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Abstract 

Floating photovoltaics (FPV) are emerging renewable energy technology. Although they have received 

extensive attention in recent years, the understanding of their environmental impacts is limited. To 

address this knowledge gap, this paper reports field work and numerical modeling focusing on water 

temperature as the key parameter. The results show that FPVs have a cooling effect on their host 

waterbody during the daytime and a thermal insulation effect at night. The diel oscillation of water 

temperature below the FPV panels lags behind that in open waters by a timescale on the order of two 

hours. Water stability and stratification are weakened during the daytime but enhanced at night. Wind 

speed below the FPV panels is reduced by 70%. The air temperature below the FPV panels increases 

during the daytime (+2.01°C) and decreases at night (-1.27°C) on average, while the relative humidity 
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changes in reverse (-3.72%, +14.43%). The change of water temperature is related to local climate 

conditions. The impact of FPV on water temperature and water stability would be more significant if 

the FPV systems were in tropical, humid and low wind-speed areas. The numerical model could 

capture the energy balance characteristics with a correlation coefficient of 0.82 between the simulated 

and actual data. The shortwave radiation below the FPV panels is significantly reduced and the 

longwave radiation emitted by FPV panels becomes one of the heat sources during the daytime. The 

latent heat flux is significantly reduced, while the changes in sensible heat flux are unnoticeable. The 

energy balance and water temperature below the FPV panels are primarily controlled by the significant 

decrease in thermal income from shortwave radiation and thermal expenditure from longwave 

radiation and latent heat flux. The measured data and simulation results serve as a foundation for 

evaluating the impact of FPV systems on water temperature, energy budget, and aquatic environment, 

which would also provide a more comprehensive understanding of FPV systems. 

Highlights: 

⚫ The field study of FPV construction water area is completed and the field data is collected. 

⚫ The numerical model is established to characterize the water energy balance. 

⚫ The influence of FPV on water temperature and local microclimatic conditions is analyzed. 

⚫ The relationship between meteorological parameters and the change in water temperature is 

expounded. 

⚫ The composition and variation of heat fluxes under the influence of FPV are revealed. 

Keywords: floating photovoltaic, water temperature, energy balance, field study, modeling, 

microclimate 
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1 Introduction 

As one of the most promising renewable energy sources, solar energy has made a significant 

contribution to the global green energy revolution and the achievement of decarbonization goals 

(Solomin et al., 2021). Photovoltaic power generation is an easy and effective way to capture solar 

energy (Hosenuzzaman et al., 2015). However, in the context of the rapid growth of energy-water-

food demand, for many countries with scarce land and dense populations, the large-scale deployment 

of photovoltaic power plants is often hindered by a shortage of agricultural and residential land (Zhou 

et al., 2020). The rapid rise and development of floating photovoltaics (FPV) in recent years has 

provided a new solution to this problem (Spencer et al., 2019). FPV refers to power generation systems 

built on the surface of lentic waters such as lakes, reservoirs, ponds, and coal mining subsidence areas 

(Sahu et al., 2016). This new form of power generation has been developed primarily in China, Japan 

and South Korea, but is also present in several other countries or regions (Trapani and Redón Santafé, 

2015). As of August 2020, the installed capacity of FPV built in the world was calculated to be 2.6 

GW (Manoj Kumar et al., 2022). An ever-increasing number of theoretical and empirical studies have 

shown that FPV has significant advantages over conventional land-based photovoltaics. The growth 

of FPV has made an important contribution to ensuring energy supply security, reducing carbon 

emissions, and creating additional water and food benefits (Oliveira-Pinto and Stokkermans, 2020; 

McKuin et al., 2021; Gadzanku et al., 2021). 

An important issue to address in the context of rapid development of FPV is the potential, 

especially for large-scale, high-coverage projects, for significant impacts on the aquatic environment 

(Hooper et al., 2021; Gorjian et al., 2021). However, this issue has received little research attention to 

date. The shading of FPV reduces the amount of solar radiation reaching the water surface and the 
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wind shear stress as the water surface, which together impact on water temperature (Exley et al., 2021). 

