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Abstract: There is an intense need to optimize agrivoltaic systems. This article describes the invention
of a new testing system: the parametric open source cold-frame agrivoltaic system (POSCAS).
POSCAS is an adapted gardening cold-frame used in cold climates as it acts as a small greenhouse
for agricultural production. POSCAS is designed to test partially transparent solar photovoltaic (PV)
modules targeting the agrivoltaic market. It can both function as a traditional cold frame, but it
can also be automated to function as a full-service greenhouse. The integrated PV module roof can
be used to power the controls or it can be attached to a microinverter to produce power. POSCAS
can be placed in an experimental array for testing agricultural and power production. It can be
easily adapted for any type of partially transparent PV module. An array of POSCAS systems allows
for the testing of agrivoltaic impacts from the percent transparency of the modules by varying the
thickness of a thin film PV material or the density of silicon-based cells, and various forms of optical
enhancement, anti-reflection coatings and solar light spectral shifting materials in the back sheet. All
agrivoltaic variables can be customized to identify ideal PV designs for a given agricultural crop.

Keywords: additive manufacturing; agriculture; agrivoltaic; distributed manufacturing; farming;
gardening; open hardware; photovoltaic; recycling; solar energy

1. Introduction

Seemingly relentless cost declines [1,2], brought on by an aggressive industrial learning
curve [3-5], have been the standard in the solar photovoltaic (PV) industry for the last
several decades. PV costs are expected to continue to decline by another 60% in the next
decade [6]. Even without these future reductions in cost, any scale of PV from residential
to industrial, is currently lower than the net-metered cost of grid electricity [7-9]. PV
costs have dropped so low they can even be used in conjunction with heat pumps to
profitably electrify heating and replace natural gas use in the U.S. and Canada [10]. These
economic realities demonstrate that fossil fuel-fired electricity is no longer competitive,
and solar energy via PV electrical production is now normally the least costly electricity
source [11,12]. Even ignoring the slated PV cost reductions from additional scaling and
manufacturing efficiency gains, there are several PV technical improvements which are
likely to become widespread in the next decade, such as black silicon, which increases
silicon-based PV production by improving optical enhancement [13,14], or bifacial PV,
which absorbs light from the backside of the module [15,16]. It can thus be expected that
PV costs will continue to decline, and that PV will continue to be the most rapid growing
source of electricity production, and gain electrical market share [17]. In 2018, PV had
505 GW, or 2% of global electricity production [18]. By 2019 it had increased to 627 GW [19]
and in 2020 added more than 106 GW of additional capacity [20].

This PV growth is great news for the environment because PV are substantial net
energy producers [21] and as PV efficiencies have steadily climbed [22], PV can pay their
energy back in a year [23]. This large PV growth, however, comes with challenges. First,
high population density cities, where the majority of humanity now live [24], lack adequate
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surface area for PV to meet electrical needs even when ignoring heating and transporta-
tion electrification. Thus, massive surface areas are needed for PV, which are normally
found in rural areas [25] where most agricultural production occurs. This drives land
use conflicts for continued PV growth. These siting conflicts were once relegated to wind
farm development [26-29], but are becoming a major issue with large-scale PV projects as
they can interfere with food production [30-33]. With the human population increasing
1.15% per year [34], food production will have to increase by 70% from 2005 to 2050 to
feed the expected 9.1 billion people [35]. Past conversion of crop land to energy (i.e.,
ethanol) production increased food costs and thus global hunger [36-39]. Fortunately,
agrivoltaics, which involve the strategic co-development of land for both PV electrical
generation and agriculture, can meet growing energy and food demands simultaneously
without conflict [40-42]. Agrivoltaics have the potential to increase global land produc-
tivity by 35-73% [40], while minimizing agricultural displacement for energy [42—-44].
Agrivoltaics are under intense research investigation including: aloe vera [45], aquaponics
(aquavoltaics) [46], corn/maize [47,48], lettuce [49,50], grapes [51], and wheat [52]. Many of
these studies showed either marginal impacts on crop production or an increase (i.e., shade
tolerant crops and leafy vegetables like lettuce prefer partial shading from PV [53]). Dual-
use of land for both PV and agriculture generates a mutually beneficial partnership [54-56]
and is supported both by farmers [57] and the PV industry [58].

