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Abstract: Freshwater scarcity is a significant concern due to climate change in some regions of
Brazil; likewise, evaporation rates have increased over the years. Floating photovoltaic systems
can reduce water evaporation from reservoirs by suppressing the evaporating area on the water
surface. This work evaluated the effects of floating photovoltaic systems on water evaporation
rates in the Passaúna Reservoir, southeastern Brazil. Meteorological data such as temperature,
humidity, wind speed, and solar radiation were used to estimate the rate of water evaporation
using FAO Penman–Monteith, Linacre, Hargreaves–Samani, Rohwer, and Valiantzas methods. The
methods were tested with the Kruskal–Wallis test, including measured evaporation from the nearest
meteorological station to determine whether there were significant differences between the medians
of the methods considering a 95% confidence level for hypothesis testing. All methods differed from
the standard method recommended by the FAO Penman–Monteith. Simulations with more extensive
coverage areas of the floating photovoltaic system were carried out to verify the relationship between
the surface water coverage area and the evaporation reduction efficiency provided by the system
and to obtain the avoided water evaporation volume. For the floating photovoltaic system with a
coverage area of 1265.14 m2, an efficiency of 60.20% was obtained in reducing water evaporation;
future expansions of the FPS were simulated with coverage areas corresponding to energy production
capacities of 1 MWp, 2.5 MWp, and 5 MWp. The results indicated that for a floating photovoltaic
system coverage area corresponding to 5 MWp of energy production capacity, the saved water volume
would be enough to supply over 196 people for a year. More significant areas, such as covering up
the entire available surface area of the Passaúna reservoir with a floating photovoltaic system, could
save up to 2.69 hm3 of water volume annually, representing a more significant value for the public
management of water resources.

Keywords: water evaporation; floating photovoltaics; climate changes

1. Introduction

Water scarcity is one of the most relevant aspects of the world stage. With the growing
demand for water resources—used for the most diverse purposes, from the primary to
the tertiary sector—their practical use is vital for human life and the economy, especially
knowing it is a limited resource. Water reservoirs are crucial in developing water resource
management policies and as a way to control variations in water availability during drought
and floods.

Alternatives to optimize water resources are increasingly necessary with the growing
environmental concern and the urgency for the rational use of water. The work reported
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in [1] estimated that reservoirs lost half of their water through evaporation. The environ-
mental issue of possible water scarcity is also shared by [2], which suggest that water losses
through evaporation are likely to increase in the coming years due to global warming.
Hence, solutions to maximize water resources are vital.

Water surface evaporation in reservoirs represents an essential value for controlling
water output, being an effective way to monitor water resources [3]. Studies of water
evaporation in reservoirs can be used to understand how global average temperature
changes affect the amount of water lost through evaporation. In warmer climates and with
rising temperatures, water evaporation losses also increase [4,5].

Research on water evaporation estimation in lakes and reservoirs dates back to the
beginning of the 20th century. It is quantified by a variety of meteorological data, such
as the incidence of solar radiation, wind speed, relative humidity, air temperature, and
atmospheric pressure. In addition, it is a variable difficult to obtain directly, which is why
methods for indirect estimates were developed [6,7].

Different methods based on meteorological data and empirical evapotranspiration
equations were used to estimate water evaporation from lakes and reservoirs [2,4,8–18].
A method based on aerodynamics, mainly considering wind speed, was one of the first
attempts to estimate water evaporation through an empirical equation [19]. The study was
motivated by the need to determine the feasibility of irrigation water reservoirs considering
evaporative losses.

The Food and Agriculture Organization of the United Nations (FAO) standardized the
Penman–Monteith method [20–22], which determines the reference evapotranspiration of
the crop. However, Kohli and Frenken [12] stated that when using a crop coefficient value
as one, the FAO Penman–Monteith method would lead to water evaporation in reservoirs.
The method requires data such as: air temperature, relative humidity, solar radiation, and
wind speed.

Due to the FAO Penman–Monteith method requiring many data and an intensive
calculation step, other methods were proposed as a simplified version such as Linacre [23],
which is based on data of air temperature and local elevation; Linacre [24], which includes
air temperature, wind speed, and solar radiation; and Valiantzas [10] which considers
all variables such as solar radiation, air temperature, wind speed, and relative humidity.
Allen et al. [22] also recommend the Hargreaves–Samani method, an evapotranspiration
equation, when it is difficult to obtain enough climatological data, which depends on the
maximum and minimum air temperatures [25].

