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Abstract: Photovoltaic energy is projected to represent the largest share of global 

energy supply by 2050. Floating photovoltaic systems (FPVs) are expected to expand 

rapidly but their impacts on aquatic ecosystems remain poorly understood. Yet, there 

is potential for design choices, including the potential for “light island” designs 

(removing panels across the array to allow for increased light penetration in the water 

column), to mitigate potential negative effects. Here, we use three-dimensional 

computational modelling (Delft3D-FLOW), to investigate how the thermal response of 

a water body is likely to change with multiple light islands designs. The model predicted 

that the FPVs’ effects on the water column temperature vary seasonally and by depth 

for all designs: wind sheltering effects prevail over shading during warmer months, 

leading to stronger thermal stratification compared to the simulation without FPVs. 

Surface coverage variation was the main driver of thermal responses, even for small 

changes in surface coverage (~5%); light island designs had a limited impact on water 

temperature and thermal stratification. However, light islands may also impact primary 

production through enhancement of underwater light availability. Further examination 

of the effects of light islands on water body biological and chemical responses is 
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required as part of efforts to ensure that FPV deployment strategies balance energy 

production and sustainable water management. 

Keywords: Photovoltaics, lake, hydrodynamics, renewable energy, Delft3D.  

 

1 Introduction 

Photovoltaics are projected to represent the largest share of global energy supply by 

2050 (DNV, 2024). Exponential growth of floating photovoltaic array (FPV) deployment 

on freshwater bodies - primarily artificial lakes and reservoirs - is widely reported and 

forecast to grow (Almeida et al., 2022; Liu et al., 2023; Woolway et al., 2024; Xia et 

al., 2023). FPV have several potential co-benefits, for example they are more efficient 

than land-based arrays because of the cooling effect of the water (Dörenkämper et al., 

2021; El Hammoumi et al., 2021; Sacramento et al., 2015); reduce land use demands 

of energy installations compared to ground-mounted systems (Nobre et al., 2023); 

reduce water losses due to evaporation (Kumar and Kumar, 2020; Majumder et al., 

2021; Nisar et al., 2022; Santafé et al., 2014); and may mitigate climate change 

impacts on  the host waterbodies (Exley et al., 2021; Liu et al., 2023). Despite this, the 

physico-chemical and ecological response of hosting water bodies to FPV 

deployments is poorly understood (Nobre et al., 2023; Ramanan et al., 2024; Rocha 

et al., 2024).  

Given the anticipated growth in FPVs and larger scale deployments, understanding 

the response of water bodies is critical, especially in small water bodies as they host 

the majority of existing FPVs (Nobre et al., 2023). Moreover, smaller reservoirs 

generally have higher FPV relative coverages when expressed as a percentage of 

waterbody total surface area (Nobre et al., 2024), and thus disturbances to water body 

physical, chemical and biological processes are likely to be greater. FPVs impact 

water body processes as they act as a physical barrier to wind mixing and light 

penetration in the water column (Al-Widyan et al., 2021; Li et al., 2020), with cascading 

effects on thermal dynamics, biogeochemical cycling and nutrient concentrations, and 

the abundance and composition of organisms across trophic levels (Li et al., 2023). 

These physical, chemical and biological effects are interlinked in complex ways, and 

can lead to both positive and negative impacts on water quality and ecosystem health, 

https://www.zotero.org/google-docs/?jGdau7
https://www.zotero.org/google-docs/?jGdau7
https://www.zotero.org/google-docs/?bxtISo
https://www.zotero.org/google-docs/?bxtISo
https://www.zotero.org/google-docs/?d9kSEe
https://www.zotero.org/google-docs/?PmQ1Ve
https://www.zotero.org/google-docs/?PmQ1Ve
https://www.zotero.org/google-docs/?ZxIZp6
https://www.zotero.org/google-docs/?lIxzff
https://www.zotero.org/google-docs/?lIxzff
https://www.zotero.org/google-docs/?vwuOtO
https://www.zotero.org/google-docs/?SLFFzI
https://www.zotero.org/google-docs/?qDeaPG
https://www.zotero.org/google-docs/?rdFghY
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which may vary spatially and temporally (Dörenkämper et al., 2021; Nobre et al., 2023; 

Rocha et al., 2024). Understanding the implications of FPVs for water body thermal 

dynamics is fundamental given the role of temperature in regulating the rates of 

biological and chemical processes (Brown et al., 2004; Schallenberg et al., 2013). 

FPVs generally decrease water temperature due to shading (Exley et al., 2021; Ilgen 

et al., 2025; Lima Neto, 2025; Nobre et al., 2025). However, in some locations, they 

have been observed to lead to no temperature difference or even warming. For 

example, Ilgen et al. (2025) found no significant difference in water temperature in a 

temperate zone gravel pit lake when 8% of its surface was covered by FPV, and 

studies of tropical (Yang et al., 2022) and subtropical (Prandini et al., 2025) 

waterbodies report increased water temperature. These different responses are 

caused by the effects of varying coverages on the energy balance, including wind 

mixing and insulating effects (Armstrong et al., 2020; Liu et al., 2024). The percentage 

coverage will be highly influential on the thermal response given its impact on wind 

mixing and radiation fluxes (Rueda et al., 2025), but the implications of FPV array 

geometrical designs are unknown.  