Agrivoltaic optimization, however, has hardly begun. Studies normally focus on
a single crop and test the basic geometry of the PV systems. Yet, the globe has over
20,000 species of edible plants [59] and PV systems have numerous variables that could
alter agrivoltaic production including: (i) array geometry and racking, (ii) type of module,
(iif) type of PV material, (iv) transparency of module, (v) spectral transmission of module
including the impact of optical enhancement techniques such as anti-reflection coatings
(ARCs) and (vi) the use of spectral shifting materials within the module. The number of
permutations can be overwhelming. Thus, comparative studies often focus on the use of
many small PV systems (e.g., a few modules in one ground mounted rack). This has the
disadvantage of introducing a large number of edge effects as the crops are exposed to
direct sunlight early and late in the day in the experimental systems, but not in hectare-
scaled production. To overcome these challenges, a method is needed to provide low-cost
agrivoltaic testing and optimization for research in this burgeoning field.

This study reports on the invention of a new testing system: the parametric open-
source cold-frame agrivoltaic system (POSCAS). POSCAS is an adaptation of a standard
gardening cold-frame used in cold climates as it acts as a small greenhouse for agricultural
production. In a POSCAS, the glazing of the cold frame is replaced with a semi-transparent
PV module in order to test it for use in the agrivoltaic market. In order to minimize costs for
agrivoltaic experimentation, the POSCAS is designed for distributed recycling and additive
manufacturing (DRAM). First, the parametric script-based design of the POSCAS frame
will be discussed. Next, the method of manufacture will be outlined and the economic
costs of production will be calculated. Sensitivity analyses will be run on all major design
variables. Then, the use of the POSCAS to perform agrivoltaic experimental design will be
demonstrated with a case study. Finally, future work, markets, and the automation of the
invention will be outlined in order to identify ideal PV designs for a given agricultural crop.

2. Materials and Methods

In order to minimize the cost of production to make the technology as accessible as
possible and thus accelerate agrivoltaic experimentation, POSCAS is designed to be an
open hardware device using best practices [60-62]. It is thus compliant with the Open
Source Hardware Association’s definition of open hardware [63]. The documentation and
the source code are licensed under GNU General Public License (GNU GPL v3) [64], the
hardware is licensed under CERN Open Hardware License Version 2—Strongly Reciprocal
(CERN-OHL-S) [65] and this article is Creative Commons Attribution (CC-By) [66].
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2.1. Parametric Frame Design

There are hundreds of types of PV modules already, and the industry can be expected
to have a much wider range, in terms of materials and sizes, in the future. In order to
ensure that the POSCAS system is as widely usable as possible and future proof, it was
designed to be parametric so that it can be adapted for any size of PV module and designed
to take advantage of distributed manufacturing. For the frame, the thickness of the walls,
type of wall insulation, possessing a floor or being directly located on the ground, the tilt
angle of the module can all be controlled by a parametric OpenSCAD script housed at
the Open Science Framework [67]. OpenSCAD version 2019.05 is a free and open source
script based solid modeling program [68]. The script outputs a 3-D printable file (STL) so
the frame body can be manufactured from waste plastic using distributed recycling and
additive manufacturing (DRAM) techniques [69-71].

2.2. Using DRAM to Fabricate a POSCAS

Open source waste plastic extruders (i.e., recyclebots) upcycle post-consumer plastic
waste into 3-D printing filament to be used in conventional fused filament 3-D print-
ers [72]. Now recyclebots can be mounted on 3-D printers themselves for direct printing
with fused filament fabrication [73]. The open source 3-D printing community, having
democratized additive manufacturing with the Self-Replicating Rapid Prototyper (RepRap)
project [74-76], has enthusiastically embraced open source methods to recycle 3-D printing
waste [77]. At this point, there have been demonstrations of DRAM for the following
thermopolymers:

e  Polyethylene terephthalate (PET) alone [78,79] and with blends with styrene ethylene
butylene styrene (SEBS) and maleic anhydride (MA) compatibilizers [80];
High-density polyethylene (HDPE) [81-83];
Polypropylene (PP) [73,83];
Polystyrene (PS) [83];
Polylactic acid (PLA) [28-31];
Linear low density polyethylene (LLDPE) / low density polyethylene (LDPE) [84];
Acrylonitrile butadiene styrene (ABS) [69,85-88];
Polycarbonate (PC) [89];
Thermoplastic polyurethane (TPU) [90];
Polylactic acid (PLA) [91-94]; and
Polymer composites using carbon-reinforced plastic [95], fiber-filled composites [96,97],
various types of waste wood [98,99] and acrylonitrile styrene acrylate (ASA) compos-
ites [100].
This provides considerable material flexibility for producing the components of the
POSCAS as well as their accessibility, as most labs would have ready access to many of
these types of thermoplastics.

DRAM can be used to radically reduce the cost of products as the material costs a
fraction of conventional costs of equivalent products [101-103]. To calculate the material
cost of the base model of the POSCAS (Cppscas) Equation (1) is used:

Cposcas = m X cyp + f 1)

where m is the mass of the frame (kg), cyy is the cost of processing the waste plastic
($/kg) and f is the cost of the fasteners. In this study, the mass of the plastic frame is
determined with CURA v 4.11.0 [104], an open source slicing program for a range of infill
parameters. A sensitivity was run on this cost of ASA from (1) commercial filament costs
from Amazon $30/kg [105]; (2) commercial pellets $8/kg [106]; (3) recycled commercial
pellets $2.50/kg [107]; and (4) DRAM $0.025/kg [72]. ASA was selected as an example
polymer here because of its UV stability and weather resistance [108,109]. For the lowest
cost and simplest system, heavy duty marine grade nylon cable zip ties were selected
as fasteners. Cable zip ties are used on the top side of the module frame, connecting it
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to the structural frame of the POSCAS. The UV resistant black zip ties are 8.5 mm wide
(about half of the average mounting hole in standard PV aluminum frames, 355 mm
long, have a tensile strength rating of 54 kg, and cost $0.09 a piece [110]. The zip ties are
fabricated with industrial strength UV resistant nylon 6/6 that is Type 21 UL listed to
withstand temperatures from —40 to 85 °C. The number of fasteners needed depends on
the module manufacturer. For example, Longi, the highest volume PV manufacturer in
2020, has six mounting holes per side of a module for their Hi-MO 5 bifacial modules [111]
while Heliene’s 144 M10 bifacial module has 4 mounting holes per side [112]. Each of the
M10 modules is made up of 6 rows of 24 or 144 half wafer cells.

2.3. Agrivoltaic Module Experimental Design with a POSCAS

Although conventional PV modules have been used in agrivoltaics, the POSCAS
is designed to test the performance of semi-transparent agrivoltaic specific PV modules.
There are two primary types of semi-transparent PV that have mostly been used for
building integrated PV(BIPV): (i) thin-film based semi-transparent PV, where in general
the thickness of the active layer is adjusted to impact the transparency of the module and
(if) modules using crystal silicon technology where the spacing between cells is adjusted to
adjust transparency [113-117]. This latter method also includes crystalline-silicon spherical
solar microcells [118]. The experimental matrices are shown in Figure 1. For thin films, as
shown in Figure 1a, the matrix can be generated by incrementing the RGB color and, as
as shown in Figure 2, a white-black OpenSCAD script also housed in the Open Science
Framework [67] was written to arrange cells following the input parameters summarized
in Table 1.

There are other variations of the patterns shown in Figure 1b. For example, reversing
the numbers of parameters a and b in the script result in the variations shown in Figure 2
for a 33% covered (67% transparent) agrivoltaic PV module.

Figures 1b and 2 were made with the spacing between cell locations in the module
being fixed, but this variable can also be changed resulting in larger spaces between the
cells and higher percent transmission of light for the plants. Changing this variable enables
any transmission value and a vast array of different aesthetics (e.g., lines or blocks or
PV). This represents yet another sensitivity, which underscores the importance of low-cost
POSCAS manufacturing (e.g., just to fully investigate a single plant species for the arrays
in Figure 1, 18 systems would be needed and more than that if arrangement of cells would
be further explored). This level of optimization has not been reported in the literature.