For that reason, the availability of different methods and their different variables or
input data are important to estimate water evaporation, making their need notable when
direct measurements are not available and when there is not enough data to use complex
models such as the FAO Penman–Monteith.

Reducing water evaporation in reservoirs is also important when considering the
security of water availability—mainly in arid regions. For example, it is possible to relate
evaporation reduction with the water surface covered in reservoirs by floating photovoltaic
systems (FPS) [26–28]. Studies have shown that devices such as floating or suspended
covers can reduce water evaporation rates by up to 90% [9,13,15,29]. FPS can be used for
water management by reducing water evaporation rates, producing energy, and reducing
algae growth by improving water quality [2,17].

According to [30,31], FPS is a suitable solution for a country that has a lot of hy-
dropower plants with dams and open water areas. This is the case for Brazil, where
hydropower supplied 66% of its electricity demand in 2020 [32]. One of the advantages of
FPS is that there is no need to occupy land which could be used for another purpose [31].
The authors have started studies on the influence of FPS on water losses by evaporation and
consider that more detailed information about the region called the Tocantins–Araguaia
Basin (northern region of Brazil), such as climate, and reservoir characteristics need to be
considered in the evaporation models to obtain more accurate results.
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Although hydraulic energy is the most used renewable energy source in Brazil, photo-
voltaic energy generation has shown considerable growth within the Brazilian electricity
matrix, approximately 5.475 GW, according to the 10-year Brazilian Energy Plan [33], which
foresees an evolution in the electricity matrix until 2030. According to the Brazilian Associ-
ation of Photovoltaic Solar Energy [34], analyzing the cumulative installed capacity of solar
PV; Brazil advanced one position in the world ranking and assumed 13th place in 2021.

A water evaporative cooling mechanism and lower soiling loss improved the PV
efficiency by up to 30% according to a study in Indonesia [30]. Water evaporation mea-
surement was carried out using a Class A evaporation pan, a cylinder with a diameter of
120.7 cm that has a depth of 25 cm, in Jordan [35]. The authors concluded that covering
water bodies with PV modules can save a considerable amount of water. The amount of
water saved is consistent with the coverage percentage, where a 50% covered pan saved
54.5% while the 30% covered pan saved 31.2% when compared to the uncovered pan.

Additionally, the diversity made possible by FPS requires the most diverse studies.
Such technology may vary according to the material used in the photovoltaic (PV) modules,
the system’s angle, and its installation type.

For example, [2] studied the water evaporation reduction from different typologies of
FPS: (1) with floats that cover the surface below the solar module entirely; (2) with modules
anchored to a buoyancy system; (3) suspended PV modules in a structure over water canals;
and (4) flexible PV modules in direct contact with water. As specified by the authors, each
typology or installation scheme has pros and cons. In the first case, the PV modules can
reduce the transmission of solar radiation almost entirely to the reservoir, resulting in lower
evaporation rates. The second and third typologies can reduce only a part of the solar
radiation but allows good ventilation below the modules. In the latter, the advantages are
due to the direct contact with water that produces cooling effects in the modules and allows
them to deform with water wave motions. The results showed that flexible modules can
reduce evaporation rates by 42% to 64%, with areas covered with FPS from 30% to 50% of
the reservoir surface.

Different materials applied to FPS were also a field of study; prior research [36]
compared the differences between the polycrystalline, thin film, and mono-crystalline FPS
in Egypt. The study investigated how the tracking system, position, and material affect
the FPS’s installed capacity and energy yield. The results indicated that the energy yield
of mono-crystalline panels is lesser than polycrystalline panels, and the thin film has an
energy yield increase of 22% and 34%, compared to poly and mono-crystalline panels,
respectively. The authors state that the water–energy nexus is the notorious advantage of
FPS; the saved water and efficient energy generation adds up when considering embodied
energy associated with water provision and storage.

Similarly, [37] analyzed floating photovoltaics with flexible crystalline silicon-based
modules backed up with foam, reducing cost compared to pontoon-based FPS. The authors
also highlight advantages, including less water evaporation and gains due to lower opera-
tional temperature—compared to pontoon-based FPS, which could provide over 127 TWh
of solar electricity and 633.2 million m3 of water savings with a 50% coverage at Lake Mead.

This paper evaluates the effects of floating photovoltaic systems on water evaporation
rates for a reservoir in southeastern Brazil. It also provides a comparative analysis of
different water evaporation prediction methods and evaluates the volume of water that
would be saved if the coverage area of the FPS was increased.

