Journal of Environmental Management 375 (2025) 124230

e 4

ELSEVIER

Journal of Environmental Management

journal homepage: www.elsevier.com/locate/jenvman

Contents lists available at ScienceDirect

Joueaa of
Environmental
Management

Research article

Floating photovoltaics strongly reduce water temperature: A

whole-lake experiment

Regina L.G. Nobre *-' ©®, Chloé Vagnon ™'

, Stéphanie Boulétreau®, Fanny Colas ",

Frédéric Azémar®, Loic Tudesque®, Nathalie Parthuisot®, Paul Millet*, Julien Cucherousset®

2 Centre de Recherche sur la Biodiversité et I’Environnement (CRBE), Université de Toulouse, CNRS, IRD, Toulouse INP, Université Toulouse 3 — Paul Sabatier (UT3),

Toulouse, France

> Univ Lyon, Université Claude Bernard Lyon 1, CNRS, ENTPE, UMR 5023 LEHNA, F-69622, Villeurbanne, France

ARTICLE INFO

Handling editor: Lixiao Zhang

Keywords:

Floatovoltaics

Renewable energy
Climate change mitigation
Lakes

ABSTRACT

Floating photovoltaics (FPVs), solar panels installed on floating structures in freshwater ecosystems such as lakes,
represent a growing renewable technology aimed at decarbonizing the energy sector. However, robust empirical
assessments of its environmental effects are still lacking. We used a Before-After-Control-Impact design replicated
at the ecosystem level (n = 6 lakes: three lakes with FPV compared to three non-FPV lakes) to determine the
global effects of FPV on water temperature over three years and allowing to isolate FPV effects from natural
variability. Overall, we found that the presence of FPV strongly decreased annual water temperature (1.2 °C on
average). The reduction in water temperature induced by FPV increased significantly with air temperature and
differed between seasons, with stronger reductions (up to 3 °C) observed during warmest days of the year in
spring and summer. In addition, the reduction in water temperature also occurred in areas of the lakes that were
not covered by FPV. In the context of climate warming, decreased water temperature in summer could benefit
freshwater organisms but these benefits could be counterbalanced by other negative impacts such as decreases in
dissolved oxygen and modifications in the C cycle, including greenhouse gas emissions. Therefore, the cascading

effects of FPV on freshwater biodiversity and ecosystem functioning still need to be assessed.

1. Introduction

The Anthropocene marks a period of biodiversity, climatic, and en-
ergetic crises (Rehbein et al., 2020) that are caused by an escalating
demand for resources and energy production, an intensification of
landscape transformation, increased greenhouse gas emissions and an
acceleration of global warming (Bonebrake et al., 2019; Brook et al.,
2008; Rehbein et al., 2020). As a consequence, the frequency and the
intensity of extreme weather events and natural hazards are increasing,
leading to increased species extinction rates, jeopardizing biodiversity,
ecosystem functioning and services (Barnosky et al., 2011; Grodsky,
2021). In response, governments worldwide have committed to transi-
tion toward renewable energy sources to limit climate change and
human impacts on ecosystems (Olabi and Abdelkareem, 2022; Spillias
et al., 2020). However, a global energy transition requires extensive
infrastructure and technology development, which, if poorly planned,
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may result in unintended environmental impacts (Grodsky, 2021;
Spillias et al., 2020). For instance, some hydropower projects, such as
lowland dams in the Brazilian Amazon, can induce massive loss of
pristine habitats and be more carbon-intensive (greenhouse gas emis-
sions produced per unit of electricity generated) than fossil-fueled power
plants (Almeida et al., 2019; Gibson et al., 2017). The effects of the
deployment of renewable energy systems on biodiversity and ecosystem
services may thus counterbalance the benefits of decarbonization
(Gibson et al., 2017; Grodsky, 2021; Wu et al., 2023) and robust as-
sessments of the environmental impacts of novel technologies used to
produce renewable energy are needed.

