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Abstract. Solar (photovoltaic)-agriculture practices have experienced notable progress across
several countries over the past few decades, creating a field widely known as agrivoltaics. This
co-location practice has proved effective for certain crops that prefer partial shade like toma-
toes, lettuce, and peppers, although it is less effective for crops needing more sun. Availability
of natural sunlight with a specific spectral signature is necessary for agricultural practices as
many plant species require an optimum-level and quality of sunlight for photosynthesis. The
goal of this work is to model and validate ground-level irradiance for a semi-transparent bifacial
solar collector equipped with a custom spectral reflector. By introducing intentional gaps be-
tween opaque solar cells, we hope to allow 50% of visible light to pass through the module.
Additionally, this technology could reduce the soil temperature by 2° C, improve moisture re-
tention, and enhance yield by providing partial solar radiation. In our model, we can calculate
the total solar irradiance for the plants as a function of the cell distribution, material absorption,
height of the panel and time of year with a spatial resolution of 0.0625 m2. When comparing
theoretical estimates to experimental measurements of photosynthetically active radiation
(PAR), we find a discrepancy of 32-48%, and a discrepancy of 19-38% after correction with
TMY data.
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1. Introduction

The concept of use of land for both photovoltaic power growth and agricultural development is
often traced back to Adolf Goetzberger and Armin Zastrow’s 1982 paper “On the Co-existence
of Solar-Energy Conversion and Plant Cultivation”. They outlined how 2 m tall elevated solar
panels spaced apart by about 6 m would maintain uniform irradiance in the surrounding area
[1]. As the state of the art evolved, researchers considered various parameters such as panel
height, panel tilt and spacing between panels that could be customized across the thousands
of agrivoltaic installations operating globally. In these installations, certain configurations pro-
vide several advantages to the crops, including improved crop yield, reduced soil temperature,
higher soil moisture retention, and protection from extreme weather such as heavy rain,
droughts, and hail [2,3,4]. Studies have also shown reduced module temperatures of up to 10°
C for photovoltaic installations with plants growing beneath them compared to plain soil [5].
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Given the linear trend between decrease in solar module temperature and increase in power
produced from -20° to 50° C, this would result in about a 2.7% increase in output power alone
[6]. While these mutualistic benefits appear in some cases, there are still challenges that need
to be addressed. The separation gap between solar panels, for one, introduces areas that are
unavailable to produce electricity, resulting in a suboptimal collection of potentially available
power. Additionally, the usage of standard opaque solar modules can lead to overshading in
certain configurations, resulting in lower crop yields [7].

One way to address this challenge is to make photovoltaic panels semi-transparent, so
that plants receive the benefits of partial shade while the collection area is increased to gener-
ate more electricity [8]. While there are many approaches in accomplishing this, they can gen-
erally be described as either non-selective or selective with respect to the wavelengths of inci-
dent light. Selective photovoltaic devices will absorb specified wavelengths while allowing oth-
ers to transmit through the material, particularly photosynthetically active radiation (PAR) from
400 - 700 nm [9]. Non-selective photovoltaic devices will absorb a broad range of wavelengths.
In the present work, we seek to utilize non-selective monocrystalline bifacial c-Si solar cells
with intentional, even gaps between each other and a selective wavelength filtering layer to
allow certain wavelengths to be transmitted to crops while filtering others out. There are several
advantages to this strategy, starting with the use of the most ubiquitous type of solar cell, c-Si,
low-cost in comparison to more expensive thin film technologies [10]. Additionally, the shading
levels can be adjusted depending on the application by controlling the spacing of the cells.

