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A B S T R A C T

Agrivoltaic systems, which co-locate solar photovoltaic systems and croplands, can potentially optimize land use. 
However, current models cannot represent all key factors regarding solar radiation and water depth on the 
ground surface under solar panels. This study developed a field-scale model, AVS-Microclimate, that can 
represent the key factors focusing on redistributions of solar radiation, precipitation (rainfall and snowfall), 
melted snow (snow on panel and ground), and solar panel cleaning water on the ground surface under solar 
panels in agrivoltaic systems. The AVS-Microclimate model was demonstrated through three-dimensional sim
ulations of an agrivoltaic site in Colorado, USA. The precipitation, melted snow, and solar panel cleaning water 
redistribution module were parameterized using observed data, which showed a strong alignment for water 
distribution (percent bias: − 1.64%, coefficient of determination: 0.95, and Nash-Sutcliffe efficiency: 0.95). The 
redistribution of solar radiation and water depth (precipitation, melted snow, and solar panel cleaning water) on 
the ground grids varied greatly for different weather conditions, grids, and/or times (dates and times of a day). 
The AVS-Microclimate can assist decision-making by assessing how layouts (inclinations, azimuth angles, 
heights, spacing) and sizes (lengths/widths) of solar photovoltaic panels affect solar radiation and water depth 
under solar panels, which are critical for crop production in agrivoltaic systems.

1. Introduction

Global energy and food consumption is projected to increase signif
icantly because of growing population and economic expansion [1]. 
These factors are driving research and development of renewable energy 
sources that can both complement and replace fossil fuels. In addition, 
the improvement of food production and increase of land use efficiency 
are essential to meet food security. Installing utility-scale photovoltaic 
(PV) solar arrays is one of the effective solutions to meet energy needs. In 
2010, electricity from solar PV systems accounted for 4% of all new 
electricity-generating capacity additions in the United States, while the 

first three quarters of 2023 witnessed a rapid increase of this statistic to 
48% [2]. However, building more solar PV systems requires large 
amounts of land. This has resulted in competition for land that has 
previously been utilized for agricultural purposes [3]. Furthermore, 
water use is crucial for irrigated agriculture. As water scarcity and 
depletion increase, its capacity to sustain agriculture is diminishing. 
Therefore, effective management of solar energy, food production, and 
water use in the context of Food-Energy-Water (FEW) nexus is a key 
challenge for sustainable development.

Agrivoltaic systems (AVS), which co-locate solar PV systems and 
cropland areas of agro-ecosystems to generate food and electricity, are 
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increasingly being recognized as a sustainable way to address the 
simultaneous issues of food security, water use, and renewable energy 
generation [4,5]. These systems, designed to exploit solar energy on 
agricultural land, provide a promising pathway towards maximizing 
land use efficiency and fostering symbiotic relationships between 
farming and energy production [6]. By mounting solar PV panels above 
crops, AVS not only generate clean electricity but also provide shade, 
which may lead to reduced water evaporation, improved plant growth 
conditions, and potentially increased agricultural yield in certain envi
ronments. This dual-use approach addresses the often competing de
mands for land by promoting coexistence and mutual benefit [7].

The microclimate, water, electricity generation, and crop growth in 
AVS have been investigated by field-scale experiments [3,8]. In addi
tion, some computer models were developed to simulate AVS [9]. The 
impacts of AVS on electricity generation, crop growth/yield, and water 
quantity/quality in the context of Food-Energy-Water nexus are influ
enced by various key factors. These factors include the layouts (in
clinations, azimuth angles, heights, spacing) and sizes (lengths/widths) 
of solar PV panels, solar panel efficiency (self-shading, solar panel 
temperature, dust coverage, and snow coverage), crop species, field 
scale microclimate under/near solar panels (precipitation, wind, air 
temperature, solar radiation, and relative humidity), soil types and 
properties (moisture, temperature, and chemicals), and water usage 
(solar panel cleaning and irrigation).

Although solar panels can alter air temperature, wind speed, and 
relative humidity under solar panels [6,8] and these can lead to the 
changes in soil moisture and evapotranspiration, the scope of the present 
study focuses on the redistributions of solar radiation, precipitation 
(rainfall and snowfall), melted snow (snow on panel and snow on 
ground), and solar panel cleaning water under solar panels in AVS. 
Processes such as evapotranspiration under solar panels, soil moisture 
dynamics, PV panel temperature, PV efficiency, solar panel self-shading, 
and atmospheric variables (air temperature, wind speed, and relative 
humidity under solar panels) are not explicitly modeled and are 
considered outside the scope of the present study. However, current 
computer models lack the ability to represent all key factors regarding 
the redistributions of solar radiation, precipitation (rainfall and snow
fall), melted snow (snow on panel and snow on ground), and solar panel 
cleaning water on the ground surface under solar panels in AVS, which 
are critical components of microclimatic conditions affecting crop 
production.

For example, Amaducci et al. [10] created a radiation model to 
simulate solar radiation distribution in AVS that uses two-axis trackers. 
The "study area unit" was represented by a polygon divided into pixels. 
At each time step, the condition of a pixel (whether shaded or not) was 
established by overlapping the shaded region with the study area. Only 
diffuse radiation was received by shaded pixels, while unshaded pixels 
received both diffuse and direct radiation. However, the model cannot 
simulate water redistribution under solar panels. A tool was developed 
by Silva et al. [11] for calculating the reduced solar radiation on solar PV 
panels due to surrounding obstacles (e.g., buildings). However, the 
method in the tool needs to be improved to calculate the solar radiation 
reaching the ground under solar PV panels.