One of the latest renewable technologies deployed worldwide is
floating photovoltaic (FPV), i.e. photovoltaic panels installed on aquatic
ecosystems (Cazzaniga and Rosa-Clot, 2021; Sahu et al., 2016). FPV has
been identified as a promising technology due to its advantageous
properties including land-sparing and higher efficiency compared to
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ground-mounted photovoltaics (Gadzanku et al., 2021; Sahu et al.,
2016). It is estimated that covering 10% of the artificial reservoirs
worldwide with FPV could be equivalent to the current global capacity
of electricity generation by fossil-fuel plants (Almeida et al., 2022).
Additionally, FPVs can decrease evaporative losses and these effects
could be particularly relevant in drought-prone areas (Farrar et al.,
2022; Padilha Campos Lopes et al., 2020). The deployment of FPV on
freshwater ecosystems is following an exponential growth since the first
commercial installation in an irrigation pond in California in 2008
(Farrar et al., 2022). To date, >600 FPV power plants have been
installed in 28 countries worldwide, with a large majority of these power
plants located in Asia (Nobre et al., 2024; Xia et al., 2023). Usually, FPV
power plants are installed on artificial water bodies, such as gravel pits,
aquaculture ponds, irrigation ponds, and reservoirs and cover an
average of 34.2% (+22.0 SD) of the lake surface (Nobre et al., 2024).
While FPV represents a novel opportunity for the energy sector, there is
a very limited knowledge about its environmental consequences on
freshwater ecosystems (Gadzanku et al., 2021; Nobre et al., 2023; Oli-
veira et al., 2024; Rocha et al., 2024) and FPV should be urgently studied
due to its potential environmental effects (Sutherland et al., 2022).
The installation of FPV power plants on freshwater ecosystems can
directly and indirectly affect multiple environmental parameters (Exley
et al., 2021; Nobre et al., 2023). This can include reductions in light and
wind intensity arriving at the lake surface and changes in dissolved
oxygen concentration in the water column (de Lima et al., 2021; Ray
et al., 2024). FPVs are also expected to impact ecosystem functioning by
altering primary production and carbon cycling (Exley et al., 2022; Ray
et al., 2024). In addition, FPVs are anticipated to affect water temper-
ature in recipient ecosystems (Armstrong et al., 2020; Exley et al., 2021).
Water temperature governs multiple ecological processes, ranging from
individual metabolic rates (Brown et al., 2004) to broader ecosystem
functions (Schallenberg et al., 2013). Therefore, understanding the
impact of FPV power plants on water temperature is a prerequisite to
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fully apprehend its environmental consequences (Chateau et al., 2019;
Nobre et al., 2023; Wang et al., 2022). In the context of global warming,
which is increasing the frequency and severity of extreme weather
events such as heatwaves and droughts (Woolway et al., 2021), FPVs
have been identified as a potential mitigation strategy in freshwater
ecosystems (Exley et al., 2021; Liu et al., 2023) as they can block
shortwave radiation (Armstrong et al., 2020; Exley et al., 2021). While
there is a growing number of modeling studies predicting that water
temperature will decrease with increased FPV cover (Chateau et al.,
2019; Exley et al., 2021; Ji et al., 2022), other studies have highlighted
that FPVs might contribute to warming surface water due to reduced
wind (Exley et al., 2021; Ilgen et al., 2023) or through heat emission
from the FPV structure and reduced evaporative heat flux (Yang et al.,
2022). Although the effects of FPVs on water temperature are among the
most frequently studied impacts of this emerging technology (19 studies
published in scientific journals; Rocha et al., 2024), analysis of existing
literature revealed that most empirical research has primarily focused
on small-scale pilot installations and short-term observations (Rocha
et al., 2024), strongly limiting the robustness of our knowledge. FPV
power plants are becoming a conspicuous part of the landscape (Bax
et al., 2023) and, to date, long-term empirical assessments at the
ecosystem scale of the global effects of FPVs on lake temperature, with
robust experimental designs, are still lacking.

