes).

Depending on the substances desired, it is possible to select the processes to be considered or
not in the model. The software has two groups, BLOOM (ECO) and DYNAMO (WAQ), which differ
in how algae are considered (Deltares, 2025b). As algae were not considered in this study, the details of
each option will not be explored, it is only indicated that ECO was used in order to complement the
model in future stages. Detailed information can be checked in the user manual (Deltares, 2025b).

Water quality modeling, however, is a multi-parameter problem, where even calibrated
models may have limitations in doing clear cause-impact relationships. As an intermediate step, this
thesis uses additional, innovative methods to improve the analysis of the effects of FPVs on transport
and mixing (hydrodynamics) and relations to potential substance transport (water quality) by using
concepts of residence time and tracers under the FPV.

This module allows to calculate the local residence time (4-6) in each computational cell,
considering only the advective transport, derived from the hydrodynamic module (FLOW). In this study,
a tracer was placed in a cell below the FPV, and released into the surface layer, to evaluate the overall

transport and mixing characteristics.

Volume (4-6)

RT =
Zexchanges|FZOW|/2

Where RT is the residence time, in s; Volume is the water volume of a segment (grid cell), in

m?; Flow is the water flow, in m3/s.
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In addition to the tracers, dissolved oxygen was modeled. A complete water quality model
involves several substances, as well as complex physical and chemical processes that require a robust
amount of data to feed them. In a simplified way, this study isolated the physical process of reaeration
in order to assess the effects of FPV on this process. In other words, only water temperature and wind
influence dissolved oxygen concentrations. No sources of oxygen consumption or production were

considered. The reaeration rate is calculated from the following equations.

Rrear = klrear x (Coxs — max(Cox, 0.0))/H 4-7)
Coxs = (a — bT + (cT)? — (dT)?®) (4-8)
klrear = klreary, x tcrear ™29 (4-9)

axv’ 5
klrear,, = T +(dxW?) (4-10)

Where Rrear is the reaeration rate, in gO»/m3/d; klrear is the reaeration transfer coefficient in
water, in 1/d; Coxs is the saturation concentration of dissolved oxygen, in gO»/m?3; Cox is the actual
dissolved oxygen concentration, in gO»/m3; H is the depth of water column, in m; a, b, ¢ and d are
coefficients with different values for each reaeration option; T is the water temperature, in °C; klrearao
is the reaeration transfer coefficient at reference temperature 20°C, in m/d; tcrear is the temperature
coefficient for the transfer coefficient; v is the flow velocity, in m/s; W is the wind speed at 10 m height,
in m/s.

In this study, two reaeration options were chosen, since the environments are classified in
different ways. One of them is characterized by a lake in a temperate climate, with no significant surface
velocity, opting for a ratio of coefficients calibrated in studies of lakes in the Netherlands (Banks &
Herrera (1977) apud Deltares (2025b)). In this case, the flow velocity is disregarded (b = 0).

The other case study involves a tropical lake, where the use of another formulation is
recommended, which varies in relation to the dependence on wind speed and temperature, as well as

including the effects of rain (Guérin et al. (2007) apud Deltares (2025b)).

kirear = (e x exp(by x WP2) + (¢c; x P°%)) x f sc (4-11)
Se \ 067 (4-12)

fse= <Sczo>
Sc = dy — d,xT + d3xT? — d,xT? (4-13)

Where e, bl,b2, cl, c2 are coefficients; P is the precipitation, e.g. rainfall, in mm/h; fsc is a
function of Schmidt number, where the temperature is taken into account. Detailed formulation can be

checked in Deltares (2025b).
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e Initial conditions

Initial conditions can be constant values or map files, or previous simulation results, as well
as the hydrodynamic moule. In this study, constant initial conditions were used and the model's warm-

up period was analyzed.

e Boundary conditions and Source and Sink terms

The model allows to import the boundary conditions from hydrodynamic model. However,
concentration for every substance modeled should be designated to each boundary. In this study, besides
the hydrodynamic ones, a discharge was placed below the FPV to place a tracer and analyze the mixing
processes. The concentration of this tracer was high (10° kg/m?) and the flow rate was low (0.00001 m?/s)

so it would not influence the hydrodynamics.

e Processes parameters and FPV representation

In the WAQ module, depending on the processes selected, several parameters must be defined.
On this tab, the water temperature must be imported from the hydrodynamic results. For this study, it is
also selected the formulation of reaeration, coefficients, and decayable rates.

It is also in this tab that the FVP representation is defined. Spatialized wind speed time series
files must also be inserted here to represent the FPV. It should be noted that the spatialized files have
different configurations for the hydrodynamic module and the water quality module. Therefore, new

files were generated in a second python script and inserted into the wind speed parameter.

(Python script to generate time )
series with spatial variation rlmport on Delft3D-WAQ )
« Definition of the grid cells « Processes parameters
[ Wind speed ]_‘ where the FPV is located |+ Wind speed
measurements « Define reductions of wind ' o define the parameter
speed as scalar field
+ Run the script and save L o import the file )
the files
y,

Figure 4-6. Flowchart of the implementation of FPV coverage in the water quality module of
Delft3D.
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4.2 CASE STUDIES

For the development of this research, two case studies were considered. In 2022, the FotoAgua
(SANEPAR, 2023) project began, focusing on the Passatina reservoir in Brazil, which has a pilot FPV
system installed. During this project, the thesis candidate took part in several field campaigns, in which
surveys were carried out with mobile and fixed sensors and water was collected for laboratory analysis.

During a 12 month research stay at the KIT (Karlsruhe Institute of Technology, department of
Water Quality Management, in Germany), field campaigns were also carried out to monitor a gravel pit
lake with an operational FPV installation. Five field campaigns were carried out with mobile sensors, in
addition to the installation of fixed temperature and dissolved oxygen sensors.

The aim of these two case studies was to investigate the impacts of FPV on water bodies with
distinct characteristics, also set in different climatic conditions. More details on each case study are

presented in the following sections.

4.2.1 FPV ON A GRAVEL PIT LAKE - LEIMERSHEIM, GERMANY

The gravel pit lake near Leimersheim (latitude 49.123, longitude 8.332) is located in
southwestern Germany in the Upper Rhine Valley west of the Rhine River. The lake is one of several
gravel pit lakes in the Upper Rhine Valley that are actively excavated. The FPV system (Solarpark) is in
the northern part of the lake. The first part of the system, with a capacity of 750 kWp, was commissioned
in autumn 2020, and the second part, with an additional 750 kWp, in autumn 2021. This procedure was
prescribed by the German Renewable Energy Act, as at the time of construction only systems with an
installed capacity of less than 750 kWp could be built without a tender.

The annual electric yield of the 1.5 MWp FPV system is 1.7 GWh, which is either transferred
directly to the adjacent gravel plant or fed into the public grid. The gravel plant can thus cover 20-30%
of its electricity consumption with the electricity from the FPV system. It consists of 3,744 modules
arranged over 8% of the lake's total surface area of 19.5 ha (Figure 4-7). The mean lake depth is 9.3 m
while the maximum depth is 19 m and the total lake volume is 1.7 x 10° m>.

There are no tributaries reaching the lake, so the only contributions are groundwater and rain.
The quarry is still in operation, and some of the water is removed for washing and returned to the shore,

with its influence on the variation in the lake level being insignificant.
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Figure 4-7. Gravel pit lake near Leimersheim, Germany (Source: Stephan Hilgert, LimKnow
GmbH).

4.2.1.1 MONITORING STRATEGY

Regarding the meteorological effects, the FPV system is anticipated to decrease both the
amount of irradiance reaching the lake and the near-surface wind speeds (Exley et al. (2021), Yang et al.
(2022a), ligen et al. (2023)). Reducing irradiance could lead to less energy entering the lake, potentially
lowering surface water temperatures and creating a more unstable thermal stratification. Conversely,
reduced wind shear might result in a more stable thermal stratification with warmer water temperatures.
Consequently, these opposing effects may influence the lake's mixing regime and are largely dependent
on the design of the FPV system.

A monitoring setup was established to accurately measure these key factors and incorporate
them into a model representing the FPV system. Figure 4-8 illustrates a climate station (WS510-UMB,
Lufft) positioned at the northern boundary of the system. This station records global horizontal
irradiance (GHI) (W/m?), wind speed (m/s) and direction (°), relative humidity (%), atmospheric

pressure (hPa), and air temperature (°C).
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Figure 4-8. Climate station and monitoring points at the gravel pit lake (Ilgen et. al, 2025, AP-
PENDIX B).

Additionally, 2D ultrasonic anemometers (WS200-UMB, Lufft) were placed at various
locations, including the edges and center of the system, to measure near-surface wind speeds. The
anemometers at the system’s edges were positioned at the height of the upper edge of the solar panels,
while the two central anemometers were set at different elevations: one above the top of the solar panel
and the other as close to the water surface as feasible. These devices have a wind direction measurement
accuracy of £3° and a wind speed accuracy of £0.3 m/s or £3% within the 0-35 m/s range. By analyzing
wind speeds at various heights, the impact of the FPV system on wind reduction could be assessed.
Long-wave radiation measurements were taken at the system's center using a pyrgeometer (SGR3, Kipp
& Zonen). A thermistor chain, measuring 10 meters in length with sensors spaced 50 cm apart, was used
to record water temperatures at different depths at the FPV measurement point (MFPV). An additional
chain was mounted on a buoy and deployed in open water at the reference point (MREF I). The
thermistors had an accuracy of +0.1°C.

The reduction in irradiance caused by the FPV system was calculated using the Radiance
raytracing model (Ilgen et. al, 2025, APPENDIX B). Radiance is a commonly utilized tool for simulating
how various objects affect the path of light from different sources. It accounts for specular, diffuse, and
directional diffuse reflections and transmissions in any configuration, even with complex curved

geometries (Ward, 1994). The model tracks light paths through image plane pixels and simulates
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interactions with virtual objects, with highly customizable material properties. It produces outputs such
as shading rates, light availability, and spatial distribution through a grid of virtual sensors. In
photovoltaics, it is frequently applied in agrivoltaics alongside crop yield simulations.

Water quality was assessed using two Y SI-EXO2 multiparameter probes during measurement
campaigns at MFPV, MREF I, and MREF II (Figure 4-8). Measurements were taken at 1-meter depth
intervals throughout the entire depth of each sampling site. The first set of measurements used in this
study’s statistical analysis was recorded on May 9, 2023, and the final set on July 9, 2024. Throughout
the 14 months, measurements were collected on 17 different days, focusing on the vegetation and
transitional periods of the mixing regime. During winter, measurements were taken regularly but at
wider intervals due to isothermal conditions resulting from lake turnover, with little variation observed
between winter readings. These measurements were analyzed statistically and combined with water
temperature data from thermistor chains to calibrate the hydrodynamic model.

Two temperature and dissolved oxygen loggers (miniDOT, PME) were also deployed at MPFV
and MREF 1. Both loggers were placed at a 1-meter depth and set to record data every 15 minutes. The
first data were recorded on September 5, 2023, and the final on January 9, 2024. The data from these

loggers were analyzed statistically and compared with the YSI-EXO2 results and the modeling outcomes.

4.2.1.2 MODELING STRATEGY

Following the principal model setup strategy (item 4.1.1) a regular computational grid was
created to represent the lake, using the Z-model (Deltares, 2025a). This grid had a resolution of 10 m x
10 m covering the lake area, with 20 vertical layers (Figure 4-9), defined after sensitivity analysis.

Initial conditions for the hydrodynamic and the water quality model were constant values. This
lake had no horizontal boundary conditions, since it is a gravel pit lake with no tributaries. Although the
quarry is still in operation, so that a quantity of water is removed for washing and returned to the lake,
its influence is considered insignificant. As surface boundaries, precipitation and evaporation are
considered. A tracer was placed below the FPV (MFPV point) at the surface to analyze the advection
transport and local residence time. Further model parameters are specified at Table 7-1 and Table 7-2 on

APPENDIX C.
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Figure 4-9. Computational grid of the lake simulations, with 10 x 10m resolution, and location of
the FPV (Solarpark). Satellite image from 2025.

Different lake cover scenarios were simulated. For the calibration, the actual FPV coverage of
the lake was considered (8% of the total area) and the calibrated points were MFPV and MREFI. This
calibration was based on temperature profile data and surface dissolved oxygen concentration (1 m
below surface).

The scenarios considered were no cover (0), the current cover (8% of the lake area), 15%
(maximum allowed by German legislation), 50% and 90%. The aim was mainly to assess changes in

temperature, evaporation, and dissolved oxygen.

Table 4-1. Simulation scenarios for the gravel pit lake simulation.

Scenario Coverage (%) Coverage (area, ha)
0 0 0
8 8 (actual) 1.6
15 15 (expanded — maximum allowed in Germany) 2.9
30 50 (expanded) 9.7

920 90 (technical maximum) 17.5
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Representation of FPVs in model setup

As described in chapter 4.1.1, files of meteorological forces varying in time and space were
created to represent the floating system. Based on the observed values of reduction in wind speed and
radiation, this reduction was applied to the region of the FPV, like shown in Figure 4-10. Files of air
temperature, cloudiness, relative humidity, solar radiation, wind speed in x direction, and wind speed in

y direction were made, with reduction coefficients only in the last three based on measurement results.

8% coverage
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Figure 4-10. Wind speed time- and space-varying input of Delft3D-FLOW example for scenario
8 (8% coverage), here shown for May 31° at 6 p.m.

The modeling period spans from January 1, 2023, to June 30, 2024 for hydrodynamics, and
from June 1%, 2023 to June 1%, 2024 for water quality modeling. For the time frame of January 1, 2023,
to August 12, 2023, meteorological datasets from NASA's Prediction of Worldwide Energy Resources
(POWER) project were used. POWER provides solar and meteorological data to meet the needs of
sectors like agriculture, renewable energy, and energy-efficient buildings (NASA, 2023). From August
12, 2023, onwards until the end of the modeling period, meteorological data were sourced from the
climate station installed on the FPV system. The variables used for the models include shortwave
radiation, longwave radiation, air temperature, wind speed, wind direction, relative humidity, rain, and
snow. Since no precipitation measurements were taken directly from the FPV system, data for rain and
snow were obtained from a nearby climate station (ID: 05906) managed by the German Meteorological
Service. Figure 4-11 displays the meteorological time series used as input for the models. The same

station from the German Meteorological System only had monthly cloud cover data for a period prior
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to the modeling. It was therefore decided to adopt monthly average values from this period of data. A

wind rose is presented in Figure 4-12 to indicate the wind characteristics during the simulation period.
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Figure 4-11. Meteorological time series that was used as input for the model.
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Figure 4-12. Wind rose of the simulation period.
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4.2.2 FPV PILOT PLANT ON PASSAUNA RESERVOIR — CURITIBA, BRAZIL

The Passauna reservoir, is located in a humid subtropical climate region in the city of Curitiba,
Brazil. This reservoir has approximately 9 km? of flooded area, with a maximum depth of 17.5 m and
an average of 8.3 m, 59 hm? of volume, and its main purpose is public drinking water supply (SANEPAR,
2023). Its estimated residence time is 292 days (Marcon et al., 2019). The average water intake, from
2020 to 2024, was 1.4 m*/s. The average river inflow (main tributary) is 1.5 m?*/s, maximum 26.4 m?/s,
and the average precipitation was 1426 mm/year for the same period. The watershed in which it is
located covers approximately 152 km?, with land use predominantly of forest remnants, cultivated areas,
pastures, and urbanized regions.

Several studies have been conducted in this reservoir, involving sediment analysis (Sotiri et
al., 2021) and phosphorus exchange between sediment and water (Carneiro et al., 2016), reservoir
eutrophication modeling (Gobbi & Kruk, 2003), phosphorus load analysis from the catchment (Sotiri et
al., 2022), as well as analysis of the effects of dimensionality on the performance of hydrodynamic
models (Ishikawa et al., 2022a), hydrodynamics and mixing mechanisms (Ishikawa et al., 2021) and
hydrodynamic drivers for nutrient and phytoplankton dynamics (Ishikawa et al., 2022b).
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Figure 4-13. Passatina reservoir location (SANEPAR, 2023).

Regarding FPYV, a pilot floating photovoltaic system was installed on this reservoir, close to its

intake point. This pilot project has a maximum capacity of 130 kWp, covering an area of approximately

1,200 m? (0.01% of the total area).
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To understand and analyze the impacts on the hydrodynamics and water quality of the reservoir,
the FotoAgua Project — Effects of floating photovoltaic systems on transfer processes at the air-water
interface and changes to water quality — was developed in partnership with Companhia de Saneamento
do Parand (SANEPAR). The project lasted a year and involved the development of a monitoring system,

field campaigns, data processing, and computational modeling.
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Figure 4-14. FPV pilot plant on Passauna Reservoir.

4.2.2.1 MONITORING STRATEGY

The monitoring strategy (Figure 4-15) focused on two main locations, one in the center of the
FPV system (PV1), and another located outside the system, considered to be a reference point without
influence from it (Lake Reference, LR).

The monitoring system had fixed continuous monitoring sensors (Table 4-2) on the surface
and bottom of these two main points. Monthly field campaigns were also conducted (Table 4-2), taking
in situ measurements and collecting samples for laboratory analysis. Meteorological data (wind speed
and direction, humidity, solar radiation) was obtained from a SANEPAR weather station, located at

approximately 40 m from the FPV.
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Figure 4-15. Simplified monitoring scheme for the Passauna reservoir. Location of LR and PV1
points, and the dissolved oxygen sensors below them (0.5 m below surface and 6 m deep below
PV1, 9 m deep below LR).

Table 4-2. Monitoring parameters and their frequency. All parameters were monitored at PV1

and LR.
Parameters Monitoring
Temperature Fixed
Dissolved oxygen Fixed
Solar radiation Fixed
Meteorologic station Fixed
Secchi disk Monthly
pH Monthly
Conductivity Monthly
Nitrate Monthly
Redox potential Monthly
Dissolved Organic Carbon Monthly
Clorophyll-a Monthly
Phytoplankton Monthly

Total phosphorus Monthly
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4.2.2.1.1 FIXED CONTINUOUS MONITORING

The continuous monitoring system had four temperature and dissolved oxygen sensors
(miniDOT), located on the surface (0.5 m deep) and bottom (6 m PV1, 8 m LR) of the two main points,
and two photosynthetically active radiation sensors (miniPAR) located on the surface. In addition, there
were previously installed sensors for measuring water temperature (model PT100, with a measurement
range of -10 to 120°C, Class A). The sensor's accuracy is as follows: + 0.15 + (0.002¢)°C, where ¢ is the
absolute temperature value in °C (LIOHM, 2019), and for measuring the temperature of the panels.

The fixed sensor system also incorporates sensors from Sanepar's weather station, which is
approximately 40 meters from the FPV. This automated station is equipped with the following sensors:
a MeteoTemp RH+T 2-in-1 waterproof thermo-hygrometer for measuring air temperature and relative
humidity (BARANI DESIGN, 2017a); a MeteoWind 2 anemometer for wind speed and direction
(BARANI DESIGN, 2017b); and an MS-80 pyranometer for solar radiation measurement (EKO, 2020).

The weather station records meteorological parameters such as air temperature (°C), relative
humidity (%), horizontal and inclined solar radiation at 15° (W/m?) within a wavelength range of 285
nm to 3000 nm, wind speed (m/s), and wind direction (°). The 15° inclined solar radiation measurement
corresponds to the tilt angle of the floating photovoltaic modules.

Temperature profilers (Vemco Minilog II-T Temperature Data Loggers) were deployed after
the miniDOT and miniPAR sensors at PV1 and LR, with a time resolution of 1 minute. Apart from the
sensor placed in the air beneath the FPV at PV1, the depth levels for both PV1 and LR were 0.25 m,
0.75 m, I m, 1.5 m, and 2 m. These temperature profilers offer a resolution of 0.01°C and an accuracy

of £0.1°C for temperatures ranging from -5°C to 35°C.

4.2.2.1.2 MONTHLY MONITORING

The monthly monitoring system involved 3 sensors (two multiparameter sensors, Horiba U-
50-434 and Trios Opus, and a CTD), together with Secchi disk measurements. At each monthly
campaign, measurements were taken meter by meter, as well as surface and bottom samples at points
PV1 and LR.

Chlorophyll-a, total phosphorus and carbon analyses were carried out on the samples collected.
Specific samples were also collected to characterize the composition of the phytoplanktonic and

zooplanktonic communities.

4.2.2.2 MODELING STRATEGY

During the MuDak-WRM project in 2018 and 2019, a three-dimensional mathematical model
was developed for the Passatna reservoir that showed good results in terms of water temperature and

flow velocity when compared to measured values, despite limitations in terms of energy dissipation
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processes (Ishikawa et al., 2022). The computational grid is curvilinear, with cell sizes varying between
10 m and 100 m, with an average resolution of 79 m; it has 20 vertical layers (Z-model), and uses a k-¢
turbulence model.

Based on the previous studies, the calibrated model from (Ishikawa et al., 2022) was adjusted
for the modelling purpose of representing the floating photovoltaic system. This work was done in
collaboration with the FotoAgua Team, and also based on initial studies from a master student (Bonfim,
2024). Adjustments were made mainly to the grid, to represent the floating structures, but also extensions
to the boundary conditions, to include the newly monitored periods.

Initial conditions for the hydrodynamic and the water quality model were constant values. Four
horizontal boundary conditions were considered, being: a main tributary inflow; two secondary tributary
inflows; water level at the dam. Two sinks were considered, the water intake (measured) and the
groundwater contribution (obtained by water balance). As surface boundaries, precipitation and
evaporation are considered. A tracer was placed below the FPV, at the surface layer, to analyze the
advection transport and local residence time. Further model parameters are specified at Table 7-3 and

Table 7-4, APPENDIX C.

FPV representation

As mentioned in chapter 4.1.1, Delft3D makes it possible to use two approaches to simulate
the coverage of the reservoir caused by the FPV modules. Base on the calibrated model, two scenarios
were carried out with photovoltaic modules for one year of measurements, from August 1%, 2022, to
August 1%, 2023, in order to analyze the effects of inserting FPVs. The Pilot scenario represents the
current pilot project. To simulate this scenario correctly, it was necessary to refine the computational
grid horizontally, thus allowing such a small percentage coverage to be obtained in relation to the entire
reservoir. The Expanded scenario simulates an expansion scenario for the FPV, occupying a larger area
of the reservoir. Table 4-3 presents the scenarios analyzed and their coverage areas, while Figure 4-16
shows the computational grid for two scenarios and the actual structure using satellite imagery.