In addition, the three-dimensional (3D) redistribution of precipita
tion (rainfall and snowfall), melted snow (snow on panel and snow on 
ground), and cleaning water beneath solar panels has not been 
adequately considered in previous studies. Elamri et al. [12] developed 
the AVRAIN model to analyze rain distribution in a field-scale AVS as a 
function of solar PV panel tilt, height, and size; however, the model only 
includes the vertical (x, z) plane without evaluating the significant ef
fects of wind on rainfall in the y direction. Therefore, an approach needs 
to be created to represent the redistribution of precipitation, melted 
snow, and cleaning water in 3D direction under solar panels. No pre
vious studies considered the relationship between depression storage 
depth and tilt angle of solar PV panels, which is important for water 
balance in both non-tracking and tracking PV systems.

Therefore, a field-scale model capable of representing the key pro
cesses governing solar radiation and water redistribution beneath solar 
panels is needed to support decision-making in AVS design and man
agement. The objectives of the paper were: (1) develop a field-scale 
model (AVS-Microclimate) focusing on the redistributions of solar ra
diation, precipitation (rainfall and snowfall), melted snow (snow on 
panel and snow on ground), and solar panel cleaning water under solar 
panels in AVS; and (2) demonstrate the AVS-Microclimate model to 
simulate the impacts of AVS on the redistribution of solar radiation and 
water depth (precipitation, melted snow, and solar panel cleaning 
water) under solar panels in a case study area.

This study contributes a novel field-scale model that simulates the 
redistribution of solar radiation and water (rainfall and snowfall, 
snowmelt on both panels and ground, and solar panel cleaning water) on 
the ground surface beneath solar panels in AVS. Unlike existing ap
proaches, the model integrates these processes within a three- 
dimensional framework and enables assessment of how panel layout 
(inclination, azimuth angle, height, and spacing) and size influence 
spatial patterns of solar radiation and water depth beneath the panels. 
These capabilities can assist decision-making in AVS design, with direct 
relevance to crop production.

2. Creation of the AVS-Microclimate model to assess the 
redistributions of solar radiation, precipitation, melted snow, 
and solar panel cleaning water under solar panels in AVS

2.1. Ground and solar panel position module

The ground is created by four vertices (V1, V2, V3, and V4) using 
Cartesian coordinates (Fig. 1), and each vertex is displaced by executing 
two rotations and one translational movement (D) [11]. Specifically, 
each vertex's coordinate (with the coordinates of vx, vy, and vz) is 
multiplied by rotation matrices (Ry and Rz) to carry out the two rota
tions. The first rotation occurs around the y-axis and is associated with 
the tilt angle (β) of the ground. The second rotation occurs around the 
z-axis and relates to the azimuth angle (γ) of the ground. The trans
lational displacement is achieved by adding the displacement vector (D) 
to the coordinate of each vertex (Eq. (1) and Eq. (2)). More details are in 
the paper by Silva et al. [11]. 

Vi =Ry(β) ×Rz(γ)×

⎛

⎝
vx
vy
vz

⎞

⎠+ D Eq. 1 

Ry(β) =

⎡

⎣
cos β 0 sin β

0 1 0
− sin β 0 cos β

⎤

⎦; Rz(γ)=

⎡

⎣
cos γ − sin γ 0
sin γ cos γ 0

0 0 1

⎤

⎦ Eq. 2 

Fig. 1. The vertices of each ground corner with tilt angle (β) and azimuth angle 
(γ) [11].
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Using the above method, the ground is divided into square grids to 
analyze the changes in each grid of the ground. Similar to the ground, a 
solar panel is represented by eight vertices. Each vertex represents one 
of the solar panel's corners using the dimensions of length, width, 
thickness, position, tilt angle, and azimuth [11].

2.2. Solar radiation redistribution module

2.2.1. Create the shading of solar panels on the ground
The shading of the direct radiation occurs if an object (i.e. a solar PV 

panel) is placed between the position of the sun and the ground. Sun 
position, expressed by the elevation angle (αs) and azimuth (γs), is 
determined using the Sun Position Algorithm [13] (Fig. 2a).

Fig. 2b shows one projected vertex of the solar panel on the ground 
for each timestep. Vectors Vi (i = 1,2,3,4) are the corners of the ground 
while vectors Pi (i = 1,2,3,4) are used to determine four vertices of a 
solar panel. The coordinates of shadow projection (S1) are calculated as 
the intersection of a ray (defined by the solar panel vertex P1) and a 
plane (defined by the ground V1,V2,V3, and V4) [11,14] (Fig. 2b). The 
following equations (Eq. (3), Eq. (4), and Eq. (5)) determine the shadow 
position (S1) of a single point P1 between the sun and a surface [14]. 

S1 =P1 −

[
a × (P1 − V1)

a × s

]

× s Eq. 3 

a=(V4 − V1) × (V2 − V1) Eq. 4 

s=

⎡

⎣
cos γs.cos αs
sin γs.cos αs

sin αs

⎤

⎦ Eq. 5 

where a is a vector perpendicular to the panel; P1 is the vertex of a solar 
panel corner; S1 is the projection of P1 on the plane defined by the panel; 

and s is the unit vector indicating the position of the sun. The other 
coordinates of shadow projection (S2, S3, and S4) are calculated using the 
same approach. Further details about creating shadow on a tilted plane 
due to an object are in Quaschning and Hanitsch [14].

