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The triple benefits of the AgriVoltaic Systems Development (AVSD) have been well demonstrated, not only for
the PV electricity generation but also for reduced water evaporation, enhancing further the benefits of simul-
taneously crop growth on the same land area. However, the reduction rate of the water evaporation of AVSD has
not been investigated in a quantitative way. Therefore, this study conducted experiments to measure water
evaporation reduction under the Concentrated-lighting Agrivoltaic System (CAS) and the Even-lighting Agri-
voltaic System (EAS). Evaporation containers and pans were placed in the bare soil (CK) under the CAS and the
EAS. Our results showed a significant reduction in water evaporation under CAS and EAS. Cumulative soil
surface evaporation of CK, CAS, and EAS for 45 days was 80.53 mm, 63.38 mm, and 54.14 mm. The cumulative
water evaporation from soil and pan surfaces decreased by 21 % and 14 % (under CAS), 33 %, and 19 % (under
EAS), respectively. The slope f; # 0 of simple linear regression showed a significant positive relationship be-
tween evaporation time and cumulative water evaporation. The correlation coefficient in all treatments was
more than 0.91, suggesting a robust linear relationship. The feasibility of AVSD could significantly reduce irri-

gation water, enhance crop growth, and generate electricity simultaneously on the same agricultural land.

1. Introduction

Water scarcity is an increasingly critical issue in many parts of the
world (AbdAllah 2019, El-Ghannam et al 2021, Greve et al 2018, Li et al
2021a, Morsy et al 2021, Shalaby et al 2021). It is expected to worsen
with population growth and climate change (AbdAllah et al 2019, Hunt
et al 2020). By 2050 (2012), the water shortage problem may affect
more than 40 % of the world’s population, particularly in arid and semi-
arid areas (Abdallah et al 2021, Li et al 2021a). Evaporation is a constant
and essential process in the water cycle (Abdallah et al 2021, Condon et
al 2020, Mueller et al 2013, Zhao & Gao 2019). Temperature, wind
speed, relative humidity, and solar radiation are the critical climatic
components influencing water surface evaporation (Meziani et al 2020).
Evaporation increases when the humidity drops, the air becomes
warmer, or the wind strengthens (Nguyen et al 2020). However, not all
of these factors contribute equally to water evaporation. A vapor pres-
sure deficit is the main factor for increasing evaporation (Meziani et al
2020).

Various approaches were conducted to reduce water evaporation
(Kasirajan & Ngouajio 2012, Knowles et al 2012, Lemon 1956, Xie et al

* Corresponding authors.

E-mail addresses: wenliu@ustc.edu.cn (W. Liu), mingxin@ustc.edu.cn (M. Li).

https://doi.org/10.1016/j.solener.2022.10.022

2006). The worries about water resources have prompted the develop-
ment of techniques for reducing soil evaporation (Waheeb Youssef &
Khodzinskaya 2019). Among these techniques, mulches are applied
worldwide to the soil surface to reduce water evaporation. Typical
mulches applied are gravel mulches (Adams 1966, Awodoyin et al 2010,
Yuan et al 2009), organic mulches (Liao et al 2021, Zribi et al 2015),
synthetic mulches (Awan 2009, Kasirajan & Ngouajio 2012, Khorsandi
2011, Wu et al 2017, Zribi et al 2015), and shading material mulches
(Alvarez et al 2006, Tesfuhuney et al 2015). Mulching has numerous
advantages for agricultural land. However, using many organic and
synthetic mulches on farmlands restricts air, water, and light from
reaching the soil. In addition, the synthetic mulch typically needs to be
replaced every time. This, in turn, results in excessive heat, acidity
levels, and bacteria. Therefore, it often has more disadvantages than
advantages (Loz November 17, 2020, Nyamoti 16/6/2020). To protect
agricultural land from such risks of mulches applied on farmlands, solve
the harmful effects of climate change, and find solutions to save water on
farming lands. Some researchers have used agrivoltaic systems to pro-
vide multi-benefits across food, energy, and water connections (Barron-
Gafford et al 2019, Elamri et al 2018, McKuin et al 2021, Riaz et al
2021).
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Nomenclature

Epms Soil surface evaporation (kg/day)

Emp Pan surface evaporation (kg/day)

Eg Soil surface evaporation (mm/day)

Eyp Pan surface evaporation (mm/day)

Agir - The area of the soil surface (cm?)

Apan The area of the pan surface(cm?)