Water temperature serves as the foundation parameter for exploring the physical properties, chemical 

processes, and biodiversity of water bodies (Yang et al., 2019). Therefore, revealing the impact of FPV 

on the water energy balance through water temperature is crucial to comprehending its impact on the 

aquatic environment. Some researchers have explored the effects of different cover materials, 

geometric shapes, and colors on water energy balance (Assouline and Narkis, 2021; Rezazadeh et al., 

2020; Mady et al., 2021; Shalaby et al., 2021a; Shalaby et al., 2021b; Lehmann et al., 2019). There 

also have been several studies of FPV’s effects on water temperature. Exley et al. (2021) used a one-

dimensional process-based MyLake v1.2 model to simulate the effects of FPV-induced changes in 

wind speed and solar radiation on lake thermal structure. They found that, as the percentage of the 

water surface covered by FPV increased, wind speed and solar irradiation decreased, and water 

temperature reduced non-linearly. Ilgen and Schindler et al. (2023) found that the cooling effect of 

FPV on water temperature was mainly reflected in the upper water body during high-temperature 

periods. The effect of FPV on water temperature was cooling during the daytime and heat retaining at 

night. The heat storage in open waters was higher than that below the FPV panels during the daytime 

and lower at night. Water quality monitoring by Bax et al. (2023) found that FPV reduced the 

availability of light beneath them by 73% to 100%, but that the impact of FPV on water temperature 

was limited. Ji et al. (2022) established the Ce-qual-W2 model, which predicted that FPV could reduce 

water temperature, water age, and relative water column stability in reservoirs. The experimental data 

of de Lima et al. (2021) shown that FPV led to lower upper layer water temperature. Château et al. 

(2019) indicated that water temperature could be significantly reduced with a 40% FPV coverage ratio. 

Yang et al. (2021) developed a numerical model to predict the temperature of FPV panels, air 
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temperature, and water temperature below FPV panels, and compared it with measured data. 

Interestingly, the results of this study showed that water temperature under FPV panels increased. Most 

studies have only described the changes in water temperature caused by FPV, while the internal 

mechanism has not been fully revealed. Given these conflicting findings, currently, the impact of FPV 

on water temperature remains unclear. Theoretical research in this area is lacking, and there is also a 

lack of detailed assessment of existing experimental and theoretical results. Due to the complexity of 

the behaviour of waterbody thermal structure, it is necessary to reveal the influence mechanism of FPV 

on water temperature through long-term measured data. Considering the importance of FPV for the 

development and utilization of energy-water resources and global climate change, this is an urgent 

need. Therefore, this paper carries out field monitoring and numerical simulation based on a large-

scale FPV power station. The innovation of this paper lies in monitoring and analyzing three-

dimensional water temperature and meteorological parameters of large-scale FPV power stations for 

the first time. A numerical simulation model has been established that fully considers various heat 

transfer processes, helping to reveal the mechanisms of FPV’s impact on the water energy balance. It 

also provides a feasible solution for simulating water temperature and assessing the impact of FPV 

construction on the aquatic environment in the future. The research objectives comprise: (1) Using 

empirical data, clarify the influence of FPV on water temperature and local microclimate; (2) Explore 

the relationship between the effect of FPV on water temperature and meteorological parameters; (3) 

Clarify the water energy balance under FPV shielding and establish the corresponding numerical 

simulation model; (4) Reveal the influence mechanism of FPV on water temperature and the changes 

of various heat budget terms under FPV shielding. 
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2 Experimental Design 

2.1 Field Experiment 

This work was carried out in Huainan City, Anhui Province, China (Fig. 1a). Huainan City is 

in the transition zone between the warm temperate zone and the subtropical zone, with an annual 

average temperature of 16.6 °C. The annual precipitation is 893.4 mm, and the seasonal precipitation 

is unevenly distributed. The annual sunshine duration is 1922.2 hours, and the annual sunshine 

percentage is 43%. The field monitoring carried out is based on the 150 MW FPV power station, which 

covers an area of approximately 4.5 km2, and consists of several different photovoltaic module clusters 

(Fig. 1b). The FPV power station was officially connected to the grid in December 2017, with an 

annual power generation of about 1.5 × 108 kWh. In this paper, one of the coal mining subsidence 

areas where the FPV power station is located is selected as the research area, whose water surface 

coverage ratio is about 8.12%. Monitoring is based on controlled trials. Sites below the FPV panels 

and away from FPV arrays are set to respectively represent “below the FPV panels” and “open waters” 

conditions. The distance between the two monitoring sites is about 200 m. 



7 

 

 
Fig. 1 Study area and monitoring designs 

(a)-b) Study area; c) Water temperature monitoring (NP: open waters, P: below the FPV panels); d) meteorological parameters 

monitoring). 

2.2 Measurements and Sensors 

Water temperature sensors (HOBO MX2201) were operated from 11 Oct 2022 to 9 Mar 2023 

at depths of 0.5, 2, 3, and 4 m below the water surface and installed below and away from the FPV 

arrays to respectively represent “below the FPV panels” and “open waters” conditions (Fig. 1c). Water 

temperature data was recorded at hourly intervals. 