The general objective of this study was to quantify the global effects
of FPV power plants on lake water temperature. We used a replicated
whole-lake experiment (Fig. 1) and a Before-After-Control-Impact
(BACI) approach. BACI designs are highly appropriate for such in-
vestigations because they incorporate both temporal changes and con-
trol sites, effectively reducing the influence of unmeasured covariates on
observed effects (Chevalier et al., 2019). We first measured the changes
induced by FPV power plants on lake water temperature in three lakes
with FPV compared to three non-FPV lakes over three years. Second, we
quantified how the temperature effects induced by FPV power plants

Fig. 1. The whole-lake experiment design employed in this study showing control (non-FPV: CA, CB, CC, left) and impact (FPV: IA, IB, IC, right) lakes. The locations
of the temperature loggers are indicated by arrows. Dark cyan and white arrows indicate temperature loggers under FPV and in the uncovered area of the impact
sites, respectively. Purple arrows indicate the location of the temperature loggers in control sites. FPV power plants were developed by Urbasolar.
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vary across the year. Third, we assessed the spatial extent of the water
temperature reduction induced by FPV power plants within the lakes by
comparing water temperature in areas covered and uncovered by FPV.

2. Methods
2.1. Study area

This study was performed from December 2020 to December 2023 in
six geographically close gravel pit lakes located in the Garonne River
floodplain, southwestern France (43°16'N, 1°09'E, Fig. 2). These lakes
display similar hydromorphological conditions (mean maximum depth
=4.97 m + 0.72 SD, mean area = 0.13 km? £ 0.04 SD, mean perimeter
= 2038.5 m + 377 SD, mean surface to volume ratio = 0.48 + 0.06,
Table S1) and are hydrologically disconnected from each other and from
the aerial hydrological network (Zhao et al., 2016). The lakes are all
very close to each other (longest distance between two sites ~ 25 km)
and they occupy a similar position in the landscape (mean elevation =
213.1 m + 18 SD). They are surrounded by comparable vegetation,
consisting of shrubs and a narrow layer of trees dominated by the genus
Populus (Alp et al., 2016), embedded within an anthropized and agri-
cultural landscape. The lakes experience a temperate oceanic climate
(Cfb climate, Koppen classification). Based on their geographical prox-
imity and high level of uniformity in landscape characteristics, these
lakes are exposed to similar climatic conditions (e.g. air temperature,
solar radiation). Among the six studied lakes, three lakes are not covered
with FPV power plants (maximum depth = 4.70 m + 0.61, mean surface
to volume ratio = 0.50 + 0.06 SD, mean area = 0.13 km? + 0.07 SD,
min = 0.09, max = 0.21, Table S1) while the three other lakes
(maximum depth = 5.23 m + 0.85 SD, mean surface to volume ratio =
0.45 + 0.07, mean area = 0.13 km? + 0.02 SD, min = 0.12, max = 0.15,
Table S1) had FPV power plants installed during our study. The
deployment of FPVs took place between November 2021 and March
2022. FPV power plants covered 40.3%, 51.5%, and 55.5% of the lakes
area, respectively. This FPV coverage (49.1 % + 7.9 SD) aligns with the
typical coverage observed in FPV power plants across the globe (mean:
34.2 % 4 22 SD, Nobre et al., 2024); median: 37.5%, Xia et al. (2023).