M, The mass of dry soil (kg)

My The mass of the air-dried soil (kg)

Ogs The water content of the air-dried soil (m3/m>)

0, The volumetric water content (kg)

Oy The gravimetric water content (kg)

Poil The density of the air-dry soil (g/m®)

Pater The density of water (g/m>)

Myer The weight of wet soil (kg)

Mgry The weight of dry soil (kg)

Mg, The absorbed water (kg)

M, The initial mass of the soil (kg)

Epsi The surfaces evaporation on an ith day(i=1,2,......... ,45)

M; The masses of the soil water on an i day(i=1,2,......... s
45)

0; The soil water content on an i ™ day (i=1,2, ........., 45)
Po The regression line’s y-intercept

B The regression line’s slope

€ The error term

b The anticipated y value

bo The line’s y-intercept

b1 The line’s slope

Abbreviation

AVSD AgriVoltaic Systems Development

CAS Concentrated-lighting Agrivoltaic System
EAS Even-lighting Agrivoltaic System

CK Bare soil (control treatment)

PV Photovoltaic

TAS Traditional Agrivoltaic Systems

R Correlation coefficient

R? Coefficient of determination

SPSS Statistical Package for the Social Sciences
ANOVA Analysis of variance

d The unit of the evaporation time (day)
S1, S2, S3, and S4 Supplementary data

The first agrivoltaic system was proposed in the 1980s (Goetzberger
& Zastrow 1982). Today, the agrivoltaic system is being implemented in
many countries to simultaneously combine renewable energy with
agricultural production on the same land (Gorjian et al 2022, Jones et al
2022, Lu et al 2022, Neupane Bhandari et al 2021, Schindele et al 2020,
Weselek et al 2021, Xue 2017). Currently, there are two Traditional
Agrivoltaic Systems (TAS) solutions. The first is achieved by putting
mosaic or strip photovoltaic panels in the agricultural field (Obergfell et
al 2013). They enable part of sunlight to reach the ground. Still, most of
the sunlight is blocked by the solar panels, and the plants under the solar
panels can only stay in the scattering sunlight, which typically is about
15 ~ 20 % of total solar energy. Another TAS is the application on
greenhouse roofs. Numerous studies have documented the integration of
photovoltaic greenhouses (Allardyce et al 2017, Cossu et al 2014, Has-
sanien et al 2018, Kumar et al 2022, Yano et al 2009, Yano et al 2010)
and thin-film greenhouse roofs (Sonneveld et al 2010a, Sonneveld et al
2010b). The PV panels or thin-film solar panels cover the greenhouse
roof just partially. Again, the shade of PV panels or thin-film solar panels
affects plant growth. The amount of sunlight transferred through thin-
film solar panels may not be enough to ensure efficient plant
photosynthesis.

Plants require sufficient light for photosynthesis; red and blue lights
are the most important for plant photosynthesis (Kasahara et al 2004).
Far-red light also affects the morphology and growth of plants in
different forms at various stages of plant growth (Hwang et al 2020). The
PV modules above farmland also have a shading effect and, in the same
way, decrease crop yield and quality. Homma et al (2016) found that
rice yield was reduced under the TAS due to shade increase. Tomatoes
grown under agrivoltaic greenhouses have lower masses and prolonged
ripening times compared to conventional greenhouse vegetables (Mar-
rou et al 2013). Moreover, the experimental results of shade-tolerant
crops such as lettuce also showed a yield reduction of 20 ~ 40 %
(Marrou et al 2013, Valle et al 2017). However, in drylands or under
severe water stress, the TAS helps avoid drought stress and maintain
higher soil moisture, improving plant growth (Barron-Gafford et al
2019, Hassanpour Adeh et al 2018). Based on the above research, the
TAS significantly increases crop yield in environments that are not
favorable for plant growth, like excessive sunlight, high temperatures,
droughts, and water shortages. Nevertheless, it also leads to evident
reductions in crop yield and quality where the climate is suitable for
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growth. These researches indicate that TAS cannot simultaneously
resolve the conflict between crop photosynthesis and PV power
generation.

We proposed two solutions to solve the challenge of simultaneously
allowing crop photosynthesis and PV electricity generation on the same
farmland. The first solution is CAS (Liu et al 2018) based on spectral
separation, which selectively transmits red, blue, and far-red light from
the sunlight to reach the plants for photosynthesis. The rest of the sun-
light is concentrated and reflected on PV panels for electricity genera-
tion. The key to the solution is to design a multi-passband filter film
enabling this sunlight separation under a low cost. The multiplication
co-extrusion process, which is capable of economic and continuous
production, has been adopted to prepare alternately superimposed
multilayer films (Andrews et al 2012, Singer et al 2008, Weber et al
2000). The other solution is EAS (Zheng et al 2021). The core idea is to
improve the TAS structure design by placing grooved glass plates be-
tween two conventional PV panels. They allow for transmission and
distribute sunlight evenly with a uniform illumination providing suffi-
cient light intensity for plant photosynthesis. The top of the PV panels
between the grooved glass plates are hit by the sunlight in a conven-
tional way to generate electricity. Whether CAS or EAS, the soil and
water surfaces under the systems are exposed indirectly by the sunlight;
therefore, the soil moisture content is higher than any soil surface
exposed directly by the sunlight. Our previous studies (Liu et al 2018,
Zheng et al 2021) confirm that using AVSD the crops can grow well and
the PV panels can generate electricity efficiently and simultaneously on
the same land. Furthermore, water evaporation was reduced and
enhanced crop growth. However, the amount of reduced water evapo-
ration under the AVSD has not been quantified or calculated yet.
Therefore, this study’s main objectives are (1) calculating the reduction
of cumulative water evaporation under the AVSD. (2) investigating the
mechanism of evaporation reduction under the AVSD.