As meteorological conditions affect water temperature and energy balance, a solar radiation 

sensor (Kipp&Zonen CMP10), wind speed and direction sensor (MetOne 010C/020C), ambient 

temperature and humidity sensor (Vaisala HMP155A) were synchronously operated to monitor the 

local meteorological parameters from over the same period. In addition, the meteorological parameters 

below the FPV panels and the temperature of the FPV module back sheet (PT100) were monitored 

synchronously (Fig. 1d). These data were collected every minute. 
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3 Energy Balance Numerical Modelling 

The change in water temperature is affected by the energy balance. Shortwave and longwave 

radiation, along with sensible and latent heat fluxes, jointly drive changes in water temperature. When 

analysing the impact of energy balance on water temperature, the following methods are used to relate 

the heat fluxes to the change in water temperature. To calculate the heat fluxes of a waterbody, we 

need to consider the water column per unit area from the surface to the bottom. During the period 

1 2_t tt , the heat corresponding to the temperature change of the water column should be equal to the 

sum of the four heat fluxes mentioned above. It is important to note that transverse convection heat 

transfer and bottom heat transfer are ignored in this calculation method. 

3.1 The Energy Balance of Open Waters 

The energy balance of open waters in the period 
1 2_t tt  can be described as Equation (1): 

( )
1 2

1 2 1 2 1 2 1 2

1 2

, ,

_ _ _ _

_

w w w

w w i i t i t
SW LW L St
t t t t t t t t

t t

C h T T

Q Q Q Q
t

 −

= + + +



         (1) 

where wC  is the specific heat capacity of water (4185.8 J/kg/°C); w  is the density of water (1000 

kg/m3); 
w

ih  is the thickness of water column at layer i (m); 
1,

w

i tT  is the Tw at time t1 and layer i (°C); 

2,

w

i tT  is the Tw at time t2 and layer i (°C); 
1 2_t tt  is the interval from t1 to t2 (s); 

1 2_

SW

t tQ  is the average 

shortwave radiation in the period of 
1 2_t tt  (W/m2); 

1 2_

LW

t tQ  is the average longwave radiation in the 

period of 
1 2_t tt  (W/m2); 

1 2_

L

t tQ  is the average latent heat flux in the period of 
1 2_t tt  (W/m2); 

1 2_

S

t tQ  is 

the average sensible heat flux in the period of 
1 2_t tt  (W/m2). 

The shortwave radiation is calculated according to meteorological station data and water 

surface albedo as follows (Mady et al., 2021): 

(1 )SW SR

wQ Q= −                 (2) 
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where w  is the water surface albedo (0.05, referring to Cazzaniga and Rosa-Clot, (2021)); 
SRQ  is the 

solar radiation (W/m2). 

The Swinbank formula is used to calculate the net longwave radiation (Mady et al., 2021). 

4 _ 4( 273.15) ( 273.15)LW a w s

a wQ T T   = + − +           (3) 

20.711 0.56( ) 0.73( )
100 100

dew dew

a

T T
 = + +             (4) 

where   is Stephan-Boltzmann constant (5.67 × 10−8 W/m2/K4); a  is the emissivity of atmospheric; 

w  is the emissivity of water (0.96, referring to Yang et al. (2021)); aT  is the air temperature (°C); 

_w sT  is the water surface temperature (°C); dewT  is the dewpoint temperature (°C). 

Latent heat flux is calculated as (Mady et al., 2021): 

( )L a
s a

D L
Q C C


= −                 (5) 

where aD  is the vapor diffusion coefficient in air (2.5×10-5 m2/s); L  is the latent heat of vaporization 

(2,453,000 J/kg);   is the viscous boundary layer thickness (0.005 m, referring to Mady et al. (2021)); 

sC  is the saturated vapor concentration at water temperature _w sT  (kg/m3); aC  is the actual vapor 

concentration at air temperature aT  (kg/m3). 

Sensible heat flux is calculated as (Mady et al., 2021): 

_( )S a w saK
Q T T


= −                 (6) 

where aK  is the air thermal conductivity (0.024 W/m/K). 