In addition, the study focuses on the importance of FPS in reducing water losses by
evaporation in reservoirs as a viable way to reverse the effects of drought periods that
are occurring in some regions of Brazil. This study can help researchers to expand the
acknowledgment of the effects of floating photovoltaic systems on water evaporation rates,
promoting further investigations, especially considering climate change.

This research intended not only to reproduce recognized evaporation estimate methods
but to test them according to meteorological data from the southern region of Brazil, which
is lacking as far as our knowledge goes. Moreover, to introduce the theme of floating
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photovoltaic systems and their effects on water evaporation—as a tool to improve water
security, especially when periodicals droughts are taking place in the region. Furthermore,
the study can help expand the acknowledgment of the effects of floating photovoltaic
systems on water evaporation rates and renewable energy production and promote further
investigations, especially considering climate change.

The remainder of the paper is organized as follows. Section 2 describes the Passaúna
Reservoir as well as some preliminaries. The comparison study is detailed in Section 3.
Some conclusions are finally given in Section 4.

2. Materials and Methods

The research work reported in this paper was carried out in the Passaúna Reservoir,
which originated from the damming of the Passaúna River in 1990.

The reservoir has a surface area of 8.5 km2, a maximum depth of 18.1 m, and an
average depth of 6.5 m. It has a total storage volume of 69.3 hm3, with a useful volume of
48 hm3, and a dead storage volume of 19.5 hm3 [38,39]. The reservoir borders the cities of
Curitiba, Araucária, and Campo Largo, and supplies 20% of the water consumed by the
population of the metropolitan region of Curitiba [38,40–42].

The Passaúna Reservoir is located southwest of Curitiba in Paraná State, South Brazil,
as shown in Figure 1.
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2.1. Floating Photovoltaic System—FPS

The floating photovoltaic system (FPS) was installed in 2019 in the Passaúna Reservoir,
with an energy production capacity of 130 kWp, occupying an area of 1265.14 m2 with
396 photovoltaic modules installed on a floating platform. It is located close to the water
supply pumping system of the Water and Sanitation Company of Paraná (Sanepar, Curitiba,
PR, Brazil), at the coordinates 25◦30′45” S and 49◦22′07” W, as shown in Figure 2.

The modular floating devices from the FPS can be easily removed or added, with
the possibility of expanding the system in the future. The floating platform supports
the photovoltaic modules, which have dimensions of 1960 mm × 991 mm × 40 mm and
maximum power of 330 W [43]. The FPS consists of 22 strings, and each string contains
18 photovoltaic modules. Every two strings, there is an access walkway for module
maintenance.
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2.2. Meteorological Data

The meteorological dataset for this work was obtained from the weather station close to
the FPS site. From 1 July 2020 to 30 June 2021, the input data used to obtain the evaporation
by the methods studied were: solar radiation, air temperature, relative humidity, and wind
speed. Data gaps were observed in October (3rd to 16th and 25th to 30th), November (27th
to 29th), and December (3rd). In order to have continuous data over the period, the missing
data were filled through linear regression, using data from another meteorological station,
located 14 km from the Passaúna Reservoir. These data are available in the Meteorological
Database for Teaching and Research (BDMEP) of the National Institute of Meteorology
(INMET).

2.3. Evaporation Estimative

Different methods were used to estimate the evaporation, as shown in Table 1: FAO
Penman–Monteith, Linacre (1977 and 1993), Rohwer, Valiantzas, and Hargreaves–Samani.
Measured evaporation data obtained by a Piche evaporimeter at the INMET weather station
for the same period were used as a baseline. Because non-continuous monthly failures
were observed in the measured evaporation data, the rows with null data were disregarded
for the statistical analysis of the methods. Data were analyzed monthly using R-Studio
1.4.17 [44]. The estimated evaporations were analyzed using the non-parametric Kruskal–
Wallis test to determine whether there were significant differences between the medians
obtained from the methods, with a 95% confidence level for hypothesis testing.
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Table 1. Literature models for estimating the evaporation.