2.2.2. Calculate the solar radiation beneath solar panels
The shadows cast by solar PV panels on the ground vary in size and 

position as the sun moves. Shading factors, including direct shading 
factor (fB) and diffuse shading factor (fD) that lower the amount of light 
reaching the ground surface, is a common method to present the effect of 
shadows on a surface [14]. Solar radiation under solar panels is calcu
lated for each grid using the following steps. 

• Divide the ground into many square grids with specific sizes (e.g., 
1m × 1m) to precisely compute the shaded area.

• Calculate the fB and fD for each grid at each timestep. A shading table 
is created as a matrix of direct shading factors [11]. The columns 
correspond to sun azimuth angles and the rows correspond to sun 
elevation angles. All azimuth angles from − 180◦ to +180◦ and 
elevation angles from 0◦ to 90◦ are applied to compute the shading 
factors. 
(i) Direct shading factor (Eq. (6)).

fB =
Ashade

Atot
Eq. 6 

where Ashade is the shaded area obtained by the projection on the ground 
(m2); and Atot is the total ground area (m2). 

(ii) Diffuse shading factor.

This factor is constant over time and has to be determined only once 
[11,14]. For an isotropic and discretized sky, the shading table was also 
used to estimate the diffuse shading factor in Eq. (7) [11]. 

fD =

∑91

i=1

∑361

i=1
fbij cos

(
θij
)
cos(αi)

∑91

i=1

∑361

i=1
cos

(
θij
)
cos(αi)

Eq. 7 

where cos(θij) is the angle of incidence at elevation angle i (from 0 to 
90◦) and azimuth j (from 0 to 360◦); cos(α) factor takes into account that 
the hemisphere subdivisions are smaller when the elevation angle is 
closer to 90◦ [11]. 

• Calculate direct and diffuse radiation (Eq. (8), Eq. (9)) reaching the 
grids [14]:

It,s =(1 − fB) × Ib Eq. 8 

Dt,s =(1 − fD) × Id Eq. 9 

where It,s is the direct radiation on a tilted and shaded plane (the grids); 
Ib is the direct radiation; and fB is direct shading factor; Dt,s is the diffuse 
radiation reaching the grids; Id is the diffuse radiation; and fD is the 
diffuse shading factor. Ib and Id are calculated based on the methodol
ogies described in previous studies [15,16]. 

• Calculate irradiance (Eq. (10)) reaching the grids (Gt,s) [14]:

Gt,s = It,s + Dt,s Eq. 10 

This study focuses on the redistribution of solar radiation and water 
on the ground beneath solar panels. Surface albedo effects, which can 
influence radiation interactions, are beyond the scope of the present 
study and are therefore not explicitly considered.

Fig. 2. Relationship between the angles at a tilted solar panel (a) and deter
mination of the shadow position of a solar panel vertex (b) [14].
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2.3. Snowfall and snowmelt module

As part of the snow module of the AVS-Microclimate model, the 
snowfall and snowmelt module integrated the methods in the Soil and 
Water Assessment Tool (SWAT) [17]. If the mean daily air temperature 
is lower than the boundary temperature (Ts-r), precipitation is classified 
as snowfall, and the snow water equivalent (volume of water contained 
in the snowpack) is added to the snowpack. The snowpack at the ground 
surface will increase with further snowfall, or diminish through snow
melt or sublimation. The mass balance for the snowpack is calculated in 
Eq. (11): 

SNOt = SNOt− 1 + Rday,t − Esub,t − SNOmlt,t Eq. 11 

where SNOt and SNOt-1 are the water content of the snowpack on day t 
and day t‒1, respectively (mm H2O), Rday,t is the amount of precipita
tion on day t (mm H2O), Esub,t is the amount of sublimation on day t (mm 
H2O), and SNOmlt,t is the amount of snowmelt on day t (mm H2O).

The following equation (Eq. (12)) is used to compute the snowmelt 
on a given day. 

SNOmlt,t = bmlt × snocov ×

[
Tsnow + Tmx

2
− Tmlt

]

Eq. 12 

where SNOmlt,t is the amount of snowmelt on day t (mm H2O), bmlt is the 
melt factor (mm H2O/day-oC), snocov is the fraction of the area covered 
by snow, Tsnow is the snow pack temperature (oC), Tmx is the maximum 
air temperature (oC), and Tmlt is the base temperature above which 
snowmelt is allowed (oC). The calculation of other parameters is detailed 
in Neitsch et al. [17].

When there is snowpack on solar panels or ground, snowmelt occurs; 
and when the snowpack is no longer present, the melting stops. The 
melted snow from solar panels falls on the ground, while slid snowpack 
from solar panels [18] is added to the snowpack on the ground.

2.4. Precipitation, melted snow, and solar panel cleaning water 
redistribution module

The 3D redistribution of precipitation (rainfall/snowfall), melted 
snow, and cleaning water in the AVS-Microclimate model considers 
ground features, solar PV panel features, and wind velocity/direction. 
The following section outlines the steps following the same computa
tional framework used for solar radiation, with necessary modifications 
to suit this context. 

• Create ground and solar panel positions (shown in Section 2.1).
• Estimate shading area on the ground.