Our proposed solar collector would incorporate thermoplastics in place of the typical
components of PV modules with a goal of 50% of available visible light being transmitted to
the plant canopy beneath. The inspiration for this comes from several factors including prop-
erties such as the ability to be melted down and remoulded almost indefinitely at relatively low
temperatures [11], whereas glass requires specialized furnaces capable of heating to 1500-
1600° C [12]. Some thermoplastics, such as PMMA, have high transparency (~90%) in the
PAR wavelength range, are very flexible and have a low density compared with glass
[13,14,15]. This warrants a comparison of the expected and measured PAR irradiance re-
ceived by crops beneath an agrivoltaic installation of this design. In this work, we have built a
simulation that can determine the ground-level irradiance of visible light at the plant canopy
height for an agrivoltaic installation within MATLAB. Simultaneously, a test installation using
PMMA sheets and aluminium tape was constructed as a mock agrivoltaic system with tomato,
lettuce and kale plants growing underneath as described in Section 2. The physical installation
also serves to validate the simulation that was developed through irradiance measurements
conducted with a quantum light sensor, which is discussed in Section 3.

2. Materials and Methodology

2.1 System description and installation

For a preliminary test of an agrivoltaic panel installation elevated by support structures (Fig.
1), a set of partially transparent panels was installed on the roof of the University of New Mex-
ico’s Biology Department building. These panel prototypes used 0.91 x 1.92 x 0.0024 m OPTIX
plexiglass sheets with stand-ins for the solar cells formed from aluminium tape to reflect or
absorb the light that would be expected to reach the cell. Accordingly, while the setup could
not produce electricity, it facilitated realistic shading conditions and was low-cost and easily
reconfigurable.
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Figure 1. Diagram of semi-transparent bifacial modules and the fractional solar irradiance in area sur-
rounding the panel for a single hour due to shading.

The plexiglass sheets were prepared for the construction by removing the protective
film on both sides of the material, subdividing the panel into 18 0.097 m? squares and marking
the location of the mock cells within each square. Following this, aluminium tape was placed
over the marked portion for the mock cell such that it was covered with no gaps. The frames
were formed from 4.13 x 4.13 cm galvanized steel slotted strut channels, six-hole three-side

corner angle connectors, and 10.2 x 10.2 x 30.6 cm prefabricated-concrete strap pier blocks
to hold the structure in place. The central frames were constructed by fastening four 0.762 m
struts vertically to the concrete blocks with 1.27 cm or 1.43 cm bolts, then attaching a 3-side
6-hole corner connector to the top of the vertical strut. After this, two 1.753 m struts and two
0.838 m struts were secured to the corner connectors to form a rectangular shape. The plexi-
glass sheets were then placed on top to mark where 1.27 cm holes should be drilled to fasten
them to the frame and once the holes were drilled, the sheets were mounted on top of the
frame, as shown in Figure 2(a).

Following the completion of the frames, kale seeds were planted in raised beds; how-
ever, after several weeks, it became clear that the shading area from the panels would need
to increase. To accomplish this while also reducing costs, a modification to the design was
applied in which two additional panels with the same cell coverage percentage would be can-
tilevered off the central structure. Additional construction struts were placed along the length
of the far side of the panels to distribute pressure more evenly. The additional panels were
then added to each side of the frame with holes drilled for the bolts as well, as shown in Figure
2 (b).

Figure 2. (a) A photograph of solar panels stand-ins with the original design; (b) a photograph of 0%
cell coverage cantilevered mock agrivoltaic installation and plants growing underneath.

2.2 Shading Simulation

To aid in the placement of crops with respect to the elevated panel of a given height and cell
coverage percentage, a geometric shading simulation was developed within MATLAB. To
begin, initial irradiance values were calculated. The key quantities calculated were the solar
elevation angle a(d, h) in radians, solar azimuth angle 6(d, h) in radians, the air mass AM(d, h)
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and the direct beam irradiance I, in % [16,17]. The referenced sources can be consulted for
derivations of these parameters.

For each solar cell, the length of a shadow projected in the opposite direction of the
sun’s azimuth angle is computed for both axes of the plane formed by the ground, as given by
the formulae

_ Apanel
L.(d,h) = n(a(@,m) cos(8(d, h)) (1)

and

_ Apanel .
l,(d,h) = n(a(d, 1) sin(6(d, h)) (2)

with a,qne being the height in m of the elevated solar panel in question. The coordinates of
the shadow produced by each cell are then determined by adding this length to the coordinate
of the cells’ corners. To allow for a variety of cell coverage percentages, the number of cells
was kept fixed, and the area of the cells was changed to match the desired percentage of the
total panel area the user chooses to cover in cells.