There are several ways in which the geometric design of FPV arrays can be altered to 

modulate water body response. Usually, effects of surface coverage extent have been 

relatively well investigated, often exploring differences varying more than 10% (Exley 

et al., 2022; Ilgen et al., 2025, 2023; Ji et al., 2022). For example, Exley et al. (2022) 

and Ji et al. (2022) applied models, respectively 1D and 2D, to test FPV coverages 

ranging from 0 to 100% at 10% intervals, while finer changes to coverage are less well 

understood. A more novel geometric design suggested by industry experts and 

investigated through a 2D model in Lima Neto (2025), is to create “light islands” which 

will alter wind mixing and solar radiation receipts in comparison with continuous FPV 

arrays. Empirical testing of the relative impacts of light island design variants is 

hampered by experimental design challenges: a Before-After-Control-Impact (BACI) 

study would require several water bodies with similar characteristics, or there would 

need to be sufficient time and resource to undertake pre- and post-deployment 

monitoring of water body state for several different FPVs designs on the same water 

body, and varying meteorological conditions need to be accounted for. In contrast, 

computational modelling, which is commonly used to enhance understanding of water 

https://www.zotero.org/google-docs/?gqTB8F
https://www.zotero.org/google-docs/?gqTB8F
https://www.zotero.org/google-docs/?gqTB8F
https://www.zotero.org/google-docs/?gqTB8F
https://www.zotero.org/google-docs/?gqTB8F
https://www.zotero.org/google-docs/?gqTB8F
https://www.zotero.org/google-docs/?gqTB8F
https://www.zotero.org/google-docs/?gqTB8F
https://www.zotero.org/google-docs/?nvrvZx
https://www.zotero.org/google-docs/?VNE1ym
https://www.zotero.org/google-docs/?VNE1ym
https://www.zotero.org/google-docs/?hh8qYQ
https://www.zotero.org/google-docs/?hh8qYQ
https://www.zotero.org/google-docs/?hh8qYQ
https://www.zotero.org/google-docs/?UmldoJ
https://www.zotero.org/google-docs/?6DyH2O
https://www.zotero.org/google-docs/?NuIx6k
https://www.zotero.org/google-docs/?xak8od


4 
 

body dynamics (e.g., Ishikawa et al., 2022; Zheng et al., 2022; Guo, Zhu and Chen, 

2023; Xu, Pan and Devlin, 2023; Hosseini-Sadabadi et al., 2024), is a rapid and cost 

effective approach.  

To resolve the potential effects of light islands, a 3D modelling approach is necessary, 

as it allows the incorporation of horizontal transport which is critical when representing 

light islands effects. Three-D modelling has been found to produce different results 

from 1D modelling, for example, Ilgen et al. (2025) reported decreased water column 

stability with every increase in FPV coverage when using a 1D model, whereas a 3D 

model of the same configuration showed increasing stability for up to 45% coverage 

(Ilgen et al., 2025). Moreover, 3D models allow resolution of FPV effects across the 

whole water body, compared to horizontally averaged effects in 1D models. 

 

Given the anticipated growth in FPV deployments and limited knowledge of FPV 

design variations, this study investigates how the thermal structure of a water body is 

likely to respond to FPV coverage extent and different light island designs using a 3D 

model, Delft3D-FLOW (Deltares, 2020). The specific aims were to (1) simulate a water 

body’s thermal response to FPVs deployments that cover different percentages of the 

host waterbody’s surface area, and (2) evaluate how the water body’s thermal 

response varies across a range of light island configurations. Our results provide new 

insights to guide FPVs design by improving our understanding of the effect of FPV 

geometric design on the thermal structure of water bodies. 

2 Materials and methods 

The study was based on a model of a gravel pit lake located in the south of France 

(latitude: 43.22º N, longitude: 1.61º E, elevation: 245 m a.s.l., Figure 1). The lake is 

one of a geographically-clustered group of gravel pit lakes (Gimenez et al., 2023; Zhao 

et al., 2016), some of which already host FPVs (Nobre et al., 2025). The modelled lake 

has a surface area of 20.4 ha, a maximum depth of 9.0 m, and a mainly flat bed with 

steeply sloping sides around its perimeter. Fluctuations in the water level are limited 

(maximum 13% variation in water depth observed between March 2023 and March 

2024), as there are no artificial withdrawals. The main input of water is from 

precipitation and water table fluctuations.  

https://www.zotero.org/google-docs/?WdW6rh
https://www.zotero.org/google-docs/?WdW6rh
https://www.zotero.org/google-docs/?WdW6rh
https://www.zotero.org/google-docs/?WdW6rh
https://www.zotero.org/google-docs/?WdW6rh
https://www.zotero.org/google-docs/?WdW6rh
https://www.zotero.org/google-docs/?WdW6rh
https://www.zotero.org/google-docs/?WdW6rh
https://www.zotero.org/google-docs/?YMlyWT
https://www.zotero.org/google-docs/?YMlyWT
https://www.zotero.org/google-docs/?YMlyWT
https://www.zotero.org/google-docs/?WqFHUT
https://www.zotero.org/google-docs/?broken=ZEgHZy
https://www.zotero.org/google-docs/?ohgFil
https://www.zotero.org/google-docs/?ohgFil
https://www.zotero.org/google-docs/?MToFnt
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Figure 1 - Study site schematic location. Bathymetric data provided by CNR. 