To model the shading area created by precipitation (i.e., area on the 
ground not receiving direct rainfall or snowfall due to solar panels), we 
developed a method analogous to that used for calculating shading from 
direct solar radiation. This approach is justified by the approximate 
geometric similarities in how both solar radiation and precipitation 
produce shadows (Table 1). Consequently, the rainfall/snowfall direc
tion, rather than the solar radiation path, is employed to determine the 
"rain shade" or "snow shade" area on the ground. This direction is 
derived from the precipitation elevation angle (a function of wind and 
falling precipitation velocities) and the precipitation azimuth (which 
follows the wind direction) (Table 1, Eq. (13)).

The rainfall or snowfall direction follows the wind direction [12], as 
shown in Eq. (13): 

tan(αR)=
Vw

Vd
Eq. 13 

where αR is the angle of incidence of precipitation with respect to the 
vertical axis; Vw is the velocity of the wind (m/s); and Vd is the velocity 

of the falling precipitation (m/s). 

• Identify “rain shade” or “snow shade” on the ground. The “rain shade” 
or “snow shade” on the ground is identified from corner points of a 
solar panel (Fig. 3a). Any area on ground within the rain or snow 
shade does not have direct rainfall or snowfall, while any area outside 
the rain or snow shade has direct rainfall or snowfall.

• Calculate direct shading factor of rainfall or snowfall (fp). Only direct 
shading factor is used because rainfall or snowfall is completely 
blocked by solar panels (impervious surface).

• Direct rainfall or snowfall depth on the rain-shaded plane s (in this 
case, it is the ground) with the presence of solar panels during the 
timestep t (Pt,s in mm) is calculated in Eq. 14

Pt,s =(1 − fP) × Pt Eq. 14 

where Pt is the rainfall or snowfall from weather stations during the 
timestep (mm). 

• Determine the water depth for every grid. 
a) The amount of rainfall or snowfall intercepted by solar panels (ΔPt 

in mm) during timestep t is calculated in Eq. (15):

ΔPt =Pt − Pt,s Eq. 15 

b) Calculate the water depth of melted snow on solar panels (Section 
2.3) and record water depth used for solar panel cleaning during the 
timestep.

c) Estimate evaporation and retained water on solar panels during 
timestep t in the water balance.
The Penman Monteith method (Eq. (16)) provides a good estimation 
of reservoir open-water evaporation [19]. The method is used to 
estimate the evaporation on the solar panel.

E=
0.408Δ(Rn − G) + γc

900
T+273u2(es − ea)

Δ + γc(1 + 0.34u2)
Eq. 16 

where E is surface evaporation rate (mm day− 1); Rn is net radiation (MJ 
m− 2 day− 1); G is soil heat flux density (MJ m− 2 day− 1); T is mean daily 
air temperature at 2 m height (◦C); u2 is wind speed at 2 m height (m 
s− 1); es is saturation vapour pressure (kPa); ea is actual vapour pressure 
(kPa); (es - ea) is saturation vapour pressure deficit (kPa); Δ is slope 
vapour pressure curve (kPa ◦C− 1); and γc is psychrometric constant (kPa 
◦C− 1).

The Penman–Monteith equation is applied only to water retained on 
panel surfaces (affects the redistribution of water reaching the ground 
surface). Penman–Monteith equation is not applied to crop or soil 
evapotranspiration because simulating evapotranspiration processes for 
soil/crops is not within the scope of this study.

Table 1 
Similarities in creating the shading of solar radiation and precipitation.

Comparison Solar radiation Precipitation (Rainfall or snowfall)

Shading on ground 
caused by solar 
panels

Shading created as 
described in section 
2.2

“Rain shade” or “snow shade” 
results in no direct precipitation in 
the shaded area

Factor to determine 
shading

Direct radiation Rainfall or snowfall

Position to be 
determined

Sun elevation angle 
(0-90◦) 
Sun azimuth (0- 
360◦)

Precipitation elevation angle: The 
angle of incidence of rainfall or 
snowfall caused by the wind. 
Elevation angle = 90◦ - αR 

Precipitation azimuth: Direction of 
wind (0-360◦) from weather 
stations.
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Fig. 3. (a) Water mass balance illustrating precipitation, rain shade and snow shade effects, and water-cycle processes in the AVS. (b) Three-dimensional repre
sentation of the study area used in the simulations; axis units are in millimeters (mm). (c) Top view of the study area showing the spatial distribution of free-falling 
water, where the yellow area indicates the free-fall zone. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of 
this article.)
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Retained water (depression storage depth) on solar panels (ds), in 
Fig. 4, is calculated by revising the method in the Storm Water Man
agement Model (SWMM) [20], as shown in Eq. (17): 

∂d
∂t

=P − E − q Eq. 17 

where P is the rate of rainfall, melted snow, or solar panel cleaning water 
intercepted on solar panels (mm/hour); E is the surface evaporation rate 
(mm/hour); d is the water depth accumulated above the panel surface 
during the timestep (mm); and q is the rate of free-falling water reaching 
the ground (water accumulated above ds) (mm/hour), presented in 
Fig. 3a.