3.2 The Energy Balance of FPV Covered Water Area 

The energy balance in the FPV covered water area is affected by the presence of the FPV. A 

unit of the FPV is defined as the water area where a single FPV module and its surrounding high-

density polyethylene (HDPE) floats are located. There are three states of water surface in each unit: 
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the exposed water surface below the FPV panel ( _W PVS ), the water surface under HDPE floats (below 

the FPV panels/at working channel) ( _ /HDPE PV HDPES S ), and the exposed water at the working channel 

( WS ) (as shown in Fig. 2). The energy balance of the unit is influenced by the energy transfer of the 

FPV modules, HDPE floats, and the atmosphere. This can be expressed as: 

( )
1 2

1 2 1 2 1 2

1 2

_ _

, ,

_ _ _

_

w w pv w pv

w w i i t i t
PV HDPE ATMi
t t t t t t

t t

C h T T

Q Q Q
t

 −

= + +



         (7) 

where 
1

_

,

w pv

i tT  is the Tw below the FPV panels at time t1 and layer i (°C); 
2

_

,

w pv

i tT  is the Tw below the FPV 

panels at time t2 and layer i (°C); 
1 2_

PV

t tQ  is the average energy transfer between the FPV panels and 

water in the period of 
1 2_t tt  (W/m2); 

1 2_

HDPE

t tQ  is the average energy transfer between HDPE floating 

bodies and water in the period of 
1 2_t tt  (W/m2); 

1 2_

ATM

t tQ  is the average energy transfer between 

atmosphere and water in the period of 
1 2_t tt  (W/m2). 

 

Fig. 2 Schematic diagram of energy balance in FPV construction water area. 
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The energy transfer between the FPV panels and the exposed water below is mainly through 

heat radiation. 

_ _

_ _

LN PV W PV
PV

W PV W HDPE PV HDPE

Q S
Q

S S S S


=

+ + +
            (8) 

_ 4 _ _ 4( 273.15) ( 273.15)LN PV pv w s pv

pv wQ T T   = + − +          (9) 

where 
_LN PVQ  is the longwave radiation between the FPV panels and water (W/m2); 

pvT  is the 

temperature of FPV module back sheet (°C); _ _w s pvT  is the water surface temperature below the FPV 

panels (°C); pv  is the emissivity of photovoltaic panels (0.91, referring to Yang et al. (2021)). 

HDPEQ  is the energy flux from the HDPE floats to the water surface, accounting for the energy 

stored in the floats that does not transfer to the atmosphere in the form of radiation or convection 

(Mady et al., 2021). 

_ _ _ _ _ _ _ _ _ _
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1

SW PV HDPE SRQ Q=                 (11) 
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pv HDPEQ T T   = + − +        (12) 

_ _ * _ _( )S PV HDPE a pv pv HDPEQ h T T= −              (13) 

_ (1 )SW HDPE SR

HDPEQ Q= −                (14) 

_ 4 4( 273.15) ( 273.15)LW HDPE a HDPE

a HDPEQ T T   = + − +          (15) 

_ *( )S HDPE a HDPEQ h T T= −                (16) 

where 
_ _SW PV HDPEQ  is the shortwave radiation received by the floats below the FPV panels (W/m2); 

1  is the ratio of the amount of shortwave radiation received by the floats/water surface below the FPV 

panels to the amount of solar radiation (assumed herein to be 0.20, referring to Bax et al. (2023) and 

Ilgen et al. (2023)); 
_ _LW PV HDPEQ  is the longwave radiation received by the floats below the FPV 

panels (W/m2); HDPE  is the emissivity of the floats (0.96, referring to Mady et al. (2021)); _pv HDPET  
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is the temperature of the floats below the FPV panels (°C); 
_ _S PV HDPEQ  is the sensible heat flux of the 

floats below the FPV panels (W/m2); h* is the heat transfer coefficient (5 W/m2/K is used as the natural 

convection heat transfer coefficient of air); _a pvT  is the air temperature below the FPV panels (°C); 

_SW HDPEQ  is the shortwave radiation received by the floats at the working channel (W/m2); HDPE  is 

the albedo of the floats (for the grey floats used here, the median value of white and black covers in 

Mady et al. (2021) is taken); 
_LW HDPEQ  is the longwave radiation received by the floats at the working 

channel (W/m2); HDPET  is the temperature of the floats at the working channel (°C); 
_S HDPEQ  is the 

sensible heat flux of the floats at the working channel (W/m2). 

The energy transfer between the atmosphere and the open water is calculated as: 

_ _ _ _ _ _ _

_ _

( ) ( )SW PV W L PV W S PV W PV W SW LW L S W
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PV W W PV HDPE HDPE

Q Q Q S Q Q Q Q S
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s apv
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
= −               (19) 

_ _ _ _ _( )S PV W a pv w s pva

pv

K
Q T T


= −              (20) 

where 
_ _SW PV WQ  is the shortwave radiation received by the water surface below the FPV panels 

(W/m2); 
_ _L PV WQ  is the latent heat flux for the water surface below the FPV panels (W/m2); pv  is 

the viscous boundary layer thickness below the FPV panels (m) (herein, it is assumed that pv = ); 

pv

sC  is the saturated vapor concentration at water temperature _ _w s pvT  (kg/m3); 
pv

aC  is the actual 

vapor concentration at air temperature _a pvT  (kg/m3); 
_ _S PV WQ  is the sensible heat flux for the water 

surface below the FPV panels (W/m2). 