 

2.1 In situ data for forcing the model  

The model was forced using meteorological and water temperature (September 2022 

to March 2024) data measured in situ. The meteorological data comprised 

measurements of air temperature (℃), relative humidity (%), solar radiation (Wm-2), 

wind speed (ms-1) and direction (degrees) recorded at 10-minute intervals at a station 

immediately adjacent to the lake (Figures 1, S1 and S2, data provided by CNR – 

Compagnie Nationale du Rhône). Additionally, hourly rainfall data were obtained from 

a Météo-France weather station based in Montaut (latitude: 43.19º N, longitude: 1.64º 

E, station 9199002), approximately 3.5 km from the study site. Water temperature 

measurements were collected every 10 minutes using HOBO UA-001-64 temperature 

loggers (HOBO; Onset, USA) deployed on vertical chains at two sampling locations in 

the lake (Figure 1) at multiple depths, starting at 0.5 m then 1.0 m and every metre to 

the lake’s bed, totalling eight points (details in Nobre et al., 2025). 

https://www.zotero.org/google-docs/?cilYdj
https://www.zotero.org/google-docs/?cilYdj
https://www.zotero.org/google-docs/?cilYdj
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2.2 Modelling methodology 

2.2.1 Delft3D-FLOW set-up 

Delft3D-FLOW is used here as a three dimensional hydrodynamic and transport 

simulation model that reproduces non-steady flow and transport phenomena resulting 

from meteorological forcing using a curvilinear grid structure (Deltares, 2020). 

Simulation time is dependent on the availability of forcing data at a sufficiently fine 

sampling interval. In this case, these data were fully available from September 2022 

to March 2024 at every 10-min, and initial conditions for water level and temperature 

measured on September 9th 2022 were used. The modelled reservoir was 

approximated by a uniform curvilinear grid with 60 points in M-direction (horizontal 

equivalent) and 50 points in N-direction (vertical equivalent), resulting in squared cells 

of around 10 metres. The simulation time step was 0.02 min. Forcing input data 

consisted of air temperature (℃), relative humidity (%), solar radiation (Wm-2), cloud 

cover (%), wind speed (ms-1) and direction (degrees), and rainfall (mm). 

Sensitivity tests were conducted using temperature data collected between September 

2022 and February 2023 to determine how the model results respond to variations in 

multiple parameters that dictate physical processes in the lake (see SI). The sensitivity 

analysis was restricted to autumn and winter given this was the only period for which 

consistent forcing and validation data were available at the time. Despite the lower 

irradiance, this period captures a broad range of hydrodynamic conditions, and the 

good calibration and validation performance indicates that the dominant system 

dynamics were adequately represented. Calibration and validation of the model were 

performed by varying the values of parameters related to heat and momentum transfer 

at the surface and heat transport in the water column, informed by the sensitivity tests. 

Specifically, these parameters comprised the Secchi depth, Stanton number, 

background eddy viscosity and diffusivity for both vertical and horizontal directions, 

which were varied within ranges of possible values informed by the sensitivity tests 

and previous studies (Amadori et al., 2021; Ishikawa et al., 2022; Rocha et al., 2023). 

At these stages, no FPV coverage was simulated in the model.  

Calibration and validation were carried out using half of the forcing datasets each. 

Model performance was assessed by comparing in situ measured and modelled 

https://www.zotero.org/google-docs/?tlco4c
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vertically averaged water temperature (Tmean [°C]), and potential energy anomaly (𝜑𝜑 

[Jm-3]). The latter is a quantification of the strength of the water column’s thermal 

stratification and is defined as  

𝜑𝜑 = 1
𝐻𝐻 ∫ �𝜌𝜌 − 𝜌𝜌(𝑧𝑧)�𝜂𝜂

−ℎ 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔                                                                                                     (1)                                                                

where 𝜌𝜌(z) is density [𝑘𝑘𝑘𝑘/𝑚𝑚3] at depth z, H = 𝜂𝜂 + ℎ is the water column depth [m], z = 

𝜂𝜂 the height of the free surface [m], z = -ℎ is the depth of the bed [m], 𝜌𝜌 is the depth-

averaged density [𝑘𝑘𝑘𝑘/𝑚𝑚3], 𝑔𝑔 is the gravitational acceleration [𝑚𝑚/𝑠𝑠2], and 𝑧𝑧 is the 

vertical coordinate [m], which is measured positive upwards from the water surface, 

which is set at z = 0.  

Model output was saved every six hours of simulated time and then compared to the 

corresponding (time-matched) in situ measurements. Three metrics were used to 

evaluate model performance: coefficient of determination, r2, root mean square error, 

RMSE, and mean error, or bias (see SI for equations) capturing both the model’s 

relative fit and its absolute accuracy, while also assessing and minimizing any 

systematic bias. Both calibration and validation were performed by analysing data for 

the two sampling locations in the lake. All data analysis was developed using the 

Python v.3.11.4 (“Python Software Foundation,” 2023).  