In terms of area, while the covered area of the real pilot project is approximately 1,200 m?, in
the simulated Pilot scenario the covered area was 1,140 m?, and in the Expanded scenario it was 516,934
m?. In relation to the total area of the reservoir, this is 0.01% and 6.15%, respectively. The submerged

depth of the floating structure was 0.3 m, similar to that of the real structure, in both scenarios.

Table 4-3. Simulation scenarios for the Passaina reservoir.

Scenario Coverage (%) Coverage (area, ha)
Base 0 0
Pilot 0.01 (actual) 1.1

Expanded 6.15 (expanded) 51.7
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Figure 4-16. Location of floating structures on the modeling grid. Yellow represents the compu-
tational grid, in blue is the Pilot scenario (0.01% coverage), and in purple the Expanded scenario
(6% coverage).

However, this approach does not allow coupling with the water quality model afterward
(Deltares, 2025a). Therefore, the approach used to model the gravel pit lake in Germany was also tested
for the Passatina Reservoir. The Pilot and Expanded scenarios were simulated in order to model
temperature and dissolved oxygen, and analyze their behavior in the tropical reservoir. To do this, a
three-month period was simulated, from October 2022 to January 2023, considering the parameters
calibrated in the previous model. The meteorological data is listed in Figure 4-17, and the flow rate of
the main tributary, as well as its temperature, is presented in Figure 4-18. A wind rose is presented in

Figure 4-19, to illustrate the wind characteristics during the simulation period.
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Figure 4-17. Meteorological data from Sanepar meteorological station used as input in the
Delft3D model for the period of simulation (01/10/2022 to 01/01/2023).
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Figure 4-18. Flow rate and water temperature of the main tributary used as input in the Delft3D

model for the period of simulation (01/10/2022 to 01/01/2023).
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Figure 4-19. Wind rose of the simulation period for Passatiina reservoir.
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4.3 MODELING ANALYSIS

Basic metrics were used to analyze the calibration of the models, including the Nash-Sutcliffe
coefficient (NSE (4-14)), RMSE (4-15), correlation coefficient r (4-16) e bias (4-17). The calibration

focused on the variables water temperature and dissolved oxygen.

T t t 2
_ t=1(46 — Am) 4-14)
NSE=1- t=1 (AL = A,)? (
1 n
RMSE = ;Z(Ao —A4,)2 (4-15)
i=1

(A A (A= A

JZ?ﬂ(Ao.i —45) Ty (A — A’
n

(4-16)

1
Bias = ;Z(Am,i ) (4-17)
i=1

Where 4, is the observed variable, A4,, is the modeled, 4, is the mean of observed variable
values, and 4,, is the mean of modeled variable values.

Finally, the model results are also compared concerning the hydrodynamics in the lake
quantifying the impact of an increasing FPV occupancy. To compare coverage scenarios, the time series
and averages of the variables were evaluated. The mean lake surface water temperature (LSWT), Schmidt
stability (S;) and thermocline depth (7D) were used to assess the impact on the hydrodynamic conditions.
S: and TD are quantified using the R package rLakeAnalyzer (Winslow et al., 2022). In addition, to
assess the effect on mixing, the behavior of tracers and residence time under the FPVs were compared.

The stability index S; represents the amount of energy needed to mix the entire water column
to uniform temperature without affecting the amount of internal energy, while the internal energy is the
thermal energy stored in the water column (Schmidt (1928); IDSO (1973)). If S, > 0, stratified conditions
and the formation of a thermocline can be assumed. 7D is calculated as the depth at which the maximum
water density difference occurs, provided the water temperature is above 4.0 °C and the water density

difference between the surface and bottom layers exceeds 0.1 kg/m* (Ladwig et al., 2021).
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5 RESULTS AND DISCUSSION

Results are presented separately for each study area. At the end of the chapter, there is a

discussion with a general comparison of the data and the systems.

5.1 GRAVEL PIT LAKE - LEIMERSHEIM
5.1.1 MONITORING

Continuous wind measurements at the FPV system showed a significant (57%) decrease in
wind speed beneath the installation. This reduction became more pronounced for higher wind speeds,
demonstrating a stronger effect at higher velocities. Winds from the south, which directly impacted the
southward-facing foundations of the array, led to a greater reduction in wind speed compared to winds

from the north.

Wind direction [°]

l 270
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Wind bottom [m/s]
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Figure 5-1. Comparison of wind speed recorded above (Wind top) and below (Wind bottom) the
PV modules (but still above the water surface) based on wind Direction (Ilgen et. al, 2025, AP-
PENDIX B).

Radiance calculations indicated an 88% reduction in solar irradiance reaching the water body
below the panels. While certain areas, such as along cable routes and at the edges of the array,
experienced little to no shading, significant shading was observed beneath the modules and substructure.
These results are higher than those found in another lake in the Upper Rhine region, which showed a
23% reduction in wind and a 73% reduction in radiation (Ilgen et al., 2023).

Additionally, a 36% decrease in k,, (light extinction coefficient) was recorded under the FPV
array, suggesting lower light extinction. This reduction implies a potential decline in suspended particles
and dissolved substances that would otherwise increase turbidity and light scattering. One possible
explanation for the reduced turbidity and particle concentration beneath the FPV system is filtration by
mussels colonizing the structure. After these results, Table 5-1 provides a summary of the key input

parameters used in hydrodynamic model to assess FPV impacts.
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Table 5-1. Parameters adjusted to represent FPV in Delft3D.

Parameter Without FPV With FPV Reduction (%)
Scaling factor for shortwave radiation 1 0.12 88
Scaling factor for wind speed | 0.43 57

Table 5-2 presents a summary of water quality data collected from the lake. The measurements
from MREF I and MREF II were averaged (MREF) and compared with those taken beneath the FPV
system (MFPV). Statistical t-tests were conducted to assess whether the differences in water quality
variables were statistically significant.

Table 5-2. Statistical analysis of water quality data collected using a multi-parameter probe. The
average values of measurements taken beneath the FPV system (MFPV) are compared to those
recorded in open water (MREF), with the standard deviation presented in brackets. The p-value

is derived from t-tests and is indicated alongside significance levels: p < 0.1 (*), p < 0.05 (**), and
p < 0.01 (**%*). (Ilgen et. al, 2025, APPENDIX B).

Variable MFPV MREF p-value Significance

Water temperature (°C) 14.28 (£5.57) 14.20 (£5.83) 0.856

Dissolved oxygen (mg/L’ 9.22 (+£1.83) 9.60 (£1.7) 0.011 o

Oxygen saturation (%) 89.44 (£16.43) 92.84 (£13.91) 0.010 RS
Specific conductivity (uS/cm) 595.70 (£76.33) 594.00 (£27.45) 0.737
pH (-) 8.17 (+£0.45) 8.14 (£0.39) 0.402

Redox potential (mV) 172.13 (£53.91) 164.42 (£54.26) 0.095 *

Nitrate (mg/L) 0.16 (+£0.18) 0.21 (£0.20) 0.011 ok
Turbidity (NTU) 1.93 (£3.58) 2.39 (4.21) 0.161
Phycocyanin (pg/L) 0.05 (£0.14) 0.04 (£0.05) 0.508
Chlorophyll-a (ug/L) 1.03 (£0.85) 1.08 (£1.00) 0.541
Dissolved organic carbon (mg/L) 1.68 (£0.31) 1.68 (+£0.30) 0.959

Unlike the results of Nobre et al. (2025), differences in water temperature between MFPV and
MREF were minimal and not statistically significant. However, it should be noted that the average
coverage of the lakes analyzed was 49.1%, while in Leimersheim the coverage is 8%.

In contrast, both dissolved oxygen concentrations and saturation levels showed a notable
decline, like observed by Wang et al. (2022) on experimental sites. Nutrient levels, particularly nitrate
concentrations, exhibited slight reductions, though values were close to the detection limit. However,
along with the lower turbidity observed beneath the FPV system, this reduction may suggest an influence
of mussel filtration. Specific conductivity and pH levels reflected the presence of calcareous sediments,
characteristic of the Upper Rhine Valley. Additionally, the relatively low concentrations of chlorophyll-
a and nitrate indicated an oligotrophic trophic state.

The temperature and DO profiles over 5 monitoring campaigns are shown in Figure 5-2. It is
possible to observe stratification in the September and October campaigns (Figure 5-2a), with little

variation in temperatures between the MFPV (PV in the graph) and MLREF (LR in the graph) points.
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The results of DO, on the other hand, shows greater variations between points, especially on the surface

(Figure 5-2b).
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Figure 5-2. Vertical profiles of five field campaigns. (a) Temperature; (b) DO.

Figure 5-3 shows the results of continuous monitoring with the oxygen sensors (miniDOT).

The time series shows instabilities at the start of the measurements (Figure 5-3a), which were fixed after

the second campaign, when a copper cover device was installed to prevent biofilm from forming around

the sensor. The average DO below the panels was 8.06 mg/L, while in the LR it was 8.57 mg/L (Figure

5-3b). The boxplots and averages were generated excluding the instability period.
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Figure 5-3. Time Series and Boxplots of oxygen sensor data, where LR is the MREF point and
PV is the MFPYV point. The black dots mark the dates of field campaigns.

During the field campaigns, mussels were found on the floaters (Figure 5-5 and Figure 5-6).

These organisms were not analyzed in this study, but their existence is relevant for the discussion of the

results.
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Figure 5-4. Mussels attached to the floaters of the FPV system. Photo taken with Underwater
ROV (Deep Trekker®) during a field campaign.

Figure 5-5. Mussels found below the FPV, attached to the floaters and their removal for labora-
tory analysis.

5.1.2 MODELING
5.1.2.1 Calibration

The model's calibration focused on matching simulated temperature and dissolved oxygen
profiles to the monitored ones. Therefore parameters, such as wind drag coefficients, Dalton and Stanton

numbers, were modified to improve the correlation. Figure 5-6 shows the time series of the temperature

3 https://www.deeptrekker.com/products/underwater-rov
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modeling (continuous lines) compared to the measurements (dots) at the different depths. The calibration

metrics are shown in Table 5-3.

35

30 4

20 4

Water temperature (°C)

2023-01 2023-07
Date

2024-01

2024-07

Depth [m|

—sil)
e 1}
13

Figure 5-6. Observed temperature (dots) and modeled temperatures (continuous lines) from
01/01/2023 to 30/06/2024 at MREF I for four different depths.

35

30 A1

25

20 A

154

Water temperature (°C)

101

2023-01 2023-07
Date

2024-01

2024-07

Depth [m]

— 0
— 3
— 10

13

Figure 5-7. Observed temperature (dots) and modeled temperatures (continuous lines) from
01/01/2023 to 30/06/2024 at MFPV for four different depths.

Table 5-3. Metrics obtained in the temperature calibration for the MREFI and MFPV points, on
the surface (0 m depth) and closer to the bottom (10 m depth).

Point Depth (m) RMSE (°C) NSE R Mean bias °C) MAE (°C)
0 1.41 0.74 0.96 -0.61 1.17
MREFT 10 1.64 0.50 0.96 -1.08 1.40
0 2.12 0.84 0.97 0.21 1.66
MEPY 10 1.84 0.69 0.97 -0.65 1.55

After the temperature calibration, the water quality model was calibrated for dissolved oxygen

by changing the reaeration formula, and reaeration transfer coefficient in water to achieve the best match
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between the monitoring and simulated data. It is important to highlight that, in this thesis, the focus was
on analyzing the influence of FPV on the physical process of reaeration. Therefore, DO was calibrated
for this scenario and, subsequently, the impact of panel coverage expansion was evaluated. Figure 5-8

shows the results for DO at the MREFI point, Figure 5-9 for the MFPV point, while the Table 5-4

presents the obtained metrics.
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Figure 5-8. Observed temperature (dots) and modeled temperatures from 01/06/2023 to
01/06/2024, 1 m below surface, at MREFI.
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Figure 5-9. Observed temperature (dots) and modeled temperatures from 01/06/2023 to
01/06/2024, 1 m below surface, at MFPV.

Table 5-4. Metrics obtained in the DO calibration for the MREFI and MFPYV points.

. RMSE . (o) 0,
Point Depth (m) (@/m’) NSE r Bias (°C) MAE (°C)
MREFI 1 0.86 0.24 0.93 -0.78 0.78

MFPV 1 0.55 0.54 0.81 -0.23 0.44
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5.1.2.2 Scenarios

To assess the impact of different areas of FPV coverage on the lake, the results of water
temperature, horizontal velocity, total evaporation, residence time, tracer concentration and, finally,
dissolved oxygen were analyzed. The average lake surface temperature (LSWT), Schmidt Stability (St),
thermocline depth (TD), and lake’s total evaporation were first analyzed for the entire hydrodynamic

simulation period (Table 5-5).

Table 5-5. Summary of variations between scenarios (average over time), for the total period of
simulation (01/01/2023 to 30/06/2024) at MFPV.

FPV Lake’s total Water Water
occupancy LSWT (°C) St (J/m?) TD (m) evaporation® savings savings (%)
(%) (x1000 m>) (x1000 m>)
0 14.45 176.48 6.98 126.38 - -
8 14.26 176.87 7.25 126.42 0.04 0.03
15 13.57 166.65 6.91 107.55 18.83 14.9
50 11.31 122.37 5.37 52.89 73.49 58.15
920 4.63 21.26 3.02 2.73 123.65 97.84

*To calculate total evaporation, the time series of evaporation rates for each cell were added together and multiplied by its area (100 m?).

St decreases significantly with increasing coverage, as observed by Ilgen et al. (2023) and Ji
et al. (2022). A decrease in this parameter indicates that thermal stratification is weaker, favoring mixing
of the water column. When 90% of the lake is covered, St decreases by 88%, approaching a mixed
system. In line with this, TD becomes shallower as coverage increases. This indicates that the transition
between warmer and colder waters occurs closer to the surface, which can impact nutrient circulation
and affect ecological patterns. In terms of total evaporation, water retention in the reservoir is quite
significant as coverage increases.

The other parameters were then analyzed for the period from June 1st, 2023 to June 1st, 2024,
a period for which water quality was also simulated. A summary of the results is shown in Table 5-6,
while a detailed analysis is done parameter by parameter as following, focusing on the differences

between scenarios. The parameters time series are shown in APPENDIX D.

Table 5-6. Summary of time averaging differences between the simulated scenarios, with the
standard deviation presented in brackets, from 01/06/2023 to 01/06/2024.

Time averaging differences between scenarios

Parameter
0-8 0-15 0-50 0-90

Actual DO saturation (%) 1.40(%1.75) 1.83(x1.74) 2.58(+1.90) 4.31(%4.86)
Dissolved oxygen (g/m?) 0.07(=0.11) -0.03(£0.15) -0.39(+£0.37) -1.72(£0.47)
Horizontal velocity (cm/s) -0.58(%0.6) -0.55(%0.62) -0.25(+0.40) -0.02(+0.22)
Reaeration rate (1/d) 0.75(x1.23) 0.96(+1.24) 1.26(£1.26) 1.40(£1.27)
Residence time (h) 1.87(+4.86) 1.54(£5.15) 0.85(%5.48) -4.74(+11.38)
Saturation concentration (g/m3) -0.06(£0.15) -0.19(x0.20) -0.63(%0.31) -2.17(x0.60)
Surface temperature (°C) 0.18(x0.57) 0.92(£0.68) 3.35(%1.31) 11.12(+4.27)




63

Time averaging differences between scenarios
Parameter

0-8 0-15 0-50 0-90
Total Evaporation rate (m3/h) 1.32(x2.22) 2.26(£2.84) 6.84(+6.56) 11.74(=11.20)
Tracer concentration (g/m?) 0.01(x0.01) 0.03(x0.03) 0.04(£0.11) -0.33(+0.46)
Turbulent energy (m?%s?) -0.35(+0.72) -0.32(+0.72) 0.14(+0.62) 0.61(+0.55)
Temperature

The temperature results at the MFPV point show a gradual reduction in surface temperature
as FPV occupancy increases (Figure 5-10). Up to 15% coverage, this decrease in temperature is slower
(Figure 5-11), not reaching 1°C of variation between the averages for the period. When it reaches 50%,

this decrease becomes more significant, varying by almost 20°C in the 90% scenario.
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Figure 5-10. Surface temperature differences at the MFPV point between the base scenario (0)
and the coverage scenarios, from 01/06/2023 to 01/06/2024.
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Figure 5-11. Boxplots of the surface temperature series considering the scenarios analyzed, from
01/06/2023 to 01/06/2024.

The maps show that the covered region has a lower temperature than the uncovered region. In
scenario 15, variations of more than 0.5°C are observed between MFPV and MREFII (Figure 5-12¢),
while in scenario 8 they do not reach 0.5°C (Figure 5-12b). From 50% onwards, average temperatures

become more homogeneous and are reduced throughout the lake.
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When looking at the temperature profiles, one can see that the thermocline gets shallower and
the stratification gets weaker as the coverage increases, as mentioned earlier. Similar results were found
by Ilgen et al. (2023) while modeling lake Maiwald (Germany). This effect is mainly caused by the
blocking of solar radiation (Figure 5-14). It shows that with 90% coverage, the temperature differences
are smaller, and stratification is only observed in the summer of 2023, remaining mixed at the beginning
of the second half of 2024.

The difference between the temperature profiles is shown in Figure 5-15, where the impact on
stratification and the reduction in temperature is more evident. The greatest differences can be seen
initially at the height of the thermocline (Figure 5-15b and Figure 5-15c), until they become significant

throughout the epilimnion in scenario 90 (Figure 5-15d).
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Evaporation rate

To obtain the total evaporation rate, the rates for each computational cell were added together
and multiplied by their area (100 m?). As seen in several studies (Scavo et al., 2020; Aminzadeh et al.,
2018; Ilgen et al., 2023), the evaporation rate decreases as the lake coverage grows (Figure 5-16). Also
its variation over time decreases (Figure 5-17). Spatially, there are differences in evaporation rates not
only below the FPV, but also in other regions of the lake (Figure 5-18). As seen in the previous results,
the presence of the FPV leads to changes in temperature (Figure 5-12 and Figure 5-13), even if they are
small, throughout the entire area of the lake. This dynamic also has an impact on evaporation, which is

dependent on water surface temperature.
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Figure 5-16. Differences in the lake’s total evaporation rate between the base scenario (0) and
the coverage scenarios, from 01/06/2023 to 01/06/2024.
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Figure 5-17. Boxplots of the total evaporation rate for the analyzed scenarios, from 01/06/2023 to
01/06/2024.
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Unlike what was observed by Assouline et al. (2011), on this lake there is a linear relationship
between the percentage of area covered and the water savings (Figure 5-19). However, their study was

focused on larger reservoirs.
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Figure 5-19. Linear relationship between water savings and FPV occupancy in the gravel pit
lake simulations, considering 8%, 15%, 50% and 90% coverages.
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Horizontal Velocity and Turbulent Energy

The horizontal velocity differences are shown in Figure 5-20. From the 8% to the 50%
scenario, there are negative differences compared to the base scenario, indicating that there is an increase
in surface velocity at the MFPV point. However, from 8% onwards, as coverage increases, there is a
reduction in the magnitude of the horizontal velocity. The same behavior is observed in the variations

in the velocity magnitude over time (Figure 5-21).
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Figure 5-20. Differences in horizontal velocity magnitude at the MFPV point between the base
scenario (0) and the coverage scenarios.

3.0
g 2.5
g
S 201
=
o
= 154
S
g
{ 1.01
‘g
2
— 0'5 -
i L i i
0 8 15 50 90
Scenarios

Figure 5-21. Boxplots of the horizontal velocity series considering the scenarios analyzed, from
01/06/2023 to 01/06/2024.

Looking at the maps, in intermediate coverages, the horizontal velocity increases in the FPV
region (Figure 5-22). The hypothesis is that the velocities grow due to the flow generated by the
temperature differences observed in these scenarios (Figure 5-23). On the other hand, in the larger
coverages (scenario 90), where temperatures remain more homogeneous in space, this flow is not
observed. From an estimate of the velocity generated by the difference in density (difference in water
temperature), it is possible to assess the magnitude of these flow velocities (5-1). The results show the

magnitude of up to 2.8 cm/s.
v=,2gh (-1

= g— 52
ggp (5-2)
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Where v is the flow velocity, h is the height between the temperature differences, g is the

gravitational acceleration, p is the fluid density, Ap is the difference between fluid densities.
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Regarding turbulent energy, following the velocity behavior, from 8% to 90% it decreases as
the area covered by FPV increases, showing that there is less vertical mixing and water circulation
(Figure 5-24, Figure 5-25). These results are in accordance with Yang et al. (2022b), that observed a

reduction in mixing energy with 30% lake cover. This can reinforce stagnation in deeper layers, altering

the distribution of nutrients.
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Figure 5-24. Differences in turbulent energy at the MFPV point between the base scenario (0)
and the coverage scenarios, from 01/06/2023 to 01/06/2024.
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Figure 5-25. Boxplots of turbulent energy series considering the analyzed scenarios, from
01/06/2023 to 01/06/2024.

Residence Time

The residence time indicates the average time that a particle of water remains in the system
before it is renewed. As it shows, up to 15% coverage, velocities increase and water circulation
accelerates in the MFPV region, so the residence time in this area decreases (Figure 5-26). Between
15% and 50%, coverage effects begin to reduce circulation, increasing residence time. At 90%, this
circulation is drastically reduced, as seen above, impacting the residence time, which almost triples its

value. According to Olsson et al. (2022), reducing annual residence time can shorten and weaken thermal

stratification.
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Figure 5-26. Differences in residence time at the MFPV point between the base scenario (0) and
the coverage scenarios, from 01/06/2023 to 01/06/2024.

Tracer concentration

As seen in the behavior of the velocity, the transport of the tracer is more effective, increasing
the difference in concentration between the MFPV and MREFII points (Figure 5-27). From 8% to 90%,
as coverage increases, this difference rises, indicating a reduction in circulation in the covered region,

affecting the tracer’s dispersion.
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Figure 5-27. Differences in tracer concentration at the MFPV point between the base scenario
(0) and the coverage scenarios, from 01/06/2023 to 01/06/2024.