(a)

(b)

Figure 1. Semitransparent PV experimental matrices from 10% to 90% transparency in 10% increments for: (a) thin film PV;

(b) crystalline silicon-based PV cell separation.
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Table 1. Approximate percent of PV coverage per module with factor a and b in darkwhite.scad
script [67].

Approximate Percent PV a b
10* 2 2%
20 2 2
30 2/3 3/2
40 2 6
50 2 0
60 4 6
70 6 6
80 5 0
90 8 0

*—row.

Figure 2. Semitransparent PV with 33% covered agrivoltaic panel using parameters 2/3 (top) and
3/2 (bottom) for a/b.

3. Results
3.1. Parametric Frame Design

A parametric script was successfully developed in OpenSCAD with several features
for optimization of the POSCAS design shown in Figure 3 with the automatic customizer
enabled. First, although the examples shown here are based around a specific module [112],
the dimensions of the module are controlled by three variables (Ipv, wpv, tpv) that can be
easily adjusted. The depth of the box can also be controlled by a single variable so that
the POSCAS can be heightened for taller crops or act as a raised bed. The variables are
shown and defined in Table 2 that determine the POSCAS geometry. Note that the sp and
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tc variables are not shown, as they would be determined by the module manufacturer and
are only included in the script for visualization purposes.

thickness cell

Customizer X
Automatic Preview | Show Details ~ Reset
design default values + save preset
W Parameters
Ipv =
length PV module
wpv [—j
width PV module 134fe
tpv 402
thickness PV module x
ta r
tilt angle of module W
s =
soil depth
th =
thickness box il
sp 2=
spacing between cells =
td 0.1

Figure 3. Basic POSCAS design with semitransparent PV, a 10-degree tilt angle, and a box depth of 1m shown with the

automatic customizer in OpenSCAD.

Table 2. Primary POSCAS variables in OpenSCAD that determine 3-D printable box geometry.

Variable Unit Explanation
Ipv mm Length of the PV module to be adjusted for PV based on specification sheet from PV manufacturer.
wpv mm Width of the PV module to be adjusted for PV based on specification sheet from PV manufacturer.
tpv mm Thickness of the PV to be adjusted for PV based on specification sheet from PV manufacturer.
ta o Tilt angle of .the modules measured from the ground surface. This can be optimized for solar electric yield
based on latitude.
s mm This determines the height of the walls of the POSCAS, which provides the maximum soil depth for a
raised bed growing system.
tb mm Box wall thickness will depend on the loads expected and the materials used to fabricate the POSCAS.

Next, the tilt angle (ta) can be adjusted to optimize the PV electricity production based
on the latitude of the installation. Adjusting the tilt angle automatically resizes the box to
ensure the module still fits, as shown in Figure 4.
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(a)
Figure 4. The impact of varying the tilt angle on POSCAS geometry: (a) 10, (b) 30 and (c) 50 degrees.

(b) (c)

The POSCAS default design does not have a bottom, and can be placed directly on
the soil for plant growth (Figure 5a). This minimizes plastic use for fabrication. In the case
where the POSCAS array may be set up in areas with no or poor soil (e.g., a parking lot)
the POSCAS design can also be adjusted to have a bottom, and thus be used more like a
planter (Figure 5b).

(a) (b)
Figure 5. Interior of the POSCAS (a) with no bottom and (b) with a bottom.

After the fabrication of the POSCAS base, depending on the method of manufacture,
holes are located on the back (high end) of the base to attach the PV module to it through
its mounting holes, with the cable zip ties. If using AM, these holes can be added to the
OpenSCAD. If using any other method or if the same base is being used for different PV
module manufacturers, the necessary mounting holes can be drilled out.