Pearson’s correlation coefficient (r) and the mean bias error (MBE) are used to measure the 

correlation and bias between calculation and simulation results, and calculated as, respectively: 
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where i is the current calculation time step and n is the total number of samples; hc is the calculated net 

heat flux (W/m2); hm is the modeled net heat flux (W/m2). 

4 Results and Discussion 

4.1 Daily Dynamics of Water Temperature 

Plots of the hourly water temperature-time series are derived from the field monitoring data 

from the different monitoring sites. Preliminary analysis using independent sample Mann-Whitney U 

tests, time-lagged correlation analysis, and other statistical analyses is conducted to reveal the 

influence of FPV on water temperature. 

Fig. 3 shows the time series of water temperature at depths of 0.5, 2, 3 and 4 meters during 

the monitoring period. The water temperature at both the FPV and open water sites exhibits diurnal 

variations that decrease with depth. Compared to the open water, the peak water temperature below 

the FPV panels is significantly reduced. The diurnal fluctuation of water temperature is weakened, the 

FPV having a cooling effect during the daytime and an insulation effect at night. Specifically, during 

the daytime (7 a.m. to 7 p.m.), the water temperature below the FPV panels at a depth of 0.5 meters is 

typically 0.16°C cooler than that in open waters, with a maximum difference of 2.3°C. At night (7 p.m. 

to 7 a.m.), the water temperature below the FPV panels at 0.5 meters depth may be up to 0.98°C 

warmer than that in open waters, with an average increase of 0.01°C. According to the Mann-Whitney 

U test, the water temperature series at the two sites have no significant statistical difference (p>0.05). 
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This is likely due to the study period, including winter, during which the water temperature difference 

between the two sites is very small. As a result, the data series’ overall distribution difference is 

insignificant. It also shows that the impact of FPV on water temperature is affected by meteorological 

conditions. A lag correlation analysis conducted by MATLAB reveals that the water temperature-time 

series of the FPV and open water sites have the strongest correlation when there is a two-hour time 

difference between them, with the change in water temperature below the FPV panels delayed 

compared to that of the open water site. 

 

Fig. 3 Measurements of water temperature in the open waters (Tw) and below the FPV panels (Tw_FPV). 



15 

 

Fig. 3 also shows the vertical profiles of water temperature at the two monitoring sites. During 

the daytime, the surface water temperature below the FPV panels is noticeably cooler than that of open 

waters, presumably due to the decreased shortwave radiation. However, the bottom water temperature 

does not respond as much. At night, the water temperature difference at the bottom of the two sites is 

similar to that during the daytime. The surface water temperature difference between the FPV and open 

water sites is less than that at the bottom due to the thermal insulation effect of FPV. Thus, the 

temperature difference between the bottom and surface layers in the FPV covered area decreases 

during the daytime and increases at night. The variation in temperature and density below the FPV 

panels leads to decreased water column stability during the daytime and increased stability at night. 

These phenomena are observed in the transition zone between the warm temperate and subtropical 

climate zones, in a shallow lake during autumn and winter. It can be inferred that in a tropical climate 

or a deep-water reservoir with a constant bottom water temperature, the cooling effect of FPV will be 

more significant, leading to a greater reduction in water column stability. 

4.2 Comparison of Meteorological Data 

Water temperature is expected to be affected by changes in external environmental conditions. 

Therefore, we compare the meteorological conditions in the open water area and below the FPV panels 

to study the impact of FPV on the local microclimate. The results can help to understand the 

mechanism behind the influence of FPV on water temperature. 

Fig. 4 shows the contrast in air temperature between open waters and below the FPV panels 

over the data collection period. The air temperature below the FPV panels is higher than that in the 

open water area during the daytime, and lower at night. The maximum air temperature difference 

between the two sites is 10.55°C. Moreover, the air temperature variation in the open water area lags 
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behind that below the FPV panels by approximately two hours. This observation implies that the heat 

sources at the two sites are different. Monitoring data shows that the temperature of the FPV module 

back sheet could reach 55.3°C during the daytime, and it therefore evidently a significant heat source. 