Literature Evaporation Models Input Variables

Linacre (1977) [23]

E =
700(Tmean+0.006z)

100 − φ
+15(Tmean − Tdew)

( 80 − Tmean)

(1) Tmean, Tdew, z, φ

Linacre (1993) [24]
E =

(
0.015 + 0.0042Tmean + 10−6 z)[0.8Rs − 40 + 2.5(F)(u)(Tmean − Tdew)]

(2) Rs, Tmean, Tdew, z, u

Rohwer [19]
E = (0.44 + 0.118u)(es − ed)

(3) es, ed, u

Valiantzas [10]
E ≈ 0.051(1 − α)Rs

√
Tmean+9.5 − 0.188(Tmean + 13)

(
Rs
Ra
− 0.194

)
(

1 − 0.00014(0.7Tmax + 0.3Tmin + 46)2
√

RH
100

)
+ 0.049(Tmax+16.3)(

1 − RH
100

)
(au+0.536u)

(4) Rs, Ra, Tmax, Tmean, Tmin, RH, u

Hargreaves–Samani [25]
ETP = 0.0023Ra(Tmax − Tmin)

0.5(Tmean +17.8)
(5) Tmax, Tmin, Tmean, Ra

Penman–Monteith [22]

E =
0.408∆(Rn − G)+γ( 900

Tmean+273 )u(es − ea)

∆+γ(1+0.34u)

(6) Rn, Tmean, G, es, ea, u

Note: Tmean = mean air temperature, Tmax = maximum air temperature, Tmin = minimum air temperature, Tdew =
dew-point temperature, z = altitude, φ= latitude, Rs = solar radiation, Ra = extraterrestrial radiation, Rn = net
radiation, u = wind speed, es = saturation vapour pressure, ea = vapour pressure, ed = saturation vapour pressure
at dew-point temperature, RH = relative humidity, G = soil heat flux density, F = 1.0–8.7 × 10−5z, α = water
albedo, au = wind function constant, ∆ = slope vapor pressure curve, γ = psychometric constant; E = estimated
evaporation, ETP = potential evapotranspiration.

In order to estimate the efficiency of reducing water evaporation by the FPS, the
Assouline, Narkis and Or [45] method was used. Additional details can be found in their
publications.

Equation (7) was used to estimate the daily evaporated volume in the reservoir:

Tvol= (E)(A)103, (7)

where:
Tvol = daily evaporated volume (m3);
E = evaporation rate (mm day−1);
A = reservoir area (km2).
The sum of each daily evaporated volume for a respective month results in the monthly

evaporated amount.
To evaluate future expansions of the FPS and its influences on the evaporation rates

in the Passaúna Reservoir, the water volume that could be lost by evaporation but would
be avoided by the FPS was calculated. For the calculations, the coverage area for the
current 130 kWp system was considered, and those corresponding to the expansions of
energy production capacity to 1 MWp, 2.5 MWp, and 5 MWp. These expansions were
determined under ANEEL normative resolution number 482/2012, limiting renewable
energy mini-generation systems to 5 MWp [46].

The evaporated volume avoided by different coverage areas of the FPS was obtained
by Equation (8):

∆= (T vol)(EQC)(ε), (8)

where:
∆ = avoided evaporation volume for assumed coverage (m3);
EQC = equivalent covered area for each energy production capacity (m2);
ε = assumed evaporation reduction efficiency (%).
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The available surface area of the reservoir considered was for the total storage volume
and for the volume during periods of water scarcity.

3. Results and Discussions
3.1. Meteorological Dataset

Figure 3 shows the variation of meteorological data from the weather station close
to the FPS, used to estimate the evaporation rates based on the different methods. The
meteorological dataset refers to the period of one year, from 1 July 2020 to 30 June 2021.
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Figure 3. Weather data from the study site (1 July 2020 to 30 June 2021).

A maximum temperature of 34.13 ◦C and a minimum temperature of 1.14 ◦C was
observed from the dataset. The relative humidity ranges from 61.12% to 94.72%, and the
wind speed from 0.21 m s−1 to 4.16 m s−1. The solar radiation average for the region is
31.96 MJ m−2 day−1 or 369.91 W m−2.

3.2. Evaporation Rates by the Various Methods

Table 2 presents the average and standard deviation rates of evaporation for the
methods studied along with the evaporation data measured.
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Table 2. Comparative table showing the mean and standard deviation for six evaporation methods
and measured evaporation.

Month
Evaporation (Mean ± SD) (mm day−1)

Measured
Evap.