Analyzing the concentration profile at the MFPV point (Figure 5-28) mixing in the water
column is also affected, more significantly from 50% coverage onwards, as we see that convection is
affected. When it reaches 90% coverage, the tracer accumulates on the surface, up to a depth of 2m

(Figure 5-28e).
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Dissolved oxygen

DO concentration increases as FPV coverage grows (Figure 5-29a), although the reaeration
rate declines drastically between scenarios (Figure 5-30), falling by 76% in scenario 90 compared to the
base scenario (Table 5-2). The saturation concentration rises (Figure 5-29b), as a function of its
relationship with temperature (eq (4-8)), as its reduction increases the oxygen retention capacity. This
relationship is illustrated by Chapra (2008) who shows that oxygen saturation decreases with rising
temperature and vice versa (Figure 5-31). However, the relative oxygen saturation diminishes, in line

with the measurements (Table 5-2).
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Figure 5-30. Differences in reaeration rate at the MFPV point between the base scenario (0) and
the coverage scenarios, from 01/06/2023 to 01/06/2024.
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Figure 5-31. Relationship between oxygen saturation, temperature, and salinity (Chapra, 2008).
The variations between the scenarios (Figure 5-32) do not differ significantly until scenario
50, with the median remaining close to 7.5 g/m?. In the 90% scenario, values rise, with the median
exceeding 8 g/m*. Looking at the profiles (Figure 5-33), the same behavior is highlighted, as a function
of temperature. Up to scenario 15, it follows the pattern of thermal stratification. In scenarios 50 and 90,

there is an increase in concentration in the upper layers, up to 4 m (Figure 5-33e).
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These results only represent the isolation of the reaeration process, disregarding oxygen
consumption and production processes. In this way, the relationship with temperature dominates the
reactions, increasing dissolved oxygen, unlike what was observed in the measurements. For a better
understanding of the impacts on DO, other processes such as photosynthesis, respiration, oxygen

consumption for the decomposition of organic matter, among others, should be added to the model.

5.2 PASSUNA RESERVOIR

Several variables were monitored throughout 2022 and 2023, as shown in section 4.2.2. In this
thesis, however, the analyses focused on temperature and dissolved oxygen. The modeling results are
analyzed for surface temperature, evaporation rates, horizontal velocities, turbulent energy, residence

time, tracer concentration, and dissolved oxygen.

5.2.1 MONITORING

Figure 5-34 and Figure 5-35 comparatively show the time series for the years 2022 and 2023
of the surface temperature (ST) and surface dissolved oxygen (SDO) variables for points PV1 and LR,
measured at 0.50 m below the surface by the miniDOT sensors. In general, no significant differences
were observed in surface water temperatures between both points, as well as observed by Bax et al.
(2023), also in a pilot power plant.

Dissolved oxygen, on the other hand, showed higher concentrations at point LR when
compared to point PV1. This can be associated with greater contact between the reservoir surface and
the atmosphere at point LR and greater wind action (reaeration), resulting from less interference from

the floating photovoltaic system (SANPEAR, 2023).
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Figure 5-34. Time series (2022) for surface temperatures (ST, top graph) and surface dissolved

oxygen (SDO, bottom graph). The ST series are similar between points PV1 and LR. The SDO

series for point LR showed higher dissolved oxygen concentrations compared to the SDO series
for point PV1 (SANEAR, 2023).
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Figure 5-35. Time series (2023) for surface temperatures (ST, top graph) and dissolved oxygen at
the surface (SDO, bottom graph). As with the year 2022, the STs were similar, with no signifi-
cant differences between points PV1 and LR. The SDO for the 2023 period showed greater dif-

ferences from around April 5, 2023, onwards, with a higher concentration of dissolved oxygen at

the LR point (SANEAR, 2023).

Figure 5-35 illustrates that SDO LR exhibited greater amplitude in variations compared to
SDO PV1, particularly from April 5, 2023, onward. During the period from March 15 to April 20, SDO
PV1 was more stable than SDO LR. Emphasis was placed on describing the variables of surface
temperature (ST PV1 and ST LR) and surface dissolved oxygen (SDO PV1 and SDO LR), for direct
comparison of the effects of FPV on water temperature and the concentration of dissolved oxygen in the
water (Figure 5-36, Figure 5-37).

The distributions shown in the histograms, as well as the box-plots of the series, are very
similar to each other for the temperatures. The mean and standard deviation for ST PV1 was 22.91 °C
+1.81 °C, and for ST LR, 22.92 °C £ 1.79 °C. These values are very close, with a difference of just over
0.01 °C for the LR point. The minimum values observed for ST PV1 and ST LR were 18.83 °C and
18.86 °C, respectively, and the maximum values were 27.31 °C and 27.24 °C. The medians, considered
to be measures resistant to extreme values (anomalies/outliers), were the same at 22.83 °C for both
points ST PV1 and ST LR. Thus, it can be seen that the greatest differences observed were associated
with the maximum surface temperature values between each point, but values that are still within the

sensor's error range
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Figure 5-36. Composition of histograms, boxplots and notations of mean, standard deviation and
median of surface water temperature data (a) ST PV1 and (b) ST LR (SANEPAR, 2023).

The maximum concentration observed throughout the entire period (October 2022 to April
2023) were 16.94 mg/L for SDO LR and 8.76 mg/L for SDO PV1, with minimum of 4.34 mg/L and
2.80 mg/L, respectively (Figure 5-37). The averages for SDO PV1 and SDO LR were 7.46+0.99 mg/L
and 7.76£1.07 mg/L, respectively. Based on the values obtained, a higher concentration of dissolved
oxygen can be seen at the LR point, as well as a greater variation in the extreme values of minimum and

maximum.
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Figure 5-37. Composition of histograms, boxplots and notations of mean, standard deviation and
median of surface water temperature data (a) SDO PV1 and (b) SDO LR (SANEPAR, 2023).

Statistical t-tests were conducted to assess whether the differences in the variables were

statistically significant (Table 5-7). The surface temperature series showed no statistical difference

between PV1 and LR (p-value = 0.889). On the other hand, the surface DO series showed a statistical

difference with 99% significance (p-value = 0.001).

Table 5-7. Statistical analysis of temperature and dissolved oxygen from miniDOT data (Octo-
ber 2022 to April 2023). The average values of measurements taken beneath the FPV system
(PV1) are compared to those recorded in open water (LR), with the standard deviation pre-

sented in brackets. The p-value is derived from t-tests and is indicated alongside significance
level p <0.01 (¥).

Variable PV1 LR p-value Significance
Water tfjgl)’eramre 2291 (£1.81) 22.92 (£1.79) 0.889

Dissolved oxygen

*
(gl 7.46 (+0.99) 7.76 (£1.07) 0.001
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Table 5-8 provides a summary of the key input parameters used in the hydrodynamic model
to assess FPV impacts on Passatina Reservoir. The scaling factor for shortwave radiation was estimated
from miniPAR monitoring results (SANEPAR, 2023). As the wind reduction below the structure in
Passatina was not evaluated, it was decided to use the same reduction factor as that used in the

Leimersheim lake, as this value is within the range found in the literature (Ilgen et al., 2023).

Table 5-8. Parameters adjusted to represent FPV in Delft3D.

Parameter Without FPV With FPV Deviation (%)
Scaling factor for shortwave radiation 1 0.10 90
Scaling factor for wind speed 1 0.43 57

5.2.2 MODELING
5.2.2.1 Calibration

Based on the model calibrated during the FotoAgua project, a new simulation was carried out,
varying the approach to representing the coverage of the panels, as explained in chapter 4.2.2. In order
to check that the calibration is valid in this new simulation, the levels (Figure 5-38) and temperatures

(Figure 5-39, Figure 5-40) were compared to the measurements at PV1.
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Figure 5-38. Water level at the intake location. Observations in blue, results from FotoAgua
model in black, and from the Spatial varying model in red.
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Figure 5-39. Surface temperature at PV1 (0.5 m below surface). Observations in blue, results
from FotoAgua model in black, and from the Spatial varying model in red.
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Figure 5-40. Bottom temperature at PV1 (6 m below surface). Observations in blue, results from
FotoAgua model in black, and from the Spatial varying model in red.

After checking the temperatures, the calibration was analyzed for dissolved oxygen, at the

surface (Figure 5-41) and at the bottom (Figure 5-42), at PV1. The calibration metrics are shown in
Table 5-9.
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Figure 5-41. Surface dissolved oxygen at PV1 (0.5 m below surface). Observations in blue, re-
sults from FotoAgua model in black, and from the Spatial varying model in red.
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Figure 5-42. Bottom dissolved oxygen at PV1 (6 m below surface). Observations in blue, results
from FotoAgua model in black, and from the Spatial varying model in red.

Table 5-9. Statistics obtained from the calibration of water level, temperature and dissolved
oxygen at point PV1. Surface: 0.5 m below surface; Bottom: 6 m below surface.

Parameter RMSE NSE MAE Bias r
Water Level (m) 0.08 0.83 0.08 -0.08 0.99
Surface temperature (°C) 0.79 0.84 0.64 0.15 0.92
Bottom temperature (°C) 1.32 -0.54 1.04 -1.02 0.61
Surface DO (g/m?) 0.76 -5.54 0.65 -0.51 0.23
Bottom DO (g/m?) 0.99 -0.27 0.83 -0.62 0.51

In general, the model is capable to represent the parameter analyzed. It tends to underestimate

dissolved oxygen concentrations, as well as bottom temperature, while it tends to overestimate surface

temperature. Although in absolute values there are differences of up to 1°C, the temperature behavior is

satisfactorily represented over time.

5.2.2.2 Scenarios

To analyze the scenarios, the maps were cut to make it easier to see the variations. A region of

approximately 2.5 km? was considered, including the FPV expansion region and areas without

significant influence from the panels. All the time series were extracted from a point in the center of the

expanded coverage (named Cell Cover), making it possible to compare coverage vs. non-coverage. A

summary of the main results between the scenarios is presented in Table 5-10.

Table 5-10. Summary of differences between scenarios (average over time), with the standard
deviation presented in brackets, for the total period of simulation (01/10/2022 to 01/01/2023).

Parameter Pilot - Expanded

Actual DO saturation (%) 0.2(£0.74)
Dissolved oxygen (g/m?) -0.03(0.05)
Horizontal velocity (cm/s) 0.13(£1.67)
Reaeration rate (1/d) 2.33(+4.64)
Residence time (h) 0.07(%1.38)
Saturation concentration (g/m?) -0.05(+0.03)
Shmidt Stability (J/m?) 4.77(%£5.21)

Surface temperature (°C)

0.34(£0.25)
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Parameter Pilot - Expanded
Thermocline depth (m) -0.26(x1.7)
Total Evaporation rate (m*/h) 68.51(+48.20)
Tracer concentration (g/m?) 0.19(0.43)
Turbulent energy (m?*s?) 1.44E-05(+£2.71E-05)

Temperature

The average surface temperature drops slightly between the pilot and expanded scenarios
(Figure 5-43), decreasing by around 1.6%. The temperature variations follow the two scenarios, with
no significant differences (Figure 5-44). Like highlighted by Ji et al. (2022), reservoirs are different from
lakes, with the temperature being highly influenced by inflow water temperatures.

Spatially, there is a slight temperature variation in the region near the panels (Figure 5-45),
which does not reach 0.5°C. Looking at a cross-section that cuts through the region of the panels, it is

possible to see a modest reduction in temperature that occurs up to a depth of approximately 4 m (Figure
5-46).
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Figure 5-43. Difference of surface temperature between the Pilot - Expanded scenarios, from
01/10/2022 to 01/01/2023.
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Figure 5-44. Boxplots of the Surface temperature, from 01/10/2022 to 01/01/2023.



(a)

y coardinate—

elevation (m)—»

87

(b)

x 10
71805 10 7.1805- o0
7.18- 7.18- ot s
e}
2
7.1795- 7.1795- g
4216 &
G
7.179- 7.179- 3
$ 4214 @
g E
5 7.1785- s
7.1785- BE T
2 £
g L4212 8
- 3
7.178- 7.178- E
3
w
21 §
7.1775- 7.1775- 2
7.177- 7.177- 20.8
7.1765- | | 1 | 7.1765- ! ) ! ! 206
6625 663 6635 664 6.645 6.625 6.63 6635 664 6.645
x coordinate—» . 105 x coordinate— %10

Figure 5-45. Mean Surface temperatura for scenarios (a) Pilot and (b) Expanded, from
01/10/2022 to 01/01/2023.
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Figure 5-46. Temperature in a cross section at the FPV cover for scenarios (a) Pilot and
(b) Expanded, at 01/10/2022 11 a.m.
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Looking at the temperature profiles (Figure 5-47, a and b), one can see that the panels have
little influence on stratification (Figure 5-47c), as shown by the variation in the depth of the thermocline

at Table 5-10 (~0.26 m).
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Figure 5-47. Temperature profiles, at Cell Cover point, for scenarios (a) Pilot , (b) Expanded,
and temperature profiles difference (c) Pilot - Expanded, from 01/10/2022 to 01/01/2023.

Evaporation rate

The average difference in evaporation rates between the pilot and expanded scenarios is 68.5
m?3/h, with a reduction of approximately 14% in evaporation due to the coverage (Figure 5-48). These
differences in evaporation are accentuated in the daytime, as can be seen in Figure 5-50. As for the
gravel pit lake, total evaporation rates were obtained by the sum of the rates for each cell times the

average cell area.
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Figure 5-48. Difference of evaporation rates between the Pilot - Expanded scenarios, from
01/10/2022 to 01/01/2023.
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Figure 5-49. Boxplots of the evaporation rate time series for the analyzed scenarios, from
01/10/2022 to 01/01/2023.
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Horizontal velocity and Turbulent Energy

As seen in Table 5-10, where the variation in average horizontal velocity is in the order of 0.1
cm/s, there is little variation in the velocities (around a 5% reduction) due to the reduction in wind speed
in the region of the panels (Figure 5-51, Figure 5-52). Spatially, no significant variation can be observed
in the time average (Figure 5-53). Selecting a moment of higher velocity at the Cell Cover point and
looking at the cross-section (Figure 5-54), it shows a slight reduction in velocity in the region of the
panels, with the impact occurring up to a depth of almost 2 m. However, the behavior of the timeseries
averages indicates that at other times there is an increase in speed below the panels, so that there seems
to exist no pattern.

Unlike the velocities, the difference in turbulent energy between the scenarios shows a
reduction due to the coverage almost all period (Figure 5-55). Also its variation decreases in relation to
the Pilot scenario (Figure 5-56). An average reduction of 43% is calculated at the Cell Cover point in

the expanded scenario (Table 5-10).
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Figure 5-51. Difference of horizontal velocities between the Pilot - Expanded scenarios, from
01/10/2022 to 01/01/2023.
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Figure 5-52. Boxplots of the horizontal velocity, from 01/10/2022 to 01/01/2023.
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Figure 5-53. Difference between the mean horizontal velocity, Pilot — Expanded, during the day
(a) and the night (b), from 01/10/2022 to 01/01/2023.
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Figure 5-54. Horizontal velocity in a cross section at the FPV cover for scenarios (a) Pilot
and (b) Expanded, at 01/12/2022 11 a.m.
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Figure 5-55. Difference of turbulent energy between the Pilot - Expanded scenarios, from
01/10/2022 to 01/01/2023.
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Figure 5-56. Boxplots of the turbulent energy, from 01/10/2022 to 01/01/2023.

Residence time

The average residence time decreases by around 6% in the region below the panels, and is in
the order of 1 h (Table 5-10). As observed in the behavior of the velocities, the time series of the
difference in residence time between the scenarios shows positive and negative moments (Figure 5-57),
and the variation of the timeseries show similar results for both scenarios (Figure 5-58). This indicates

that, at certain times, the coverage generates an increase and at others a reduction in RT.
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Figure 5-57. Difference of residence time between the Pilot - Expanded scenarios, from
01/10/2022 to 01/01/2023.
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Figure 5-58. Boxplots of the residence time, from 01/10/2022 to 01/01/2023.

Tracer concentration

The tracer was released at the Cell Cover point, with a low flow rate that would not influence
the hydrodynamics of the area (4.2.2.2). There is a reduction in the concentration of the tracer at the

point just downstream, with an average decrease of approximately 12% (Figure 5-59, Figure 5-60).
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Figure 5-59. Difference of tracer concentration between the Pilot - Expanded scenarios, from
01/10/2022 to 01/01/2023.
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Figure 5-60. Boxplots of the tracer concentration, from 01/10/2022 to 01/01/2023.
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Figure 5-61. Mean tracer concentration for (a) Pilot, and (b) Expanded scenarios.

Dissolved oxygen

Surface DO concentration increases slightly with the presence of the panels (0.5%, Table 5-10)
as shown in Figure 5-62. The variation in DO are similar between scenarios and over time series (Figure
5-63). Although there is a decrease in the reaeration rate (around 25.6%) with the presence of the panels
(Figure 5-64), this behavior may be due to temperature reduction. The saturation concentration rises
(~0.7%), and the oxygen saturation in the water reduces slightly (~0.2%). Looking at the profiles (Figure

5-65) at Cell Cover point, there are almost no variations.
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Figure 5-62. Differences in (a) DO, (b) DO saturation concentration, and (¢) Actual DO satura-
tion at the Cell Cover point between the Pilot and Expanded scenarios, from 01/10/2022 to

01/01/2023.
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Figure 5-63. Boxplots of (a) DO, (b) DO saturation concentration, and (c) Actual DO saturation

Reaeration rate (1/d)

at the Cell Cover point, from 01/10/2022 to 01/01/2023.
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Figure 5-64. Reaeration rate resulting from Pilot and Expanded scenarios, from 01/10/2022 to

01/01/2023.



97

(a)
0.0
2.0 4
4.0
E 60
£
8.0
=]
10.0
12.0
14.0 '
202210 2022-10 2002\ 20221 2022-12 2022-42 2023-0
5 6 7 9 10
Dissolved oxygen (g02/m?)

0.0

2014

4.0

6.0 4

Depth (m)
»
=3

2022-10 2022-10 20021 20221} 202212 2022-12 2023-0}
5 6 7 8 9 10
Dissolved oxygen (gO2/m?)
()
0.0
2.0 4
4.0 1
E 60
2 i i
o }
o 8.0 A
8 «N N ¥ |
10.0 ll i
i
120 : "
|
14.0

2022-10 202210 20021 20221} 2022-12 2022-12 2023-01
1.0 0.8 0.6 04 0.2 0.0 0.2 0.4 0.6 0.8

Dissolved oxygen (g02/m?)
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5.3 STUDY SITES COMPARISON

Germany's lake has a volume of approximately 1.7 hm?, around 2% of Passatina's volume (59
hm?). Their maximum depths are similar, but the difference in flooded area is the same as their volume
(Leimersheim: 19.5 ha and Passatina: 900 ha). The thermocline depth in the current state is similar for
the two sites (Leimersheim: 6.98 and Passauna 7.22 m), but the Schmidt Stability varies, being higher
in Leimersheim (176.5 J/m?), decreasing by 77% in Passauna (58.1 J/m?). This indicates that the lake in
Germany has a more stable stratification and is more resistant to water mixing than Passatna. This may

be due to various factors, including morphometry and climatic issues. Leimersheim has more transparent
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water (Secchi depth reached 7 m in some periods, while Passatina is around 2 m) and lower velocity
than the Passauna Reservoir.

Their main differences include the climate in which they are located, with Germany's climate
being temperate, while the Passatina region is subtropical, with average annual temperatures of 11.2°C
and 18°C, respectively. Another important variation is that the Passatina has tributary rivers, i.e. streams
reaching the reservoir. In Leimersheim, a gravel pit lake, there is only an groundwater contribution, with
no influence from surface flows on its hydrodynamics. Despite having some similar characteristics,
these differences can have an impact on the hydrodynamics and, consequently, the water quality of these
two environments in different ways (Goulart et al. (2024), APPENDIX A).

Within the monitoring periods analyzed, similar results were observed in terms of variation
due to FPV. Both lakes showed no statistically significant difference in water temperature values due to
FPV, like other studies with lower percentage of coverage (Bax et al. (2023), de Lima et al. (2021)), but
they did in dissolved oxygen results. In terms of time average, both sites showed a slight reduction in
DO below the panels (0.3 mg/L in Passatina, 0.38 mg/L in Leimersheim). It should be noted that, in
addition to the reduction in wind, there were mussels clinging to the floats at Leimersheim, which can
influence the reduction in DO levels in the water.

In terms of modeling results, both models were able to represent water temperature. Regarding
dissolved oxygen, the model was able to reproduce the trends over time in the calibration scenario, even
though only the physical process of reaeration was considered. One possible reason is that both
reservoirs are oligotrophic, unpolluted. However, it was unable to represent daily variability. The initial
idea was to focus on the physical processes and, in the next steps, to add the processes of oxygen
consumption and production, as well as nutrients and algae, which are essential for representing
environments with a greater amount of organic matter.

Comparing scenario 8 (Leimersheim) with the Expanded scenario (Passatina), which show a
similar proportion of coverage, the reduction in surface temperature occurs to the same extent in both
environments (up to 1.5%). These results are of the same order of magnitude as other modeling studies
for low coverage (Ilgen et al. (2023), Exley et al. (2021)). As for dissolved oxygen, there is a reduction
of less than 1% in Leimersheim, while there is a slight increase in concentration in Passatna (0.5%).
The saturation concentration varies in the same proportion in both cases (rises up to 0.7%), while the
actual oxygen saturation in the water decreases in Leimersheim (~1.4%) and in Passatna (~0.2%).

The results for horizontal velocity are the ones that show the greatest differences (Leimersheim
increases velocity, while Passatina reduces it by 5%), residence time (L reduces by 77%, P by 6%), and
turbulent energy (L increases, Passatina reduces it by 43%). Even though Passatina has an inflowing
surface flow, it is known that the current in the reservoir are mainly driven by wind (Ishikawa et al.,

2021).
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Another difference of greater magnitude is in the reaeration rate. Different formulations are
used, in which the relationship with temperature and wind speed are considered in different ways
(equations (4-7) a (4-13)). The formulation adopted for the temperate lake is more sensitive to wind
variation: a 57% reduction in wind speed decreases the reaeration rate by 82% at Leimersheim, while
the same reduction at Passatuna decreases the rate by 26%. It should be noted that, within the period of
each modeling (which have different durations), winds of greater magnitude were observed in the
German lake, reaching more than 10 m/s. In Passatna, the speeds did not exceed 6m/s.