The difference between the FPV module back sheet temperature and the air temperature below the 

FPV panels reaches a maximum of 33.6°C, and these two temperatures series change simultaneously 

with each other. Moreover, the differences between the water temperature and both the air temperature 

below the FPV panels and the temperature of the FPV module back sheet are both positive during the 

daytime with maximum values of 17.2°C and 35.24°C, respectively, while at night they are both 

negative. From these data, we infer that the FPV panels are heated by solar radiation during the daytime, 

and then act as an additional source of heat for the surrounding atmosphere and water. 
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Fig. 4 Measurements of the temperature of FPV module back sheet (TFPV), air temperature below the FPV panels (Ta_FPV) and in the 

open water area (Ta) (the dashed line represents the average temperature) in different months. 

A consistent pattern of the relative humidity decreasing during the daytime and increasing at 

night is maintained at both the FPV and open water sites. Under the influence of FPV, the relative 

humidity further increases by 14.43% at night and decreases by 3.72% during the daytime (Fig. 5). 

The change in humidity level aids the process of evaporation during the daytime and inhibits it at night. 

In general, the effect of FPV on relative humidity is more prominent in inhibiting evaporation. 
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Fig. 5 Measurements of relative humidity below the FPV panels (RHFPV) and in open waters (RH) in different months. 

The shading of the FPV panels weakens the wind speed beneath them, but the extent of this 

effect is not clear from existing studies. To address this, we screen wind speed data greater than 2, 4, 

6 and 8 m/s in turn, and calculate the ratio of wind speed above and below the FPV panels in each case 

(Fig. 6, some abnormal data are eliminated). The results show that the wind speed below the FPV 

panels is about 0.3 times that of the wind speed above FPV panels. The greatest weakening effect is 

observed when the wind comes from the southwest. The correlation between wind speed above and 

below the FPV panels shows unsignificant time correlation, possibly due to different effects of FPV 

on the wind in different directions. According to the Dalton evaporation formula, the effect on wind 

speed would significantly reduce the water evaporation rate, which is synergistic with the influence of 

relative humidity at night. 
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Fig. 6 The ratio of wind speed above (U) and below (UFPV) the FPV panels. 

The data indicate that the influence of FPV on water temperature varies with meteorological 

conditions. The correlation analysis results presented in Fig. 7 demonstrate a significant positive 

correlation between water temperature and the temperature of FPV module back sheet, air temperature, 

relative humidity, and solar radiation, and a negative correlation with wind speed. The difference of 

water temperature between the two sites is positively correlated with the temperature of FPV module 

back sheet, air temperature, and solar radiation, and negatively correlated with relative humidity. The 

amount of solar radiation that reaches the water below the FPV panels is considerably reduced. 

Although FPV panels emit longwave radiation as a new heat source, it is insufficient to compensate 

for the weakening of solar radiation. As a result, with the increase of solar radiation, the temperature 

difference between the FPV and open water sites increases. During rainy days, the effect of solar 

radiation is weakened or eliminated, and the insulation effect of FPV panels becomes more prominent, 

which may result in the water temperature below the FPV panels being higher than that in the open 
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water site. As wind speed increases, forced convection enhances water mobility, which may lead to a 

decrease in the heat budget difference between the FPV and open water sites, but the effect depends 

on the wind direction. The average relative humidity below the FPV panels increases and the latent 

heat loss decreases, which offsets the effects of solar radiation, air temperature and FPV module back 

sheet on water temperature, thus reducing the water temperature difference between the FPV and open 

water sites. It can be inferred that the cooling effect of FPV will be more significant in tropical, humid, 

low wind speed or southwest wind dominated areas. Thus, the influence of FPV on water temperature 

is affected by local climate conditions, which may explain the inconsistent conclusions in previously 

reported results from different climate zones. 

 

Fig. 7 The correlation between water temperature and meteorological parameters. 
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4.3 Modeling Energy Balance 

The change of water temperature and vertical thermal structure is essentially a reflection of 

water energy balance, determined by solar radiation, longwave radiation, sensible heat flux and latent 

heat flux. In view of the rapid emergence of new FPV power stations under various environmental 

conditions, it is important to understand the energy balance in FPV-covered waters and establish a 

universal numerical model. When FPV panels are installed on water bodies, they act as a shield that 

limits the amount of solar radiation that penetrates the water surface. However, FPV panels also emits 

longwave radiation, which warms up the water. The microclimate conditions under FPV panels, 

including air temperature, wind speed and relative humidity are also changed, affecting the latent heat 

and sensible heat flux. Due to these factors, the heat stored in the water below the FPV panels 

decreases, and the variations in water temperature lags behind those in open waters. 