The value of ds can be calculated by comparing the modeling results 
of free-falling water depth to experimental measurements. In addition, a 
method was created in the AVS-Microclimate model to calculate ds 
values for different tilt angles. For example, ds value is initially calcu
lated to be 0.85 mm at a 50◦ tilt angle based on experimental data 
(Fig. S1a in supplementary material). To determine ds values for other 
tilt angles, a hypothetical triangle with sides a and b is constructed to 
store water at the panel's lower edge (Fig. S1b in supplementary mate
rial). The triangular area (Atr) and rectangular area (Asq) (Table S1 in 
supplementary material) are maintained equal. Using the known ds 
value of 0.85 mm and the 50◦ angle, the value of a is calculated. This 
value is then used to calculate b for different tilt angles (β). Subse
quently, new triangular areas (Atr,new) and rectangular areas (Asq,new) 
are calculated (Table S1 in supplementary material). Finally, the cor
responding new ds values for different tilt angles are determined. 

d) Determine locations of free-falling water reaching grids.

After rainfall, snowfall (melted snow), and solar panel cleaning 
water are intercepted by solar panels and stored on solar panels, the 
remaining water becomes free-falling water from solar panels. Two 
points (x01, y01) and (x02, y02) are used to represent the lower edge of a 
solar PV panel (Fig. 3b and c). Two points (x1, y1) and (x2, y2), which 
represent the locations of free-falling water reaching grids, are deter
mined using Eq. (18)–(23).

Water falling from the panels follows the parabolic trajectory. Runoff 
velocity is computed with the Manning-Strickler formula [12]. 

lx = ax
T2

x
2

+ Vx cos αMTx + xo Eq. 18 

ax =2.10− 4

(
2.V2

wx
)

D
Eq. 19 

Tx =
Vx sin αM +

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(Vx sin αM)
2
+ 2gzo

√

g
Eq. 20 

where lx is the location that the free-falling water reaches ground (m) in 
x direction; Tx is the free-falling duration (s) in x direction; αM is the tilt 
angle of a solar panel (degree); ax is the acceleration due to the wind in 

the x direction (m/s2); Vwx is the wind velocity in x direction (m/s); Vx is 
the initial velocity of the free-falling water (m/s); D is diameter of a 
falling water drop (m); and xo and zo are the initial coordinates (m) of 
the falling water in the x and z direction of coordinate system, 
respectively.

To represent 3D processes, the (z-y) plane was created in the AVS- 
Microclimate model. The initial velocity of falling water in the direc
tion of y (Vy) is assumed to be zero. 

ly = ay
T2

y

2
+ VyTy + yo Eq. 21 

ay =2.10− 4

(
2.V2

wy

)

D
Eq. 22 

Ty =Tx Eq. 23 

where ly is the location that the free-falling water reaches ground (m) in 
y direction; Ty is the free-falling duration (s) in y direction; ay is the 
acceleration due to wind in the y direction; Vy is the initial velocity of 
the free-falling water (m/s); Vwy is the wind velocity in y direction; and 
yo is the initial coordinate of falling water. The water drop is only 
affected by the wind.

After calculating the locations of free-falling water (x1, y1) and (x2, 
y2), the distribution line is determined (the dash line within yellow grids 
in Fig. 3c). The distribution of water depth on grids from free-falling 
water (Grids 1-5 in Fig. 3c) would be calculated proportionally using 
method in Table S2 (supplementary material). The water depth on the 
grid in this method will vary with grid size. Furthermore, the distribu
tion line location will also be influenced by grid size and wind velocity. 
Distributed water depths are then added to the direct rainfall or snowfall 
(snowmelt) in each grid.

3. Case study: demonstration of the AVS-Microclimate model

3.1. Study area and data availability

The Agricultural Research, Development, and Education Center, 
South (ARDEC South), a part of Colorado State University (CSU), was 
selected as a case study area to demonstrate the application of the AVS- 
Microclimate model. Since 2018, CSU has been doing research in 
collaboration with Sandbox Solar of Fort Collins to experimentally 
investigate the impacts of small-scale pole-mounted solar PV panels on 
plants [21] (Fig. 5). Data in Table 2 from the experiment at ARDEC 
South and other sources were used to set up and demonstrate the 
AVS-Microclimate model. The dataset (2020–2022) originates from the 
most complete and reliable field observations available for the study 
site, and is therefore used in this current study. In addition, rain redis
tribution data (Table 3) were from Elamri et al. [12].

3.2. Case study demonstrating AVS-Microclimate model setup and 
components

The layout of the case study site at ARDEC South was set up in the 

Fig. 4. Nonlinear reservoir model of a solar panel [20]. Fig. 5. AVS experiments at the ARDEC South adapted from Ref. [22].
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AVS-Microclimate model to simulate microclimate conditions under 
solar panels (Fig. 6). One PV array with four solar PV panels was 
simulated. The impacts of AVS on microclimatic conditions under solar 
panels were evaluated to demonstrate the AVS-Microclimate model. 

• Calculate solar radiation redistribution on the ground co-located 
with solar PV panels in 3D space.

• The precipitation, melted snow, and solar panel cleaning water 
redistribution module of the AVS-Microclimate model was parame
terized using the rain redistribution data (Table 3) in Elamri et al. 
[12] considering the relationship between depression storage depth 
and tilt angle of solar PV panels, which is important for water bal
ance in both non-tracking and tracking PV systems. The size of 
ground grid (width × length) for simulation was 0.3 m × 0.3 m. As 
Elamri et al. [12] did not provide wind velocity information, a range 
of wind velocity values were applied to find the best ds value. Case 
number 05 was selected for this comparison, as it provided both 
simulated and experimental results of rain redistribution by solar 
panels.