2. Experimental materials and methods
2.1. Experimental site
Experiments were conducted at Fuyang City, Anhui Province in

China, at latitude 32°58 N, longitude 115°55 E, and 4 m above sea level.
Fuyang city is located on the southwestern edge of the Huanghuai Plain
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Table 1

Soil’s basic physical and chemical parameters in the experiment region.
Soil Properties Units Value
pH 8.21
Organic matter gkg ! 4.37
Total nitrogen % 0.034
Hydrolyzable nitrogen mg kg~! 28.4
Available phosphorus mg kg~! 2.3
Quick-acting potassium mg kg*l 163
Bulk density (pbulk) gcm3 0.995
Porosity (€) % 0.617
0 to 2 pm (Clay) % 8.49
2 to 50 pm (Powder) % 79.79
50 to 2000 pm (Sand grain) % 11.69

and in the northwest Anhui Province. A warm temperate semi-humid
monsoon climate characterizes the region. The weather is mild, and
the rainfall is moderate. The yearly average rainfall is 820-950 mm. The
annual sunshine hours are 2200-2500 h, the frost-free period is
220-230 days, and the annual average relative humidity is 58.5 %.

2.2. Experimental materials

Air-dried loamy soil was used in the experiment. The physical
properties and chemical properties of soil are shown in Table 1. Sichuan
Huabiao Testing Technology Co. ltd. Chengdu, Sichuan 610016, China,
conducted soil properties tests.

In this experiment, we used an evaporated container (white plastic
buckets) with a temperature resistance of + 130 °C, a low-temperature
resistance of —30 °C, and a weight of 406 g. It has a top diameter of 26.0
cm, a bottom diameter of 22.0 cm, and a height of 28.5 cm. It has nine
holes at the bottom, each having a diameter of 1 cm.
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In this experiment, we used Chinese standard pan evaporation
(Model ADM7, made in China), a stainless-steel metal cylinder, and a
bottom cover. The wall thickness was 5 mm, the diameter was 20 cm,
and the depth was 11 cm (Khorsandi 2011, Liu & Kang 2007, Liu et al
2018).

For this experiment, we set up three weather stations. The first was
conducted in CK, the second under CAS, and the third under EAS. Each
day, micrometeorological data were collected (from 8:00 morning. to
8:00 morning the following day). Data loggers recorded the air tem-
perature (°C), wind speed (m s~1), relative humidity (%), and solar ra-
diation (W m~2) during testing time.

2.3. The agrivoltaic systems development (AVSD)

2.3.1. The Concentrated-lighting Agrivoltaic System (CAS)

The CAS solution was invented in 2015 to solve the PV blocking
sunlight for plant photosynthesis. We used bent glass panels covered by
low-cost multilayer interference films (Fig. 1b) to match the trans-
mission of the red, blue, and far-red light spectrum for plant photosyn-
thesis. The rest sunlight wavelengths reflect for generating electricity, as
shown in Fig. la. Fig. 1 c and d show the agrivoltaic system application
in Fuyang City. The purpose was to transmit blue, red, and far-red light
at 450 nm + 20 nm, 660 nm =+ 20 nm, and 735 + 30 nm, respectively,
for plant growth. And reflectivity of all other wavelengths to expected to
be very high (~90 %) (Li et al 2021c). The CAS system’s basic idea,
design, and work principle are shown and discussed in our previous
studies (Liu et al 2017, Zhang et al 2018). The cultivation and obser-
vation of plants, such as lettuce, cabbage, cucumber, and other plants,
were better under the polymer interference multilayer film than the non-
film control plants concerning yield and quality photosynthetic index
(Liu et al 2018). Furthermore, multilayer films covered with curve glass

Fig. 1. The structure design of The Concentrated-lighting Agrivoltaic System (CAS) (a) Spectral required for plant photosynthesis and solar power generation (b)
Polymer multilayer film attached to curved glass panels (c) the side section and (d) the top section of CAS applied in the agricultural field in Fu yang City, Anhui

province. China.
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Fig. 2. The structural design of the Even-lighting Agrivoltaic System (a) shows a grooved glass plate inserted between two conventional solar photovoltaic panels to
achieve beam splitting (b) Light path of the optical simulation (c) The illuminance simulation results of the glass plate and (d) the Even-lighting Agrivoltaic System

applied in the agricultural field in Fu yang City, Anhui province. China.