2.2. Water temperature monitoring

Water temperature (°C) was monitored in the six studied lakes from
December 2020 (approx. one year before FPV power plants installation)
to December 2023 (approx. two years after FPV power plants
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installation). In each lake, a buoy was attached to a mooring using a
stainless-steel cable and installed in the deepest part of the lake. Tem-
perature loggers (n = 5 to 7 per lake depending upon lake depth) were
attached to another stainless-steel cable attached to the buoy at 0.5 m
and 1 m below the water surface, and then additional loggers were
positioned every 1-m down to the lake bottom. In lakes with FPV power
plants, buoy, mooring, and loggers were removed during FPV power
plant installation and re-installed at the same location using a GPS.
Following FPV power plant installation, the stainless-steel cables con-
taining the loggers were directly attached to the floating structure. To
compare water temperature in areas covered and uncovered by FPV
power plants, an additional buoy with a mooring system and tempera-
ture loggers was installed approximately 50 m away from the FPV
platform in the FPV lakes (Fig. 1). In uncovered areas, the average
deepest point where the loggers were installed (5.0 m + 0.7 SD) was
similar to the depth of the monitoring point in the covered areas (5.9 m
+ 1.0). All buoys were positioned in the open water zone of the lake
(mean distance from the banks was 79.6 m 4+ 32 SD), with no direct
shading from the riparian vegetation. Water temperature was recorded
every 10 min throughout the monitoring period. Data from loggers were
downloaded every 3 months. The monitoring started using loggers
MX2201 (HOBO; Onset, USA) until August 2022 when these loggers
were replaced in September 2022 by UA-001-64 (HOBO; Onset, USA)
due to technical problems. Both loggers had similar accuracy (£+0.5 °C)
and resolution (0.14 °C and 0.04 °C at 25 °C for UA-001-64 and
MX2201). These technical problems led to missing data (approximately
1% of the entire dataset). To estimate these missing values, we calcu-
lated the average temperature recorded by the nearest loggers posi-
tioned directly above and below the missing data point on the same
vertical cable. To limit potential difference between lakes due to water
level fluctuations and differences in maximal water depth, the analyses
were conducted using the loggers deployed until 4 m deep. Daily water
temperatures were calculated at each depth. The gravel pit lakes in this
study are small (<1 kmz, Downing, 2010) shallow (mean max depth =
5.5 m =+ 0.8 SD, Padisak and Reynolds, 2003)) lakes with low potential
for long-term stratification (Holgerson et al., 2022). While vertical
variability in water temperature can occur throughout the year, we
analyzed daily average temperatures from the integrated water column
to represent the global thermal response of lakes to FPV installations and
identify general response patterns. Therefore, all subsequent analyses
were performed using averaged daily temperature across the water
column.

43°20'0"N+

43°15'0"N+

. Control lakes
@ [Impact lakes
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Fig. 2. Map of the study area located in the Garonne floodplain, southwest France. Dark cyan and purple symbols are lakes with (impact lakes IA, IB, IC, n = 3) and

without (control lakes, CA, CB, CC, n = 3) FPV power plants, respectively.
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2.3. Statistical analyses

We first assessed the effects of FPV power plants on lakes water
temperature using a BACI approach (Chevalier et al., 2019; Smokor-
owski and Randall, 2017) in which control lakes were without FPV
power plants and impact lakes were covered with FPV power plants,
respectively. Control and impact lakes were paired based on their
hydromorphological similarities established using a Principal Compo-
nent Analysis (PCA) performed on environmental parameters (surface to
volume ratio, maximal depth, perimeter and elevation). Euclidian dis-
tance between the lakes coordinates of the first two PCA axes (93.4% of
the variability) was used to define the pairs (Fig. S4). The before and
after periods correspond to the period before and after FPV power plant
installations, respectively. For each pair of lakes, the middle date of the
period between the start and the end of FPV power plant installation was
considered as the transition date between the before and after periods in
BACI analyses. We used a linear mixed effect model (LMM) to test the
significance of the interaction between the period (i.e., before and after
FPV power plant installation) and the treatment (i.e., with and without
FPV power plants) on daily water temperature (Stewart-Oaten and
Bence, 2001). Linear mixed effect model is a statistical model including
fixed effects, which typically represent the relationship between the
dependent variable and the explanatory variables (predictors) that are
consistent across all groups or levels of the data, and random effects
which allows tacking into account the variability that is not explained by
the fixed effects (Zuur et al., 2009). In our model, the pair of lakes, the
season, and the year were used as random effects. We included year and
season as random effects to account for potential variability in the tested
relationship arising from temporal fluctuations across different years
and seasons. Lake identity and pairs were also used as random effects to
account for the different FPV installation dates. This approach allows to
better estimate the fixed effect of FPV installation by considering po-
tential site-specific variations, separating the site-level variability from
the overall trend. An autocorrelation structure of first-order, which in-
cludes the correlation coefficient between the residual observation of
any given day t and the residual at day ¢-1 (Mitchell et al., 2019), was
also included in the model because, in high frequency data, the value
measured at t+1 is directly affected by the value measured at t.