3.2. DRAM-Based POSCAS Economics

Several DRAM-manufactured economic sensitivities were performed on the POSCAS
design: (1) polymer cost, (2) bottom/bottomless, (3) tilt angle, (4) soil depth, (5) wall
thickness and (6) module hole type. The base economic case used DRAM for production, a
tilt angle of 30 degrees, soil depth of 500 mm, box wall thickness of 50 mm, and 4 zip ties
with the slicing parameters 20% infill and 2.4 mm out shell walls. All economic values are
given in 2021 U.S. dollars. It should also be noted that all of these costs are material costs
alone, and do not include labor costs for fabrication. The invention also does not include
the cost of the PV module as the POSCAS is meant to test different types of PV modules.
The total cost including potential module costs will be discussed for other applications.
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The results of these sensitivities are shown in Table 3. First, it is clear from Table 3 that
the most important parameter is the source of raw materials. The material costs of the base
POSCAS model range from almost $1000 for commercial 3-D printing filament to $8.19 for
the use of distributed recycling and additive manufacturing. These lower costs for DRAM
are consistent with other studies in the literature [101-103]. Changing the tilt angle has a
much smaller effect on the costs (e.g., less than 10% difference going from a tilt angle of
30 to 50 degrees). More shallow tilt angles have lower costs because less plastic is used
in the wedge. This effect is minimized with a deep POSCAS as a greater fraction of the
POSCAS’s mass comes from the vertical walls. Wall thickness also has a substantial impact
on the material costs of the POSCAS. The economic impacts of needing additional cable
zip ties are minimal as, even with 6 mounting holes per module side, they still represent
less than 10% of the cost of the lowest cost DRAM manufacturing base case, as can be seen
in Table 3. Adding a bottom to the base case of the POSCAS increases its costs by 36% as
the mass increases from 30.5 kg to 44.9 kg. Even in this case, the entire material cost for the
POSCAS is under US$12.

Table 3. Economic sensitivities of POSCAS production; all values in US$. Bold values are the base POSCAS case.

Feedstock Cost Frame Mass Frame Cost Total Cost .Percentage
Polymer Type $/kg) Bottomless (kg) Bottomless Bottomless Difference Base
POSCAS (%) POSCAS (%) POSCAS
Commercial Filament 30 30.5 915.00 915.56 196%
Commercial Pellets 8 30.5 244.00 244.56 187%
Recycled Pellets 2.5 30.5 76.25 76.81 161%
DRAM 0.25 30.5 7.63 8.19 0%
Tilt Angle (degrees)
10 0.25 242 6.05 6.61 21%
30 0.25 30.5 7.63 8.19 0%
50 0.25 33.5 8.38 8.94 9%
Soil Depth (mm)
1000 0.25 49.7 12.43 12.99 45%
500 0.25 30.5 7.63 8.19 0%
250 0.25 20.8 5.20 5.76 35%
Il’lflll (0/0)
0 0.25 9.5 2.38 294 94%
10 0.25 20.0 5.00 5.56 38%
20 0.25 30.5 7.63 8.19 0%
50 0.25 62.0 15.50 16.06 65%
100 0.25 114.3 28.58 29.14 112%
Wall thickness (mm)
10 0.25 18.8 4.70 5.26 44%
20 0.25 30.5 7.63 8.19 0%
50 0.25 66.5 16.63 17.19 71%
Box Type
Bottomless 0.25 30.5 7.63 8.19 0%
Bottom 0.25 44.9 11.23 11.79 36%
Module hole type Cost of zip ties Percent Cost
4 0.36 4.4%
6 0.54 6.6%

Lastly, one of the main advantages of the DRAM method is the ability to control the
interior design of a product. This is done by controlling the infill percent in the slicing of
the STL. Table 3 shows the impact of both increasing and decreasing the percentage infill
from the base case of 20% for the POSCAS. This has a radical impact on the economics. If
manufactured solid (i.e., 100% infill) the costs increase to over US$29 but drop to $5.56 for
10% fill. To visualize the impact of the infill on the structure of the POSCAS the solid
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and partial infill cases are shown in Figure 6 using Cura slicing screenshots of the lower
left-hand corner of the POSCAS in mid 3-D print. In Figure 6 the red layers represent the
external shell, green is the inner wall, orange is the infill, which is yellow in the 100% case
as every layer is treated as a top/bottom layer.

(d)

Figure 6. Cura slicing screenshots of the lower left-hand corner of the POSCAS varying the infill density (a) 10%, (b) 20%,
(c) 50% and (d) 100%. The red layers are external shell, green is the inner wall, and orange is the infill, which is yellow in the

100% case as every layer is treated as a top/bottom layer.