Fig. 3. The design of three experiment treatments of evaporation containers and pans evaporation placed (a) in bare soil, (b) under a Concentrated-lighting

Agrivoltaic System, and (c) Even-lighting Agrivoltaic System.

showed significantly reduced water evaporation(Ali Abaker Omer et al
2022).

2.3.2. The Even-lighting Agrivoltaic System (EAS)
The EAS solution solves the problem of the non-uniform intensity
distribution under the existing TAS. It can satisfy shade-requiring crops’

16

growth by inserting grooved glass plates between conventional PV
panels, as shown in Fig. 2a. Fig. 2b, shown in SolidWorks2017, was used
to build a model for the grooved glass plate. ZEMAX software was used
to do the optical simulation to test and verify the accuracy of the groove
glass plate. The design quality is determined such that a detector
beneath the EAS system receives uniform illumination. A simulation of
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Fig. 4. The effect of the three experiments on the evaporation of water from the soil surface (a) daily soil surface evaporation (mm), (b) cumulative soil surface

evaporation (mm), and (c) soil water content (%). (d) mean temperature (=C).

the optical path is shown in Fig. 2c. The rectangular light source can
radiate uniform parallel light; SolidWorks2017 modeled the grooved
glass plates, separating the light into three parts as expected. An illu-
minance detector behind the glass received uniform pixels. We obtained
illuminance simulation results for the glass plate, as shown in Fig. 2c. the
sensor received 0.32 W of optical power. Still, only one-third of the
optical power was irradiated on the groove glass plate. We calculated
that the groove glass plates have a transmittance of 96.6 %. We then
replaced the rectangular detector with three smaller rectangular sensors
on the shadow region’s left, middle, and right sides; each received 0.104
W, 0.114 W, and 0.103 W of optical power. In our opinion, the groove
glass plate achieves uniform light-splitting with slight variations. The
vegetables/crops planted beneath the system showed significant growth
and yield improvement. Our previous studies show the basic idea of the
system, design, and work principle (Zheng et al 2021, Zheng et al 2019).

2.4. Experimental design and procedures

In this experiment, we used loam soil from the 0 to15 cm layer of an
agricultural field, the most common type of soil found in the region. We
dried the soil for 78 h and mixed it carefully to achieve uniform moisture
distribution. In evaporation containers, screens were placed to prevent
soil particles from leaking. The air-dried soil was packed into the
evaporation containers to a depth of 25 cm. The soil was filled in the
evaporation containers, and the containers were placed at a 10 cm water
depth. For 48 h, water was transported from the bottom holes to the soil
surface of containers via capillary forces. We removed the evaporation
containers from the water tank to discharge residual water for 24 h
through the bottom holes. The soil containers were covered with plastic
sheets to prevent soil evaporation. Afterward, the evaporation
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containers were weighed. Fig. 3 shows the design of the three experi-
mental treatments. The evaporation containers and pans were placed in
CK, under CAS, and EAS. Three replicates were used in each experi-
mental treatment.

In comparison, an experiment on evaporation was conducted in
natural settings at the initial soil water content of the field capacity.
During rain periods, the evaporation containers were covered with
plastic sheets. We used an electronic scale of 30 + 1 kg to weigh the
evaporation containers and pans daily at 8:00 a.m. the experiments
lasted 45 days during the summer season from May 8th to June 25th,
2021. Using data loggers, weather stations recorded the daily temper-
ature, relative humidity, wind speed, and solar radiation.

2.5. Experimental data analysis

The soil surface evaporation volumes (E,,;) were calculated based on
the weight changes of the evaporation containers. In addition, the pan
surface evaporation volume recorded (E;). In the following equations,
soil surface evaporation E; (kg/day) and pan surface evaporation Ep,
(kg/day) are converted into soil surface evaporation E;; (mm/day) and
pan surface evaporation Eg, (mm/day) (Yuan et al 2009):

10(mm'cm™")

Ey = E,s x 1000 cm’kg™
Asoil

@

10(mm'ecm™")

E,, = E,, x 1000 cn’kg™
Apan

(2)
where A, : the area of the soil surface (cm?), and Apgn: the area of
the pan surface(cm?).
To calculate the dry soil mass, use the following formula M,(Yuan et
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Fig. 5. Cumulative soil surface evaporation and evaporation time under three treatments basis on the fitting equation (a) bare soil, (b) under Concentrated-lighting

Agrivoltaic System, and (c) Even-lighting Agrivoltaic System.

al 2009):

M
B 1+ 0{1’5

s 3
where the 6, : water content of the air-dried soil (m®*m~2), and the
My, mass of air-dried soil (kg).