Second, we assessed the changes in water temperature induced by
FPV power plants across the year and between different seasons by
calculating the difference in water temperature between non-FPV and
FPV lakes in each pair of lakes. Then, the average daily air temperature
(°C) was calculated using hourly air temperature available from the
closest weather station (43.4515° N, 1.262° E, Météo-France). Linear
mixed effect models were used to test the effect of air temperature and
seasons on the difference in water temperature induced by FPV power
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5

Déc Féb Abr J{m A;Jg Ovct 5$c Féb Abr Jun A;Jg dct D;ac Féb Aﬁr Jﬁn Aﬁg dct Ei;c

1 After all FPV plant installations
' N

Journal of Environmental Management 375 (2025) 124230

plants. The pair of lakes was included as a random effect in each model.

Third, to determine whether the effects of FPV power plants on water
temperature are restricted to the water column located immediately
under the FPV structures, or if this effect is homogeneous across the
entire lake, we compared water temperature from loggers positioned
under the FPV power plants with those installed in an uncovered area of
the lakes. A linear mixed effect model was used to test the effect of the
location (under FPV power plants and in the uncovered area within each
FPV lake) on mean daily water temperature. In this model, the lake
identity, season, and year were used as random effects, and an auto-
correlation structure of first-order was included. All data analyses and
visualization were performed with R software (v.4.2.2; R Core Team,
2022) using the packages nlme (Pinheiro and Bates, 2000) and ggplot2
(Wickham, 2016), respectively.

3. Results

During the three-year study period, daily water temperature dis-
played strong seasonal changes and averaged 16.6 °C (+£6.9 SD), ranging
from 4.0 °C in winter to 29.7 °C in summer (Fig. 3). This pattern was
observed in the six studied lakes (Fig. S1). Water temperature was
significantly lower in FPV lakes compared to lakes without FPV power
plants after FPV installation (LMM, interaction period-treatment: p <
0.001; Fig. 4 and Table S2). Before FPV installation, water temperature

Before After

H Control
B Impact

LMM, interaction period * treatment: p-value <0.001

N w
o o

=
(o)

Daily water temperature (°C)

Daily water temperature (°C)

Daily water temperature (°C)

Fig. 4. Water temperature (daily average °C) and density distribution in lakes
with (dark cyan) and without (purple) FPV power plants before (left) and after
(right) installation.

[ 2021 [

2022 | 2023

Fig. 3. Water temperature (daily average (°C) and standard deviation) in the lakes with (dark cyan) and without (purple) FPV power plants from December 2020 to
December 2023. The dashed vertical line represents the date at which all FPV power plants were installed.
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was, on average, 15.0 °C (6.6 SD) and 15.3 °C (£6.8 SD) in the FPV and
non-FPV lakes, respectively. After FPV power plant installation, water
temperature was, on average, 16.9 °C (+6.5 SD) and 18.1 °C (£+7.1 SD)
in the FPV and non-FPV lakes, respectively (Fig. 4). Overall, the presence
of FPV power plant decreased water temperature by 1.2 °C (+1.0 SD)
compared to lakes without FPV power plant.