Penman–
Monteith

Linacre
(1977) Rohwer Valiantzas Hargreaves–

Samani
Linacre
(1993)

July 2.24 ± 0.95 1.19 ± 0.43 2.47 ± 0.45 3.51 ± 1.32 6.14 ± 1.95 5.68 ± 1.15 22.66 ± 9.78
August 1.94 ± 1.24 1.23 ± 0.54 2.53 ± 0.55 3.66 ± 1.79 6.66 ± 3.03 6.85 ± 1.97 23.79 ± 13.96

September 2.33 ± 1.33 1.81 ± 0.81 3.18 ± 0.66 5.59 ± 2.85 7.74 ± 3.21 9.01 ± 2.46 26.96 ± 14.28
October 3.24 ± 2.10 1.93 ± 0.73 3.32 ± 0.63 5.29 ± 2.37 8.66 ± 3.02 10.03 ± 2.23 31.01 ± 13.93

November 2.3 ± 1.27 1.97 ± 0.97 3.25 ± 0.79 4.9 ± 2.33 9.12 ± 3.71 10.23 ± 2.26 33.04 ± 17.32
December 2.43 ± 0.95 1.65 ± 0.68 3.19 ± 0.44 4.21 ± 1.79 7.44 ± 3.01 9.83 ± 2.02 25.97 ± 13.29

January 1.87 ± 0.77 1.54 ± 0.53 3.18 ± 0.35 3.83 ± 1.31 6.94 ± 2.32 9.09 ± 1.56 23.96 ± 10.45
February 2.94 ± 1.18 1.99 ± 0.69 3.41 ± 0.45 4.64 ± 1.53 9.48 ± 2.98 10.41 ± 1.60 35.92 ± 13.56

March 1.94 ± 0.71 1.68 ± 0.44 3.3 ± 0.36 4.53 ± 1.14 7.78 ± 2.03 9.28 ± 1.22 28.54 ± 9.79
April 1.81 ± 0.33 1.12 ± 0.34 2.9 ± 0.29 3.14 ± 0.82 5.95 ± 1.69 7.43 ± 1.16 21.38 ± 7.85
May 2.15 ± 0.81 0.99 ± 0.46 2.57 ± 0.41 3.03 ± 1.29 5.05 ± 1.84 6.16 ± 1.39 17.63 ± 8.58
June 1.12 ± 0.63 0.71 ± 0.30 2.22 ± 0.33 2.4 ± 1.03 3.74 ± 1.55 4.89 ± 1.27 12.22 ± 7.33

Annual
cumulated

evaporation
(mm year −1)

566.30 538.59 1074.93 1475.8 2559.60 2994.78 9165.54

Note that the results obtained by the FAO Penman–Monteith method slightly underestimated the evaporation
rate—only a 5.14% difference in the annual cumulated evaporation. In contrast, the results of annual evaporation
rates obtained by the Linacre (1977), Rohwer (1931), Valiantzas (2006), Hargreaves–Samani (1985), and Linacre
(1993) methods were overestimated.

In a numerical comparison study of accumulated evaporation by evaporation methods
and data measured in Catania-Italy, the Penman–Monteith and Hargreaves–Samani meth-
ods slightly underestimated the evaporation rates, while Valiantzas and Rohwer methods
slightly overestimated the evaporation values. The study concluded that all methods could
be used in the long-term analysis. However, better short-term results are obtained using
more complex models such as the FAO Penman–Monteith [2].

The results of the Kruskal–Wallis test for the compared methods, along with the
measured evaporation rates, are shown in Table 3.

Table 3. Kruskal–Wallis test results for the evaporation values obtained by the methods and measured
evaporation values.

Method July August September October November December January February March April May June

Measured Evap. c de de d de d e d f e b c
Penman–
Monteith d e e e e d e e f f c c

Linacre (1977) bc cd d d cd c d cd e d b b
Rohwer b bc c c c c d c d d b b

Valiantzas a ab b b b b c b c c a a
Hargreaves–

Samani a a ab ab ab ab b b b b a a
Linacre (1993) a a a a a a a a a a a a

Note: Methods with the different lowercase letters indicate significant differences at p < 0.05 (Kruskal–Wallis test).

Based on the results reported in Table 3, the evaporation values obtained by the
Linacre (1997) and FAO Penman–Monteith methods were more aligned with the measured
evaporation values.

The Linacre method [23] did not differ statistically from the evaporation values mea-
sured in July, August, September, October, November (2020), February, and May (2021),
with a confidence level of 95%.

The FAO Penman–Monteith method [22] did not differ statistically from the evapora-
tion values measured in August, September, November, December (2020), January, March,
and June (2021), with a confidence level of 95%.
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The Rohwer method [19] did not differ statistically only in May from the evaporation
values measured with a confidence level of 95%. The Hargreaves–Samani, Valiantzas,
and Linacre [10,24,25] methods differed statistically from the measured evaporation for all
months with a confidence level of 95%.