• Calculate precipitation (rainfall and snowfall), melted snow (snow 
on panel and snow on ground), and solar panel cleaning water 
redistribution on the ground co-located with solar PV panels in 3D 
space. The simulated solar panel cleaning with pressurized water was 
conducted by presuming that cleaning is triggered once the soiling 
ratio - reflecting cumulative soiling losses - drops below a user- 
defined threshold of 0.97. The cleaning process involves pressur
ized water spraying onto the PV panels, applied at a rate equivalent 
to 2.1 mm of water over 0.5 min for each m2 of panel surface [26].

4. Results and discussion

The AVS-Microclimate model was developed in MATLAB. The model 
code is available upon request from the corresponding author. For the 
case study presented, simulations were conducted on a personal com
puter [CPU: core i7, RAM: 32 GB, OS: Windows 10]. A typical field-scale 
3D simulation in this study area (60 m2) with grid size of 1 m × 1 m 
required approximately 15 min. Computational demand scales primarily 
with spatial resolution and domain size. Increasing grid resolution and 
domain size increases runtime and memory requirements proportion
ally. Parallel computing can be used to increase computational 
efficiency.

4.1. Solar radiation redistribution on the ground co-located with solar PV 
panels

The hourly simulation of solar radiation redistribution on the ground 
co-located with solar PV panels was run over the period from 0:00 on 
June 1, 2020 to 23:00 on September 30, 2022. Two examples of sun 

Table 2 
Data availability for the case study site at ARDEC South.

Type of data Details

Data from the study at ARDEC South [22], [23]
Location of the field 40.61◦ latitude and − 104.99◦

longitude
Elevation of the field 1523 m
PV model Jinko Solar's JKM325PP-72, 325W
PV material Polycrystalline silicon (Opaque Si), 

0% transparency
Size of solar panel 1956 mm × 992 mm × 41 mm
Operation inclination and facing 35◦ , face south
Height of the lower edge of PV array 1.22 m
Height of the upper edge of PV array 2.36 m
Size of area: Width × Length × Depth 60 m × 100 m × 1 m
Data from other sources
Hourly precipitation from June 1, 2020 to 

September 30, 2022.
NASA Center for Climate 
Simulation [24]

Other hourly climate data (air temperature, 
relative humidity, solar radiation, and wind 
speed) from June 1, 2020 to September 30, 
2022.

CoAgMET, Colorado State 
University [25]

Table 3 
Rain redistribution data for parameterizing the precipitation, melted snow, and 
solar panel cleaning water redistribution module of the AVS-Microclimate 
model [12].

Type of data Value

Tilt angle (αPV) 50◦

Height of solar panel (above the ground) 5 m
Rainfall (P0) 4.1 mm
Panel direction to the wind Back to the wind
Size of a solar panel (width × length) 2 m × 1 m
Date March 17th, 2016
Water depths in different locations (mm) Varies

Fig. 6. Layout of the case study site at ARDEC South in the AVS-Microclimate model to simulate microclimatic conditions under solar panels (sizes of 
grids: 1 m × 1 m).

A.H. Nguyen et al.                                                                                                                                                                                                                              Renewable Energy 273 (2026) 126108 

7 



route in summer and winter were taken to show the results (Fig. S2 in 
supplementary material).

The first example happened in the summer at 12 p.m. on June 1, 
2020, when the elevation angle of the sun reached the highest value of 
80◦ and provided very strong solar radiation (798.6 Wh/m2). The 
heatmap in Fig. 7a shows that the shaded grids beneath solar PV panels 
had significantly lower solar radiation compared to the grids far away 
from the panels. Two grids received the lowest solar radiation of 
195.2 Wh/m2.

For the second example happened in the winter at 12 p.m. on 
December 21, 2020, the sun elevation angle was at the lowest value of 
30◦. This led to significantly lower solar radiation (414.5 Wh/m2) 
compared to the first example (Fig. 7b). One grid received the lowest 
solar radiation of 143.0 Wh/m2. The shadow of solar PV panels in the 
winter was larger and further away from the solar panels compared to 
that in the summer. The results indicate that solar radiation redistri
bution on the ground grids co-located with solar PV panels vary for 
different grids and different times (dates and times of a day). During 
winter, lower solar elevation angles increase shadow length, resulting in 
deeper and more extensive low-radiation zones beneath the solar panel 
arrays compared to summer conditions. This pattern is consistent with 
findings reported by Appelbaum [27].

The results show that solar radiation at the most shaded grid reduced 
by up to 85% compared to the most exposed grid during summer. This 
finding is consistent with previous studies reporting substantial re
ductions in solar radiation beneath PV panels. For example, Wang et al. 
[28] reported an average reduction of approximately 75% between April 
and October, while another study has similarly observed significant 
shading effects beneath solar panel arrays [29]. The magnitude and 
spatial variability of solar radiation reduction depend on panel config
uration, geographic location, and system design. In contrast to previous 
studies that reported averaged values, the present model provides 
high-resolution spatial representation of solar radiation redistribution 
across ground grids. This enables more detailed assessment of local solar 
radiation conditions and crop development beneath solar panels within 
AVS.