Considering the expansion scenarios in Leimersheim, the impacts of FPV vary according to
coverage, affecting hydrodynamics and gas exchange processes. At low coverages (up to 15%), there is
a slight cooling of the water surface (up to 0.9°C), a small decrease in dissolved oxygen saturation (up
to 1.83%), and an increase in horizontal velocity, indicating the influence of temperature differences on
circulation. The reaeration rate already shows a significant reduction (52% drop at 15% coverage). At
moderate coverage (50%), the surface temperature drops more sharply (reduction of 3.35°C), the DO
concentration increases slightly, but the actual DO saturation continues to decrease. Circulation becomes
more restricted, with a reduction in horizontal velocity and a longer residence time. At high coverages
(90%), the impacts are even more significant: the surface temperature drops dramatically (11.12°C
reduction), the reaeration rate is reduced by 76%, and circulation is practically inhibited, reflected in the
drop in turbulence and energy dissipation. In addition, the evaporation rate suffers an extreme reduction,
reaching only 1.7% of the initial value. These results show that optimized coverage studies can be useful
for water savings, like in semi-arid regions (da Costa & da Silva, 2021), as well as generating energy
managing the impact.

Combining the results of both study sites (Figure 5-66), it is possible to see that the variation
in the temperature is not linear, as shown by Exley et al. (2021). The same applies to DO concentrations,
that show a non-linear increase (when considering only the reaeration process). In terms of circulation,
there is a linear trend in the horizontal velocity and turbulent energy results with increasing FPV for
Leimersheim (Figure 5-67). However, the Passatna results deviate from that line, underlining what was
said earlier about the impacts on circulation being stronger in the gravel pit lake. The hypothesis is that
in the lake, these variations in velocity magnitude are caused by the difference in temperature, not by
the wind. This is not the case in Passauna, since temperatures do not vary much. It should be remember
that although the variations in the lake are large (up to 450%), these velocities are in the mm/s range.
Residence time and the tracer concentration show a weak linear tendency (Figure 5-68). In this case, the
values for Passatna show the same trend as those for Leimersheim (reduction with 6% coverage),
although the magnitudes of the variations differ.

Regarding evaporation, the water savings for Leimersheim show a linear tendency as the FPV
coverage grows (Figure 5-69). For a similar coverage proportion, Passatina reservoir shows 14%

reduction, while the lake shows 0.03%.
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By observing the variations in the lake's time series through the boxplots, it is possible to
assume a natural variation in the parameters for scenario 0 (base) and analyze whether the variations of
the other scenarios in relation to the base scenario fit (Figure 5-70).

The temperature results indicate that up to scenario 50, the variations observed in relation to
the scenario without FPV are within natural variability (Figure 5-70a). However, from 90% onwards,
the impacts exceed natural variability.

The opposite is true for horizontal velocity (Figure 5-70b). Scenarios in which there is an
increase in speed show variations that exceed those assumed to be natural for the period. However, this
does not seem to have a significant influence on the variations in residence time, which show the same
behavior as temperature, where only scenario 90 exceeds the natural variability (Figure 5-70c).
Regarding dissolved oxygen, all the scenarios were within the variability assumed to be natural (Figure
5-70d). For the Passauna, all the results were within the range of natural variability (Figure 5-71).

Another useful analysis is that of heterogeneity (Figure 5-72). By considering a fixed point
below the FPV and another outside the FPV for all scenarios, it is possible to assess how the variation
between these two points changes for each scenario. In the case of the lake, the 90% scenario was
disregarded because it covers practically the entire area.

Regarding surface temperature, the variation between points increases as coverage grows,
showing a certain trend throughout the scenarios (Figure 5-72a). The maximum variations reach 1°C in
scenario 50. The same occurs for dissolved oxygen (Figure 5-72d), but the extremes do not exceed the
absolute value of 0.02 g/m3. The velocity results show an increase in variation in the scenario with the
least coverage (8%), which decreases as coverage advances (Figure 5-72b). In scenario 50, they are
close to the base scenario. For residence time, there was an increase in variability in all three scenarios,

with maximum values exceeding 4 hours in scenario 15 (Figure 5-72c¢).
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In the Passatina reservoir, only the surface temperature and velocity results showed greater
variability between covered and uncovered points in the expanded scenario (Figure 5-73). It is possible
to observe a slight increase in the residence time results, with dissolved oxygen showing little variation.
It should be noted that the series was not treated for outliers.

All these results show that the impacts of FPV are not linear and can vary significantly between
different coverage ranges, as well as between different water bodies. This highlights the need for careful

planning to minimize adverse effects on water quality and ecosystem dynamics.
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6 CONCLUSIONS

This thesis presented monitoring results from two case studies with FPVs installed (8%
coverage in Leimersheim, 0.01% in Passauna), and expansion modeling scenarios in order to assess the
impacts of these structures on the water body. The monitoring results showed that temperature did not
differ significantly between points with and without panels. Dissolved oxygen results showed a slight
reduction below the panels at both sites.

Computational modeling was used to analyze the possible impacts on advective transport and
mixing effects of both case studies for scenarios with greater coverage. In the gravel pit lake, 5 scenarios
were simulated (0%, 8%, 15%, 50% and 90%), while in the Passatina reservoir only one expansion
scenario was used (Pilot, Expanded).

The transport and mixing results differed between the two case studies. In the lake, there was
an increase in velocities under the panels in the 8% coverage scenario, which diminished as coverage
grew. However, up to scenario 50, there was an increase in velocities compared to the base scenario.
Accordingly, there was an increase also in turbulent energy and a reduction in residence time up to
scenario 50, and in tracer concentration, indicating that transport was enhanced. Observing the
temperatures and thermal stratification, it can be seen that there is a reduction in surface temperature in
the region of the panels. The hypothesis is that the difference in temperatures causes this rise in velocities
magnitude, the averages of which are in the order of mm/s. In high coverage scenarios (90%), the
impacts become even more pronounced, leading to a drastic temperature drop, and reduction in water
movement, as indicated by lower horizontal velocities and turbulent energy.

The Passauna reservoir showed the opposite effect. There was a drop in velocities with the
expansion of the FPV, as well as a drop in turbulent energy. However, the mean residence time also
decreased, but to a lesser extent (6%), as did the tracer concentration. One possibility is that, despite the
decrease in velocities, the effect of the lower evaporation rates causes this reduction in concentration.

Based on these divergent results, the effect of the panels on advective transport seems to
depend not only on the % of cover, but also on the characteristics of the water body. Despite the different
behavior in terms of velocities, both sites showed a reduction in residence time and tracer concentration
due to the presence of the panels.

With regard to dissolved oxygen, the results indicate that when considering only the reaeration
process (without oxygen consumption or production), the behavior of the concentrations is very
dependent on temperature. Although the reaeration rate decreases dramatically in the region of the panels
(40.9% Leimersheim scenario 8, 25.6% in the expanded Passatina), an increase in concentrations is
observed as the coverage increases. Due to the reduction in temperature, the saturation concentration
increases. In both cases, the model was able to represent the concentrations satisfactorily in the current
scenarios only with the reaeration process. However, both the lake and the reservoir are oligotrophic

environments, unpolluted and with little organic matter. This may not apply to other systems. Therefore,
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this approach is recommended initially, for later analysis including oxygen consumption and production
processes, such as respiration and photosynthesis.

Another critical impact of FPV is its effect on evaporation. At moderate levels (50%), water
retention is already substantial, with a reduction of over 50% in total evaporation. This highlights the
potential of FPV as a strategy for water conservation, particularly in regions where water scarcity is a
concern. However, the reduction in evaporation also implies less latent heat loss, contributing to the
observed changes in thermal dynamics within the water column.

These variations highlight the importance of site-specific assessments when implementing
FPV systems. The same percentage of FPV coverage can yield different responses in distinct climatic
and morphological conditions. For instance, while Leimersheim experienced a notable reduction in
oxygen saturation, Passaiina showed a more stable oxygen profile, likely due to the influence of tributary
inflows. Additionally, the influence of wind reduction played a more critical role in the temperate lake,
affecting its reaeration rates more significantly than in the subtropical reservoir.

Careful planning is essential to minimize potential adverse effects on water quality and
ecosystem functioning. The integration of hydrodynamic modeling proved to be an effective tool for
predicting and analyzing FPV impacts, highlighting the need for site-specific calibration to ensure
accurate assessments. Understanding how FPV interacts with water bodies under different
environmental conditions can inform better management strategies, optimizing the benefits of renewable
energy generation while mitigating potential ecological disturbances.

It should be noted that this study isolated the reaeration process, neglecting the biochemical
processes that interfere with dissolved oxygen concentrations. Future investigations should focus on
long-term monitoring of FPV systems, particularly their influence on nutrient cycling, sediment
dynamics, and aquatic biological communities. In addition, complete water quality modeling,
considering other processes such as nutrient circulation, primary production, respiration, among others,

will allow for a more robust analysis of the impacts of FPV.
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ABSTRACT

Reservoirs present different and intrinsic characteristics from the point of view of physical, chemical, and biological natutre from other
environmental systems. They therefore should be characterized differently for a better representation aiming for proper planning and
management strategies. This paper analyzes eleven reservoirs and develops a classification and zonation strategy for those systems.
First, temporal variation and statistical analysis are performed, followed by a residence time calculation, to assess the reservoir’s
dynamics. Next, stratification and spatial variation analysis are proposed to verify their necessity. Three of the reservoirs analyzed
behave as lentic systems, with a high residence time. In addition, all three have significant tributaries, indicating the potential necessity
of considering spatial variation for their classification, later verified in 3D modeling. Even if every reservoir is unique in its dynamics
and characteristics, the classification scheme is suitable for different types of reservoirs, since it works like a decision tree, where input
loads and hydrodynamics are considered.

Keywords: Reservoir classification; Residence time; Reservoir dynamics; Zonation.

RESUMO

Os reservatorios apresentam caracteristicas diferentes e intrinsecas, do ponto de vista da natureza fisica, quimica e biologica, em relacao
a outros sistemas ambientais. Portanto, eles devem ser caracterizados de forma diferente para uma melhor representacao, visando
a estratégias adequadas de planejamento e gerenciamento. Este artigo analisou onze reservatérios e desenvolveu uma estratégia de
classificacdo e zoneamento para esses sistemas. Primeiro, sdo realizadas analises estatisticas e de vatiacdo temporal, seguidas de um
calculo do tempo de residéncia, para avaliar a dinamica do reservatorio. Em seguida, sio propostas analises de estratificacdo e variacdo
espacial para verificar a necessidade de zoneamento. Trés dos reservatorios analisados se comportam como sistemas lénticos, com alto
tempo de residéncia. Além disso, todos os trés tém afluentes significativos, indicando a necessidade potencial de considerar a variacao
espacial para sua classificacdo, posteriormente verificada na modelagem 3D. Mesmo que cada reservatério seja inico em sua dinamica
e caracteristicas, o esquema de classificacdo ¢ adequado para diferentes tipos de reservatorios, pois funciona como uma arvore de
decisdo, em que as cargas de entrada e a hidrodinamica sio consideradas.

Palavras-chave: Classificacio de reservatérios; Tempo de residéncia; Dinamica de reservatorios; Zoneamento.
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A comprehensive reservoir segmentation for hydrodynamics and water quality assessment

INTRODUCTION

Studies of river system classification usually associate an
input (I, annual average, mass per time per segment) to a segment
of a river, from point and diffuse sources, calculated through
geoprocessing models or monitoring databases (Calmon et al., 2016).
This input is associated with the reference flow rate (Q, volume
per time) and the concentration Cis calculated as C = L/Q (mass
per volume). This concentration is compared to the concentration
limits for water quality assessments (Pessoa et al., 2015). In the
diagnosis phase, values from measurements or modeling in the
current system state are used; in the prognosis phase, expected
variations in the basin are included, and in the planning phase,
adaptation actions are considered (Petriki et al., 2017).

The same principle is used for reservoirs and they are
considered as a simple section. However, several studies show
that reservoirs follow different processes compared to other
environmental systems (Shivers et al., 2018; Hayes et al., 2017;
Irz etal., 2000), particularly rivers, as they are accumulation systems
with different substance kinetics.

Reservoir zonation is observed not only through
concentrations of water quality parameters but also by biological
aspects. Santos et al. (2010) found spatial and temporal variations
in the Funil reservoir (Paraiba do Sul River, in Rio de Janeiro,
Brazil) considering the number of fish species.

In cases where many parameters measured over long
petiods are available, it is possible to define reservoir compartments
with distinct characteristics and thus distinct water quality
(Pompéo et al., 2015; Cardoso-Silva et al., 2014). A disadvantage
of these classification and compartmentalization methods is the
large requirement for measured data, both in space and time.
Usually, for classification and regulation studies, not all these data
are available. Instead, the classification diagnosis is even used to
define monitoring strategies. Thus, mathematical models are used
to complement the measurements and obtain enough information
to classify and compartmentalize.

Another disadvantage of the methodologies presented
is that the modeling is only valid for the reservoir studied, thus
requiring a case-by-case analysis. To get around this limitation,
there are initiatives to identify universal patterns in reservoirs,
using databases with data from lakes and reservoirs around the
world (Kirillin & Shatwell, 2016; Messager et al., 2016).

Even when using water quality indexes to classify these
reservoirs, they are usually analyzed as a whole, regardless of the
area they occupy. The most conventional lake classification is the
one based on the trophic state used worldwide (Smaoune et al.,
2021; Hoang et al., 2017). Nojavan et al. (2019) proposed an
updated lake trophic classification model that is multi-variable,
continuous, and classifies lakes in probabilistic terms, but without
considering the spatial distributions inside each reservoir. Also,
in order to improve the TSI, claiming the need for a range of
classification for each reservoir, Chen et al. (2021) presented the
Trophic State Footprint Index (TFI) based on the relationship
of the response index (Chlorophyll a) and the main cause index
(e.g., total phosphorus, total nitrogen).

Different types of classification are found in the literature,
depending on the region and the specific interests related to each
lake. Gadek et al. (2019) classified Tatra Mountain lakes (border
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between Slovakia and Poland) regarding the duration of the ice
cover. Other classification schemes already proposed are about
fish habitat (Petriki et al., 2017; Sutela et al., 2016; Krogman &
Miranda, 2015).

Not only fish but also invertebrates are used for lake and
reservoir classification, like macroinvertebrates (Pan et al., 2014),
benthic invertebrates (Ozolins et al., 2021). Tison-Rosebery et al.
(2023) presented a diatom-based index developed for French lakes,
developed with data from 93 lakes, to monitor lake eutrophication.

These studies are based on measurements of water quality
parameters and general reservoir characteristics and suggest spatial
and temporal compartmentalization for the characterization of
reservoir susceptibility. Suppose those spatial and temporal variations
are not considered within the assessment and management phase.
In that case, results for the reservoir status and critical regions
and periods might be misleading or even wrong, This article
investigates the hypothesis that reservoir compartmentalization
will improve the identification of critical areas and periods, and
therefore the related investments to reduce associated problems.
Reservoir compartmentalization, in theory, is nothing new, but
often is only done for a few specific water quality monitoring
parameters, and not, as proposed here, including hydrodynamic
and morphological aspects, as well as catchment characteristics.

Most of the classification schemes mentioned above treat
the reservoir as a simple single-response unit. Therefore, there is
a lack of defining proper management options for the reservoir
as a whole and there is a need to classify/categorize different
reservoir regions with specific management aims. This classification
is the main objective of this paper. The data used was based on
monitoring data and complemented with modeling data.

MATERIAL AND METHODS

Study site

The Paranapanema River is an important axis for generating
electricity in Brazil, with a cascade of reservoirs on its main river.
Some of these structures generate electricity and help with public,
agricultural, and industtial supply. Its basin covers about 106,500 km?,
with 4.7 million inhabitants, concentrating approximately 2.1%
of Brazil’s Gross Domestic Product - GDP (Agéncia Nacional
de Aguas, 2016). Recently, the reservoirs in this river basin have
been the subject of a study aimed at classifying their water bodies
(Agéncia Nacional de Aguas, 2021).

The Paranapanema River has eleven hydropower plants
in operation, which has transformed its original course into a
succession of contiguous reservoirs. The plants are as follows:
Jurumirim, Piraju, Paranapanema, Chavantes, Ourinhos, Salto
Grande, Canoas I, Canoas I, Capivara, Taquarugu, and Rosana
(Figure 1). They are classified into two basic types, according to
their characteristics and types of operation, directly influencing
the water quality and the distribution of aquatic communities,
including fish fauna, as:

a) Accumulation reservoirs: Usually they have greater depth and
wide flooded areas and may present quite accentuated water
level variations (altimetric quotas). The water in the reservoir
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Figure 1. Location and reservoirs of the water resources management unit of Paranapanema River.

takes a long time to reach its complete renewal (possibly
several months), in other words, a long residence time;

Run-of-river reservoirs: They may have higher to lower
flooded areas and moderate depth, but the main characteristic
is a low residence time (a few days or a few weeks until
complete renewal).

The river system was differentiated from the lentic system
following CONAMA Resolution n°® 357 of 2005 (Brasil, 2005),
which determines the lentic waters for residence times greater than
40 days. Residence time is defined as the average time it takes for
the water to traverse the entire water body (1).

@

in which Vol is the reservoir volume (m?), Q is the mean discharge
(m*/day) and RT is the residence time (days). The Paranapanema
reservoirs’ results are shown in Table 1 using annual averaged parameters.

The Jurumirim, Chavantes, and Capivara power plants
belong to the accumulation category. They are lacustrine water
bodies with a wide water surface and a dendritic shape. The others
are run-of-river reservoirs. It has to be mentioned here already,
that the resulting residence times are related to a full reservoir
and mean annual discharge, thus may vary significantly over time.

Classification scheme

The analysis of the reservoirs followed the classification
scheme illustrated in Figure 2, which could be applied to different
systems. The proposed scheme consists of four main steps: as a
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first step, the reservoirs should be differentiated using residence
time and thus dividing them between riverine environments
(residence times smaller than 40 days) and reservoirs (residence
times greater than 40 days).

In the second step, the temporal variation of the
physical and chemical characteristics of the reservoirs should
be analyzed using statistical analyses of the parameters involved
(hydrological, geometric, water quality), to differentiate between
dynamic and permanent systems, based on the coefficient of
variation of the main parameters. For permanent systems, the
temporal variations could be neglected, and the classification
may be done using representative values (e. g., annual load,
annual mean flow). For dynamic systems, a temporal variation
analysis of the main parameters is recommended. In this step,
it is also possible to identify the most critical parameter for
water quality.

For a third step, the mixing regime (holomictic, meromictic,
amictic, and no stratification) should be analyzed. Completely
mixed reservoirs can be classified using simple strategies and
do not need complex models. However, reservoirs that have
stratification periods need more attention and the variation in
the water column should be better analyzed, possibly including
one-dimensional models.

As a fourth step, it should be determined whether the
reservoir should be considered as a whole or whether the reservoir
should be sectorized for classification and management purposes.
This analysis can be done by data analysis or computational
modeling to define if the horizontal variations in the water body
could or not be neglected. In this case study, it was carried out
using 3D modeling which was also compared with geostatistical
clustering methods of the parameters involved.
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Table 1. Water residence time for reservoirs in Paranapanema River Basin (Parand and Sio Paulo states, Brazil).

Reservoir Max. Normal Area Volume Q! Theoretical residence
level (m) (km?) (hm?) (m?/s) time (days)
Jurumirim 568.00 437.1 7011.21 223 364
Piraju 531.50 14.2 127.36 220 7
Chavantes 474.00 363.2 8873.84 347 296
Ourinhos 398.00 1.6 25.83 319 1
Salto Grande 384.67 5.8 53.02 459 1
Canoas 11 366.00 19.9 159.00 471
Canoas [ 351.00 27.0 223.27 489 5
Capivara 334.00 563.6 11746.33 1115 122
Taquarugu 284.00 84.4 929.69 1175 9
Rosana 258.00 201.9 1996.24 1317 18

'Long-term mean annual discharge.

Residence time definition

Riverine or reservoir?
Dynamic?
‘ 4 Stratified
Strahﬁcatlon 1DV or 30 model
Significant
Spatlal variation zonation

3D modei

Figure 2. Reservoir classification scheme.

Analysis of reservoir dynamics

Data: temporal variation and statistical analysis

To understand the operation and hydrodynamics of
reservoirs, it is essential to analyze the temporal and spatial variations
that occur in them, as well as the environment in which they are
inserted. Therefore, initially, these variations are analyzed in terms
of inflow and outflow, water level, and reservoir volume (historical
time series). The data used for this analysis were obtained from
different sources, namely: HidroWeb (ANA), Department of Water
and Electric Energy (DAEE), and Reservoir Monitoring System
(SAR). Later the nutrient concentration was analyzed, based on
historical time series from State Environmental Company of
Sao Paulo (CETESB), as well as a complementary campaign in
2011 during the GIA project (Grupo Integrado de Aquicultura
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e Estudos Ambientais, 2013). The main statistical parameters
analyzed were mean values, standard deviation (SD), amplitude,
and coefficient of variation (CV), from 2005 to 2022 (period of
available data in common for the 11 reservoirs). The parameters
analyzed were: water flow, water level, reservoir volume, water
temperature, dissolved oxygen (DO), biochemical oxygen demand
(BOD) total phosphorus (TP), total nitrogen (I'N), nitrate (NO,),
Ammonium (NH).

Residence time

The variation in water level and volume, as well as the
variation in inflows and outflows, are directly correlated with the
volume and water balance curve of each reservoir. Higher inflows
than outflows increase the reservoir level, and vice versa. To better
evaluate the consequence of all possible combinations of vatiables,
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characteristic parameters that combine the effect of volume variation
with flow variation can be used. A widely used parameter is the
fraction of volume by flow, resulting in a time magnitude, and
called residence time. This is because the interpretation of the
residence time (RT) is the average time it takes for a particle to
cross the entire reservoir, which is the ratio between the volume
and the flow of the water body (Bernardo, 2018).