For the rooftop installation, the mock panel was subdivided into 18 0.092903 m?
squares, but the simulation was later expanded to consider the 72 cell “standard” solar panel.
The simulation would then calculate the area covered by the mock cell within each square and
obtain the side length. The coordinates of the corners of the cells are then computed by moving
them such that the cell is centred. Once this is done, a grid of rectangles is formed for the area
surrounding the panel and a series of conditions are applied to determine the fractional solar
irradiance (FSI) received at each grid rectangle by calculating the shaded area and reducing
the irradiance proportionally to the area covered at that hour of time. The fractional solar irra-
diance is defined as

I D,shaded

FSI = (3)

I )
D,unshaded

where I shaqeq iNdicates the intensity of light at the grid rectangle when accounting for trans-
mission losses due to light obstruction and absorption and Ip ;sna4eq represents the unatten-
uated intensity of light at the ground. These fractional solar irradiances are then summed over
the duration of the simulation such that a single two-dimensional array is produced represent-
ing the grid itself with fractional solar irradiance values ranging from 0 to 1. A colormap is then
used to depict this, with a view of the simulated system being shown in Figure 1.

To estimate the usable light delivered to crops, one must consider how much of the
total solar irradiance falls within the photosynthetically active radiation (PAR). In performing
our own integration of the global spectral irradiance from the ASTM-G173 standard within the
wavelength range of 400-700 nm, a value of 0.43 was obtained [18]. Following this, these

values are then converted into units of photosynthetic photon flux density (PPFD) in ‘:;lfsl using

a conversion factor of 1 /] = 4.6 umol as reported by Torres, et. al [19]. While these conversions
are approximate, this should allow for a comparison between theoretical and measured values
of irradiance.
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2.3 Biological specimen preparation

Following the completion of the stand-in panel structures described in Section 2.1, three kinds
of seeds, kale, tomatoes and lettuce, were planted in rectangular 10.2 x 10.2 cm? plastic pots,
as shown in Figure 2(b). The seeds were placed in the centre of each pot, and a basin was
used to water the plants from the bottom of the pots. Thirty plants were arranged in a rectangle
under each installation in the area where the maximum amount of shading was predicted from
the shading simulation. The plants were placed under the mock panels, as shown in Figure
2(b), starting on 6 April 2024 and will remain under them until the end of September 2024 with
them being moved weekly by 4 cm to account for changes in the sun’s altitude in the sky. Crop
yield measurements as well as biological measurements of plant physiology will be the subject
of a separate publication. Photosynthetically active radiation (PAR) measurements were taken
at the canopy height of the leaves ~ 18 cm from the ground using a LI-COR photometer with
a hemi-spherical quantum sensor facing upward. All the measurements were taken on full sun
days at 7:30 am, 10:30 am, 1:30 pm and 4:30 pm within a 10 -15 minutes period to ensure
consistency. In the case of the 50% covered panel, light measured in shaded spots was aver-
aged with unshaded spots.

3. Results and Discussion

3.1 Shading simulation results for growing season

The simulation was customized for a 0.98 m panel height relative to the pots, 18 cells, a panel
transmission of 92%, and a duration from April 15t to September 30". The shading simulation
demonstrates that the most shaded region of a 3x2 m? mock agrivoltaic system falling from 1
m N to 0.5 m S and from 0.5 m E to 0.5 m W, forming a region about 1.5 m? in area. The
current resolution of the simulation produces 0.25 m x 0.25 m squares to aid in precise place-
ment of biological replicants. Comparing the 50% and 100% cell coverage results (Figure
3(a,b)), one can see that the shape of the regions of minimum FSI are different. The 50% cell
coverage plot appears to have shade concentrated along one horizontal and two vertical lines,
while the 100% cell coverage plot has it within one block. This is likely due to the cell shadows
falling in those locations during mid-day, significantly reducing the FSI.
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Figure 3. a colormap plot for expected fractional solar irradiance (FSI) in the area including and sur-
rounding a 3x2 m panel, outline marked in black, for a) 50% coverage, b) 100% coverage.