The volumetric water content (6,) of soil is the amount of liquid
water per unit volume. By dividing mass by density (p), volume is
calculated as follows (By Jim Bilskie):
g, = OsPuon @

Pwater

where 6,: Gravimetric water content (kg), p,,;: the density of the air-
dry soil (g cm™3), p,,ue: the density of water, which is close to 1 g cm™3.
The mass of water per mass of dry soil is known as gravimetric water
content (6,) (By Jim Bilskie). It is the mass of water per mass of dry soil.
The value of (6;) is obtained by subtracting the weight of dry soil (my,)
from the weight of wet soil (m,.), and then dividing by the weight of dry
soil.

_ Myyer — Mygyy

0y ()

mdry
On the first day (M;), the initial masses of the soil water are calcu-
lated by the following equation: (Yuan et al 2009):

My =M +M; X Oy ©

where My, Is the absorbed water (kg) (the absorbed water is the
weight of change of the evaporation containers before and after being
placed in the water tank), M; Is the dry soil mass in (kg), and 04 Is the
air-dried soil water content in (m*m~2). The surface evaporation on an i
th dayisgivenasEn; (i=1, 2, ......... , 45), while the masses of the soil
water on an i ™ day (M;) are:
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M; =My — Epi1(i = 2; 3; )

On an i ™ day, the soil water content ; It is estimated as follows:

M
0 = ﬁ:(i =1;2;- -1 45)° (8
2.6. Statistical analysis: We applied a linear regression model:
y = py+pix+e 9

where f, is the regression line’s y-intercept, f#, is the regression line’s
slope, and ¢ is the error term. The population parameters are by and b, :
the sample statistics used to estimate f, and 5, are b, andb;.

b = by + bix (10)

where B Is the anticipated y value for a given x value, by, is the line’s
y-intercept, and b is the line’s slope.

The gradient () is tested for significance between the cumulative
water evaporation and evaporation times. If the gradient of the line
p1 # 0, there is a relationship between cumulative water evaporation
and evaporation times. Tests for significance of the slope coefficient of
the regression model were using a level of @ = 0:05 (Loftus 2022). The
SPSS25.0 program was used to estimate the linear regression equation,
R? (coefficient of determination), R (correlation coefficient), and
ANOVA test.
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Fig. 6. The effect of the three experiments on the evaporation of water from the surface of the pan (a) daily water surface evaporation (mm), (b) cumulative pan

surface evaporation (mm), and (c) solar radiation (W/m2).

Table 2
The output of the SPSS shows the model Summary® of the three treatments.

Mode R R? Adjusted R? Standard Error of the Estimate
The bare soil

1 0.962a 0.925 0.923 5.32244
Concentrated-lighting Agrivoltaic System

1 0.965a 0.932 0.930 4.11391

Even-lighting Agrivoltaic System

1 0.967a 0.936 0.934 3.57019

a. Predictors: (Constant), Evaporation time (d), and b. Dependent Variable:
Cumulative soil surface evaporation (mm).

3. Results and discussion

3.1. The mechanism of water evaporation reduction under agrivoltaic
systems development

Due to surface evaporation, capillary force moves water from the soil
profile to the surface. Consequently, water from the soil surface evap-
orates to form water vapor and diffuses into the atmosphere. Evapora-
tion occurs when water vapor diffuses into the air at the air-water
interface. Therefore, reducing the air-water interface interaction can
reduce evaporation.

The evaporation restriction mechanism under agrivoltaic sys-
tems development is as follows: Firstly, the CAS uses optical inter-
ference multilayer films to match the transmittance spectrum and
reflection spectrum wavelengths. Thus, the red, blue, and far-red light
can be selected and transmitted from sunlight for plants’ photosynthesis,
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Table 3
The output of the SPSS shows the analysis variance (ANOVA?) of the three
treatments.