The reduction in water temperature induced by the presence of FPV
power plants was significantly and positively associated with air tem-
perature (LMM: p < 0.001; marginal R? = 0.45; Table S3). On average, a
reduction of water temperature of 0.08 °C between FPV and non-FPV
lakes was observed when air temperature increased by 1 °C (Fig. 5).
When average daily air temperature was <10 °C (Fig. S2), the predicted
reduction of water temperature was very limited (<0.5 °C). When the
average daily air temperature was >30 °C (Fig. S2), the reduction of
water temperature was >2 °C. The highest differences in water tem-
perature reached >3 °C (Fig. 5)

The reduction in water temperature caused by FPVs was significantly
different between seasons (LMM: p < 0.001; marginal R? = 0.58). A
higher difference in daily water temperature between control and
impact sites was observed in spring (mean daily difference 2.3 °C + 0.9
SD), followed by summer (mean daily difference 1.9 °C + 0.6) (post-hoc
pairwise comparisons p > 0.001, Table S4, Fig. 6). These two seasons
showed significantly larger differences compared to winter and autumn
(mean daily differences of 0.6 °C + 0.6 SD for winter and 0.6 °C £ 0.5
SD autumn) (Fig. 6, Table S4). Finally, in lakes containing FPV power
plants, water temperature measured in the area covered with FPV
(17.0 °C + 6.5 SD) did not differ significantly (LMM, p = 0.963; Fig. S3;
Table S5) from the water temperature measured in the uncovered area
(16.8 °C + 6.5 SD).

4. Discussion

As the global demand for renewable energy is increasing, robust
knowledge on its potential environmental impacts is still lacking
(Armstrong et al., 2020; Ramanan et al., 2024). This study provides the
first replicated ecosystem-level assessment of the effects of FPV systems
on water temperature in small and shallow lakes in a temperate climate.
These ecosystems are highly representative of the freshwater ecosystems

hosting FPV power plants globally, both in terms of lake
| ®Spring
4 Summer
* Autumn e
® Winter . w3t VA
. .o’,O * * 9
3 - .® » .‘ -

Y =0.08x - 0.30
Marginal R* = 0.43, p<0.001

Difference in daily water temperature (°C)
N

T T T

0 10 20 30 40

Fig. 5. Effect of air temperature on the difference in water temperature (daily
average °C) between non-FPV lakes (control) and FPV lakes (impact). Points
represent mean observed differences calculated from each pair of lakes. The line
is the fitted model and the ribbons are the associated confidence intervals at 5%
and 95%. Colors represent the different seasons.
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hydromorphology (89% of installed FPV power plants are in small
(<0.5 km?) and artificial shallow lakes) and FPV coverage (34.2 % + 22
SD Nobre et al., 2024), thus offering robust insights into the environ-
mental impacts of FPVs. Our results demonstrated that the presence of
FPV strongly decreased annual water temperature (1.2 °C) and that this
decrease in water temperature increased significantly with air temper-
ature, with the strongest reductions (>2 °C) occurring during spring and
summer, and reaching nearly 3 °C during the warmest days of the year.
This effect was also consistently observed in an uncovered nearby zone,
suggesting that the effect on water temperature extended beyond the
FPV covered area. These findings are in accordance with modelling
studies reporting an overall tendency of water temperature decrease
under FPV presence (Chateau et al., 2019; Exley et al., 2021; Ji et al.,
2022).