However, this definition of residence time was made for
permanent systems (Nauman, 2008), where inlet flow equals
outlet flow, which does not necessarily apply to reservoirs with
regulatory operations. For this purpose, for the three accumulation
reservoirs the residence time series was calculated based on four
proposed methods, listed in Equations 2 to 5:

o Vol , 1
" O 86400 @
Vol 1
RT = —*——
o O 86400 ®)
Vol 1
RTgyp=— % 4
U Qaut _Qin 86400 ( )
2*Vol 1
RT, e =———% (5)
O +Qpur 86400
Where:

* RT = residence time (days)
* 0, = inflow discharge (m’/s)
* Qo = outflow discharge (m?/s)
* Vol = reservoir total volume (m?)
RT, (Equation 2) is the conventional residence time, used
in the literature (Nauman, 2008), and determines the time that the
water needs, on average, to cross the reservoir, considering that
the average flow in the reservoir is close to the inflow (often in
flood periods). RT (Equation 3) is the residence time calculated
with the outflow (turbines and spillway). This time corresponds
best to the average path time of a particle passing the reservoir
when it is mainly forced by the outflow (e.g, in a dry period).
The difference-based residence time (Equation 4) not
only determines the time it takes for a particle to cross the entire
reservoir but also indirectly indicates the rise and fall times of this
particle in the water body. When its value is negative, there is a
filling of the reservoir, while when positive, there is an emptying,
so that the higher the magnitude of the residence time, the faster
the particle travels vertically. Equation 5) is the residence time
based on the average between Q, and Q

out”

Extreme scenarios

Reservoirs can be of great importance in river systems,
acting as regulators of water flow. To analyze that, a series of
hydrodynamic and water quality modeling scenarios were proposed,
with the aim of evaluating reservoirs in relation to their dynamics
in the face of different conditions and forcings. These are called
hypothetical scenatios, as they represent situations that combine
characteristics of reservoirs (empty/full), tributaties (low/high
flow), and loads (low/high) that have not necessarily already
occurred. A summary of these scenatios is presented in Table 2.
The meteorological data was gathered from the National Institute
of Meteorology (INMET).

The model system MoRE (Modeling of Regionalized
Emissions, Fuchs et al., 2017) was used to determine the input
load of the scenarios, considering the point sources (wastewater,
industrial discharges) and diffuse sources (land use, erosion) of
the Paranapanema basin (Agéncia Nacional de Aguas, 2020a).
The modeling approaches of MoRE are grouped into emission
pathways that are summed up: atmospheric deposition, erosion,
surface runoff, drainage, groundwater, sewer systems, wastewater
treatment plant, industrial direct drainage and abandoned mining.
Complete information about the model can be found in Fuchs etal.,
2017. In this scenarios, total phosphorus (TP), total nitrogen
(IT'N), and biochemical oxygen demand (BOD) were considered.

Stratification analysis

Seasonal stratification is fundamental for all other processes
that occur in the reservoir, physical, chemical, or biological (Boehrer
& Schultze, 2008). It determines the transport of DO and nutrients
in the water column as well as the light environment. Shallow lakes
are more frequently mixed, having different behavior than deeper
lakes that usually stratify during heating seasons, where a warmer
layer is formed above the cooler and nutrient-rich deep layer
(Kirillin & Shatwell, 2016). Therefore, the analysis of stratification
of water bodies is one of the bases for reservoir classification.

For the Paranapanema case study, the stratification of
the accumulation reservoirs was analyzed based on measurement
data and simulations with a one-dimensional model, considering
water temperature, DO, and TP profiles (Carvalho & Bleninger,
2021). The model used was the General Lake Model (GLM,
Hipsey et al., 2019), the simulation was developed from 1980 to
2013, calibrated with measured data from 2011, and validated from
2012 to 2013. This model was chosen for an initial assessment

Table 2. Summary of the extreme scenatios proposed for reservoir simulations.

Scenarios 0 (Base) la 1b 2a 2b

Stratification Yes No Yes No Yes
Inflow Representative year Strong Strong Historical Mean Historical Mean

Water level Representative year Mean Mean Critical (drought) Critical (drought)

Characteristic month ~ Characteristic month
of the mixed period  of the stratified period
Fish farming Yes Yes Yes

Water quality Yes Yes Yes

Meteorological data Representative year

Characteristic month
of the mixed period
Yes
Yes

Characteristic month
of the stratified period
Yes
Yes

RBRH, Porto Alegte, v. 29, e43, 2024
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Figure 3. GLM results for the Jurumirim reservoir. (a) Development of the thermal profile and (b) temperature difference between
surface and bottom, from 2011 to 2013. (Adapted from Agéncia Nacional de Aguas, 2020b).

of reservoir stratification due to its low computational cost.
The boundary conditions were time series of total inflow and
water level for output. Meteorological time series were also
included in the simulation.

The three lentic reservoirs showed some stratification
during the summer, the peak appearing in January 2011 for the
Jurumirim and Capivara reservoirs, and January 2012 for the
Chavantes reservoir, with a difference between surface and bottom
temperature of 7.8°C, 9°C and 14°C, respectively. The results of
the periods of calibration and validation of the simulation for the
Jurumirim reservoir are shown in Figure 3.

Spatial variation

In addition to temporal variations, reservoirs may have
spatial variations in their characteristics. Unlike rivers, three zones
are traditionally identified in reservoirs (Ji, 2008): the lotic/iverine
zone, with higher speeds and characteristics similar to those of
rivers; the lacustrine zone, represented by higher water column
heights, lower velocities, and behavior similar to lakes; and the
intermediate zone between the two. Therefore, an important
question for the classification of these water bodies is: are the
spatial variations in the concentration, transport, and mixing of
substances significant in the reservoir?

To evaluate spatial variations and the need for reservoir
zonation, hydrodynamic and water quality simulations were
carried out using the Delft3D model (Deltares, 2014). Delft3D is
a three-dimensional model widely used to solve problems related
to reservoirs and thermal stratification (Soulignac et al., 2017; Wahl
& Peeters, 2014; Smits et al., 2009) and water quality (Smits et al.,
2009). The hydrodynamic module (Delft3D-Flow) simulates non-
steady flows and transport due to meteorological forcing, including
density effects. The water quality module (DELWAQ) allows the
simulation of various substances, including nutrients, dissolved
oxygen, micropollutants, and algae (Deltares, 2014).

For the Jurumirim reservoir, a model with a curvilinear
grid was developed, with an average resolution of 150 x 200 m
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Figure 4. Bathymetry of the Jurumirim reservoir and the
considered tributaries.

per cell, with approximately 19067 grid cells in the horizontal area
and 10 vertical layers. The bathymetry of the reservoir is shown
in Figure 4, together with the different tributaries considered in
the model. The model was built with 9 boundary conditions, 8 of
which were input conditions of tributary flow (Rio Paranapanema,
Rio Santo Inacio, Rio Taquati, Ribeirdo das Posses, Ribeirdo da
Jacutinga, Ribeirdo Sao José do Pinhal, Ribeirdo Bonito e Ribeirdo
do Macuco) and one output condition of level. Meteorological
forces (wind, relative humidity, radiation, air temperature, cloud
cover) were also considered. The reservoir was considered stratified
in its initial condition (GLM results). The simulation was conducted
for the representative year.

For zonation purposes, these results were used to test
different zonation methods, described below.

a) Morphological clustering zonation is based on the
hypothesis that distinct water quality regions are highly
correlated with reservoir shapes, depths, and tributary
locations. The different geometric/ morphological parameters
are then expected to correspond with different water quality
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regions. To test this hypothesis, different geometric and
morphological combinations were analyzed and compared
with the modeling results.

b) The basin-based zonation assumes that distinct water
quality regions are highly correlated with the loads and
flows of adjacent tributaries, enabling zoning based on
these correlations. The reservoir branches near the larger
basins and with higher loads are expected to have lower
water quality compared to the other regions. To test this
hypothesis, data from the basin and all subbasins were
analyzed, ranked, and compared with modeling results.

¢) The hydrodynamic zonation is proposed with the
hypothesis that reservoirs have characteristic hydrodynamic
regions. In these regions, we expect to observe distinct
hydrodynamic conditions that prevail for significant
periods. To test this hypothesis, velocity fields (intensity
and direction) were analyzed. For these parameters,
only simulation results were used since there are no
measurements for the region.

d) The water quality zonation is based on the hypothesis
that reservoirs have regions with different concentrations’
patterns of water quality parameters. In these regions, we
expect to observe distinct concentrations that prevail for
significant periods. To test this hypothesis, concentration
fields of the most critical parameter were analyzed using
simulation results.

RESULTS AND DISCUSSION

Reservoit’s dynamics

The historical series of discharge evaluated, even if
short, have shown great variability, both inflow and outflow
(Table 3, Table 4). This makes it interesting to consider at least
high, medium, and low flows, to better understand the dynamics
between hydrodynamics and water quality. At the decision level
of 5%, all inflow time series seem to fit the normal statistical
distribution (Figure 5).

The water level and volume time series are strongly linearly
correlated, and their shape is always very similar. Both series seem
to fit the normal statistical distribution, in addition to having low
variability (Table 5 and Table 6). None of the reservoirs had a water
level lower than the minimum necessary for its operation or the
operation of the superficial spillway of the dams. The water level
of Jurumirim, Chavantes, and Capivara reservoirs presents little
variation, with a coefficient of variation below 1%. However, the
standard deviation for these three reservoirs is greater than 1 m,
while the others stay around 0.1 m. Unlike the water level, the
volumes of the reservoirs have considerable variations. As shown
by Pedrazzi et al. (2013), these temporal variations can also be
reflected in zones inside the reservoir. Depending on its geometry,
periods with higher or lower volumes can reveal different zones in
terms of water quality. Given the importance of both parameters

Table 3. Basic statistics of the inflow time series, from 2005 to 2022, of the Paranapanema reservoirs.

Reservoir Mean SD Minimum Maximum Median Amplitude Cv
(m3/s) (m?3/s) (m?/s) (m?/s) (m3/s) (m?3/s) (%)

Jurumirim 223.3 166.3 18.9 2060.6 172.0 2041.8 74%
Piraju 223.2 128.8 53.0 1226.0 193.0 1173.0 58%
Chavantes 3454 225.1 76.9 4712.0 296.6 4635.1 65%
Ourinhos 335.3 223.6 76.5 2066.8 311.0 1990.2 67%
Salto Grande 460.7 272.9 114.7 3204.1 421.4 3089.4 59%
Canoas 11 461.6 268.2 134.9 3061.6 418.0 2926.7 58%
Canoas [ 497.5 286.9 139.0 3381.6 455.6 3242.6 58%
Capivara 1196.6 805.2 260.4 10960.1 998.5 10699.8 67%
Taquarugu 1232.0 782.3 299.0 13438.0 1118.9 13139.0 63%
Rosana 1379.1 822.4 373.0 13897.0 1252.0 13524.0 60%

Table 4. Basic statistics of the outflow time series, from 2005 to 2022, of the Paranapanema reservoits.

Reservoir Mean SD Minimum Maximum Median Amplitude Cv
(m*/s) (m*/s) (m*/s) (m*/s) (m*/s) (m*/s) (%)

Jurumirim 225.4 131.3 59.0 1195.0 190.0 1136.0 58%
Piraju 223.2 128.9 53.0 1226.0 193.0 1173.0 58%
Chavantes 346.8 217.2 93.0 1993.0 329.0 1900.0 63%
Ourinhos 326.6 227.1 0.0 2069.0 304.9 2069.0 70%
Salto Grande 460.7 272.6 130.0 3176.0 421.0 3046.0 59%
Canoas 11 460.6 267.5 134.0 3067.0 418.0 2933.0 58%
Canoas 1 497.6 288.6 136.0 3415.0 452.0 3279.0 58%
Capivara 1201.7 761.9 282.0 13501.0 1102.0 13219.0 63%
Taquarugu 1232.0 790.4 354.0 13647.0 1124.0 13293.0 64%
Rosana 1379.3 838.9 403.0 13482.0 1251.0 13079.0 61%

RBRH, Porto Alegte, v. 29, e43, 2024
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Figure 5. Histograms of the inflow time series, from 2005 to 2022, of the Paranapanema reservoirs.

Table 5. Basic statistics of the water level time series, from 2005 to 2022, of the Paranapanema reservoirs.

. Mean SD Minimum Maximum Median Amplitude Cv
Reservoir

(m) (m) (m) (m) (m) (m) (%)

Jurumirim 564.9 1.8 560.9 567.8 565.5 6.9 0.3%
Piraju 531.5 0.1 531.3 532.1 531.5 0.8 0.0%
Chavantes 470.6 1.9 466.2 473.8 471.1 7.6 0.4%
Ourinhos 398.0 0.1 396.6 398.4 398.0 1.8 0.0%
Salto Grande 384.2 0.4 382.0 385.3 384.3 3.3 0.1%
Canoas 11 365.9 0.1 365.6 366.3 366.0 0.7 0.0%
Canoas | 350.9 0.1 350.0 351.3 351.0 1.3 0.0%
Capivara 330.3 3.1 321.5 334.2 331.0 12.6 0.9%
Taquarugu 283.6 0.1 282.7 284.2 283.6 1.4 0.0%
Rosana 257.7 0.1 256.6 258.1 257.7 1.5 0.1%

Table 6. Basic statistics of the volume time series, from 2005 to 2022, of the Paranapanema reservoirs.
. Mean SD Minimum Maximum Median Amplitude Cv
Reservoir

(m’) (m?) (m’) (m’*) (m’) (m%) (o)
Jurumirim 5690.8 720.8 4177.8 6926.0 5922.6 2748.2 13.0%
Piraju 125.6 1.1 122.6 133.9 125.5 11.3 1.0%
Chavantes 7597.3 685.1 6087.8 8794.8 7744.1 2706.9 9.0%
Ourinhos 24.5 0.3 19.3 25.8 24.4 6.5 1.0%
Salto Grande 47.7 4.1 24.7 62.1 48.5 37.3 9.0%
Canoas 11 157.6 1.5 150.1 165.1 157.8 15.0 1.0%
Canoas [ 220.6 3.9 195.5 230.9 221.0 35.4 2.0%
Capivara 9712.7 1635.7 5651.2 11851.0 9973.9 6199.8 17.0%
Taquarugu 894.0 11.6 823.9 942.0 892.7 118.1 1.0%
Rosana 1940.3 28.4 1701.7 2026.1 1940.8 324.4 1.0%
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within the models scenarios, it is interesting to create scenarios
with reservoirs in at least three states: “full, normal, and empty”,
to evaluate its influence on water quality.

Regarding concentration variations, Table 7, Table 8, and
Table 9 present the contribution of TP, TN, and BOD loads,
respectively, considering the Paranapanema River, Taquari River,
other tributaries, and aquaculture inputs. According to Table 7,
the Taquari River contributes 25% of the phosphorus load in the
Jurumirim reservoir, while aquaculture contributes 8%. In the case
of nitrogen, according to Table 8, the largest contribution comes
from the Paranapanema River (40%) and from the Taquari River,
25%. The average annual load (kg/km?/year) is lower than the
estimated for agricultural watersheds (Li et al., 2015). In the case
of BOD, the largest loads are from the Taquari River (47.2%)
while the other affluents contribute 20.1% of the total load to
the reservoir (Table 9).

In this case study, for all reservoirs, the phosphorus
concentration was the critical parameter, originating from the basin
loads and aquaculture. It was observed that Jurumirim, Chavantes,
and Capivara reservoirs act as attenuators of inflows and forcings
and that temporal variations do not need to be analyzed in detail
for classification purposes.

The time series of the residence time were calculated for
all reservoirs, from 2005 to 2022. Even though all the reservoirs

showed large variations in residence time (Figure 6, Table 10), the
only ones with an average of more than 40 days were Jurumirim,
Chavantes and Capivara.

Run-of-river reservoirs have riverine characteristics and can
be classified by the same approach as rivers since the hydrodynamics
and water quality processes are different than lacustrine systems.
Nine of the eleven Paranapanema reservoirs belong to this category,
as shown in the previous analysis. Thus, the three accumulation
reservoirs (Jurumirim, Chavantes, and Capivara) were analyzed in
greater detail. Since the results for the three reservoirs were very
similar, only the graphs for Jurumirim are shown. However, the
statistics for the three reservoirs are presented.

Figure 7 presents the residence times for the Jurumirim
reservoir from 2011 to 2022. Table 11 presents its basic statistics
for RT_,RT ,and RT_ . The negative values in the RT  indicate
that, for that time interval, the reservoir is filling.

Residence times present a great variability (CV) and amplitude
of values, more pronounced in the Jurumirim reservoir, given its
first position in the Paranapanema River cascade, which limits its
operation capacity compared to the others. The residence time
variability is between 40 to 65% around the mean (Table 11), which
is considered significant and justifies the dynamic analysis of water
quality in the accumulation reservoirs under these conditions.
As shown by Rueda et al. (2000), this temporal variations occur

Table 7. The proportion of the TP load contributing to the Jurumirim reservoir in the Paranapanema River, Taquari River, other

tributaries, and aquaculture.

Source Mean inflow Area TP load TP load % of
(m?*/s) (km?) (kg/day) (kg/ /km?*/year) total load
Paranapanema river 125.45 10074.82 654.13 23.7 40%
Taquari river 56.48 4536.00 414.86 33.4 25%
Other tributaries 41.37 3322.49 440.55 48.4 27%
Aquaculture - - 122.94 - 8%
Total — 17933.31 1632.48 - 100%

Table 8. The proportion of TN load that contributes to the Jurumirim reservoir in the Paranapanema River, Taquari River, other

tributaries and aquaculture.

Source Mean inflow Area TN load TN load % of
(m?*/s) (km?) (kg/day) (kg//km?/year) total load
Paranapanema river 125.45 10074.82 8481.5 307.3 53%
Taquari river 56.48 4536.00 4275.03 344.0 27%
Other tributaties 41.37 3322.49 3012.39 330.9 19%
Aquaculture - - 292.87 - 2%
Total - 17933.31 16061.79 - 100%

Table 9. The proportion of the BOD load contributing to the Jurumirim reservoir in the Paranapanema River, Taquari River, other

tributaries, and aquaculture.

Source Mean inflow Area DBO load DBO load % of
(m?/s) (km?) (kg/day) (kg/km?/year) total load
Paranapanema river 125.45 10074.82 19786.85 716.9 51%
Taquari river 56.48 4536.00 9573.4 770.3 25%
Other tributaries 41.37 3322.49 9293.5 1021.0 24%
Aquaculture - - - - -
Total - 17933.31 38653.75 - 100%

RBRH, Porto Alegte, v. 29, e43, 2024
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at seasonal and shorter scales, and the transport and mixing
processes that occur inside the reservoir are closely related to it.

Residence time (days)

Figure 6. Boxplots of the residence time of the Paranapanema
reservoirs (black numbers on the right side of the graphs are the
median values).

(a)

---= Mean
1750 A

1500 1

1250

1000 A

Residence time (days)

-]

2 1 ke 20>

~
L]
—

6000 -

4000 -

2000

—2000 -

Residence time (days)
[=]

—4000 4

—6000

T T

7 o 2° ° 2 L

After the time series analysis, 2012 was considered a
representative year for the concentration and zonation analysis.
Inflow variations (tributaries) are greater than reservoir variations,
indicating that it is not very sensitive to temporal variations in inflow
concentrations and acts as a buffer (Table 12). Furthermore, the
differences between the base scenario and hypothetical scenarios
were small. The base scenario is representative of the state of
the reservoir.

Reservoir zonation

After analyzing the reservoir dynamics, it is important to
evaluate the spatial variations and the necessity of a zonation for
classification and management purposes. Four different types of
zonation were analyzed, and at the end a proposal of the reservoir
zonation guideline is presented, based on the results.

Hydrodynamic zonation analysis

The velocity fields for the Jurumirim reservoir in a mixed
(a) and stratified (b) situation are shown in Figure 8. Results show
regions with distinct velocities; however, the regions change at
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Figure 7. Time series of residence times at the Jurumirim reservoir. (a) TR , (b) TR_, (c) TR , and (d) TR .
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Table 10. Basic statistics of the residence time, from 2005 to 2022, of the Paranapanema reservoirs.

Reservoir Mean SD Minimum Maximum Median Amplitude Cv
(days) (days) (days) (days) (days) (days) (%)
Jurumirim 435 273 38 3413 376 3375 63%
Piraju 8 4 1 27 8 26 51%
Chavantes 323 147 18 1099 298 1081 45%
Ourinhos 1 1 0 4 1 4 61%
Salto Grande 2 1 0 5 1 4 53%
Canoas II 5 2 1 14 4 13 49%
Canoas 1 6 3 1 18 6 18 50%
Capivara 119 54 12 402 111 391 45%
Taquarugu 11 6 1 35 9 34 52%
Rosana 20 9 60 18 58 44%
Table 11. Basic statistics of the dynamic residence time series of the three lentic reservoirs, from 2005 to 2021.
TRin (days) TRout (days) TRme (days)
Jur Cha Cap Jur Cha Cap Jur Cha Cap
Mean 435 8 323 360 343 117 363 321 113
SD 273 4 147 160 188 55 158 154 47
Min 38 1 18 66 50 10 53 33 11
Max 3413 27 1099 1000 894 385 1071 886 354
Median 376 8 298 337 277 102 333 278 105
CV 63% 51% 45% 45% 55% 47% 43% 48% 41%

Jur: Jurumirim; Cha: Chavantes; Cap: Capivara.

Table 12. Cocfficients of variation and amplitude of water temperature, dissolved oxygen, total phosphorus, nitrate, and ammonium

concentrations observed in the reservoirs and their intakes, for the year 2012.