3.2 Comparison with measured PPFD values

To give a closer comparison of the simulation’s predicted solar irradiance and the PPFD meas-
urements, the solar irradiance over a one-day period on 5 June 2024 when PPFD was also

measured was calculated to be 12.195 l:n_vz The minimum FSI under the array was found to be
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93.46% for the 0% cell coverage installation, 48.94% for the 50% cell coverage mock panels
and 18.22% for the 100% cell coverage installation. The simulation accounts for absorption
loss for light passing through the PMMA sheet, explaining why the 0% cell coverage installation

has a value below 100%. From analysis of Typical Meteorological Data (TMY) data for the city

of Albuquerque from 2022 [20], the full sun intensity measured was 10.173 + 0.435 which

m2’
is 83.4% of the cloudless model.

For 0% cell coverage, the cloudless model obtained 939.3
783.6 + 33.5 4%
S*m !
the cloudless model predicts a PPFD of 491.9 g";:z the TMY correction is 410.2 +17.5
and the PPFD measurements were 305.2 + 254.8 ——
ol

umol
model predicts 183.12 ’S‘:l:l the TMY correction gives 152.8 + 6.5 ’:f:nl

2

! .
£29° the TMY correction was
S*m

and the PPFD measurement was 635.4 + 241.9 ginle For 50% cell coverage,
umo

s¥m?2’

. For 100% cell coverage, the cloudless
, and the PPFD meas-

urements obtained 95.4 + 83.9 ﬂf These results are also presented in Table 1.

Table 1. a table comparing the minimum cloudless model PPFD value, minimum TMY correction
PPFD value and PPFD measurement.

Percent Cell | Cloudless TMY Correction PPFD Measurement
Coverage Model
09 mol mol mol
& 9393 | 78364335 | 6354+ 241.9——
s*m s*m sxm
0 mol mol mol
50% 538.4 - 4491 +192 % | 3052+ 2548%E
s * m2 s *m2 s *m?2
0 mol mol mol
100% 183.12 2 152.8 + 6.5 - 95.4 + 8392
s *m2 s * m?2 s * m?2

While these measurements do fall within 1o of the TMY correction simulation values
and 20 of the cloudless model, they do have rather high uncertainty. This is likely due to the
data being collected for four hours of the day, making it unrepresentative of the temporal dis-
tribution of photosynthetically active radiation over a full day. One way to improve this meth-
odology would be to collect less measurements but at more time intervals, which we hope to
implement as the experiment progresses.

4. Conclusion

The field of agrivoltaics has developed significantly in the past 40 years, yet there are still
obstacles in wider adoption of agrivoltaic installations. In general, there are two different kinds
of agrivoltaic solar module designs, selective and non-selective, but there has yet to be one
that incorporates intentional gaps in c-Si solar cells while also maximizing transmission of pho-
tosynthetically active radiation (PAR) to crops such that it draws upon the strength of both. To
understand the effectiveness of a solar module with a certain cell coverage percentage, a cus-
tomized geometric shading simulation was designed to ascertain the fractional solar irradiance
in the area surrounding the elevated solar panel. Concurrently, a physical installation with mock
solar panels mounted above crops was built such that shading simulation data would reveal
the precise location of maximum shading and test crops could be grown there. Integrating over
the growing season for Albuquerque (the beginning of April to the end of September), the
region of maximum shading receives 48.94% of full sun for 50% cell coverage and 18.22% of
full sun for 100% cell coverage. The calculated solar irradiances were found to be higher than
experimentally measured results by 32-48%. When TMY data was incorporated, this deviation
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was reduced to 19-38%, showing the simulation to be mostly accurate, but can be further
improved with a better data collection methodology.

Data availability statement

The data supporting these findings are available through the corresponding author, Tito Bus-
ani.

Underlying and related material

The simulation scripts used in the production of this work are based in MATLAB and their
working principles are described in depth in Section 2.2.
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