 

The values of r², RMSE, and bias for Tmean and 𝜑𝜑 at each of the two measurement 

locations for the calibration and validation periods are shown in Table S1. The 

calibrated values of the adjusted model parameters are shown in Table S2, and are 

all within the range of values reported from similar previous studies (Amadori et al., 

2021; Ishikawa et al., 2022; Piccioni et al., 2021; Rocha et al., 2023; Xu et al., 2017). 

2.2.2 Model representation of FPVs 

Representation of the FPV coverage within the model was achieved by applying 

attenuation factors ⍺ to the incoming solar radiation and wind speed at the 

hydrodynamic grid cells where the structures were allocated. Thus, the magnitude of 

the meteorological variable at the water surface beneath the FPV was calculated as 

XFPV = (⍺)Xopen, where Xopen is the corresponding value in open water, similarly to Exley 

et al. (2021). The magnitude and spatial distribution of FPV-induced effects depend 

on array technology, for example whether the panels have fixed-tilt or tracking 

https://www.zotero.org/google-docs/?eKioaU
https://www.zotero.org/google-docs/?eKioaU
https://www.zotero.org/google-docs/?lnVSkg
https://www.zotero.org/google-docs/?lnVSkg
https://www.zotero.org/google-docs/?lnVSkg
https://www.zotero.org/google-docs/?lnVSkg
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systems, their distribution on the surface and the float design. These characteristics 

affect shading patterns, wind sheltering, and heat exchange. In this study, we focus 

on a fixed-tilt configuration as it represents the most widely deployed FPV technology, 

particularly in reservoir applications. We represented the design of FPV array 

generally observed in the study area (Nobre et al., 2025), i.e. with photovoltaic panels 

mounted on rectangular, buoyant plastic platforms. The system used a modular layout 

that allowed sunlight to pass between the panels and reach the water surface. 

 Previous efforts to determine FPVs’ effects on meteorological forcing of lakes that 

used in situ data have found wide variations in their attenuation factors. Values of ⍺ = 

0.23 to 1.00 for wind speed and ⍺ = 0.73 to 0.88 for solar radiation have been reported 

(Ilgen et al., 2025, 2023; Liu et al., 2024; Yang et al., 2022). Solar radiation attenuation 

has also been observed to be dependent on meteorological conditions. For example, 

during rainy periods, attenuation of solar radiation by FPVs is weakened or eliminated 

(Liu et al., 2024). Therefore, even though empirical data exist for meteorological 

forcing reduction due to solar panels, their implications are not reliably transferable 

among sites or applicable to models. Here, we investigate changes to solar radiation 

and wind speed assuming a 1:1 relationship between the two, e.g., if the incoming 

solar radiation is attenuated through a factor of 0.4, this same factor is applied to the 

wind speed reaching the water surface. This conservative assumption is justified given 

the wide range of variability of these factors in the literature (no measurements are 

available for solar radiation or wind speed under the FPV array). 

In this study, we were able to access empirical data recorded through a BACI study in 

a set of gravel pit lakes similar in bathymetry (though somewhat shallower - mean 

depth approximately 5 m) and nearby to our study site (Nobre et al., 2025), and we 

used these to calibrate the attenuation effects of the FPVs in the model. Specifically, 

Nobre et al. (2025) conducted a BACI study in six gravel pit lakes: three lakes with 

FPVs compared to three non-FPVs lakes, resulting in three paired lakes. The three 

lakes with FPVs had, on average, 49.1% coverage (SD = 7.9%), and this was the 

coverage defined in the model for our study site. The depth-averaged water 

temperature for the three non-FPVs lakes from Nobre et al. (2025) was compared to 

that from the top 5 m and the full depth for this study site (Figure S3). This showed  

that the top 5 m average for this study site follows a similar pattern to that of Nobre et 

al. (2025). Therefore, the averaged water temperature for the top 5 m (Tmean 5m) of this 

https://www.zotero.org/google-docs/?broken=gTvaOP
https://www.zotero.org/google-docs/?edVzeG
https://www.zotero.org/google-docs/?broken=gTvaOP
https://www.zotero.org/google-docs/?broken=gTvaOP
https://www.zotero.org/google-docs/?Q1qUu0
https://www.zotero.org/google-docs/?hgVAP1
https://www.zotero.org/google-docs/?MGfPxf
https://www.zotero.org/google-docs/?MGfPxf
https://www.zotero.org/google-docs/?MGfPxf
https://www.zotero.org/google-docs/?ZcXoO7
https://www.zotero.org/google-docs/?ZcXoO7
https://www.zotero.org/google-docs/?ZcXoO7
https://www.zotero.org/google-docs/?E3w5ar
https://www.zotero.org/google-docs/?E3w5ar
https://www.zotero.org/google-docs/?E3w5ar
https://www.zotero.org/google-docs/?E3w5ar
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study site was compared to the BACI results from Nobre et al. (2025) to assess the 

model representation of FPVs. 

Both solar radiation and wind speed were assumed to be equally affected at the FPV 

site on the water surface and were therefore scaled using the same attenuation factor, 

similar to Bredeweg et al. (2025). To test this, six values of ⍺ (ranging from 0.45 to 

0.70 in steps of 0.05) were simulated. For each simulation, we calculated the 

difference in mean water temperature over the upper 5 m (ΔTmean 5m) between two 

cases: (1) a point beneath the FPVs in the FPV-covered model, and (2) the same 

location in the model without FPVs. To identify the most accurate ⍺ value, we 

evaluated model performance using r², Root Mean Square Error (RMSE), and bias 

(Table 1). These metrics allowed comparison of the modelled temperature differences 

between FPV and non-FPV scenarios with observed differences from the BACI study 

(Nobre et al., 2025). In that study, observations were averaged across three paired 

lakes, and all values represent the mean temperature over the upper 5 m of the water 

column. 