By utilizing field monitoring data for solar radiation, air temperature, relative humidity, and 

wind speed, it is possible to simulate the net heat flux. Additionally, based on the measured water 

temperature and the specific heat capacity formula (the left side of Equation 1), the actual net heat flux 

stored or released by the water can be calculated. To ensure the smoothness of data, the actual net heat 

flux is processed using a sliding average filtering algorithm. Fig. 8 illustrates the daily net heat flux of 

open waters and the water below the FPV panels during the monitoring period. It indicates a good fit 

between modeled and actual net heat flux data, with the modeled results following the trends seen in 

the actual data. The simulation depends on various meteorological factors which have a lagging impact 

on the water temperature below the FPV panels. The correlation between the simulated and actual data 

is strongest when a time lag of one hour is applied, and the corresponding correlation coefficient is 

0.82 (p<0.05). The mean bias error (MBE) is –6.77 W/m2. Consistent with field observations, the water 
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below the FPV panels stores less heat than open waters during the daytime and loses less heat at night. 

The good general agreement between the modelled and actual net heat flux indicates that the results 

are reliable and that the numerical model can capture the energy balance characteristics of the FPV-

covered water. 

 
Fig. 8 Actual and modeled net heat flux in open waters and below the FPV panels. 

Furthermore, we compare the value and composition of heat fluxes between the FPV and open 

water sites, to clarify the main factors affecting the water energy balance. Fig. 9 shows the heat fluxes 

below the FPV panels and in open waters. Compared with the open water site, shortwave radiation is 

significantly reduced under the FPV shielding. During the daytime, the longwave radiation changes 

from negative to positive and the main heat loss term switches from longwave radiation to latent heat 

flux. The sensible heat flux is dually affected by changes in water and air temperature below the FPV 

panels without significant changes, whereas the latent heat flux is significantly reduced. The detailed 

proportions of heat fluxes in the FPV and open water sites are shown in Table 1. For the water below 

the FPV panels, the main heat source in the daytime is shortwave radiation, followed by the longwave 

radiation, and finally the sensible heat flux. The main heat loss during the daytime changes from 

longwave radiation to latent heat flux. 
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Fig.9 Heat fluxes below the FPV panels and in open waters (a) net heat flux; b) shortwave radiation; c) longwave radiation; d) latent 

heat flux; e) sensible heat flux). 

Table 1 The proportion of various heat fluxes in open waters and below the FPV panels. 

Site Item Qshort (%) Qlong (%) Ql (%) Qs (%) 

NP 

Day-heat 97.66(+) / / 2.34(+) 

Day-loss / 55.78(-) 37.67(-) 6.55(-) 

Night-loss / 64.28(-) 25.08(-) 10.64(-) 

P 

Day-heat 83.39(+) 9.81(+) / 6.80(+) 

Day-loss / 36.31(-) 50.11(-) 13.58(-) 

Night-loss / 65.12(-) 12.45(-) 22.43(-) 

4.4 Suggestions and Limitations 

Using the energy balance equations (7)-(20) presented above, the water temperature below the 

FPV panels can be calculated. This provides reference data for the aquatic environment impact 
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assessment before the deployment of FPV. When analyzing the impact of water surface heat exchange 

on water temperature, the following method is used to convert the water surface heat fluxes into 

equivalent temperature changes. On the premise of ignoring lateral convection and heat exchange, 

considering the epilimnion depth (hD) (mixed layer), the heat required to cause temperature change in 

the water column (dTavg) during a period (from time t1 to t2) should be equal to the sum of heat fluxes, 

as shown in Equation (23). 

1 2 1 2 1 2 1 22 1 _ _ _ _( )( ) / ( )SW LW L S

avg t t t t t t t t D wdT t t Q Q Q Q h C = − + + +         (23) 

The water temperature at time t2 (Tt2) should be equal to the sum of the water temperature at 

time t1 (Tt1) and the change in water temperature (dTavg), as shown in equation (24). 

2 1t t avgT T dT= +                  (24) 

According to equations (23) and (24), the water temperature change processes occurring within 

the epilimnion can be estimated by the calculated heat fluxes. However, the epilimnion depth in the 

FPV construction water area may be affected by a combination of factors such as climates, seasons, 

and FPV panels. Despite the ubiquity of epilimnion depth, however, there is no objective or generic 

approach for defining the epilimnion, and a diverse number of approaches prevail in the literature 

(Wilson et al., 2020). According to the water temperature monitoring data, the water temperature at 

0.5 meters fluctuates significantly during the daytime and is different from that at other depths. 