4.2. Parameterization of the precipitation, melted snow, and solar panel 
cleaning water redistribution module

By comparing the output of rainfall redistribution in the precipita
tion, melted snow, and solar panel cleaning water redistribution module 
of the AVS-Microclimate model with an experimental study in Elamri 
et al. [12], the ds value (depression storage depth on solar PV panels) 
was determined. Fig. S3 (supplementary material) illustrates the rain 
depths measured in twenty-one collectors which were expressed as 
grids. The grid 9 positioned beneath the lower edge of the panel received 
the largest amount of rainwater (8.4 mm), while grids farthest from the 
panel had a natural rainfall depth (4.1 mm) (Fig. S3 in supplementary 
material).

With the rainfall redistribution values from measured data 
(Table S4), water balance equation (Eq. (17)) was applied to calculate 
the ds value for each wind velocity. The values of ds increased with the 
decrease of wind velocity (Table S4). Compared to the results without 
considering ds (Table S3), the amount of rainwater on grid 9 was 
reduced so that the statistical indicators became much better for the 
wind speed from 0.4 to 0.8 m/s after considering ds (Table S5). For a 
wind speed of 0.4 m/s, the precipitation, melted snow, and solar panel 
cleaning water redistribution module demonstrated the best perfor
mance in simulating rainfall redistribution compared to both simulated 
and observed data in Elamri et al. [12], with percent bias (PBIAS) values 
of 5.37% and − 1.64%, coefficient of determination (R2) values of 0.93 
and 0.95, and Nash–Sutcliffe efficiency (NSE) values of 0.86 and 0.95, 
respectively (Fig. 8). In accordance with the benchmarks set by Moriasi 
et al. [30], the obtained statistical indicators indicate very good model 
performance. Therefore, for the 50◦ tilt angle, the ds value of 0.85 mm 

was chosen for further simulation.
The corresponding ds value for each tilt angle was calculated. As in 

Fig. 9, the calculated ds values decreased with the increase of tilt angle. 
The ds values were interpolated to obtain the ds value of 35◦ tilt angle 
based on the ds values for tilt angles of 30◦ and 40◦. Consequently, the ds 
value of 1.48 mm for 35◦ tilt angle was used to simulate the case study 
area at ARDEC South.

The parameter ds represents the depression storage depth used to 
calibrate water retention on the solar panel surface. Physically, this re
flects the tendency of water to remain on panels when rainfall, snow
melt, or solar panel cleaning water occurs. Low panel inclination, 
surface micro-texture, and frame edges can reduce drainage efficiency, 
allowing thin water films or localized ponding to persist. These effects 
are further influenced by surface irregularities and partial blockage from 
dust or biofilm, as indicated in Powernsun [31]. Therefore, the cali
brated ds parameter enables realistic representation of water retention 
on panel surfaces.

4.3. Precipitation, melted snow, and solar panel cleaning water 
redistribution on the ground co-located with solar PV panels

The redistribution of water depth on the ground co-located with solar 
PV panels due to precipitation (rainfall and snowfall), melted snow 
(snow on panel and snow on ground), and solar panel cleaning water 
was calculated over the simulation period.

On June 3, 2020 at 0:00 a.m. with natural rainfall of 0.12 mm/h, 
wind speed of 0.93 m/s, and wind direction azimuth of 80◦, a heatmap 
of water depth distribution was created (Fig. 10). There was very little 
water (0 mm to 0.076 mm) on the grids fully or partially beneath the 
solar PV panel (from grid with the coordinate of row 2 and column 
7 − 2×7 to grid of 5×8). Due to the wind direction, a grid right under the 
panel (grid 2×8) still received a rainfall depth of 0.034 mm, while other 
grids directly beneath the panel (3×8 to 5×8) remained dry. Four grids 
(yellow color) under the lower edge of panel received the largest amount 
of intercepted water at about 0.131− 0.133 mm (from grid 2×9 to grid 
5×9). Due to wind direction, grid 6×9 received less combined natural 
rainfall and intercepted water, resulting in a slightly lower water depth 
compared to natural rainfall. Water depths on grids 6×7 and 6×8 were 
lower than natural rainfall because the solar panel intercepted rainfall 
due to wind direction.

The results show substantial spatial variability in rainfall redistri
bution beneath the solar panels, with higher water accumulation near 
panel edges and lower water depth directly beneath central panel re
gions. This pattern is primarily caused by interception of rainfall by the 
panel surface and subsequent runoff toward panel edges, where water is 
concentrated and discharged onto the ground. Even under relatively low 
wind speeds, the direction of rainfall significantly influenced the loca
tion and magnitude of water accumulation on the ground surface. These 
findings indicate that water redistribution in AVS is not only controlled 
by panel shading but is also strongly affected by local meteorological 
conditions. Similar redistribution patterns have been observed in pre
vious agrivoltaic studies, which reported localized increases in soil 
moisture near panel drip lines [12,32]. However, unlike previous studies 
that relied on 2D distribution, the present model provides detailed 
spatial representation of rainfall redistribution across ground grids. This 
enables improved understanding of heterogeneous water availability 
beneath solar panels, which is critical for optimizing crop placement and 
irrigation strategies in AVS.

Fig. 11 illustrates the water depth distribution on ground at 10 a.m. 
on December 17, 2020 due to snowmelt. The water depths due to 
snowmelt on the grids from 2×9 to 5×9 were the largest (approximately 
0.069 mm) because these grids received all the snowmelt and snowpack 
falling from the solar panels. The water depths due to snowmelt on grids 
2×7 to 5×8 (under the solar panels), which varied between 0.005 and 
0.009 mm, were substantially lower compared to areas outside the solar 
panel coverage due to interception of snow by solar panels.