This calibration determined that an attenuation factor of 0.65 (Table 1), for both wind 

speed and solar radiation, resulted in the closest match between measured and 

simulated water temperature differences due to FPV coverage. There is greatest 

deviation between the modelled and measured ΔTmean 5m data during the winter period 

between November 2022 and February 2023 when FPV effects on Tmean 5m are 

smallest (<1ºC) and the model slightly overestimates them (Figure S4). From thereon, 

the model data follow the average measured temperature differences closely, despite 

not capturing some short timescale (<1 month) variations. The fact that the calibrated 

model captures higher FPV impacts over spring, summer and autumn, when 

ecological activity is likely to be highest and water quality impacts are likely to be 

greatest, gives us confidence in its suitability for representing FPV impacts through 

the attenuation of meteorological forcing. 

Table 1 - Comparison of modelled and observed FPVs-induced water temperature changes (0–5 m 
mean) for the period with available data, between 09/10/2022 and 10/12/2023. 

⍺ Factor r2 RMSE (°C) Bias (°C) 

0.45 0.73 0.93 0.79 

https://www.zotero.org/google-docs/?j3s897
https://www.zotero.org/google-docs/?j3s897
https://www.zotero.org/google-docs/?j3s897
https://www.zotero.org/google-docs/?s5ufGt
https://www.zotero.org/google-docs/?s5ufGt
https://www.zotero.org/google-docs/?s5ufGt
https://www.zotero.org/google-docs/?uSjpd2
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0.50 0.72 0.77 0.58 

0.55 0.72 0.64 0.39 

0.60 0.73 0.56 0.23 

0.65 0.71 0.56 0.02 

0.70 0.68 0.63 -0.18 

2.2.3 Model outputs 

We investigated the variation in FPV effects on the thermal stratification and averaged 

water column temperature of the study site over time and space. Initially, a surface 

coverage of 46% was modelled, following the average coverage in the region (Nobre 

et al., 2025), respecting a 40 m distance from the shore, and applying the ⍺ factor 

calibrated in 2.2.2. This standard array configuration has continuous cover, i.e., 

without any light islands. The model results for the uncovered lake were compared to 

the model run with 46% coverage for a point location in the middle of the lake to define 

a baseline for the assessment of array configurations incorporating light islands. Here, 

the analysis for a point location was defined to be consistent with existing literature 

(Ilgen et al., 2025; Nobre et al., 2025; Prandini et al., 2025; Yang et al., 2022). We 

analysed the following indicators of waterbody physical structure: water temperature 

at multiple depths, Tmean and 𝜑𝜑.  

2.2.4 FPVs array configuration scenarios 

Following simulations of the reservoir’s thermal response to an FPV array with a 

continuous cover, eleven scenarios were developed. They varied in both the overall 

percentage of light islands as well as the light island size, while keeping the same 

global FPV array perimeter in the centre of the reservoir. The percentage of FPV cover 

varied from 37% to 46%, as typical in the region on gravel pit lakes. 46% coverage 

was set as the base case (Figure 2a), without light islands. The FPV array was at least 

40 m from the shore as this is required by French regulation to avoid effects on the 

littoral zone. Variations around the maximum coverage were defined based on the 

implementation of light islands, i.e., how much the coverage would reduce to 

https://www.zotero.org/google-docs/?ib6LLp
https://www.zotero.org/google-docs/?ib6LLp
https://www.zotero.org/google-docs/?21Vdlq
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accommodate light islands. The resulting scenarios included continuous surface 

coverages of 37%, 41%, 43%, and 46% (Figure 2a to 2d). Simulations were conducted 

with light islands covering 20%, 10%, and 5% of the array area (Figure 2e to 2g) and 

variations in the light island gap resolution while maintaining a similar overall surface 

coverage (41%) and 10% of gaps (Figure 2h to 2k).  

We investigated how the reservoir’s response to the different FPV designs varied by 

comparing simulated water body thermal responses among them. This was achieved 

by initially analysing heatmaps of the water temperature at the surface of the lake, 

followed by comparing the horizontally averaged effect of the array on Tmean among 

scenarios. The heatmaps were plotted for the day and time with the largest difference 

in water temperature between the simulations with and without FPV coverage, i.e., 7th 

of August 2023 at 6 am. This conservative choice assumes that the day with the largest 

difference best captures spatial variability, since analysing heatmaps for the entire 

time series was impractical. Subsequently, time series for Tmean were compared 

between each scenario and the baseline simulation without FPV coverage, where 

negative values represent cooler water in the covered scenario. At this stage, an 

averaged effect was investigated rather than a point location to capture effects of the 

FPV on the water column using 3D modelling outputs. 

Multiple horizontal aggregation methods were applied to calculate the average impact 

on the water temperature, including: (1) only cells with FPV coverage, (2) all cells 

enclosed by the array perimeter, and (3) the whole surface of the lake (SI Figure S5). 