Therefore, using the water temperature at 0.5 meters as a reference, the hD both in open waters and 

below the FPV panels are calculated. The hD in open waters is about 1.43 meters during the daytime 

and 2.21 meters at night. The hD below the FPV panels is about 1.34 meters during the daytime and 

1.83 meters at night, which is about 0.1-0.4 meters lower than that in open waters. The vertical water 

temperature distribution data as shown in Fig.3 also indicates that the epilimnion depth below the FPV 
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panels is lower than that in open waters. Combined with the calculated heat fluxes in section 4.3, the 

net heat flux below the FPV panels is reduced by about 50% on average compared with that in open 

waters (Fig. 9a). Under the combined effect of FPV on net heat flux and hD, the water temperature 

within epilimnion changes less than that in open waters. The influence of FPV on water temperature 

is less than that on net heat flux, showing a linear relationship with a coefficient less than 1. For similar 

shallow waters, when focusing on the water temperature changes caused by FPV on the intraday time 

scale, it is necessary to pay attention to the influence of changing meteorological conditions on the 

epilimnion depth. If FPV is constructed in a reservoir with obvious seasonal stratification, the changes 

in net heat flux and water temperature caused by FPV on seasonal time scales are more attractive. 

Attention should be paid to the obvious changes in the epilimnion depth due to seasonal changes in 

net heat flux. It can be inferred that FPV tends to reduce the epilimnion depth and increase the upper 

surface water level of the thermocline, especially in summer. With the expansion of the thermocline 

range, if the water intake flow and elevation are remained, it may further increase the risk of low-

temperature water discharge, increase the frequency of anoxia in the water body, and affect the 

reproduction and growth of downstream fish. 

In addition, the measured data shows that the influence range of FPV on water temperature is 

limited, and the overall water temperature distribution is not uniform. Especially when the coverage is 

low, FPV only affects the water temperature locally. The influence radius of FPV in this study is 

approximately 80 meters, which is around 20-25% of the length of each side of the FPV. According to 

equations (23) and (24), only the water temperature in open waters and below the FPV panels can be 

calculated respectively, without considering the lateral heat exchange in the transition region, and the 

result is difficult to reflect the real state of the water temperature distribution in the whole water area. 
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Therefore, it remains necessary to construct a three-dimensional numerical model to better understand 

the heat transfer processes and clarify the lateral range of influence of the FPV. 

5 Conclusions 

In this paper, the impact of FPV on the energy balance of its host waterbody is explored through 

empirical monitoring and numerical modeling. The results show that compared with open waters, the 

peak water temperature below the FPV panels decreases by up to 2.3°C, a difference which is 

especially significant on sunny days. Broadly speaking, FPV has a cooling effect during the daytime 

and a heat preservation effect at night. The diurnal fluctuation of water temperature is weakened. The 

cooling effect of FPV panels during the daytime is conducive to breaking down the thermal 

stratification and reducing the water column stability. Under the shading of FPV and its surrounding 

floats, the variation of water temperature below the FPV panel lags that in open waters by about two 

hours. The extent and direction of the impact on water temperature is affected by weather conditions 

and local environmental factors. The difference of water temperature between the FPV and open water 

sites is positively correlated with the temperature of the FPV module back sheet, air temperature, and 

solar radiation, and negatively correlated with relative humidity. It can be inferred that when the host 

waterbodies are in tropical, humid, low wind speed areas or deep-water reservoirs with a constant 

temperature at the bottom are considered, the impact of FPV on water temperature and water stability 

would be more significant. 

Based on the measured data, the numerical model reflecting the changes of various heat fluxes 

effectively represents the energy balance characteristics of the host waterbody (r=0.82). Compared 

with the open water site, solar radiation reaching the water surface is significantly reduced by FPV 

shielding. During the daytime, the net longwave radiation changes from negative to positive, becoming 
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a new heat source for the water, and the main heat loss term switches from longwave radiation to latent 

heat flux. The latent heat flux decreases significantly under the combined effect of FPV on relative 

humidity, water temperature and air temperature, while the changes in sensible heat flux are not very 

noticeable. The energy balance and water temperature below the FPV panels are primarily controlled 

by the significant decrease in incoming shortwave radiation and outgoing longwave radiation and 

latent heat flux. Due to the balancing of cooling and insulation effects during the daytime and at night, 

FPV has an insignificant impact on water temperature. This indicates that the impact of FPV on water 

temperature is self-regulating throughout the day. Organisms that are vulnerable to daily temperature 

changes require more attention. 

This paper reveals the impact of FPV on water temperature and energy balance through three-

dimensional monitoring data and numerical modelling, which is expected to contribute to the 

improvement of the theoretical basis of this research field and the evaluation of the impact of FPV 

deployment. Further work is required to deepen and refine these findings, elucidate the long-term, 

cumulative effects of FPV on their host waterbodies’ environment, and thus promote the sustainable 

development of FPV. 
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