Mode Sum of df Mean F Significant
Squares Square

The bare soil

1 Regression 15069.325 1 15069.325 531.951 0.000"
Residual 1218.122 43 28.328

—  Total 16287.447 44

Concentrated-lighting Agrivoltaic System

1  Regression  9917.708 1 9917.708 586.006  0.000°
Residual 727.742 43 16.924
Total 10645.451 44

Even-lighting Agrivoltaic System

1  Regression  7979.882 1 7979.882 626.057  0.000°
Residual 548.089 43 12746
Total 8527.971 44

a. Dependent Variable: Cumulative soil surface evaporation (mm) and b. Pre-
dictors: (Constant), Evaporation time (d).

and all other wavelengths can be reflected to generate electricity. This
means bent glass cover with the multilayer films removes the high-
intensity sunlight that impacts the surfaces of water, soil, and plants/
crops on the agricultural land and transmits only the intensity impact
plants growth (Li et al 2021b, Li et al 2021c). Thus, it can solve the
factors influencing water loss, drought, and desertification. Secondly,
the EAS uses grooves glass in the middle of two PV panels. The grooved
glass structure allows sunlight evenly distributed under the grooved
glass and PV panels. Therefore, only a part of full sunlight reaches the
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Table 4
The output of the SPSS shows a Coefficients® table of the three treatments.
Model Unstandardized Coefficients Standardized Coefficients t Significant
B Standard Error Beta
The bare soil
1 (Constant) 23.392 1.614 14.496 0.000
- Evaporation time (d) 1.409 0.061 0.962 23.064 0.000
Concentrated-lighting Agrivoltaic System
1 (Constant) 17.138 1.247 13.740 0.000
Evaporation time (d) 1.143 0.047 0.965 24.208 0.000
Even-lighting Agrivoltaic System
1 (Constant) 12.809 1.082 11.834 0.000
Evaporation time (d) 1.025 0.041 0.967 25.021 0.000

a. Dependent Variable: Cumulative soil surface evaporation (mm).

Fig. 7. Cumulative pan surface evaporation and time under three treatments basis on the fitting equation (a) bare soil, (b) under Concentrated-lighting Agrivoltaic

System, and (c) Even-lighting Agrivoltaic System.

Table 5
The output of the SPSS shows the model Summary® of the three treatments.

Mode R R? Adjusted R? Standard Error of the Estimate
The bare soil

1 0.996* 0.991 0.991 8.06559
Concentrated-lighting Agrivoltaic System

1 0.9917 0.982 0.982 9.92348

Even-lighting Agrivoltaic System

1 0.989% 0.978 0.978 10.71225

a. Predictors: (Constant), Evaporation time (d), and b. Dependent Variable:
Cumulative soil surface evaporation (mm).

soil surface under the EAS. Sunlight that reaches the soil’s surface can
reduce the influence on water loss and land desertification. Therefore,
the frequent drought waves and the higher sunlight intensity can be
reduced (Zheng et al 2021, Zheng et al 2019). Thirdly, the CAS and EAS
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prevent direct sunlight from reaching the soil surface, thus reducing
interaction at the air-water interface. As a result, the processes of the
capillary force can be reduced, preventing liquid water from rapidly
diffusing off the soil surface. Finally, the moisture or vapor contained
within the soil surface is relatively high under the CAS and EAS due to
poor vapor diffusion. Therefore, water evaporation from the soil and pan
surfaces can be reduced.

3.2. Cumulative evaporation of water from the soil surface:

As time functions, the cumulative soil surface evaporation processes
in all three treatments are shown in Fig. 4b. S1 offers the daily soil
surface evaporation analysis. The cumulative soil surface evaporation in
the CK, under CAS, and EAS were 80.53 mm, 63.38 mm, and 54.14 mm,
respectively. Throughout the 45 days, the control treatment CK had the
highest cumulative evaporation; in contrast, the CAS and the EAS had
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Table 6
The output of the SPSS shows the analysis variance (ANOVA?) of the three
treatments.

Mode Sum of df Mean F Significant
Squares Square

The bare soil

1  Regression  311340.197 1 311340.197  4785.890  0.000°
Residual 2797.312 43 65.054

—  Total 314137.510 44

Concentrated-lighting Agrivoltaic System

1  Regression  236130.016 1 236130.016  2397.858  0.000°
Residual 4234.443 43 98.475
Total 240364.459 44

Even-lighting Agrivoltaic System

1 Regression 221991.694 1 221991.694 1934.531 0.000°
Residual 4934.346 43 114.752
Total 226926.040 44

a. Dependent Variable: Cumulative soil surface evaporation (mm) and b. Pre-
dictors: (Constant), Evaporation time (d).

the lowest cumulative evaporation. Compared with CK, the CAS and EAS
have significantly reduced cumulative soil surface evaporation by 21 %
and 33 %. The water evaporation from the soil surface is influenced by
soil water content and weather conditions. S4 shows the weather con-
ditions recorded during experiment time. This experiment directly
exposed the weather conditions on the CK soil surface. Fig. 4a and 4c
show the daily soil water evaporation and gradual loss of soil water
content (demonstrated in S3). As can be seen quantitatively, the evap-
oration was significant in the CK in the first eight days, but it was mean
in the CAS and EAS. The evaporation was unstable from the ninth to the
twenty-eighth day. From the twenty-ninth day until the last day, the
evaporation was stable in the CAS and EAS but unstable in the CK. That
proves the CAS and EAS can maintain the soil moisture, even if the
sunlight intensity is high.