The Linacre [24] method is an optimization of the Linacre [23] early method, in which
wind speed variations and a better approach to net radiation are included. For the results
obtained, they presented differences with a confidence level of 95%.

Linear regression showed that all estimation methods have a strong correlation with
the standardized FAO Penman–Monteith method, the coefficient of determination (R2) was
between 0.707–0.901, and Pearson correlation coefficient (r) was between 0.840–0.949, as
shown in Figure 4.
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Although the methods show a strong correlation, they do not reflect the climatic
conditions of the Passaúna Reservoir region. Implying that the methods are validated for
specific climates and therefore, scale differences between the methods were shown [3].

Coelho et al. [16] also found differences between the evaporation estimation methods
but with underestimated results for Linacre [24] compared to the FAO Penman–Monteith,
different from the overestimation obtained by us. Differences from our results can be
explained by the high rainfall rates during most of the year in Tucuruí—Northeast Brazil,
leading to an underestimation of the solar radiation and, consequently, the evaporation
rates.

Similar results were obtained for the Sobradinho and Três Marias reservoirs in South-
eastern Brazil, in which the Linacre (1993) method overestimated the evaporation compared
to the Penman–Monteith method [8,14].
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The Valiantzas method [10] showed better accuracy compared to the FAO Penman–
Monteith method on a daily scale in southern China due to the consideration of the four
variables of air temperature, relative humidity, wind speed, and solar radiation, which are
important meteorological parameters for estimating evaporation [47].

The evaporation values obtained by the Linacre (1977), FAO Penman–Monteith, and
Rohwer methods were the closest to the measured evaporation values for the present work.
The discontinuity of measured evaporation data is due to the lack of available data, which
is one of the problems faced when obtaining data of directly measured evaporation. The
results of the evaporation rates estimated by these methods and the measured evaporation
are presented in Figure 5.

Energies 2022, 15, x FOR PEER REVIEW 10 of 16 
 

 

Coelho et al. [16] also found differences between the evaporation estimation methods 
but with underestimated results for Linacre [24] compared to the FAO Penman–Monteith, 
different from the overestimation obtained by us. Differences from our results can be ex-
plained by the high rainfall rates during most of the year in Tucuruí—Northeast Brazil, 
leading to an underestimation of the solar radiation and, consequently, the evaporation 
rates. 

Similar results were obtained for the Sobradinho and Três Marias reservoirs in South-
eastern Brazil, in which the Linacre (1993) method overestimated the evaporation com-
pared to the Penman–Monteith method [8,14]. 

The Valiantzas method [10] showed better accuracy compared to the FAO Penman–
Monteith method on a daily scale in southern China due to the consideration of the four 
variables of air temperature, relative humidity, wind speed, and solar radiation, which 
are important meteorological parameters for estimating evaporation [47]. 

The evaporation values obtained by the Linacre (1977), FAO Penman–Monteith, and 
Rohwer methods were the closest to the measured evaporation values for the present 
work. The discontinuity of measured evaporation data is due to the lack of available data, 
which is one of the problems faced when obtaining data of directly measured evaporation. 
The results of the evaporation rates estimated by these methods and the measured evap-
oration are presented in Figure 5. 

 
Figure 5. Comparison between estimated evaporation (mm day−1) methods from Linacre (1977), 
FAO Penman-Monteith, Rohwer and the Measured Evaporation. 

Comparing the monthly evaporation results obtained by the considered methods to 
the measured ones shows that the Rohwer (1931) method has differed statistically in all 
months except May. The Linacre (1977) method differed statistically in December, Janu-
ary, March, April, and June. The FAO Penman–Monteith method [22] differed statistically 
in July, October, February, April, and May. All analyses were carried out with a confi-
dence level of 95%. 

The best results obtained were for the FAO Penman–Monteith method. Hence, it was 
chosen to calculate of the evaporation estimate for different areas of the FPS, presented in 
the next section. 

3.3. Floating Photovoltaic System Water Evaporation Reduction 
The evaporation reduction considering the area covered by the FPS in the Passúna 

reservoir was estimated using the FAO Penman–Monteith method. The Assouline, Narkis 

Figure 5. Comparison between estimated evaporation (mm day−1) methods from Linacre (1977),
FAO Penman-Monteith, Rohwer and the Measured Evaporation.