Jurumirim Chavantes Capivara
Amplitude Cv Amplitude Cv Amplitude Cv
Water temperatutre (°C) Inflow 12.90 14% 13.40 15% 14.20 14%
Reservoir 10.00 13% 3.80 6% 11.50 15%
Dissolved oxygen (mg/L) Inflow 5.50 16% 4.70 13% 4.30 12%
Reservoir 1.80 6% 0.60 3% 1.60 6%
Total phosphorus (mg/L) Inflow 0.27 62% 0.55 T7% 0.06 38%
Reservoir 0.04 5% 0.03 5% 0.01 8%
Nitrate (mg/L) Inflow 0.53 33% 0.79 42% 0.40 22%
Reservoir 0.06 5% 0.11 27% 0.07 10%
Ammonium (mg/L) Inflow 0.79 104% 2.16 173% 0.47 65%
Reservoir 0.02 103% 0.04 88% 0.06 49%

Source: Adapted from Agéncia Nacional de Aguas (2020b).

each time, and even on average do not show clear distinct regions.
As shown by Oliveira et al. (2020), identifying the reservoir
hydrodynamics can help to identify limnological zones within
the reservoir, which have influence in the water quality. Reservoir
hydrodynamics is dominated by wind and radiation, and the effect
of tributaries is secondary, and only local velocities in reservoirs
are low (cm/s or less). Velocities in most patts of the reservoir
vary with meteorological forces that do not have a sufficient spatial
pattern. Hydrodynamics in these reservoirs do not follow a unique
spatial pattern, and thus the use of this parameter for zonation is
not recommended. Areas with higher velocities in the two largest
tributaries (Paranapanema and Taquari) stand out, however, only
in the region near the inlet.

RBRH, Porto Alegte, v. 29, e43, 2024

Basin-based zonation analysis

Figure 9 shows the result of the basin analysis for Jurumirim
Reservoir, while Table 7 shows the ranking of the loads from the
tributaries. The basins with the highest loads are correlated with
regions of water quality concentrations. Thus, it is possible to zone
the reservoir just by analyzing the loads entering the reservoir.
As shown by Deeds et al. (2020), that applied a hydrogeomorphic-
based lake classification in Maine (USA), the water quality of lakes
and reservoirs is highly influenced by anthropogenic watershed
activities and local-scale characteristics of lake basins. Zone
boundaries can be defined using the boundaties of adjacent basins.
The disadvantage is that this type of analysis does not result in

11/18



A comprehensive reservoir segmentation for hydrodynamics and water quality assessment

Scenario 1a 04 Scenario 1b 0.1
Layer 1 Layer 1
10 Aug-2012 18:00:00 0.09 10 Feb-2012 18:00:00 0.09
7440 7440
0.08 0.08
7430 s b3 0.07 & 7430 o 007 &
T 2§l 1 E
= - 0.06 & = 3 @
E 7420 v T E 7w 0.06 8
@ s @ =
w 005 o © 0.05 >
= E % E
B 7410 2 & 7410 -
§ 0.04 .E* 8 0.04 g
= -] > s
7400 003 g 7400 003 @
0.02 0.02
7390 7390
670 680 690 700 710 720 730 740 750 0.01 670 680 690 700 710 720 730 740 750 0.01
% coordinate (km) — X coordinate (km) — :
0 0
Scenario 1a . Scenario 1b
g 01
Layer 1 Layer 1
20 Aug-2012 18:00:00 0.09 20 Feb-2012 18:00:00 0.09
7440 7440
0.08 0.08
7430 = 7430 o
007 ®
1\ & /I\ 0.07 E
E a2 006 8 E 7420 00608
g 005 & 8 0.05 5
g 7410 E 2 7410 E
8 0.04 %- 8 0.04
" e e 8
7400 003 @ 7400 003 2
0.02
7390 7390 0.02
670 630 690 700 710 720 730 740 750 670 680 690 700 710 720 730 740 750
x coordinate (km) — i % coordinate (km} — 0.01
0 0

Figure 8. Surface velocity maps for Jurumirim Reservoir and four scenarios of a strong flow pulse entering the (a) mixed and (b)
stratified situation for two different dates (Agéncia Nacional de Aguas, 2020b).
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Figure 9. Estimation of Total Phosphorus load in the tributary basins of the Jurumirim Reservoir (Agéncia Nacional de Aguas, 2019).
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water quality concentrations. However, these can be estimated
with simplified calculations (e.g. Vollenweider-type classifications).

The ranking of the main inputs allows the identification of the
main sources. Gunkel et al. (2018) observed changes in Chlorophyll-a
concentrations in the longitudinal profile of Itaparica Reservoir, in the
semi-arid region of Brazil, indicating multiple contamination sources.

In this study case, the three rivers with the highest loads
(Paranapanema, 40%, Taquari, 25%, and Ribeirdo das Posses, 18%)
represent 83% of the total phosphorus load entering the reservoir.
In this case, to improve the water quality of the reservoir, more
efficient measures should be recommended for these three tivers.
Aquaculture contributes only 8% and was also shown in water quality
modeling to have little relevance for water quality in this reservoir.

Water quality zonation analysis

The results of the water quality simulations indicated TP
as a critical parameter. The spatial analyses showed four distinct
main regions based on TP concentrations (Figure 10). However,
these patterns are also observed in TN concentration, as shown
in the boxplots (Figure 11). OD and DBO concentrations were
very similar over the time in all sectors.

Contrary to hydrodynamic analyses, these regions are stable
over time, indicating their potential for use as a zoning method.
It should be noted that the two regions identified with high
concentrations (in the figure, > 0.07 mg,L'") in the modeling are
associated with tributaries in which there is a greater load compared
to the others (Sectors 2 and 3). This suggests that tributaries are
the main sources of potential water quality problems.

The stratified and mixed periods have differences; however,
they highlight the same spatial zones. The areas with the highest
concentrations do not change significantly between the strong pulse
and the low-level moments, showing that the critical regions are
independent of reservoir conditions and depend mainly on loads.
Different from Pedrazzi et al. (2013), who showed temporal and
spatial variations of measured concentrations at the Itupararanga
Reservoir, in Brazil, already processed to map the trophic state
index. In their case, the reservoir had different zones of trophic
state index that change according to the period (dry or wet).

Geometric/morphological compartmentalization analysis

Inspired by the results of the water quality zonation and
basin-based, the zonation based on the basic parameters of both
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Figure 10. Water quality zonation results from Delft3D simulations. (a) the average concentration of total phosphorus in 2012, (b)

resultant zoning.
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Figure 11. Water quality zonation results from Delft3D simulations — Boxplots of (a) TP, (b) TN, (c) DO, and (d) BOD concentrations

in the sectors defined for the Jurumirim reservoir.

parties was elaborated. These are the reservoir bank coordinates
and depths. Figure 12 shows the results of the k-means method,
which correlates these parameters to obtain “clusters”, then specific
zones, with the more combined influence of these parameters.
The separation into 3 sectors already results in a high score (last
graph in Figure 12), and the obtained clusters have similarities with
the results from modeling. However, the method does not provide
concentration information and would have to be supplemented
with load information for each sector (e.g. Vollenweider-type
classifications).

Zonation proposition

The regions identified by the water quality parameters
by both methods showed regions associated with tributaries
with higher loads. This suggests that the tributaries are the main
sources of potential water quality problems. This also led to
the hypothesis of basing zoning on basin characteristics alone,
analyzed as follows. From the results presented, the following
zonation strategy is proposed.

1. Ranking of associated loads

In the ranking, the percentage of load for each source
(tributary, fish farming) is calculated, and the largest sources (for
example, all above 10%) are selected for zoning, Table 13 shows
the example of the Jurumirim reservoir, resulting in 3 main zones
(Paranapanema, Taquari, Ribeirdo das Posses).

2. Hydrodynamic ranking

14/18

Knowing that large loads could be assimilated by reservoir
arms that have large volumes and large flows, the hydrodynamic
effect should also be evaluated specifically in the regions adjacent
to the sectors identified in Step 1.

To do this, the volume of each sector will be calculated
and estimates made for:

o Residence time in the sector/arm: V"l”’”esectO/ -

Qin,sectar
(Volumegeciorx

Lengthsecto)
o Characteristic numbers for water quality

o Average velocity in the sector:

It should be noted that these data are generally easy to
obtain and process. The sectors with the lowest speed and/ot
longest residence time with the highest loads will be considered
the most critical sectors.

3. Water Quality Classification

Zonation and ranking in steps 1 and 2 allow critical sectors
of the reservoir to be identified but do not provide information
on concentrations or classes for regulation purposes. Therefore,
in this third step, the average concentrations in each sector should

Loadin,sector

be calculated as Cyppry = . In addition, simplified

Qsectar
conventional methods of Vollenweider type may be tested to

obtain the trophic state of the system.
4. Refinement and validation

If necessary, to test, refine, or validate the zoning obtained
with the water quality classification, there is a recommendation

RBRH, Porto Alegte, v. 29, e43, 2024
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Figure 12. Results of the creation using the k-means method and the edge coordinates and depth. The different clusters illustrated
depend on the number of clusters to be created (defined by the user) (Agéncia Nacional de Aguas, 2020b).

Table 13. Basic parameters of adjacent sub-basins and absolute and relative contributions.

Area Inflow Load Load

River T (m*/s) (kg/day) (%)
(le’) Rainy BOD TN TP BOD TN TP
Paranapanema 10074 161.86 19787 8482 654 51% 53% 40%
Taquari 4536 62.01 9573 4275 415 25% 27% 25%
Santo Inacio 1411 19.42 2308 1015 66 6% 6% 4%
Rib. da Jacutinga 543 1.75 812 345 21 2% 2% 1%
Rib. Bonito 495 3.42 1134 380 29 3% 2% 2%
Rib. das Posses 405 3.33 3666 867 293 9% 5% 18%
Sao José dos Pinhais 304 1.60 913 261 20 2% 2% 1%
Rib. Macuco 163 1.32 460 144 11 1% 1% 1%
Aquaculture - - - 293 123 0% 2% 8%

Total 17931 38653 16062 1632

to do: (i) Comparison with Remote Sensing; (i) Clustering with
Statistical Parameters; (iii) 3D modeling

CONCLUSIONS

Reservoirs present different characteristics from distinct
environmental systems (i.e rivers, coastal waters) and therefore

RBRH, Porto Alegte, v. 29, e43, 2024

should be characterized differently concerning regulation aspects.
Many reservoirs with large, flooded areas may also be divided
into various regions with similar behavior, but that stand out
from the others.

The case study highligths that, even for different types of
reservoirs, the application of the comprehensive classification
scheme presented it is possible for a better understanding of the
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true hydrodynamic nature of the reservoir . Of all the eleven water
bodies considered at the beginning, eight could be classified as
run-of-river reservoir, and thus follow the river characterization
for water quality. The three remaining, defined as lentic systems
at the first step, were analyzed and classified as dynamic systems
with significant spatial variability, requiring a zonation for better
management.

Even though it is possible to identify zones with different
hydrodynamic characteristics in the reservoit, they vary over
time. Therefore, these variables are not suitable for zoning the
reservoir in this case study. The zoning based on basin data is a
good starting point, as it indicates the main load contributions
in the sub-basins that influence the reservoir. The zoning based
on water quality substances (in this case, the TP) showed distinct
zones that remained the same over time. They also coincide
with the incident load zones. The zoning based purely on
geomorphological data showed the same pattern concerning water
quality, indicating its great influence on the processes occurring
inside the reservoir. Following the classification scheme, it was
possible to verify the critical water quality parameter and assess
the main regions of interest, which could facilitate management
decisions.

However, it should be noted that the definition of the
zones does not take into account, for example, (i) socio-economic
aspects, (i) hydrodynamic changes caused by the structures, (iii)
the effect of internal loads, and (iv) seasonality. For internal
structures (e.g;, aquaculture, fish farming, floating photovoltaic
systems), this classification scheme might not be enough. In this
case study, the fish farming was small compared to the watershed
load, and therefore had no significant effect on the water quality
of the reservoir. Although this scheme could be an application to
assist in a first decision on where to locate such structures, motre
elaborate studies should be conducted to assess the local effects
and their impacts on the reservoir.
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Abstract — Floating photovoltaic (FPV) systems are increasingly deployed on gravel pit lakes to generate
renewable energy and mitigate land-use conflicts. However, their environmental impacts on hydrological
and ecological processes remain insufficiently studied. This study investigates the effects of a 1.5-MWp
FPV system covering 8% of a 19-ha gravel pit lake in Germany. The General Lake Model (GLM-AED?2) and
Delft3D-FLOW were used to simulate FPV-induced changes. Meteorological data—including irradiance,
air temperature, wind speed, and relative humidity—were recorded above and below the PV modules. Water
quality data—including water temperature, dissolved oxygen, pH, dissolved organic carbon, and
chlorophyll-a—were collected beneath the FPV and in open water. Mussel colonisation of the FPV
substructure was assessed, and its filtration impact on water quality analysed. Macrophyte distribution was
assessed beneath the FPV system and along the shorelines. Results showed a modelled 88% solar irradiance
and 57% wind speed reduction beneath the FPV system. Water quality impacts were minimal and primarily
influenced by mussels colonising the substructure. Macrophytes occurred in littoral zones up to 5.25 m deep
up to 5.25 m deep, but habitat-typical species were scarce due to gravel extraction and herbivorous fish.
These findings highlight complex interactions between FPV, mussel filtration, macrophytes, and human
activities, suggesting that other anthropogenic factors may outweigh FPV impacts. Model simulations
indicated that FPV coverage above 45% could destabilise thermal stratification and alter primary
production. This study underscores the need for empirical monitoring and modelling to optimise FPV
deployment and inform regulatory frameworks for sustainable development.

Keywords: Floating solar / environmental impact / hydrodynamic modelling / quagga mussel / macrophyte abundance

1 Introduction

Floating photovoltaic (FPV) is an innovative technology
that generates renewable electricity and reduces greenhouse
gas emissions. Unlike ground-mounted and rooftop photovol-
taic (PV) systems, FPV extends solar deployment across inland

*Corresponding author: konstantin.ilgen@ise.fraunhofer.de

and offshore waters, reducing land-use conflicts. As such, FPV
offers an additional opportunity to address global challenges
such as climate change, increasing energy demand, and land
scarcity (World Bank Group et al., 2019a; Xia et al., 2023;
Nobre et al., 2024). Furthermore, synergies can be expected
from coupling with other forms of energy generation, such as
hydropower or wind (Lee ef al., 2020; Kakoulaki et al., 2023;
Ogunjo et al., 2023). The expansion of FPV has been dynamic
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in recent years, with significant growth in Asia and Europe,
where many projects are either operational or in the planning
stage (World Bank Group et al., 2019b). Although most FPV
installations in Europe are constructed on artificial waterbodies
such as gravel pit lakes and reservoirs, their environmental
impacts remain insufficiently studied (Nobre et al., 2024). In
Germany, current legislation limits FPV coverage to 15% of
the water surface and mandates a minimum distance of 40m
from the shore (Bundesamt fiir Justiz, 2023). However, these
limits do not have an empirical basis, underscoring the need for
further research on ecological consequences. A comprehensive
review of FPV's potential environmental impacts on aquatic
ecosystems identified key influencing factors such as system
design, site-specific conditions, and meta-ecosystem dynamics
(Nobre et al., 2023).

Previous studies have investigated FPV impacts on lake
processes using various hydrodynamic models. Ji et al. (2022)
employed the CE-QUAL-W2 model to simulate FPV effects
on the Xiangjiaba Reservoir in China. They reported water
temperature reductions and changes in thermal stratification,
with effects extending beyond the FPV-covered area,
influencing approximately 20% of the reservoir's total length.
A maximum reduction in surface water temperature below
FPV of up to 3.3°C was simulated, and the reservoir was
predicted to benefit from reduced evaporation of up to
35 million m>. Exley ez al. (2021) studied the effects of an FPV
system on Windermere, England, using the MyLake model and
suggested that a larger FPV coverage was positively correlated
with a stronger reduction in water temperature. Their study
found that FPV reduced water temperature by up to 8.0 °C and
significantly affected stratification stability. Similarly, Ilgen
et al. (2023) observed a 2.8 °C cooling effect in a German
gravel pit lake with a 750 kWp FPV system due to a 73%
reduction in solar irradiance. On-site measurements were used
to calibrate the General Lake Model (GLM), with simulations
indicating that FPV coverages below 15% had minimal
influence on stratification, whereas notable changes occurred
above 50%. These studies revealed two opposing FPV effects
on lake stratification: reduced irradiance lowers energy input
and weakens stratification, whereas reduced wind shear limits
vertical mixing and stabilises stratification. This interplay
highlights the complexity of physical processes in FPV-
covered lakes. Empirical validation of these mechanisms is
essential to enhance hydrodynamic model accuracy. Moreover,
previous research suggests that FPV may mitigate certain
climate change effects on lake ecosystems.

Other modelling studies examined FPV influences on
chemical and biological lake processes. Yang et al. (2022)
coupled the Estuary, Lake, and Coastal Ocean Model
(ELCOM) with the Computational Aquatic Ecosystem
Dynamics Model (CAEDYM) to simulate FPV impacts on
a shallow tropical reservoir in Singapore. Their results
indicated increased thermal stability at 30% FPV coverage,
alongside reductions in chlorophyll-a, total organic carbon,
and dissolved oxygen by 30%, 15%, and 50%, respectively,
while total nitrogen and phosphorus concentrations increased.
Haas et al. (2020) applied the ELCOM-CAEDYM model to a
hydropower reservoir in Chile, finding that FPV occupancies
between 40% and 60% could help to prevent algal blooms
while maintaining hydropower efficiency. Exley et al. (2022)
used the MyLake model to assess phytoplankton dynamics in a

reservoir in England, demonstrating that a 10% FPV coverage
reduced chlorophyll-a concentrations by 17% to 48%,
depending on seasonal variability. Karpouzoglou et al
(2020) simulated FPV impacts on primary production in a
brackish water system in the Netherlands using the General
Ocean Turbulence Model (GOTM) coupled with the European
Regional Seas Ecosystem Model (ERSEM-BFM). They found
that FPV occupancies below 20% had negligible effects, but
above this threshold, net primary production declined
significantly. Chateau ef al. (2019) used the Simulation
Modelling System for Aquatic Bodies (SIMSAB) to predict
FPV effects on fishponds in Taiwan. While FPV slightly
reduced fish production due to lower dissolved oxygen, it
provided substantial energy gains, suggesting an overall
benefit of FPV integration into aquaculture systems.

The introduction of FPV structures into water bodies
creates new colonisation opportunities for sessile organisms,
including native species and invasive mussels such as the
quagga (Dreissena rostriformis bugensis) and zebra mussels
(Dreissena polymorpha). The quagga mussel, originally from
Eastern Europe, was first observed in Western Europe in 2006
and has since s rapidly spread through major rivers such as the
Rhine and Danube at an average rate of 120km per year
(Orlova et al., 2004; Son, 2007; Matthews et al., 2014). By
filtering water, mussels remove plankton, nutrients, and
suspended matter, potentially altering aquatic ecosystems
(Rowe et al, 2017). Their colonisation of technical
infrastructure can cause economic damage to waterworks
and fisheries (Connelly ef al., 2007). Quagga mussels form a
mutually beneficial relationship with Nuttall's waterweed
(Elodea nuttallii), as filtration improves light penetration,
enhancing plant growth, while dense macrophyte stands
provide habitat for mussels (Wegner et al., 2019). This
accelerates their spread and intensifies competition with native
species, posing a significant threat to freshwater ecosystems.
Under a colonised FPV system, two opposing processes occur:
the reduction of solar irradiance, due to shading, is confined to
the FPV area, while filtering mussels increase water clarity
beneath the installation which may extend across the entire lake,
including shoreline habitats, and thus influence the depth of
the euphotic zone. As both mussel filtration and FPV-induced
changes in light availability affect underwater vegetation
dynamics, their combined impact on macrophyte growth and
competition remains largely unexplored. While modelling may
provide valuable insights into FPV effects, empirical validation
is essential to improve predictive accuracy. Field data are
required to refine model outputs and assess broader ecological
implications, including shifts in trophic interactions.

This study aims to (1) empirically assess the dominant
factors influencing water quality in FPV lakes by comparing
FPV-induced changes with external drivers such as inflows and
excavation activities, (2) evaluate the capability of two
hydrodynamic models (Delft3D-FLOW and GLM-AED?2) to
simulate FPV-induced changes by validating model outputs
with in situ data and predicting long-term effects under higher
FPV coverage scenarios (15%, 30%, 45%, and 90%), (3)
investigate the relationship between empirically estimated
mussel filtration due to colonisation on FPV structures and
modelled macrophyte growth responses resulting from
increased water clarity, and (4) assess the suitability of current
FPV regulations by integrating empirical field data and
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Fig. 1. The monitored floating photovoltaics (FPV) system. The two insets show the location of the studied gravel pit lake in Germany and the
measurement points (MFPV, MREFI, MREFII) in the lake. The yellow square indicates the position of the meteorological measuring system.

hydrodynamic modelling to propose ecologically informed
regulatory measures. These findings will contribute to a
science-based framework for sustainable FPV deployment in
aquatic ecosystems.

2 Materials and methods
2.1 Study site

The gravel pit lake near Leimersheim (Lake Leimersheim;
latitude 49.123, longitude 8.332) is located in southwest
Germany in the Upper Rhine Valley. The mean lake depth is
9.3 m, maximum depth is 19 m, the total lake area is 19 ha, and
its water volume is 1.7 x 10° m>. The lake has no river in- or
outflows, and its water level is almost constant, balanced by
groundwater inflow. Lake Leimersheim is one of more than
700 gravel pit lakes in the Upper Rhine Valley. Given its depth
and hydrological characteristics, Lake Leimersheim is
expected to exhibit seasonal thermal stratification, with a
thermocline forming at intermediate depths during the summer
months. The absence of natural surface inflows or outflows
suggests that vertical mixing primarily depends on atmospher-
ic forcing, with full overturn occurring during the colder
months. Lake Leimersheim may be characterised as oligotro-
phic, with low nutrient concentrations and high oxygen
availability. Anthropogenic influences, particularly from

gravel processing activities, locally affect water clarity and
chemical parameters.

The studied FPV system is located in the northern part of
the lake (Fig. 1). The first part of the system, with a capacity of
750 kWp, was commissioned in autumn 2020, and the second
part, with an additional 750 kWp, in autumn 2021. Both parts
have a length and width of 115 m each and consist of 3,744 PV
panels arranged over 8% of the lake's total surface area. The
total annual electric yield is 1.7 GWh, which is either
transferred directly to the adjacent gravel plant or fed into
the public grid. The gravel plant can cover 20-30% of its
electricity consumption with the electricity from the FPV
system. During the study period from 1 January 2023 to 31 July
2024, no excavation took place. The gravel works occasionally
resulted in the discharge of sediment-rich process water into
the lake.