An empirical monitoring conducted in small aquaculture ponds (800
mz, 1 m deep) in Taiwan also reported that, when 40% of the surface
area was shaded (simulation of FPV cover) the daily average surface
water temperature was significantly lower by 0.7 °C and 1.4 °C in the
two shaded ponds compared to the control ponds (Wang et al., 2022).
We found that the temperature decrease induced by FPV power plants
also occurred in a nearby uncovered zone of the lake, indicating that
small and shallow ecosystems with high surface-to-volume ratios may be
susceptible to rapid water temperature changes driven by FPV and
uniform temperature distribution throughout the lake. It is important to
consider that the effects of FPVs on water temperature can be highly
context-dependent varying with industrial factors such as the proportion
of the lake surface covered by FPVs, the spatial arrangement of the FPV
plant and the material and technology of the plants (Exley et al., 2021).
Overall, the reduction of water temperature is expected to be less pro-
nounced under small-scale FPV power plants (e.g. pilot projects with
FPV coverage <1%), because the thermal characteristics of the water
will predominantly reflect the conditions of the surrounding uncovered
areas due to the mixing of water (Bax et al., 2023). Indeed, studies re-
ported no overall significant effects of FPVs on water temperature be-
tween covered and uncovered areas within the same system for projects
covering less than 2% of lake surface (Bax et al., 2023; Ilgen et al., 2023).
The environmental effects of FPV can also be contingent to site-specific
hydromorphological characteristics (Nobre et al., 2023). Hydro-
morphological characteristics such as lake size (area, volume, depth) are
key environmental attributes for determining hierarchical effects on
several ecological processes, including internal processes such as sedi-
mentation, mixing dynamics in the water column and extension of the
euphotic zone (Lewis, 2011; Scheffer et al., 2006; Schindler and
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Scheuerell, 2002). These hydromorphological characteristics can,
therefore, interact with the proportion of FPV coverage and strongly
influence the extent of FPV impacts on water temperature and quality,
evaporation rates, biodiversity and functioning of aquatic ecosystems.
Therefore, the intensity and extent of FPV effects on water temperature
are also expected to vary when dealing with larger and deeper systems
which have higher thermal inertia and that are submitted to stronger
seasonal or annual patterns of stratification, such as hydroelectric res-
ervoirs (Ji et al., 2022). This is because FPV effects will be dependent on
the stability and temporality of hydrological dynamics (e.g. mixing vs.
stratified periods), which may lead to depth-specific effects. Also, water
temperature in these systems can be influenced by the inflow water
temperature and inflow rates (Ji et al., 2022). Nevertheless, a model
developed for lake Windermere, a deep lake in the United-Kingdom,
predicted a decrease of 2.2 °C on mean annual surface water tempera-
ture for approximately a 50% FPV coverage (Exley et al., 2021). Our
studied sites offer a highly representative scenario of current global
installations contributing valuable insights into expected patterns in
similar contexts. However, extrapolations to other types of ecosystems
(e.g. large reservoirs) and other geographical locations facing different
climatic conditions should remain cautious, and we highlight here the
need to develop robust studies to address these effects in different
conditions.

We also found that differences in water temperature between FPV
and non-FPV lakes were positively correlated with air temperature and
differed between seasons increasing in spring and summer. This is
consistent with studies that reported more pronounced effects of FPVs
on water temperature during warmer periods (Ilgen et al., 2023; Liu
et al.,, 2023; Wang et al., 2022). The higher temperature differences
between FPV and non-FPV lakes were observed in spring, likely resulting
from seasonal variations in heat accumulation at the water column. In
spring, increasing solar radiation begins to warm the water, but FPV
coverage is probably reducing direct heat input and altering heat ex-
change with the atmosphere, thus retarding water warming in FPV lakes
and amplifying the observed contrast between FPV and non-FPV lakes.
This effect can have profound effect on the phenological dynamic of lake
organisms (Alp et al., 2016). In summer, despite higher solar radiation,
water temperature is already high and a potential equilibrium between
heat gains and losses obtained over spring may have moderate the
temperature contrast. The smaller differences observed in autumn and
winter likely reflect the overall lower solar input, which diminish the
influence of FPV coverage on thermal dynamics. These results empiri-
cally indicates that FPV may play a role in attenuating water tempera-
ture during periods of elevated air temperatures such as heatwaves.
Climate change is a serious threat to freshwater ecosystems (Dudgeon,
2019; Reid et al., 2019; Woolway et al., 2022) leading to warmer surface
waters, increased evaporation rates, and changes in mixing regimes
(O'Reilly et al., 2015; Woolway et al., 2020). These changes can sub-
sequently affect the physiological and metabolic rates of freshwater
organisms (Brown et al., 2004; Cohen et al., 2018; Gillet and Dubois,
2007; Jeppesen et al., 2010). For instance, freshwater fish are ectotherm
and particularly sensitive to fluctuations in water temperature, with
warmer temperatures leading to shifts in the size structure of fish
communities towards smaller-bodied individuals, and modifications in
community composition due to variations in thermal and oxygen tol-
erances among species (Jeppesen et al., 2010). Moreover, water tem-
perature also regulates multiple phenological processes within
freshwaters such as fish spawning (Gillet and Dubois, 2007), onset of
algal blooms (Winder and Sommer, 2012) and insect emergence
(Ivkovi¢ et al., 2013). Although this remains to be investigated, FPV
might provide thermal refuges and limit the thermal impacts of climate
warming on freshwater organisms. Survival rates and production of
cultured species in FPV-covered aquaculture ponds were found to be
higher than those in uncovered control ponds, likely due to the reduced
fluctuations in water temperature (Wang et al., 2022).