3.3. Case Study of Red Agrivoltaic Module Experimental Design with a POSCAS

In addjition to simple, partially transparent PV, researchers have begun to experiment
on partially transparent PV with colored designs for aesthetic reasons [119]. This approach
may also be of use in agrivoltaic applications. Already Li et al., have been integrating
semi-transparent PV into greenhouses [120-122]. It is well established that tinted semi-
transparent PV can actually increase yields for some plants [123]. There is research that has
shown spectral shifting materials could also be of use in greenhouses [124-126].

The use of the POSCAS to perform agrivoltaic experimental design is demonstrated
with a case study of such spectral shifting. POSCAS can be used to optimize Heliene
greenhouse solar panels [127] for specific crops. Such Heliene red modules can have
different transparencies by adjusting the density of the crystalline-silicon based cells (i.e.,
in Figure 1b). They are bifacial PV modules which generate electricity both from the top
where sunlight strikes it directly on the exterior of the greenhouse and from any reflection
coming from the albedo inside the greenhouse on a red-colored back-sheet. The back sheet
spectrally shifts the green region of the light spectrum, which is normally reflected from
plants, into red light that can be absorbed by plants. Such spectral shifting can increase
greenhouse production [128]. This makes the modules appear red wherever there is not a
cell. At the same time, some of this light is reflected back to the PV cell, which can be used
to reduce the electrical use of the greenhouse. Large trials are underway on this technology
where a large single greenhouse has been outfitted with enhanced red BIPV modules where
one type of plant (basil) is studied (i.e., collecting basil plant height, chlorophyll content,
fresh and dry weight at harvest, as well as climate and light quality data in the greenhouse
during the growing cycle) [129,130]. This setup has 66 kW of identical enhanced bifacial
red PV modules. In addition to the transmission percentage (Figure 1) for these crystalline
silicon-based PV, the enhancements of red greenhouse modules have many other variables
to optimize for, including testing the density, size and chemical makeup of nanoparticles
responsible for the spectral shifting via fluorescence [131-133]. The interplay between the
PV and these nanoparticles need to be investigated for each new crop. POSCAS can be
deployed in arrays where a single module can be used for each variable, so the 66 kW
used experimentally for basil to test one type of PV could instead be used to perform at
least 100 of these permutations, as shown in Figure 7. This would use the same number
of PV modules and allow for testing 10 different plant species and 10 different spectral
shifting materials simultaneously in a version of large-scale combinatorial experimentation.
Similarly, it could be used for testing 10 variables against a control (e.g., glass) and nine
of the transparencies outlined in Figure 1 for the PV modules can be used in the array
(Figure 7).
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Figure 7. A 10by 10 array of POSCAS to be used for combinatorial experimentation on agrivoltaic systems.

Finally, costs can be further reduced by sharing the backside of a POSCAS in a double
system as shown in Figure 8.

z

L

Figure 8. A Double POSCAS design.

x

The double POSCAS design is made with the following OpenSCAD module:
module doubleposcas(){
poscas();
translate([0,2*wb,0])mirror([0,1,0])poscas();
J
This effectively makes the back side of each of the halves of the double POSCAS use
the same wall. As shown in Figure 9.
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Figure 9. Internal view double bottomless double POSCAS.

Thus, the mass per PV module can be reduced. The Cura-estimated mass of the
bottomless POSCAS is 9.5kg, equivalent to 9.5kg/PV module. The Cura-estimated mass of
the double-bottomless POSCAS design is 14.6kg, which is 7.3kg/ PV module because back
wall can be shared. These double POSCAS devices can be used in an E-W facing arrays as
shown in Figure 10.

Figure 10. Array of double POSCAS facing E-W with tilt angle of 30 degrees.