Fig. 4d shows the three treatments’ mean temperature during the
experiment period. There is a relationship between temperature and
intensity of sunlight; when the temperature increases, the sun’s intensity
also increases. We note that when sunlight is high, the process of water
evaporation increases in the CK. In contrast, the sun’s intensity under
CAS and EAS is low; therefore, evaporation is slow. Consequently, the
water evaporation can be reduced. We can notice from Fig. 4d average
temperature under the EAS is smaller than that of the CAS, and from
Fig. 6C, the intensity of sunlight under the EAS is less than that of CAS.
Therefore, the average air temperatures will be highly saturated, which
leads to a decrease in the water vapor diffuses to air at the air-water
interface at the soil surface under the EAS. Therefore, the accumulation
of water evaporation in EAS is less than that of CAS, as shown in Fig. 4a.

In CAS and EAS, soil water content does not influence the evapora-
tion process. However, the soil water content in the CK influenced the
evaporation process over the first six days. The soil water evaporation
was fast, and the soil water content dropped rapidly. After evaporation,
the rapid loss of soil water in the first few days resulted indeed in a soil
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water shortage. The reach of partial sunlight under the CAS and EAS
limited the soil water evaporation to optimize the soil surface under CAS
and EAS from the first day to the last day. By the end of the experiments,
the soil moisture conservation in CAS and EAS was 35 % and 39 %,
respectively, compared to CK at 26 %. Thus, the CAS and EAS saved 33
% and 51 % soil water content.

The SPSS statistical analysis outputs in Fig. 5 and Tables 2, 3, and 4
explain the relationship between evaporation time and cumulative soil
surface evaporation in the CK and under CAS and EAS. The coefficients
in these tables are the most crucial. They contain the coefficients for the
regression equation and tests of significance. The ‘B’ column in the co-
efficients (Table 4) in CK, under CAS, and EAS, respectively, gives us the
regression line’s gradient values and intercept terms. The simple linear
regression equation is shown in Fig. 5 for the three treatments. The
critical information from Table 2 is the R? values of 0.925, 0.932, and
0.936 in CK, under CAS, and EAS, respectively. That indicates only
models can explain 92.5 %, 93.2 %, and 93.6 % of the cumulative soil
surface evaporation. That is relatively high, so predictions from the
regression equation are quite reliable. It also means that the variation of
only 7.5 %, 6.8 %, and 6.4 % in CK, under CAS, and EAS, respectively,
still need to be investigated further.

Simple linear regression was carried out to investigate the relation-
ship between evaporation time and cumulative soil surface evaporation.
The scatterplot showed a strong positive linear relationship between the
evaporation time and cumulative evaporation, confirmed by a correla-
tion coefficient shown in Table 2 of 0.962, 0.965, and 0.967 in CK, under
CAS, and EAS. Simple linear regression showed a significant relationship
between evaporation time and cumulative soil surface evaporation
(Significant = 0.000 < @ = 0:05) shown in the ANOVA Table 3 in CK,
under CAS, and EAS. The slope coefficient for the ‘B’ column in Table 4
were 1.409, 1.143, and 1.025 in KC, under GS, and GMF. Hence, the
cumulative soil surface evaporation (mm) increases by 1.409, 1.143,
and 1.025 in CK, under CAS and EAS.

3.3. Cumulative evaporation of pan surface evaporation

The cumulative evaporation processes of the pan surface as a func-
tion of time are shown in Fig. 6b. The S2 offers the daily water pan
evaporation analysis. The cumulative water evaporation of the pan
surface in the CK, under the CAS, and the EAS were 278.76 mm, 238.52
mm, and 225.85 mm, respectively. Solar radiation influenced the
evaporation process. The reach of partial sunlight on the soil surface
under CAS and the EAS impact reduces water evaporation. Fig. 6a is
shown the daily soil water evaporation, and Fig. 6a and 6¢ demonstrate
that the evaporation from the pan surface is related to the sun’s influ-
ence on three treatments. The evaporation was higher on the CK and
lowered under the CAS and EAS. That means the total sunlight affects
more than partial sunlight on water evaporation. Thus, under CAS and
EAS, the amount of sun reaching soil and pan surfaces is less than that of
the CK. Compared to CK, the cumulative water surface evaporation

Table 7
The output of the SPSS shows a Coefficients® table of the three treatments.
Model Unstandardized Coefficients Standardized Coefficients t Significant
B Standard Error Beta
The bare soil
1 (Constant) —10.969 2.445 —4.486 0.000
- Evaporation time (d) 6.405 0.093 0.996 69.180 0.000
Concentrated-lighting Agrivoltaic System
1 (Constant) -16.172 3.009 —5.375 0.000
Evaporation time (d) 5.578 0.114 0.991 48.968 0.000
Even-lighting Agrivoltaic System
1 (Constant) —21.060 3.248 —6.484 0.000
Evaporation time (d) 5.408 0.123 0.989 43.983 0.000

a. Dependent Variable: Cumulative soil surface evaporation (mm).