Preliminary analysis indicated that the quantified impacts of FPVs on water 

temperature did not differ among these approaches (Figure S6), and so further 

analysis of water temperature in this study includes only impacts averaged under the 

FPVs. The responses of 𝜑𝜑 were also investigated. Since the model calculated values 

of 𝜑𝜑 for every grid cell in the 3D model, its maximum value in the lake was chosen as 

representative of the strength of the lake’s thermal stratification. 
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Figure 2 - Illustration of the modelled FPVs scenarios in the studied lake. The FPV coverages in (b), 

(c) and (d) correspond to the coverage after removing the cumulative surface of light islands in (e), (f) 

and (g), respectively. 

3 Results 

3.1 FPV coverage impacts on lake thermal response  

The temperature of the open water point (Figure 3a) was consistently cooler with the 

FPVs in place (Figure 3b), with an average decrease of 1.51 °C over the simulated 

year 2023. A clear seasonal trend was observed, characterised by a larger impact 

during the warmer months: between April and August 2023 the depth-averaged water 

temperature was cooler than that without FPVs by 2.20 °C, whilst between October 

2022 and January 2023, a 0.96 °C cooling was observed.  
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Figure 3 - Model output locations (a) without and (b) with FPVs, (c) horizontally averaged water 
temperature differences at different depths and (d) Potential Energy Anomaly (𝜑𝜑) between the 
simulations with and without FPVs over time for a point location in the lake. At the start of the 

simulation, a spin-up period is observed, where the temperature with the FPVs is the same as that 
without FPVs (Δ = 0). In October 2022, the temperature difference stabilises, and this is when the 

model starts to accurately reproduce the FPVs' coverage. 

Notably, the magnitude of cooling differed between the surface and bottom layers 

(Figure 3c). The yearly average (based on 2023) cooling of the modelled water 

temperature at 0.5 m was 1.28 °C, while at 7.0 m deep the decrease was 1.90 °C. 

However, the trend varied during the year, with surface waters experiencing a larger 

cooling effect (1.31 °C) due to the FPV compared to the bottom layers (0.53 °C) in 

February (Figure 3c), which then reversed as air temperature increased, and summer 

started. Consequently, in June, the average cooling effect of the FPV was 1.39 °C at 

a 0.5 m depth and 3.10 °C at 7.0 m, resulting in a relatively cooler hypolimnion 

compared to the epilimnion. 

Stronger thermal stratification (higher 𝜑𝜑), was found in the simulations with the FPV 

between April and August, when thermal stratification was established (Figure 3d), 
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resulting from the increasing vertical temperature gradient beneath the FPVs (caused 

by stronger cooling in deeper water). The difference in stratification strength with FPV 

compared to that without varied between months. For example, in April 2023 and 

August 2023 (respectively the start and end of higher solar radiation period) the 

estimated 𝜑𝜑 with and without FPV coverage was, respectively, 6.06 and 5.03 J/m³ 

(simulation with FPV showed a 20% stronger stratification compared to the simulation 

without FPV) whilst in June 2023 (peak solar radiation) (see SI Figure S1), the 

estimated 𝜑𝜑 was only 6 % larger (18.70 J/m³) than that without FPV coverage (17.60 

J/m³). Further, in August the estimated 𝜑𝜑 with FPVs (10.77 J/m³) was 59% higher than 

that without (6.79 J/m³), when remarkably lower values were noted.  

3.2 Influence of “light island” configuration 

There was no horizontal spatial heterogeneity in surface water temperature (Figure 4), 

i.e., the changes to water temperature observed away from the array were similar to 

those under it. The principal driver of surface water temperature was the surface 

coverage rather than the light island configuration: similar surface water temperature 

was observed for the scenarios with the same FPV coverages (Figure 4b and 4e), with 

cooler temperatures observed for higher FPV coverages (Figures 4a to 4d). Similarly, 

no difference was observed for varying light island designs (Figures 4h to 4k). 

Figure 4 - Model output for surface water temperature at the day and time with the largest 
temperature difference comparing simulations with and without FPVs (7th of August 2023 at 6 am). 
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Temporal water temperature responses between the FPV coverage scenarios were 

also predominantly driven by changes in the surface coverage (Figure 5). The yearly 

average (for 2023) decrease in temperature was approximately 1.80 °C for the 43% 

coverage for both the continuous array and the scenario with 5% of gaps. Meanwhile, 

the 41% coverage scenarios showed an average decrease of ~1.70 °C and the 37% 

coverage scenarios a decrease of ~1.50 °C. The averaged water temperature impact 

difference among the scenarios was larger in the warmer months, i.e., April, May, 

June, and July. Specifically, for the 43%, 41% and 37% coverages, ~3.05 °C, ~2.90 

°C and ~2.60 °C cooling was observed compared to the simulation without FPVs, 

respectively.  

 

Figure 5 - Modelled water temperature deviation for multiple “light islands” scenarios in the FPVs 
array, horizontally averaged for cells with FPVs. 

Thermal stratification (Figure 6) was similar between the light island scenarios. 