4. Discussion
4.1. Comparison to Cold Frames

Typical commercial cold frames constructed from glass or plastic window layers
and wood or metal structural components range in cost from $100 to $250. PV modules
range in cost from about $0.20-$0.60/W and have powers per module between 250 W
to 550 W. This results in PV module costs between $50 and $330. With the POSCAS
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costing from about $9 to $1000 depending on material choice, a cold-frame equivalent
could cost less than 60% of a commercial cold frame or up to 5 times the most expensive
cold frame. These costs are dominated by the PV module costs. At the same level of
production, it is expected that partially transparent PV should be less costly per module
than conventional PV because thin films are generally less costly and an agrivoltaic module
based on crystalline silicon technology would use fewer solar cells. This indicates that, even
on direct comparison to cold frames alone using only cold frame functionality, POSCAS
may be economically competitive.

It should be pointed out that some commercial cold frames have a means to keep
the roof up while working on the crops. This can be done with any short pole or an open
source adjustable window support adapted from an open source greenhouse design [134]
shown in Figure 11. This design is also conducive to DRAM and needs the addition of
some basic fasteners. The STL files that make up the mount that is normally screwed into
a wood cold frame can be directly integrated into the POSCAS frame. This addition will
make the POSCAS functionally equivalent to the highest cost commercial cold frames and
yet has material costs that can be substantially lower using lower-cost partially transparent
PV modules.

Figure 11. Open source adjustable window support [134].

4.2. Comparison to Ground-Mounted PV Racks

Comparing the POSCAS to cold frames is not straightforward, as the POSCAS has
the potential to generate renewable electricity, whereas commercial cold frames offer no
other value creation opportunities. In addition, if the PV have been enhanced, as in the
example case study of Heliene red PV modules, the agricultural yield also has the potential
to increase, creating additional value over the clear windows used in commercial cold
frames. The POSCAS-generated solar electricity can be directly grid connected with a
microinverter or, if in an array as in Figure 7, can use microinverters or string inverters like
a conventional PV system using a conventional rack.

For this functionality, it is more instructive to compare the POSCAS to conventional
PV racking. Conventional proprietary ground-mounted PV racks range in cost from
$0.19-0.44/W [135], so if the same range of PV module power is used as discussed above,
this cost is $47.50 to $242.00 per module. These values can be directly compared to the
material costs of the POSCAS. To be completely equivalent it should be compared to the
POSCAS with a base so that the soil that the plants are growing in can be used as ballast. A
DRAM base with a bottom costs less than $12 (Table 3), indicating that the POSCAS is an
extremely inexpensive method of DIY PV racking. For a company to mass manufacture
POSCAS the material costs would be closer to the costs of recycled pellets ($76.81 by
Table 3), indicating there is the potential for profit while still falling within the current
price range of conventional racks. Again, however, the POSCAS provides added value as
conventional PV racks do not operate as cold frames (e.g., extend the growing season of
crops in cold climates). In addition, the POSCAS would be expected to enjoy the synergistic
benefits of conventional agrivoltaics and the ability to easily customize them for a specific
application provides the opportunity to optimize for solar electric generation value. So, for
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example, an E-W facing array made possible by the double POSCAS would be appropriate
for electric grids that are being challenged to meet demand in the late afternoon [136].

4.3. POSCAS for Agrivoltaic Research

The POSCAS provides more value than a cold frame or a PV rack alone. The open
source parametric script provided here allows for making modifications in the framework
of the POSCAS to do many experiments. For example, they can be used to test the impact
of insulation in cold frames on growth of a range of crops using identical covers/modules.
Fabricating the POSCAS with zero percent infill allows for adding insulation using, for
example, spray in foam insulation. The POSCAS designs allow for varying the gap available
for insulation by changing the width of the walls of the frame. In addition, it is possible to
leverage past work on 3-D printed truss-like lattice non-stochastic structures for sandwich
panels [137] for the walls of the POSCAS. This architecture could be integrated into the
POSCAS design to have an optimal strength/mass ratio making up the walls.

The value of the ability of many POSCAS to be used in an experimental array should
be stressed. The parametric design allows researchers to rapidly customize the POSCAS
or array of POSCASs for a given experiment follow the examples above. By using many
individual POSCAS, tests can be performed by varying the thickness of a thin film PV
material or the density of silicon-based cells, and various forms of optical enhancement,
anti-reflection coatings and solar light spectral shifting materials in the back sheet. For
experiments monitoring the performance of the PV module in a POSCAS, either commer-
cial microconverters or a wide range of open source power monitoring systems can be
used [138-141]. In this way, a POSCAS using an open source microcontroller for standard
off-the-shelf sensors can replace much more costly approaches [142,143]. For researchers
considering studies on agrivoltaic modules, the DRAM POSCAS is clearly the most eco-
nomical option.