A.H. Nguyen et al.                                                                                                                                                                                                                              Renewable Energy 273 (2026) 126108 

8 



Fig. 7. Solar radiation redistribution in AVS at 12 p.m. on June 1, 2020 (a) and 12 p.m. on December 21, 2020 (b).
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The results demonstrate pronounced spatial variability in meltwater 
depth beneath the solar panels. Snow accumulation and melting 
behavior on PV panels differ from those on open ground due to panel tilt 
and surface properties. These factors influence snow retention and 
shedding processes, as indicated in previous studies [33,34]. These 
processes result in meltwater release and redistribution across ground 
surfaces, consistent with the spatial variability simulated in this study. 
The model's ability to capture this spatial redistribution provides 
improved insight into ground-level water availability during winter 
conditions and supports the evaluation of AVS design in cold climates. 
This detailed spatial quantification of snowmelt redistribution has not 
been explicitly represented in previous agrivoltaic modeling studies.

For the simulated event of solar panel cleaning with pressurized 
water, the water depth distribution on the ground at 10 p.m. on 
November 15, 2021 is presented in Fig. 12. It shows that the cleaning 
water from the solar panels was allocated onto grids from 1×9 to 5×9. 
The grids from 2×9 to 4×9 collected the greatest amount of water 
(about 0.110 mm) because they were directly under solar panel lower 
edges; while the grid 1×9 only received 0.0003 mm of water because it 

was on the side of the solar panels and wind blew water to the grid.
These results demonstrate that solar panel cleaning introduces 

localized water inputs rather than uniform redistribution across the 
ground surface. Such spatially uneven water distribution may influence 
soil moisture patterns and water availability beneath AVS, particularly 
in arid or semi-arid regions where cleaning events represent a significant 
water source. The model's ability to capture these detailed spatial 
redistribution patterns highlights its usefulness for evaluating hydro
logical impacts of solar panel maintenance and supporting optimized 
AVS design. This process has not been explicitly represented in previous 
agrivoltaic hydrological modeling studies. This spatial heterogeneity of 
the redistribution of solar panel cleaning water on the ground surface 
would affect soil moisture patterns and water availability, particularly in 
arid or semi-arid regions where solar panel cleaning water is an 
important hydrological source. By capturing these discrete patterns, the 
model effectively evaluates the impacts of solar panel maintenance on 
AVS design, a process overlooked in previous agrivoltaic modeling.

The observed heterogeneity in water distribution has important 
implications for crop growth and irrigation management. Localized 

Fig. 8. Comparison of the observed and simulated results conducted by Elamri et al. [12] with the outputs of precipitation, melted snow, and solar panel cleaning 
water redistribution module.

Fig. 9. The relationship between tilt angle and depression storage depth (ds) of solar PV panels.
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zones of enhanced water availability near panel edges would reduce 
irrigation requirements and improve drought resilience, particularly in 
water-limited environments. Conversely, persistent spatial variability in 
soil water inputs could lead to uneven crop growth and yield if crop 
placement and irrigation scheduling are not adapted to these patterns. 
Therefore, understanding the spatial redistribution of water beneath PV 
panels is essential for optimizing agrivoltaic system design and maxi
mizing both agricultural and energy production benefits.

5. Conclusions

This study developed a field-scale model (AVS-Microclimate) to 
simulate the redistributions of solar radiation and water (precipitation, 
snowmelt, and panel cleaning water) on the ground surface beneath 
solar panels in AVS. Application of the model in a three-dimensional 

space for an AVS in Colorado, USA demonstrated pronounced spatial 
variability in both solar radiation and water depth across ground grids 
beneath the panels. Solar radiation was substantially reduced beneath 
panel-covered areas, while water from rainfall, snowmelt, and panel 
cleaning were redistributed unevenly, with localized zones of higher and 
lower water accumulation depending on panel geometry, weather con
ditions, and spatial location, and/or time. These results highlight the 
strong influence of solar panel configuration on ground-level micro- 
environmental conditions. The AVS-Microclimate can assist decision- 
making by assessing the impacts of different layouts (inclinations, azi
muth angles, heights, spacing) and sizes (lengths/widths) of solar PV 
panels on solar radiation and water depth under solar panels, which are 
critical for crop production in AVS.

Because of data constraints, only limited experimental observation 
was used to demonstrate the model. Future experiments can collect 

Fig. 10. Water depth distribution on grids at 0 a.m. on June 3, 2020 due to rainfall.

Fig. 11. Water depth distribution on ground at 10 a.m. on December 17, 2020 due to snowmelt.
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additional data on microclimatic conditions beneath solar panels and 
solar panel temperature, which will support (1) further calibration and 
validation of the AVS-Microclimate model; (2) adding the impacts of 
AVS on air temperature, wind speed, and relative humidity under solar 
panels to the AVS-Microclimate model; and (3) simulating the impacts of 
AVS (e.g., albedo and ambient temperature) on evapotranspiration 
under solar panels, crop growth/yield, solar panel temperature, and PV 
efficiency. In addition, uncertainty in the model results of this study 
arises from input data uncertainty, parameter uncertainty, and model 
structural uncertainty. In this study, uncertainty was not quantified 
explicitly due to the focus on process representation. In the future, un
certainty analyses should be conducted. Comparisons with commercial 
software can also be conducted in the future to further demonstrate the 
applicability of the model.
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