2.2 Measurement methods
2.2.1 Meteorological data collection

A climate station (WS510-UMB, Lufft) was located at the
northern edge of the FPV system to measure global horizontal
irradiance (Wm2), wind speed (ms'), and direction (°),
relative humidity (%), atmospheric pressure (hPa), and air
temperature (°C) (Fig. 1). Long-wave radiation measurements
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Fig. 2. Photograph of the mussel population of a fully submerged floater, taken from the below by the remotely operated underwater vehicle.

were carried out in the centre of the FPV system using a
pyrgeometer (SGR3, Kipp & Zonen).

In addition, 2D ultrasonic anemometers (WS200-UMB,
Lufft) measured wind speed near the surface. Anemometers at
the southern and northern edges of the system were placed at the
height of the upper edge of the solar panels, while two
anemometers in the centre ofthe system were installed at different
heights. One was mounted 40cm above the water surface,
the other 20 cm above the water surface, with the top edge of the
solar panel positioned between the two sensors at 30 cm above
the water. The accuracy of the wind direction measurement
was £3°, for wind speed it was +3% in the range 0-35ms™".

By comparing the wind speed at different heights, it was
possible to quantify the reduction in wind speed caused by the
FPV system. Solar irradiance reduction by FPV was calculated
using the Radiance ray-tracing model (Ward, 1994). All
sensors were connected using a daisy-chain distributed
Modbus architecture, ensuring synchronised and continuous
data collection.

2.2.2 Hydrodynamic and temperature monitoring

Water temperature profiles were monitored using thermis-
tor chains (accuracy: £0.1°C) to assess thermal stratification
and temperature variations beneath the FPV system and in
open water. A 10m thermistor chain was deployed beneath the
FPV system at its centre (MFPV, Measurement Point Floating
PV) to measure water temperature at 50 cm intervals along the
vertical profile. An identical chain was installed at a second
measurement point located in the open water south of the
system (MREF I, Measurement Point Reference I), serving as a
reference for comparison (Fig. 1). To obtain a detailed
representation of the lake bathymetry, echo sounders were used
to record depth profiles, which were then used to generate a
depth raster and a hypsographic curve.

2.2.3 Water quality measurements

Water quality was measured using an EXO2 multiparame-
ter probe (Y SI Inc. / Xylem Inc.) at MFPV, MREF I and MREF

I (Fig. 1). Measurements at MREF 1 and MREF 1I were
averaged (MREF) and used for comparison with data collected
beneath the FPV system at MFPV. During 17 measurement
campaigns carried out from 9 May 2023 to 9 July 2024, profile
measurements of water temperature, dissolved oxygen, oxygen
saturation, specific conductivity, pH, redox potential, nitrate,
turbidity, phycocyanin, chlorophyll-a, and dissolved organic
carbon were conducted at 1m depth intervals down to the lake
bottom. Measurements concentrated on the vegetation period
and on transition periods of lake mixing regimes. In winter,
measurements were taken at larger time intervals during
isothermal conditions caused by lake turnover. There was no
period with ice coverage.

To further investigate the influence of mussel respiration
on oxygen concentrations, two water temperature and
dissolved oxygen loggers (miniDOT, PME) were placed at
MFPV and MREF I. Both loggers were deployed at a depth of
I m, recording measurements every 15 minutes with an
accuracy of £0.3 mg 1. The first measurements were recorded
on 5 September 2023, the last on January 9, 2024.

2.2.4 Periphyton and mussel sampling

Mussel colonisation on FPV floaters was also assessed.
One floater beneath the FPV panels was removed, and all
periphyton was scraped off using hard plastic spatulas. To
allow for an estimation of the full population of the FPV
system, a remotely operated underwater vehicle (Deep
Trekker, DTG3) took pictures of other floaters from below,
to ensure that the mussel coverage was comparable between
floaters (Fig. 2).

The obtained mussels and periphyton material were sealed
and transported to the laboratory, where they were stored in the
fridge at —18 °C until further investigation. In the next step,
all mussels were counted and the species determined.
Each individual was grouped into size classes between
<5mm, 5-10mm, 11-15mm, 16-20mm, and 21-25mm.
Considering the size class distribution of the mussels, 100
mussels of each species were selected, and the shell was
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Fig. 3. Boundaries of the macrophyte transects (T1-T6) along the gravel pit lake shoreline. The floating photovoltaic (FPV) system is

highlighted with a red rectangle. Coordinates are given in metres.

separated from the body. Fresh and dry weight was measured
before and after drying at 105 °C. The dry material was then
ground and analysed for phosphorus content.

To evaluate the overall mussel filtration performance, an
effective clearance rate of 41.95 ml ind ™' h™' was derived from
literature values (Yu and Culver, 2001), with a range between
153mL ind ' h' and 68.6mL ind' h™'. Diggins (2001)
reported 309 mL ind' h' for quagga mussels and
226 mL ind ™' h™' for zebra mussels. Consequently, the derived
estimate represents a conservative assumption for a mixed
mussel population. This estimate enabled a comparison of the
total filtered water volume relative to the overall lake volume.

2.2.5 Macrophyte sampling

To assess the suitability of current FPV regulations and to
propose ecologically informed regulatory measures, macro-
phyte sampling was conducted. In Germany, the construction
of FPV installations is regulated by the Water Resources Act
(WHG), a national legal framework for water protection and
management. This law mandates a 40 m distance from the
shoreline for FPV systems, to protect littoral zones, where
macrophyte communities are typically found.

The size of the littoral zone can vary significantly within a
lake and may also depend on the lake type. While the WHG
serves as a national German law, the European Water

Framework Directive (WFD) provides an overarching
framework for ecological water quality. The WFD establishes
standardised ecological quality criteria and specific assessment
methods for aquatic ecosystems, including macrophytes, to
ensure a harmonised evaluation across Europe. Accordingly,
the macrophyte investigation in this study was carried out in
July 2024, following the WFD assessment guidelines for
macrophytes in lakes (van de Weyer and Stelzer, 2021). For
this purpose, the shoreline area around the FPV system was
divided into six transects (Fig. 3).

The transects were of similar length but differed in
shoreline characteristics. Transects 1 (T1) and 2 (T2) were
located near the gravel plant, with T2 receiving water from the
gravel washing process. T3 extended along a bay and had
dense riparian vegetation, while T4 was linear, with a south-
eastern exposure. T3 and T4 were separated by the FPV
system's floating power cable. T5 had recently been excavated,
resulting in sparse vegetation. T6 was linear, similar to T4, and
exposed to the north-east. It had the densest riparian
vegetation, including overhanging trees. Macrophyte sampling
was conducted at depths of 0.0-1.0m, 1.1-2.0m, 2.1-4.0m,
and >4.0m by a team of two divers and a protocol writer.

In addition to transect sampling, a cross-sectional control
dive beneath the FPV system identified potential macrophyte
communities. A field protocol recorded shoreline conditions
and species abundance classified on a scale from 1 (very rare)
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to 5 (abundant). The lower macrophyte limit (LML) was
determined and compared with multibeam echosounder data.
The LML describes the maximum depth at which submerged
macrophytes can grow under specific light conditions, serving
as an ecological indicator of water transparency and habitat
suitability.

A Helix 7 SI GPS G4 sonar (Humminbird, USA) was used
to map macrophyte distribution. The lake was evaluated based
on WFD metrics, including structure, number of habitat-
typical species, and LML. Lake type classification considered
stratification, calcium content, altitude, and catchment size.
Ecological status was assessed based on habitat-typical
vegetation cover (%), species richness, and LML. This was
evaluated using WFD reference tables (van de Weyer and
Stelzer, 2021), providing an overall rating of the lake's
ecological condition.

2.3 Statistical analysis

For measurements obtained with the EXO2 multiparameter
probe, mean values were calculated at corresponding depths
for MFPV and MREF, and deviations at MFPV were assessed
relative to MREF. t-tests were conducted for all parameters,
and the observed deviations were compared with measurement
uncertainties provided by the manufacturer. To represent FPV
in hydrodynamic models, mean values with standard devia-
tions and statistical significance were calculated for reductions
in wind and solar irradiance, as well as for light extinction. For
the mussel distribution, a x° test was applied to assess the
statistical significance of the differences in species composi-
tion across size classes.

2.4 Hydrodynamic and ecological modelling
2.4.1 Model Configuration

The General Lake Model (GLM—AED2, V3.0.0) was used
to model FPV-induced changes and predict long-term effects
under high FPV coverage. GLM uses a Lagrangian grid and
energy balance approach for surface mixing (Hipsey et al.,
2019), while AED2 simulates aquatic ecodynamics, including
nutrient cycling and geochemistry (Hipsey, 2022).

For comparison, Delft3D-FLOW was used as an alterna-
tive model for unsteady, 3D flows simulations, incorporating
meteorological forcing, and density variations (Deltares,
2024). Both models used the same meteorological input —
initially from NASA's POWER project (1 January 2023 — 12
August 2023; NASA, 2023) and thereafter from a climate
station on the FPV system. Variables included shortwave and
longwave radiation, air temperature, wind speed/direction
(direction only for Delft3D-FLOW), relative humidity, rain,
and snow. As no precipitation data were collected on-site,
values were taken from a nearby German Meteorological
Service station (ID: 05906). Reductions in solar irradiance and
wind, simulated via a ray-tracing model, along with wind
measurements, were integrated into both models.

For lake bathymetry, Delft3D-FLOW utilised a depth raster
from echo sounder data, while GLM-AED2 applied a
hypsographic curve. Given the same initial conditions (water
temperature and water level), both models were calibrated
using depth profile measurements from reference points

(MREF I, MREF 1I), with GLM-AED2 employing the CMA-
ES method (Varelas et al., 2018). Calibration and validation
periods were split by a ratio of 2:1, and the total modelling
period was from 1 January 2023 to 30 June 2024. Model
performance was evaluated using Root Mean Square Error
(RMSE), Nash—Sutcliffe model efficiency coefficient (NSE)
and Kling—Gupta efficiency (KGE).

2.4.2 FPV coverage scenarios

Simulations were conducted for FPV coverage scenarios
of 8% —correspond to the existing FPV system—as well as
15%, 30%, 45%, and 90%. In Germany, the legal maximum
FPV coverage is 15%, while 90% represents the technical limit
of FPV installations (Wirth et al., 2021). Globally, FPV
installations typically cover between 10% and 45% of a water
surface, with higher coverage being less common due to
environmental and technical constraints (Xia et al., 2023;
Nobre et al., 2024). The selected coverage scenarios therefore
reflect both current regulatory limits and potential future
expansion.

Model simulations were evaluated by comparing key
hydrodynamic metrics, including lake surface water tempera-
ture, Schmidt stability, and thermocline depth. Schmidt
stability represents the energy required to mix the entire
water column to a uniform temperature (Schmidt, 1928; Idso,
1973). If Schmidt stability is positive, stratification and
thermocline formation can be assumed. Thermocline depth
was calculated as the depth at which the maximum density
gradient occurs, provided water temperature exceeded 4.0 °C
and density difference between surface and bottom layers was
greater than 0.1 kgm  (Ladwig et al., 2021).

Both Schmidt stability and thermocline depth were
computed using the rLakeAnalyzer package (Winslow
et al., 2018). Additionally, the trophic state index (TSI;
Carlson, 1977) was simulated using GLM-AED2 to assess
potential shifts in lake productivity under different FPV
scenarios:

(1)

TSI(Chl) = 10<6 _ 204 01‘:28 l”(c}”))

where Chl is the chlorophyll-a concentration (ug 17") at the
water surface. TSI values range from 0 to 100, with each major
interval (10, 20, 30, efc.) representing a doubling in algal
biomass.

2.4.3 Macrophyte distribution and FPV coverage
optimisation

By comparing current LML with theoretical LML under
the Trophic Reference State (TRS), GLM-AED2 provided a
spatial assessment of macrophyte expansion potential and its
implications for FPV siting. TRS represents the ecological
baseline of the lake in an undisturbed state, where macrophytes
could extend deeper due to improved water quality and
reduced anthropogenic pressure. Macrophyte growth was
considered light-limited, with a threshold set at 1% of surface
irradiance (Schwoerbel and Brendelberger, 2013; Liu ef al.,
2016). The model also accounted for mussel filtration effects
on water clarity, as colonies attached to the FPV substructure
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Fig. 4. Comparison of wind speed measured above (Wind top) and below (Wind bottom) the PV modules, depending on the wind direction.

improve light penetration, potentially expanding macrophyte
habitats and influencing FPV placement constraints. First, the
macrophyte-free zone under TRS conditions was determined.
Then, FPV coverage scenarios were simulated for 8%, 15%,
30%, 45% and extended to cover the entire macrophyte-free
zone. To assess the maximum FPV coverage in a restored
ecosystem, the model simulated scenarios with and without
mussel filtration, quantifying LML shifts and the correspond-
ing reduction in the macrophyte-free zone. Mussel filtration
effects were incorporated into the GLM-AED?2 simulation by
adjusting the light extinction coefficient (ky,), which can be
calculated using measurements of light intensity or turbidity at

different depths:
1 1
o = —1n< ) @)
z 1,

where I is the light intensity at reference depth directly below
the water surface, and I, is the light intensity at distance z
below reference depth (Schwoerbel and Brendelberger, 2013).
Assuming proportionality of light intensity and turbidity,
ky, was determined by:

(@) o

where /n is the natural logarithm and Turb is turbidity in
Nephelometric  Turbidity Units (NTU). This analysis is
particularly relevant for FPV deployment beyond the
excavation phase, as it highlights the importance of integrating
ecological restoration objectives into site selection and long-
term lake management.

3 Results

3.1 Meteorological forcing and FPV-induced wind and
irradiance reduction

Continuous wind measurements conducted at the FPV
system revealed a substantial wind reductlon of 57% (£22.6%)
beneath the FPV system (p < 2.2x107'%). This reduction
increased with rising wind speeds, indicating a stronger
reduction at higher wind velocities. Southern winds, which
directly impinged upon the southward-oriented foundations of
the array, resulted in a more substantial wind reduction
compared to northern winds (Fig. 4).

Radiance simulations indicated an 88% (+10.3%) reduc-
tion in solar irradiance reaching the water body beneath the
system (p < 2.2 x 107'%). While some areas—particularly
along cable routes and at the array's edges—experienced
minimal or no shading, a high degree of shading was observed
under the modules and the substructure. This reduction in light
availability was accompanied by a 36% (£31.1%) decrease in
ky, as derived from turbidity measurements (p=0.0062).
These measured reductions, along with wind reduction, were
used to represent the FPV system in the models through
coverage-based adjustments of model parameters (Tab. 1).

3.2 Water quality effects under FPV coverage

There was no significant difference in water temperature
between MFPV and MREF (p=0.856; Fig. 5). In contrast, a
significant decrease in both dissolved oxygen concentrations
(ADO, p=0.011) and oxygen saturation (ADO Sat, p=0.01)
was observed beneath the FPV system. Nitrate concentrations
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Table 1. Parameters adjusted to represent FPV in GLM-AED?2 and Delft3D-FLOW.

Parameter Without FPV With FPV Deviation (%)
Scaling factor for shortwave radiation (sw_factor) 0.12 88
Scaling factor for wind speed (wind_factor) 0.43 57
Light extinction coefficient (k,,) 0.383 0.244 36

Water temperature Dissolved oxygen
_1'.0 _DI.5 010 0:5 1:0 -1‘.0 -0‘.5 UjO 0:5 1f0
A Temp [K] ADO [mg 1™
Oxygen saturation Specific conductivity
a0 5 0 z 1o -60 -30 0 30 60
A DO Sat [%] ASPC[uScm ]
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p = 0.402 p =0.095
1.0 05 0.0 05 10  -200 -100 0 100 200
ApHI[-] A Redox [mV]
Nitrate Turbidity
- p=0.011 . p=0.161
0.2 0.1 0.0 0.1 0.2 5 b 7
ANOz[mg ™" A Turb [NTU]
Phycocyanin Chlorophyll-a
p =0.508 p = 0.541
0.4 0.2 0.0 0.2 0.4 0.4 0.0 04
APC[ug ™ AChl-a[ug 1™
Dissolved organic carbon
p = 0.959
0.4 0.0 0.4
ADOC [mgl™

Fig. 5. Deviations of measured parameters between MFPV and MREF. MREF is defined as the mean of MREFI and MREFII. The grey shaded
area represents measurement uncertainty; if a deviation falls within this range, the corresponding bar is coloured dark grey. Red bars indicate
deviations that exceed the measurement uncertainty. Statistical significance is determined using p-values, which are displayed in the upper right

corner of each plot, with p < 0.05 indicating statistical significance.

also exhibited a significant reduction (ANO;, p=0.011).
Turbidity showed a decreasing trend (p=0.161), with
deviations exceeding the measurement uncertainty, indicating
a measurable effect of the FPV system on water clarity. Other
parameters—including specific conductivity (p=0.737), pH
(»=0.402), redox potential (p=0.095), phycocyanin
(»p=0.508), chlorophyll-a (p=0.541), and dissolved organic
carbon (p=0.959)—showed no significant differences
between MFPV and MREF, with deviations falling within
the range of measurement uncertainty. The relatively low
concentrations of chlorophyll-a (1.08 pg I"' at MREF) and
nitrate (0.21mg 1! at MREF), along with the calcareous

sediment signature inferred from the specific conductivity
(594 S cm ') and pH (8.14) values, are characteristic of an
oligotrophic trophic state, which aligns with the expected
water quality of the gravel pit lake.

3.3 Mussel colonisation and filtration impact
3.3.1 Mussel colonisation and population density

Mussel density on the hard substrate with permanent water
coverage was so high that periphyton assessment was
impossible. The coverage was completely dominated by the
mussels. On half a floater, 1,771 individuals were counted,
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with quagga mussels (80.5%; 1,426) outnumbering zebra
mussels (19.5%; 345). Shell length analysis showed significant
quagga dominance (p-value=2.01 x 1077), particularly in the
5-10 and 15-20 mm size classes (Fig. 6).

The sampled floater contained approximately 3,500
mussels. Since it was only 50% submerged, fully submerged
floaters carrying PV panels were estimated to host around
7,000 mussels each. Considering that approximately 10% of
the floaters (walkways) have reduced weight and reduced a
specific water-contact-surface, the total mussel population
across 3,952 floaters was estimated at 26.3 million.

3.3.2 Effects of mussel filtration on water quality

Oxygen concentrations varied significantly between sites,
with a daily amplitude of up to 7mg 1~' at MREF I, which
remained below 0.8 mg 1~ at MFPV. Beneath low or moderate
global horizontal irradiance, dissolved oxygen was reduced
under FPV (Fig. 7, zoom window 1). During periods of warm
and stable weather, dissolved oxygen fluctuations in the open
water were significantly higher than below the FPV (Fig. 7,
zoom window 2).

To estimate the phosphorus removal potential of the mussel
population on the FPV system, various parameters were
measured and calculated, including dry weight, phosphorus
content, and filtration capacity. A dry weight of 0.589 g and
0.554 g was measured for 100 individuals of quagga and zebra
mussels respectively. The average phosphorus content was
10.38 mg g~ ', binding 414 mg of phosphorus per floater. Shells
contained 0.16mg g~ ' phosphorus, with a dry weight of 6.3 g
(quagga) and 8.3 g (zebra) per 100 shells, binding 81.8 mg
phosphorus per floater. Across all floaters, mussel bodies
stored 1.64kg of phosphorus, and shells 0.32kg. The
calculated effective clearance rate for mussel population
attached to the FPV system was 26,460 m® d ', filtering 1.5%
of the total lake volume or 3.1% of the epilimnion per day.

3.4 Macrophyte distribution and ecological lake
condition

A total of 15 macrophyte species were identified during the
diving surveys in T1-T6 (Fig. 8).

Species diversity was highest in T3 and T4, with up to ten
species identified (Fig. 9). Fewer species were observed in
other transects, including T2 and T6. Macrophyte abundance
peaked at 1-2m depth but was lower at 0—1 m. At depths
exceeding 4m, abundance declined, with Ceratophyllum
demersum and Potamogeton Iucens dominating, while
Mpyriophyllum spicatum prevailed in shallower areas. Chara
virgata (coverage ratio=0.5%) was the only habitat-typical
species, according to the WFD assessment for this lake type.
Others, e.g., Nitella spp., Nitellopsis obtusa and Tolypella spp.,
were missing.

Based on stratification patterns, water quality (SPC and
pH), geographical location, and the absence of natural surface
inflows, the lake was categorised as a stratified, calcium-rich
lowland lake with a small catchment (type 13) and an
oligotrophic TRS. Mean LML of 5.25 m (+£0.52 m), along with
the cover ratio and habitat-typical species count, classified the
lake's ecological condition as insufficient (Tab. 2).

Macrophytes were only observed in nearshore areas, with
no growth detected beneath the FPV system. This corresponds
with current LML of 5.25m, suggesting that bathymetric
constraints, rather than direct FPV shading, limited macro-
phyte growth below the system.

3.5 Hydrodynamic modelling performance and FPV
impact analysis
3.5.1 Model calibration and validation

Both GLM-AED?2 and Delft3D-FLOW demonstrated high

performance during the calibration period, based on averaged
measurements from MREFI and MREFII, achieving RMSE
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Fig. 7. Dissolved oxygen concentrations at 1 metre depth below the FPV and in open water (MREF I) from 5 September 2023 to 9 January 2024,

as measured by the miniDOT loggers.

values below 1 °C and NSE values exceeding 0.9 for water
temperature profiles (Tab. 3).

Using the same metrics, modelling results were evaluated
for the entire simulation period, both at the reference and
below FPV, assuming the current FPV coverage of 8%. Both
models achieved NSE values above 0.6 and RMSE between
1°C and 2°C, indicating a satisfactory representation of the
system (Tab. 4).

3.5.2 FPV coverage effects on stratification, mixing, and
trophic state

Simulated water temperature profiles at various depths
were compared with field data for both models (Fig. 10). While
both models captured overall water temperature trends, they
differed in detail. GLM-AED?2 predicted smaller fluctuations
in surface water temperatures, whereas Delft3D-FLOW
overestimated surface temperatures, especially during summer
2023. Both models performed better for epilimnetic than
hypolimnetic temperatures. GLM-AED2 predicted higher
bottom temperatures at the onset of stratification, while
Delft3D-FLOW tended to underestimate them. The formation
of inverse stratification in winter was more pronounced in the
Delft3D-FLOW simulation.