Comparing the monthly evaporation results obtained by the considered methods to
the measured ones shows that the Rohwer (1931) method has differed statistically in all
months except May. The Linacre (1977) method differed statistically in December, January,
March, April, and June. The FAO Penman–Monteith method [22] differed statistically in
July, October, February, April, and May. All analyses were carried out with a confidence
level of 95%.

The best results obtained were for the FAO Penman–Monteith method. Hence, it was
chosen to calculate of the evaporation estimate for different areas of the FPS, presented in
the next section.

3.3. Floating Photovoltaic System Water Evaporation Reduction

The evaporation reduction considering the area covered by the FPS in the Passúna
reservoir was estimated using the FAO Penman–Monteith method. The Assouline, Narkis
and Or [45] relation was implemented to obtain the reduction in the evaporation rates
considering the interference of the FPS, as shown in Table 4.

As shown in Table 4, the existing FPS occupies a covered area of 1265.14 m2, with
a total opening area of 199.83 m2, resulting in an evaporation fraction of 0.157. The area
expansions corresponding to energy production capacities of 1 MWp, 2.5 MWp, and 5 MWp
were calculated proportionally to the current area of the FPS, maintaining the openings
and coverage ratio of the photovoltaic modules and their surrounding area.
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Table 4. Results of the evaporation reduction efficiency relation for the Floating Photovoltaic System.

Energy Production Capacity
(MWp) FPS Area (m2)

FPS Open Area
(m2)

α (Evaporating
Fraction) X ε (Small

Openings)
ε (Large

Openings)

0.13 1265.14 199.83

0.157 0.842 0.602 0.7071 9731.84 1537.15
2.5 24,329.62 3842.88
5 48,659.23 7685.76

The efficiency was estimated from 60.20% to 70.70% for the evaporation reduction
by the FPS. The most conservative (60.20%) was assumed to estimate the evaporation
reduction.

As the current FPS in the Passaúna Reservoir occupies a relatively small covered area
to the total area of the reservoir, corresponding to 0.01%, expansions were assumed with
coverage areas corresponding to energy production capacities of 1 MWp, 2.5 MWp, and
5 MWp. The available area of the reservoir was presumed in two approaches: reservoir area
at its total volume of water storage with an area of 8.5 km2, and another with the current
available area of 6.95 km2 considering the water scarcity period, as shown in Figure 6.
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Figure 6. Aerial view of the water surface area of the Passaúna Reservoir and the FPS during the
water shortage in 2021: (a) Passaúna Reservoir; (b) FPS site highlighting the low water level. Google
Earth images.

Figure 7 shows the annual daily behavior of evaporated water volume in the Passaúna
Reservoir considering the period of water scarcity.

The highest values of evaporated water volume, observed in Figure 7, were in the sum-
mer, followed by spring, autumn, and winter. For the surface area of the Passaúna reservoir,
considering the total storage volume, the yearly accumulated volume of evaporated water
is 4.47 hm3. Considering the surface area during the period of water scarcity, the volume of
evaporated water is 3.65 hm3. In terms of the average volume of water used by Sanepar in
2021 (43 hm3) to supply the population, these volumes correspond to approximately 10.4%
and 8.5%, respectively. The accumulated volume of evaporated water could supply 58,596
and 47,846 people annually, respectively.

Figure 8 depicts the accumulated volume of water saved by covering the water sur-
face occupied by the FPS current area and area expansions corresponding to an energy
production capacity of 1 MWp (A1), 2.5 MWp (A2), and 5 MWp (A3). It was observed that
the larger the area of the FPS on the water surface, the greater the reduction of the water
evaporation and, consequently, the greater the volume of the saved water.
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Figure 8. Accumulated saved water volume by the FPS for current and future coverage area expan-
sions (1 July 2020 to 30 June 2021).

Although larger areas represent a more significant reduction of water evaporation,
the FPS occupies a small area compared to the total surface area available in the Passaúna
Reservoir. The volume of water that could be saved by evaporation is approximately
0.015 hm3 for the largest area (A3).

Considering a per capita water consumption of 0.209 m3 per inhabitant per day,
according to Sanepar in 2021, the accumulated volume of water saved by evaporation for
an FPS with energy production of 5 MWp would be enough to supply more than 196 people
per year. In the same way, the FPS could supply the electricity demand for 2564 inhabitants,
considering the average per capita consumption of 1.95 kWh in the State of Paraná [48].