However, FPV deployment can also represent an abrupt perturbation
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to recipient ecosystems (Nobre et al., 2023). For instance, shading from
FPV structure can hinder primary production and the lower air-water
interface may impede atmospheric reoxygenation, potentially leading
to dissolved oxygen depletion (de Lima et al., 2021; Liu et al., 2023;
Yang et al., 2022). A mesocosm experiment revealed that ponds with
70% FPV coverage experienced a rapid decline in water temperature and
dissolved oxygen, resulting in near-anoxic conditions. These changes
were accompanied by a 26.8% increase in whole-pond daily greenhouse
gas emissions (Ray et al., 2024). Therefore, such environmental effects
can hamper the benefits of reduced temperature by having complex,
counterproductive impacts that remain to be fully quantified (Exley
etal., 2021; Ilgen et al., 2023). Because the potential ecological effects of
FPV on their host systems are contingent upon the proportion of water
surface covered (Gillet and Dubois, 2007; Haas et al., 2020) and higher
coverages are observed in small lakes (Nobre et al., 2024; Xia et al.,
2023), we highlight that the potential pressure of FPV development may
exert on these systems (Nobre et al., 2022). Small lakes and ponds (<1
km?) harbor greater richness of nearly all taxa per unit area compared to
larger lakes, playing a crucial role in the maintenance of local and
regional biodiversity (Downing, 2010).

5. Conclusion

In this study, we conducted an empirical assessment of the effects of
FPVs systems on water temperature at the ecosystem scale over multiple
years using a robust and replicated BACI design. To the best of our
knowledge, our study represents a pioneering effort to employ such a
robust method for evaluating temperature alterations resulting from
FPV deployment in power plants exploited commercially (but see Ray
et al., 2024 for experimentation). Our results demonstrated that FPV
power plants can significantly reduce water temperature, with more
pronounced effects observed in spring (mean reduction of 2.3 °C) and
summer (mean reduction of 1.9 °C). The potential ecological pressures
that FPV development may cause in small lakes, particularly changes in
water temperature, can have cascading effects on broader ecological
processes. Further studies are essential to deepen our understanding of
how FPV installations can modulate not only the thermal dynamics but
also the key ecological processes such as nutrient cycling, primary
production, and greenhouse gas emissions. Future research should focus
on empirically evaluating the cascading effects of FPVs on biodiversity
and ecosystem functioning. Additionally, studies incorporating a
broader range of ecosystem size (e.g. larger and deeper lakes, reservoirs)
with different thermal dynamics and in different climatic zones will help
improve our understanding of FPV-environment interactions. The
development of FPVs can offer both opportunities and challenges,
reinforcing the need for a balanced approach that considers not only the
nexus between energy, water and food, but also ecosystem conservation.
Effective collaboration between energy stakeholders, environmental
managers and researchers is fundamental to allow optimal monitoring
strategies such as a BACI design, so informed decisions that prevent the
counterproductive effects related to FPV installations can be made.
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