Importantly, the stratification duration was similar, with higher 𝜑𝜑 between April and 

August. Specifically, the mean 𝜑𝜑 between April and August was 9.73 J/m³ for the run 

with 46% coverage of FPVs and 7.68 J/m³ for the run without FPVs. The mean 𝜑𝜑 

calculated between April and August for all the FPV array configuration scenarios 

ranged between 9.42 J/m³ and 9.73 J/m³, reflecting little effect of either the small 

changes to surface coverage or the light islands on the lake’s thermal structure. 
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Figure 6 - Modelled Potential Energy Anomaly (𝜑𝜑) for multiple “light islands” scenarios in the FPVs 
array, maximum 𝜑𝜑 calculated for cells with FPVs.  

4 Discussion 

4.1 Water body thermal responses to FPVs 

FPV impacts on thermal response may arise through different mechanisms given the 

reduced solar radiation (decreases thermal stratification) and sheltering of wind speed 

(increases thermal stratification given limited advective and convective heat transfer 

to the deeper layers) (MacIntyre and Hamilton, 2024). Therefore, reducing both solar 

radiation and wind speed is expected to have a stronger effect on the hypolimnetic 

region’s temperature compared to the surface, as evidenced by our model results. The 

main difference among the scenarios investigated for thermal stratification are 

observed between model results for the simulation without FPVs and those that 

include the panels. Thus, the range of changes to incoming solar radiation and wind 

speed with FPV design had little to no effect on the mixing patterns in this study. 

Overall, results for thermal stratification indicate that wind sheltering impacts on mixing 

patterns prevailed compared to shading from solar radiation, resulting in stronger 

stratification for the FPVs simulation. This is explained by the lack of surface inflows 
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or outflows to the system, making the wind the water body’s main mixing energy 

source. 

Our simulations were consistent with the expected water column cooling effect due to 

FPVs, in temperate regions, as simulated by Exley et al. (2021) when modelling the 

south basin of Windermere, a lake in England (maximum depth of 42 m and surface 

area of 6.7 km2), Exley et al. (2025) in a drinking water reservoir in England (mean 

depth of 15 m, surface area of 1.28 km2), and by Ilgen et al. (2023) in an artificial 

dredged lake in Germany (mean depth 24 m, maximum depth 70 m, surface area 0.37 

km2). These systems (Exley et al., 2021, 2025, Ilgen et al., 2023) differ in morphology, 

hydrological connectivity, and local meteorological forcing, yet all are in temperate 

climates and show consistent cooling responses, suggesting that this effect represents 

a first-order impact under comparable climatic conditions rather than a site-specific 

outcome. Further, our results show vertical differences in FPV impacts that are 

consistent with a field based study of a drinking water reservoir (maximum depth of 17 

m) by Prandini et al. (2025), which reported intensified cooling effects from the FPVs 

with depth. In contrast, however, Exley et al. (2021) and Ilgen et al. (2023) reported 

deep water temperatures to decrease less than surface waters. These variations 

among studies are expected as thermal profile and stratification responses are 

complex emergent effects that are likely to differ among water bodies, especially in 

different climate zones, as a result of among-site variability in incoming solar radiation, 

cloudiness, catchment topography, wind direction and fetch.  

Our simulations recreated the seasonality of FPV impacts that has been reported 

previously, with larger cooling effects reported over warmer months (Nobre et al., 

2025) and provided further mechanistic insights into such variability. Our results 

provide evidence that, at the start of spring, the effects of solar radiation reduction are 

stronger than those of wind speed reduction, as the surface layer showed a larger 

temperature decrease compared to the deeper layers. As air temperature 

progressively increased into the summer, the deeper layers experienced a larger 

temperature decrease compared to the surface layers, displaying the effects of 

reduced wind-induced advective transport. Moreover, considering FPV impacts upon 

thermal stratification and water column stability, our results indicate that wind 

sheltering impacts on mixing patterns prevailed compared to shading from solar 

radiation, resulting in stronger stratification for the FPVs simulation. This is in 
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agreement with reports by Bredeweg et al. (2025) in one of the reservoirs simulated 

using a 2D model, and Ilgen et al. (2023) in simulations using a 3D model approach 

for coverages up to 30%. Contrastingly, Exley et al. (2021) reported weaker thermal 

stratification under the majority of the FPV scenarios tested using a 1D model, and 

Bredeweg et al. (2025) reported limited change to thermal stratification for many 

reservoirs regardless of FPV extent. 

Existing evidence suggests cooler water temperatures under FPV arrays (Liu et al., 

2023; Nobre et al., 2025), which could offset increased air temperatures due to climate 

change as simulated by Exley et al. (2025). However, our results underscore the 

importance of understanding the meteorological and physical mechanisms that would 

underpin such an effect. In particular, the role of reduced wind speed and mixing 

processes (and not only reduced light penetration) is of key importance as this could 

result in stronger stratification; an effect not always taken into account. Moreover, 

recent findings in tropical and subtropical locations report increased water temperature 

due to FPV deployment (Prandini et al., 2025; Yang et al., 2022), potentially enhancing 

global warming effects. Climate change is already affecting the multiple meteorological 

processes driving lake physics and ecology (e.g. wind speed and direction, rainfall, 

relative humidity) in complex ways (Tong et al., 2023; Woolway et al., 2020). The non-

linear relationships among these changes pose challenges to predicting impacts, 

which highlights the importance of understanding local dynamics and taking them into 

account prior to deploying FPVs. 