Valadares [49] evaluated the impact of FPS installed in reservoirs used for hydroelectric
power generation in Brazil on the evaporation rate. The author considered the reduction
of the water evaporation due to the installation of the FPS insignificant, especially when
comparing the avoided evaporation in a water volume of 0.35 hm3, with the total volume
of the reservoir (792 hm3), which could supply 6304 people over a year. The annual
accumulated volume of water saved can be approximately equal to the total volume of
water evaporated in a single day on the reservoir.
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Lopes et al. [50] studied the evaporation reduction efficiency from the percentage of
the coverage area over the total area of the reservoir located in the Brazilian semiarid region.
The authors obtained unevaporated water volumes per year of 21.2%, 37%, and 55.2% for
covered areas of 30%, 50%, and 70% respectively. They obtained similar results for different
scenarios of covered areas, 19.4%, 50%, and 70% of the weir surface, which can represent a
reduction in the annual government expenses of 13.38%, 14.36%, and 15.3%, respectively,
with a reduction in the water demand from water trucks delivered to the population. The
authors concluded that the FPS had a relevant impact on the evaporation rate of weirs.

Bontempo Scavo et al. [2] obtained a 42% reduction in evaporation with flexible
modules installed directly on the water, a system similar to the one installed in the Passaúna
Reservoir. In addition, the full coverage FPS below the modules presented a 49% reduction
in water evaporation, showing that the greater the area covered by the FPS, the greater the
reduction in water evaporation.

The results achieved by [37] may indicate an overestimation in the FPS evaporation
losses reduction efficiency. The authors found that for 50% coverage of the lake’s surface, a
FPS could save 633.22 million m3 of water. That could be due to the assumption of a 90%
in evaporation losses reduction. Further investigations are advised to estimate the FPS’s
evaporation efficiency reduction in this case, as the results may not represent actual values.

4. Conclusions

This paper evaluated the effects of floating photovoltaic systems on water evaporation
rates for a reservoir in southeastern Brazil. It provided a comparative analysis of different
water evaporation prediction methods, namely the FAO Penman–Monteith, Linacre (1977),
Rohwer (1931), Valiantzas (2006), Hargreaves–Samani (1985), and Linacre (1993) methods.

For preliminary research on the effects of the FPS on the estimation of the evaporation
rate in the Passaúna Reservoir, the FAO Penman–Monteith and Linacre (1977) methods
presented results closest to the measured evaporation values.

The water evaporation reduction efficiency obtained considering the covered area of
the FPS was 60.20%. FPS can effectively reduce the reservoir evaporation rate, especially
when the coverage area over water occupies larger areas of the reservoir, which is not the
case of the FPS installed at the Passaúna Reservoir.

The water savings promoted by the current FPS area in the Passaúna reservoir and
its future expansions to areas corresponding to energy productions of 1 MWp, 2.5 MWp,
and 5 MWp did not result in a significant volume to the total surface available in the
reservoir. Nevertheless, for a 5 MWp system, the water saved by evaporation could supply
up to 196 people a year and about 2564 people with electricity, considering per capita
consumption of 209 L/day and 1.95 kWh, respectively.

The accumulated volume of evaporated water during one year was 4.47 hm3, and
in periods of water scarcity, this volume can be 3.65 hm3. The average volume of water
withdrawn from the Passaúna reservoir by the Water and Sanitation Company in 2021
to supply the population was 43 hm3. The accumulated volumes of evaporated water
correspond to approximately 10.4% and 8.5%, respectively. The accumulated volume of
evaporated water could supply 58,596 and 47,846 people annually, respectively. With
an FPS covering the entire surface of the Passaúna reservoir, the volume of water saved
could reach 2.69 hm3, which could supply 35,262 people over a year, thus representing an
essential value for the public management of the water resources in the reservoir.
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Nomenclature

ANEEL Brazilian Electricity Regulatory Agency
FAO Food and Agriculture Organization of the United Nations
PV photovoltaic
FPS floating photovoltaic system
Sanepar Water and Sanitation Company of Paraná State
BDMEP Metereological Database for Teaching and Research
INMET National Institute of Meteorology
Tmean mean air temperature
Tmax maximum air temperature
Tmin minimum air temperature
Tdew dew-point temperature
z altitude
φ latitude
Rs solar radiation
Ra extraterrestrial radiation
Rn net radiation
u wind speed
es saturation vapour pressure
ea vapour pressure
ed saturarion vapour pressure at dew-point temperature
RH relative humidity
G soil heat flux density
α water albedo
au wind function constant
∆ slope vapor pressure curve
E estimated evaporation
ETP potential evapotranspiration
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