21



A. Ali Abaker Omer et al.

under CAS and EAS was decreased by 14 % and 19 %. Thus, the cu-
mulative pan surface evaporation value under the CAS and EAS reduces
water evaporation significantly.

That proves the CAS and EAS allow the soil surface to be reached
only spectrum wavelengths that provide plants with photo-
synthesis—blocking several unnecessary sunlight wavelengths. For 45
days, the average solar radiation under EAS and CAS was 22 %, and 28
compared to CK was 55 %. The previous findings support the conclu-
sions of these investigations, showing that under the influence of CAS,
evaporation can be reduced by more than 25 %. This evaporation
reduction significantly impacts crop quality and yield (Li et al 2021c, Liu
et al 2018).

The SPSS statistical analysis outputs in Fig. 7 and Tables 5, 6, and 7
explain the relationship between evaporation time and cumulative pan
surface evaporation in the CK, under CAS, and EAS. The coefficients in
the table are the most crucial ones. The coefficients for the regression
equation and the evaluation for significance are shown in Table 5. The
‘B’ column in Table 7 in KC, under CAS, and EAS, gives the values of the
gradient and interception terms for the regression line. The simple linear
regression equation is shown in Fig. 7. The critical information from
Table 5 is the R? values of 0.991, 0.982, and 0.978 in CK, under CAS, and
EAS, indicating that only models can explain 99.1 %, 98.2 %, and 97.8 %
cumulative pan surface evaporation. That is relatively high, so pre-
dictions from the regression equation are reasonably trustable. It also
means that only 0.9 %, 1.8 %, and 2.2 % in CK, under CAS, and EAS, of
the variation, is still unexplained; thus, adding other independent var-
iables could improve the fit of the models.

The relationship between evaporation time and cumulative surface
evaporation was investigated using simple linear regression. Based on
the scatterplot, we found a strong positive linear relationship between
evaporation time and cumulative evaporation, as shown in Table 5. We
obtained correlation coefficients of 0.996, 0.991, and 0.989 for the CK,
CAS, and EAS variables. Simple linear regression showed a significant
relationship between evaporation time and cumulative pan surface
evaporation (Significant = 0.000 < @ = 0:05) shown in the ANOVA
Table 6 in KC, under CAS and EAS. The slope coefficient in the ‘B’ col-
umn in Table 7 was 6.405, 6.578, and 5.408 in CK, respectively, under
CAS and EAS. Hence, the cumulative soil surface evaporation increases
by 6.405, 6.578, and 5.408 in CK under CAS and EAS.

4. Conclusion:

The agrivoltaic systems have grown worldwide in recent years. The
major advantages are to generate electricity and crop growth simulta-
neously on the same land. This paper presents strong evidence from a
quantitative study of reduced water evaporation, which is the third
benefit of the AgriVoltaic Systems Development (AVSD). Our study re-
sults have shown that sunlight can pass through AVSD to reach the
ground, and water evaporation reduction occurs significantly. We
determined CK’s cumulative soil and pan surface evaporation under CAS
and EAS. We investigated the relationship between cumulative surface
evaporation and evaporation time using SPSS software. Our results are
summarized below:

a. The cumulative soil surface evaporation during the experiment
period in the CK, under the CAS, and the EAS were 80.53 mm, 63.38
mm, and 54.14 mm; thus, CAS and EAS significantly reduced water
evaporation at 21 % and 33 % of the soil surface evaporation.

b. The cumulative evaporation of the pan surface during the experi-
ment period in the CK, under the CAS, and the EAS were 278.76 mm,
238.52 mm, and 225.85 mm; thus, the CAS and EAS significantly
reduced water evaporation at 14 % and 19 % of the pan surface
evaporation.

c. By the end of the experiment, the soil water content during the
experiment period of CK, CAS, and EAS was considered a total of 26
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%, 35 %, and 39 %, respectively. Thus, the CAS and EAS have saved
soil water content at 33 % and 51 %.

d. According to the data logged by meteorological stations for three
experimental treatments, the average solar radiation of the total time
of the experiment (45 days) in the CK, under the CAS, and the EAS
was 55 %, 28 %, and 22 %.

We trust that the AVSD could help overcome the challenges of water
scarcity, food supply, and energy production simultaneously on the
same land.
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