Both models accurately reproduced thermal stratification
during summer (Fig. 11). At an FPV coverage of 45%,
stratification became more unstable in both models, suggesting
an upward shift in the thermocline.

With increasing FPV coverage, both models showed a general
decline in lake surface water temperature (Fig. 12). For low
FPV occupancies (<15%), temperature reductions remained
moderate, with differences of approximately 1 °C compared to
the baseline scenario. For 90% FPV coverage, GLM-AED2
simulated a 3.6 °C temperature reduction, whereas Delft3D-
FLOW predicted a reduction of 7.2 °C.

Schmidt stability, an indicator of stratification strength,
decreased at high FPV coverage in both models. In Delft3D-
FLOW, Schmidt stability initially increased at 15% and 30%
FPV coverage, before sharply declining from 45% and
onwards, indicating a mid-range peak in stratification intensity.
In contrast, GLM-AED?2 exhibited a steady decline already up
to 45%, followed by a more pronounced drop.

Despite these differences, both models converged to similar
stability levels for 90% FPV coverage, suggesting that extensive
FPV deployment results in comparable reductions in stratifica-
tion. This weakening was also evident in reduced thermocline
depths. While Delft3D-FLOW consistently simulated a shal-
lower thermocline than GLM-AED2, both models showed
notable decreases in thermocline depth beyond 30% FPV
coverage. The TSI, simulated only by GLM-AED2, declined
with increasing FPV coverage, suggesting potential reductions
in lake productivity. This trend aligned with observed reductions
in lake surface water temperature and increased shading, both of
which constrain primary production. Compared to the baseline,
TSI decreased by approximately 20% at 30% FPV coverage and
by 60% at 90% coverage.
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Fig. 8. Abundance of the macrophyte species found within the six macrophyte transects along the shore of the gravel pit lake (T1-T6).
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Fig. 9. (1) Number of species found in six macrophyte transects (T1-T6, Fig 3); (2) distribution of macrophyte abundance in relation to water
depth.

3.5.83 Modelling mussel filtration effects on lower coverage scenarios (Fig. 13). The current LML-based macro-
macrophyte limit phyte distribution was expanded by the WFD-defined theoretical
LML for good (oligotrophic) lake conditions. The latter LML

To assess the impact of mussel filtration on macrophyte  formeda potential contact zone northeast of the FPV system. The
expansion, GLM-AED2 simulations were used to estimate shifts ~ maximum observed shoreline distance to the current LML was

in the lower macrophyte limit (LML) under varying FPV ~ 35m. In contrast, the shoreline distance to theoretical LML
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Table 2. Quality levels (very good, good, moderate, insufficient, bad) for ecological evaluation according to the European Water Framework
Directive (WFD). The quality levels determined by the study were as follows: cover ratio of habitat-typical vegetation — bad, habitat-typical

species — bad, mean lower macrophyte limit — moderate.

TRS Very good Good Moderate Insufficient Bad
Cover ratio of habitat-typical vegetation >75% 50-75% 10-50% 5-10% < 5%
Habitat-typical species >9 69 4-5 2-3 1-0
Mean lower macrophyte limit >10 m >6.5-10.0 m >5.0-6.5 m 2.5-5.0m <25m

Table 3. Calibration and validation results for GLM-AED2 and Delft3D-FLOW water temperature simulations. Model performance is given by
Root Mean Square Error (RMSE), Nash-Sutcliffe model efficiency coefficient (NSE) and Kling-Gupta efficiency (KGE).

Calibration period

Validation period

Model

RMSE [°C] NSE [—] KGE [—] RMSE [°C] NSE [—] KGE [—]
GLM-AED2 0.77 0.92 0.83 241 0.61 0.79
Delft3D 0.71 0.95 0.59 291 0.58 0.5
Table 4. Total period results for GLM-AED2 and Delft3D simulations for the reference and FPV (actual coverage, 8%).
Reference FPV
Model RMSE [°C] NSE [—] KGE [—] RMSE [°C] NSE [—] KGE [—]
GLM-AED2 1.94 0.72 0.84 1.5 0.95 0.87
Delft3D 1.78 0.77 0.52 2.63 0.69 0.47
GLM-AED2 Delft3D-FLOW
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Fig. 10. Comparison of modelled water temperature at different depths for both models (lines), in relation to measured values (dots), below the

FPV system with 8% lake coverage.

reached up to 200m, indicating a heterogeneous distribution
based on lake morphology. The GLM-AED?2 was calibrated to
this theoretical LML, defining the macrophyte-free zone as 58%
of the total lake area. Including mussel filtration into the model
simulations resulted in LML shifts 0£0.32, 0.61, 1.21, 1.99 and
3.07m for 8%, 15%, 30%, 45%, and 58% FPV coverage,
respectively. With increasing water clarity, macrophyte expan-
sion reduced the macrophyte-free zone from 58% down to 46%.

4 Discussion

4.1 Measured effects of FPV on water quality

The overall impact of the installed FPV system on water
quality was limited, with considerable reductions observed

only in dissolved oxygen, nitrate concentrations, and turbidity.
A statistically significant decrease in dissolved oxygen (ADO,
p=0.011) and oxygen saturation (ADO Sat, p=0.01) was
recorded beneath the FPV system, along with a reduction in
nitrate concentrations (ANOj3, p=0.011). De Lima et al. (2021)
reported oxygen reductions of 1.1-1.7mg I"' beneath an
FPV system covering 30% of a lake in the Netherlands,
while Chateau et al. (2019) reported a reduction of 0.86 to
0.89mg 1! beneath a 40% FPV coverage system in Taiwan.

In comparison, our study—focusing on a system covering
8% of the lake—observed a smaller average reduction of
0.38 mg 1", suggesting a negative correlation between oxygen
concentration and FPV coverage. Additionally, both
Chateau et al. (2019) and Li ef al. (2023) found significant
reductions in nitrate concentrations beneath FPV systems,
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Fig. 11. (a, b) GLM-AED2 and Delft3D-FLOW water temperature profiles at MFPV during the simulation period (January 2023 to July 2024)
for the reference scenario; (c, d) water temperature profiles at MFPV with 45% FPV coverage for each model.

which is consistent with our results. Other water quality
parameters in our study—including water temperature, pH,
specific conductivity, and chlorophyll-a—showed no signifi-
cant differences between MFPV and MREF, indicating that the
FPV system's impact on overall water quality was minimal.

4.2 FPV substructure as a new mussel habitat

FPV substructures provide habitat for sessile organisms,
particularly mussels, which filter nutrients and suspended
solids — potentially reinforcing the shift towards oligotrophic
conditions. These mussels filter particles from 1.5 to >40 pm
(Lei et al., 1996; Roditi et al., 1996). On our FPV system,
nearly 2kg of phosphorus was bound in mussel biomass,
reducing its availability to phytoplankton and macrophytes,
which could alter species composition. Drops in oxygen at
MFPV compared to MREFI during low solar irradiance
(Fig. 7) may indicate higher respiration rates and increased
biological activity from periphyton and mussels. In contrast,
pronounced diurnal oxygen fluctuations under high solar
irradiance at MREFI suggest enhanced primary production at
MREF 1, while limited variation at MFPV suggested lower
net oxygen production. Reduced photosynthesis under FPV

can be expected, since shading limits autotrophic metabolism
—potentially affecting oxygen dynamics, nutrient cycling,
and ecosystem functioning. Mussels typically inhabit
benthic zones, but colonising FPV substructures places them
in the epilimnion—a warmer, oxygen-rich layer—potentially
affecting growth, reproduction, and feeding. This might
promote the spread of invasive species but also affect FPV
buoyancy. In lakes with a high presence of invasive mussel
species, the additional colonisation on the FPV system may
be mitigated through designs that minimise float—water
contact.

Further manage mussel colonisation, strategies might
include encouraging native species — particularly those at risk
—or establishing edible mussel farms (Haag and Williams,
2014; Dalderup et al., 2020; Benjamins et al., 2024). Active
mussel harvesting could further counteract eutrophication by
removing excess nutrients (Soto and Mena, 1999; Gren et al.,
2009; Petersen et al., 2014). By reducing nutrient availability,
mussel filtration on FPV structures may reinforce FPV-induced
effects and contribute to a long-term shift towards oligotrophic
conditions, mitigating eutrophication in nutrient-rich lakes.
Further research is needed here to fully understand ecological
effects of colonised FPV systems.
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Fig. 12. Simulated impact of FPV coverage on mean lake surface water temperature, Schmidt stability, thermocline depth, and Trophic State
Index (TSI) as calculated by GLM-AED?2 (green) and Delft3D-FLOW (blue).

4.3 Macrophyte dynamics and limiting factors in
FPV-integrated lakes

The highest species diversity was observed in T3 and T4,
with up to ten species identified (Fig. 9), likely due to their
south-facing location and relatively undisturbed shoreline.
Sunlight exposure and reduced anthropogenic disturbance
evidently promoted a broader range of species. In contrast,
fewer species were found in transects T2 and T6, likely
influenced by process water input (T2) or shading from
riparian vegetation (T6). Everywhere, macrophyte abundance
peaked at 1-2 m water depth and was lower at 0—1 m, possibly
due to light oversaturation (Schwoerbel and Brendelberger,
2013) or sediment deposition on unstable slopes, which both
may hinder growth. Below 2 metres, macrophyte abundance
declined sharply. The distribution was limited to the littoral
zone, with an average depth of 5.25m (£0.52m). No
macrophyte growth was observed beneath the FPV system.
The low abundance of habitat-typical species indicates an
ecologically compromised lake condition, which is typical for
anthropogenic gravel pit lakes. In these lakes, several factors
(e.g., steep shorelines, shoreline erosion, increased sedimen-
tation from process water) likely constrain macrophyte

expansion, independent of FPV (Mollema and Antonelli,
2016). Furthermore, high cyprinid densities may contribute to
sediment resuspension and herbivory, suppressing macrophyte
growth (Hansson ef al., 1987; Zambrano and Hinojosa, 1999;
Yuan, 2021). In all lakes, the trophic state plays a major role for
macrophytes. Oligotrophic systems generally support a more
extensive LML, while eutrophication reduces light penetration
and restricts submerged vegetation. In Lake Leimersheim, the
installed FPV system affected local light conditions, but the
primary constraints on macrophyte distribution were driven by
other factors such as lake morphology, sediment loading, and
fish community composition. These existing conditions
supposedly overrode potential FPV-related effects, highlight-
ing the need for a comprehensive assessment of site-specific
ecological constraints before attributing changes in macro-
phyte dynamics to FPV.

4.4 Hydrodynamic modelling and FPV impact analysis
4.4.1 Model performance and applicability
Both GLM-AED?2 and Delft3D-FLOW effectively simu-

lated the hydrodynamics of our gravel pit lake. On the one
hand, Delft3D-FLOW provided detailed local FPV impact
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as defined by the European Water Framework Directive. Mussel filtration by colonies attached to the 58 % FPV system—covering the
macrophyte-free zone as simulated by GLM-AED2—resulted in an expanded macrophyte distribution (brown area). The legal 40 m shoreline

distance is marked with a red dashed line.

predictions but required significantly more computational
time, limiting scenario-based ecological analyses. Its simulat-
ed flow velocity remained uncertain and would require
validation, such as with upward-looking Acoustic Doppler
Current Profiler measurements (Parsapour-Moghaddam and
Rennie, 2017; Goulart et al., 2023). Nevertheless, Delft3D-
FLOW appears to be a good choice for heterogeneous lakes or
small FPV systems in large water bodies. On the other hand,
GLM-AED2, while assuming horizontal homogeneity, proved
effective for advanced FPV impact assessments, offering high
computational efficiency (Ishikawa ef al., 2022; Amorim et al.,
2023). GLM-AED2 can approximate species distribution
using a quasi-2D approach, making it useful for multi-lake
assessments, climate change simulations, and FPV design
evaluation. The choice between models depends on the
required level of detail: Delft3D-FLOW is preferable for local
assessments in complex lakes, while GLM-AED2 is more
efficient for large-scale FPV scenarios. Combining the two
models may provide synergistic benefits, leveraging their
respective strengths. Optimising hydrodynamic models for
FPV is still in its early stages but will depend on detailed
monitoring data sets.

4.4.2 Thermal and ecological impacts of FPV coverage
scenarios

empirical and modelling studies consistently show that
FPV installations reduce lake surface water temperature,
though the extent varies with lake characteristics, FPV
coverage, and methodology. Nobre et al. (2025) measured a
1.2°C annual mean reduction, peaking at 3.0°C on the
warmest days in French gravel pit lakes, while Ilgen et al.
(2023) recorded a 2.8 °C cooling in a German gravel pit lake
during summer. Modelling studies predicted a broader range.
Exley et al. (2021) simulated 8.0 °C cooling in Windermere,
UK, and Ji et al. (2022) estimating a 3.3 °C reduction in the
Xiangjiaba Reservoir, China. The present results fell within
this range, as GLM-AED2 predicted a 3.6 °C reduction and
Delft3D-FLOW a stronger 7.2°C reduction at 90% FPV
coverage. FPV-induced cooling also affects lake stratification,
weakening Schmidt stability and altering mixing regimes.
Ilgen et al. (2023) found little impact below 15% FPV, with
significant shifts beyond 50% coverage, a threshold also
supported by the present study. Both simulation models
indicated a decline in Schmidt stability for high FPV
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occupancies, which was accompanied by a thermocline shift to
shallower depths. The TSI in GLM-AED2 declined with
increasing FPV coverage, though considerable changes only
occurred beyond 45% FPV. Yang et al. (2022) reported
reduced chlorophyll-a and primary production in a tropical
reservoir at 30% FPV coverage, while Karpouzoglou et al.
(2020) found significant declines already above 20%. These
numbers suggest that FPV effects on lake ecology depend on
the individual lake but may counteract global warming-
induced stratification intensification (Woolway et al., 2020),
which enhances nutrient retention in the epilimnion and
primary production (O'Beirne et al., 2017).

4.4.3 Implications of mussel filtration for macrophyte
dynamics in FPV-integrated lake restoration

Given a 25-30-year service life, FPV systems may outlast
anthropogenic influences like gravel extraction, highlighting
the need to integrate lake renaturation into FPV planning. We
used GLM-AED2 to simulate macrophyte distribution,
applying a quasi-2D approach calibrated to the WFD trophic
reference state. We also incorporated mussel filtration effects
at the FPV structure, showing its potential to influence lake-
wide ecological dynamics. Mussels primarily colonise FPV
substructures, but their filtration extends across the entire lake,
improving water clarity and promoting macrophyte expansion,
counteracting eutrophication.

Ray et al. (2024) demonstrated that improper FPV
placement, particularly over macrophyte-dominated areas, can
also result in negative effects, such as reduced oxygen levels
and increased greenhouse gas emissions, likely due to the
decomposition of macrophytes. This highlights the importance
of optimised FPV siting and calls for adequate simulation of
potential impacts before new systems are installed.

4.5 Regulatory considerations for FPV placement

In Germany, FPV installations are subject to a regulatory
limit of 15% lake surface coverage and a minimum shoreline
distance of 40 metres. For the FPV system at Lake
Leimersheim, the observed distance to LML was approxi-
mately 35 metres, while the theoretical LML, derived from the
trophic reference state, extended up to 200 metres. This
discrepancy suggests that fixed-distance regulations may not
consistently reflect the depth-dependent distribution of macro-
phytes, particularly in artificial lakes with steep bathymetry
and heterogeneous morphometry. In addition, active sediment
input and anthropogenic shoreline modification can influence
aquatic vegetation independently of FPV siting. These factors
may also vary over time, depending on the lake's stage of
ecological succession.

Model simulations using Delft3D-FLOW and GLM-
AED?2 indicated that substantial alterations in lake stratifica-
tion and water quality only occurred at FPV coverages above
45%. This modelled response differs markedly from the
regulatory threshold, suggesting that fixed limits may not
uniformly correspond to ecological effects across different
lake types. The interpretation of such thresholds thus appears
to depend on local morphometric and ecological character-
istics, as well as on the specific FPV design and coverage.

5 Conclusions

This study assessed an FPV system covering 8% of a
gravel pit lake in southwest Germany and found no major
ecological impacts. External stressors, such as sediment-rich
inflows and herbivorous fish, exerted a stronger influence on
water quality and macrophyte growth than the FPV installation
itself. Colonisation of the FPV substructure by invasive
mussels improved water clarity and promoted macrophyte
growth, indicating possible synergies with lake restoration.
However, ecological risks remain and require site-specific
evaluation. Hydrodynamic model simulations (Delft3D-
FLOW and GLM-AED?2) showed substantial changes in lake
dynamics only above 45% FPV coverage. These findings
suggest that the current regulatory framework in Germany —
limiting FPV installations to 15% surface coverage and a
40-metre shoreline buffer — though precautionary, may be
overly conservative for artificial lakes subject to strong
external pressures. This study calls for more flexible, site-
specific regulations that account for lake depth, morphometry,
and trophic state. Classification-based thresholds should reflect
lake type, usage, and ecological status. Expert assessments
combining empirical field data and modelling may offer
ecologically sound alternatives to fixed criteria. Such
flexibility would enable context-sensitive FPV integration.
Further empirical and modelling studies are needed to support
this approach.
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APPENDIX C. MODEL SETUP

Gravel pit lake
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Table 7-1. Model setup parameters for the gravel pit lake — hydrodynamic model.

Setup Parameter Value
- . Water level (m) 0
Initial conditions Temperature (°C) 57
Manning coefficient (Chow, 0.05
1959) ’
Wind drag coefficients
Physical parameters Vertical eddy diffusivity (m?*/s) 0.001
Turbulence model k-¢
Secchi depth (m) 4.5
Dalton number 0.0001
Stanton number 0.0013
Zmodel #Y#
Zbot -19
Ztop 0.3
Additional parameters Precipitation and evaporation *file.eva

Spatial and time varying
meteorological conditions

a file for each parameter (*.amu,
* amv, *.amp, *.amr, *.amt,
* amc, *.ams)

Table 7-2. Model setup parameters for the gravel pit lake — water quality model.

Setup Parameter Value
Conservative tracer (g/m?) 0
Initial conditions Decayable tracer (g/m?) 0
Dissolved oxygen (g/m?) 8
Decay rate tracer (1/d) 0.01

Ambient water temperature

Flow output for WAQ: *.tem

Physical parameters Wind speed

Space and time varying file
created with python: *.bin

Reaeration formula

9

Reaeration transfer coefficient (m/d)

1

22-Local flux-corrected transport

Numerical option Integration method (Cth B
0.0001 m?/s flow rate
Discharges Tracer 10000 g/m? concentration

8 g/m* DO




Passatina reservoir
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Table 7-3. Model setup parameters for the Passauna reservoir — hydrodynamic model.

Setup Parameter Value
o o Water level (m) -0.51
Initial conditions Temperature (°C) 16.9
Physical parameters Manning coefficient (Chow,
0.035
1959)
Wind drag coefficients
Vertical eddy diffusivity (m?%/s) 0.001
Turbulence model k-¢
Secchi depth (m) 2
Dalton number 0.00405
Stanton number 0.00405
Zmodel #Y#
Zbot -17.2
Ztop 0.3

Additional parameters

Precipitation and evaporation

specific file *.eva

Spatial and time varying
meteorological conditions

a file for each parameter (*.amu,
* amv, *.amp, *.amr, *.amt,
* amc, *.ams)

Table 7-4. Model setup parameters for the gPassaiina reservoir— water quality model.

Setup Parameter Value
Conservative tracer (g/m?) 0
Initial conditions Decayable tracer (g/m?) 0
Dissolved oxygen (g/m?) 8
Decay rate tracer (1/d) 0.01

Physical parameters

Ambient water temperature

Flow output for WAQ: *.tem

Space and time varying file

Wind speed created with python: *.bin
Reaeration formula 13
Reaeration transfer coefficient (m/d) 1

Numerical option

Integration method

22-Local flux-corrected transport
(Boris-Book)

Discharges

River inflow

8 g/m* DO

Tracer

0.0001 m?/s flow rate
10000 g/m? concentration
8 g/m* DO




APPENDIX D. COMPLEMENTARY RESULTS

Gravel Pit Lake
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Figure 7-1. Surface temperature timeseries results for the simulated scenarios of the gravel pit
lake, at MFPYV point.
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Figure 7-2. Evaporation rate timeseries results for the simulated scenarios of the gravel pit lake,
at MFPV point.
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Figure 7-3. Horizontal velocity timeseries results for the simulated scenarios of the gravel pit
lake, at MFPV point.
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Figure 7-4. Turbulent energy timeseries results for the simulated scenarios of the gravel pit lake,

at MFPV point.
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Figure 7-5. Residence time timeseries results for the simulated scenarios of the gravel pit lake, at

MFPV point.
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Figure 7-6. Tracer concentration timeseries results for the simulated scenarios of the gravel pit
lake, at MFPYV point.
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Figure 7-7. Dissolved oxygen concentration timeseries results for the simulated scenarios of the
gravel pit lake, at MFPV point.
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Figure 7-8. Actual DO saturation timeseries results for the simulated scenarios of the gravel pit
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Figure 7-9. DO saturation concentration timeseries results for the simulated scenarios of the
gravel pit lake, at MFPV point.



Passauna Reservoir

e Timeseries results
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Figure 7-10. Surface temperature timeseries results for the two simulated scenarios of Passaiina

reservoir, at Cell Cover point.
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Figure 7-11. Evaporation rate timeseries results for the two simulated scenarios of Passaiina res-

ervoir, at Cell Cover point.
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Figure 7-12. Horizontal velocity timeseries results for the two simulated scenarios of Passailina

reservoir, at Cell Cover point.
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Figure 7-13. Turbulent energy timeseries results for the two simulated scenarios of Passauna
reservoir, at Cell Cover point.
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Figure 7-14. Residence time timeseries results for the two simulated scenarios of Passaiina reser-
voir, at Cell Cover point.
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Figure 7-15. Tracer concentration timeseries results for the two simulated scenarios of Passaiina
reservoir, at Cell Cover point.
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Figure 7-16. Dissolved oxygen timeseries results for the two simulated scenarios of Passaiina res-
ervoir, at Cell Cover point.
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Figure 7-17. Actual DO saturation timeseries results for the two simulated scenarios of Passalina
reservoir, at Cell Cover point.
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Figure 7-18. DO saturation concentration timeseries results for the two simulated scenarios of
Passaiina reservoir, at Cell Cover point.