4.4. Future Work

This article analyzed the design, manufacturing, and economics of the POSCAS
invention. The results were both technically and economically promising, indicating rich
areas of future work. First, the original intended purpose of the POSCAS is to test PV
modules for agrivoltaic applications. There is considerable future work to be done in
manufacturing large numbers of POSCAS in order to identify ideal PV designs for as
many agricultural crops as are of interest to agrivoltaic markets. Second, the POSCAS is
well positioned technically to be automated (i.e., become a smart cold frame). Using the
same open source hardware design process as was used for the mechanical members here,
future work could integrate a temperature sensor, fan and/or a motor to control air inflow
into the greenhouse box to regulate its temperature using an Arduino microcontroller
based on previous open source designs [144-147]. It can also be coupled to any number
of other sensors to automate the care of the plants by controlling, for example, irrigation
and fertilization.

Agricultural sensors that could be integrated into the POSCAS in the future are
numerous. First, low-cost digital cameras can be used for a number of applications and can
be mounted on the POSCAS frame and powered with the PV. These cameras can either be
used to replace other optical sensors or work in conjunction with them. These cameras can
be used to detect weeds, and for disease detection and diagnosis to either be analyzed by
experts or machine vision/Al These same cameras can be used to monitor leaf color and
can be coupled to soil sensors to determine optimal fertilization and water. The cameras
can monitor soil images and be coupled with pH and electrochemical sensors to maintain
optimum soil conditions. These same cameras can again be used for determining the
leaf areas and brightness to help optimize watering and/or control irrigation. Lastly, the
camera images can be used to determine crop harvest readiness, for example by either
size or color for the ripeness of fruits or vegetables. This, again, could be automated
with machine vision and Al to be used for automated yield monitoring. Other sensors
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include those like airflow sensors to measure soil air permeability and other types of
soil properties, including compaction, soil structure, and moisture levels. These data can
also be used to create mathematical models for soil porous soil structures for controlled
experiments [148]. Another method to get soil moisture is to measure the dielectric constant
in the soil. Similarly, tensiometers and other mechanical sensors could be integrated to
detect the force used by the roots in water absorption to guide/control irrigation.

These many sensors could be integrated into an agricultural open source Internet of
things (IoT) [149,150] where many POSCAS could provide for data aggregation across a
wide geographic area to bring timely, actionable information to small farmers and gardeners
regarding seeding, weeding, fertilizing, watering, and harvesting. The POSCAS data could
also be coupled to remote satellite sensing and open source weather station data and
processed with Al and machine learning to optimize both crop and PV production.

Finally, this invention provides a research opportunity to experimentally verify the
albedo from the crops and their impacts on the different types of partially-transparent
bifacial PV modules. This may also be important for optimizing the agricultural component
of agrivoltaic arrays.

5. Conclusions

This article has reported on the design of a parametric open source cold-frame agri-
voltaic system. The parametric nature of the design enables the POSCAS geometry to be
customized for any form of agricultural crop and agrivoltaic system. It can operate directly
on the soil, or as a grow box placed on a sterile surface. The tilt angle can be adjusted for
any latitude. The POSCAS enables research for agrivoltaic optimization by altering (i) array
geometry and racking, (ii) type of module, (iii) type of PV material, (iv) transparency of
module, (v) spectral transmission of module including the impact of optical enhancement
techniques such as ARCs, and (vi) the use of spectral shifting materials within the module.
The POSCAS is designed for distributed recycling and additive manufacturing, which
was found here to be the least expensive material cost based on the method of manufac-
turing. It can be manufactured in this way from any waste thermoplastic. The POSCAS
design can also be lower in cost of both commercial cold frames and small-scale ground
mounted PV racking. Finally, the POSCAS is an open source device and other researchers
are encouraged to build, test and modify it for the benefit of humanity.

6. Open Source Hardware Certification
This invention will be submitted for OSHWA certification.
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