4.2 Spatiotemporal impacts of light island design 

Upon testing multiple FPV array scenarios, we found that water temperatures were 

cooler when FPVs were present than when they were absent, and that there was 

limited spatial variability in this effect, i.e., the effect of the array was noted in areas 

not covered by the arrays as well as areas under them. Similarly, Nobre et al. (2025), 

in a BACI study of gravel pit lakes in the same region, found an FPVs-induced 

decrease in water temperature in open water locations that were adjacent to, and not 

covered by, the array. In contrast, Prandini et al. (2025) found small but consistently 

higher water temperatures at the FPV’s location when investigating a larger reservoir 

(8.7 km² of surface area compared to <0.20 km2 in this study and that of Nobre et al. 

(2025) with less than 1 % of its surface covered. Similarly, Liu et al. (2023) reported 
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significant spatial differences in water temperature between FPV-covered and open 

water locations, when evaluating mining reservoirs with 45 % and 8 % surface 

coverages. Importantly, these studies (Liu et al., 2023; Prandini et al., 2025) 

considered open water locations within the same water body, but beyond the extent 

of deployed FPV arrays, as control locations. Given horizontal circulation and heat 

transport processes within large water bodies, a certain degree of spatial 

autocorrelation can be expected for conditions across the open water zone, and the 

strength of this influence will depend on the distance between the FPVs array and the 

control (uncovered) areas that are studied. 

The magnitude of water body impacts of FPV arrays is known to be dependent on the 

surface coverage (Exley et al., 2022; Ilgen et al., 2023; Yang et al., 2022). Here, the 

difference in temperature impacts among the scenarios, even with a modest difference 

in FPV coverages - approximately 5% - indicated that inclusion of light islands has 

minimal effect. The similarity in model predictions is attributable to horizontal 

momentum transfer from mixing patterns and heat transport, which was noted to 

influence the FPV’s impacts more than the reduced solar radiation. Moreover, the 

spatially homogeneous effect of the array across the whole surface of the lake (i.e. the 

same water temperature reduction observed both under the array and in open water) 

is consistent with the lack of spatially heterogeneous light islands impacts beneath the 

array itself. 

In contrast to the predicted insensitivity of water temperature and stability to these light 

island configurations, we would nevertheless expect such designs to impact several 

water quality and ecological states. For example, phytoplankton growth, composition, 

and biomass could still be impacted by such design decisions through design-

dependent impacts on underwater light regime, even if temperatures are less affected. 

Impacts on phytoplankton would be expected to cascade to biogeochemical cycles 

and food web processes. Li et al. (2023) and Nobre et al. (2025) when analysing, 

respectively, rotifer communities and diatom assemblages, found different species 

composition under the FPVs compared to open water, despite lower phytoplankton 

biomass (Li et al., 2023). Therefore, increasing light availability in the water column 

under the arrays is a potential tool to mitigate shading impacts of large-scale arrays, 

and may yet prove to be an effective tool in minimising effects on local biodiversity. 

Existing evidence of lake-specific responses to FPV arrays (Liu et al., 2024; Nobre et 
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al., 2023), underscores the importance of investigating techniques, such as the 

implementation of light islands to minimize the FPVs' effects, more widely. 

 

5 Conclusions 

This study advances knowledge of how the thermal structure of a lake responds to 

FPV coverage and multiple array configuration designs through 3D computational 

modelling. Our findings showed that FPVs alter the thermal regime by reducing both 

solar radiation and wind speed, with effects that vary seasonally and by depth. Wind 

sheltering effects dominated over shading during warmer months, leading to stronger 

stratification, although responses are likely to be system-specific and sensitive to 

model dimensionality. Spatial analyses revealed that FPVs can alter water 

temperature both under and beyond the array, but the spatial extent of effects depends 

on lake size, FPV coverage, and circulation. Even small changes in surface coverage 

(~5%) had large effects on water temperature responses. Variations to light islands 

had a limited impact on thermal stratification but may reduce ecological disruptions by 

enhancing underwater light availability.  

In conclusion, to enable generalisation of findings across different water bodies and 

FPV configurations, three critical areas for future research are highlighted: (i) field 

campaigns including BACI designs, (ii) understanding the implications of model 

dimensionality on FPV representation, and (iii) more holistic investigation of the 

impacts of different configurations of FPV arrays (e.g. a wider range of light island 

geometries). Future research should combine FPV design scenarios with empirical 

before and after deployment measurements to evaluate responses in water quality, 

thermal stratification and ecological dynamics (e.g. primary production, biodiversity 

components). Advancing our understanding of how model dimensionality and the 

limitations associated with applying single attenuation factors to meteorological forcing 

influence predicted lake responses will enhance confidence in simulation-based 

predictions. Moreover, multidimensional models remain key to investigating localised 

effects, including how different FPV configurations, expanding on the scenarios 

applied to this study in both array design and location at the water surface, alter how 

they relate to ecological changes. These complex interactions among water bodies’ 

morphology, hydrodynamic processes and ecological functioning drive varying 
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responses to FPVs. Therefore, integrating FPV deployment strategies with 

computational modelling brings the opportunity to balance energy production with 

sustainable decisions, ultimately strengthening FPVs' contribution to climate change 

mitigation.  
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