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Wavelength-selective solar photovoltaic

systems to enhance spectral sharing
of sunlight in agrivoltaics
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SUMMARY

Agrivoltaic systems offer a solution to the debate over using agricultural
land for food production or energy conversion. Conventional silicon
solar panels often shade plants excessively, impacting growth. Wave-
length-selective photovoltaic (WSPV) technologies address this by al-
lowing the transmission of beneficial wavelengths for photosynthesis
while converting less useful ones into electricity. Wavelength selectivity
can be achieved through various methods, such as by tuning photoac-
tive layers, applying colored semi-transparent layers, utilizing mirrors
and lenses, or designing spectrally selective luminophores. While evi-
dence suggests that these technologies effectively share sunlight,
many of them are yet to be fully implemented and evaluated. This re-
view covers current WSPV technologies, discussing their classification,
status, and future prospects. It also provides appropriate PV perfor-
mance metrics for WSPV technologies in agricultural applications and
advocates for standardized reporting practices in crop experiments
conducted under WSPV systems, accompanied by practical sugges-
tions. Solar cell efficiency limits under spectral sharing for crop produc-
tion and the optimal band gap under varying levels of photosyntheti-
cally active radiation for crop growth are further examined as
guidance for future development.

INTRODUCTION

In the transition to renewable energy systems, the technologies employed differ in
their impacts on land use. These impacts include both quantitative and qualitative
factors (such as the quantity of land required per unit of installed capacity and the
potential to degrade land quality) that create competition with other land uses,
such as agriculture.” A promising approach in the context of the food-energy debate
and integrated food-energy systems is the use of solar photovoltaics (PVs) in agricul-
tural land, which are also called agriphotovoltaic (APV) or agrivoltaic systems. APV
systems allow the dual use of land for agriculture and solar energy conversion.
They also contribute to the sustainable development of rural communities by pro-
moting sustainable agricultural practices and significantly increasing land-use effi-
ciency while maintaining food security.” In addition, APV systems are considered
an integrated solution to the water-food-energy nexus that has the ability, by
reducing evapotranspiration and capturing rainfall through PV panels, to increase
the overall efficiency of water use.”

The integration of conventional opagque PV modules into croplands inevitably cre-
ates shading, which, depending on the degree of shade, can have a detrimental

CONTEXT & SCALE

Over the past decade,
"agriphotovoltaic” (APV) or
“agrivoltaic” systems have
emerged as a promising
integrated food-energy system
enabling the dual use of land for
agricultural activities and solar
energy. Unfortunately,
conventional opaque silicon solar
panels often fail to meet the light
requirements of most shade-
intolerant plants due to the
excessive shading they cause.
However, there is potential for
solutions that exploit the fact that
plants do not require the full solar
irradiance spectrum to grow. In
fact, a full spectrum could, in some
instances, be detrimental to their
growth. This is where the concept
of wavelength-selective solar
photovoltaic (WSPV) technologies
comes into play. These
technologies consider the
absorption profiles of plants, and
they allow for the transmission of
light at the wavelengths most
useful for photosynthesis while
reflecting or absorbing less useful
ones to be converted to
electricity.

We offer a comprehensive review
of the reported solutions for
achieving wavelength selectivity
to the general reader. We discuss
their status and barriers to
overcome, together with
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effect on plant growth. Solar panel shading effects constitute a known issue in APV
systems, and even though shade-tolerant crops such as leafy vegetables (lettuce)
and field forage (grass/clover mix) should be suitable for growing in such systems,
the erratic shading conditions could still have a variety of effects on crop produc-
tion.” Crop-specific research is recommended to determine the optimal percentage
of panels that do not significantly reduce agricultural production.” A work has re-
viewed the shading effects of APV systems on the production of horticultural crops,
mainly in greenhouses, under conventional opaque or semi-transparent PV (STPV)
modules.® According to that work, most studies suggest that shading levels of up
to 25% are tolerable without reducing crop production when compared with an
absence of solar panels. The findings provided support the deployment of APV sys-
tems in agricultural regions where crop productivity is a priority. Clearly, the success
of APV systems depends on system design, climate, and crop tolerance to shade.

Existing APV systems come in a variety of configurations and designs (Figure 1), and
these can be classified according to arange of categories. Gorjian et al. have presented
a classification system that distinguishes between system type, mounting structure, PV
module tilt-tracking operation, and agricultural end-product application categories.”
We propose to add a fifth category related to the transparency characteristics of the
PV system (Figure 1), with three subcategories: opaque, semi-transparent, and trans-
parent. Transparency of PV systems in APV applications here refers to the transmittance
of the light spectrum at the system level within the range of photosynthetically active
radiation (PAR) utilized by plants (i.e., 400-700 nm), a concept further explained in
the following paragraph. Opaque PV systems are characterized by their inability to
transmit light, resulting in casting of deep shadows onto the crops. By contrast, STPV
systems allow for certain light transmission within the PAR range. To provide further
clarity, we subdivide STPV systems into non-wavelength-selective and wavelength-se-
lective, depending on the purpose of the semi-transparent APV system. If the system
functions to increase light transmission without deliberately focusing on specific wave-
lengths, we apply the term “non-wavelength-selective PV” ("WSPV). Conversely, if the
goal is to allow targeted wavelengths of light better suited for crop production to pass
through while using the rest for electricity generation, we apply the term “wavelength-
selective PV” (WSPV). Worth mentioning is a special category of WSPV system
technologies known as transparent photovoltaics (TPV), where absorption for energy
conversion occurs mainly in the ultraviolet (UV) and near-infrared (NIR) regions, while
the intended transmission wavelengths span the entire visible (VIS) spectrum.’
Although the term transparent and TPV are commonly associated with distributed en-
ergy resource applications such as buildings, windows, electronic device displays, and
automobiles,” where VIS transmittance is linked to light perception by the human eye or
aesthetics, it is also relevant to APV applications. This is because the VIS wavelength
range closely matches the PAR spectrum.

Alongside tactics that variously exploit shade, there are those that rely on under-
standing how the range of solar irradiance relates to plant needs. The sun emits ra-
diation mainly in a wavelength range from 0.3 to 2.5 pm, and not all spectral zones of
sunlight are needed for plant growth.® Photosynthesis is driven by harvesting light
energy within the wavelengths 400-700 nm, which are known as PAR.” The theoret-
ical efficiency limit of photosynthesis is very low: at most 4.6% of the solar energy can
be converted into biomass for C3 plants and 6% for C4 plants.'® Generally, this value
is even lower for plants grown under normal field conditions, and there are many rea-
sons for this inefficiency. The photosynthetic pigments of most plants selectively
absorb “blue” (B) light and “red” (R) to far-R light, and thus, the most favorable spec-
tral bands for plant growth are, accordingly, 430-480 nm and 630-680 nm.*"" To
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perspectives on and strategies for
WSPV implementation in APV
systems. Current evidence reveals
that these technologies effectively
share the sunlight, though most of
them remain to be evaluated at
full scale with regard to their
impact on crops and energy
performance. We also explore the
limits of solar cell efficiency under
conditions of spectral sharing for
crop production, aiming to inspire
future progress in WSPV
technologies.
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Figure 1. Classification scheme of APV systems with “PV system transparency” category added
Adapted and modified from Gorjian et al.*

maintain the high priority of crop production, the WSPV system for agricultural ap-
plications should transmit or redirect the corresponding solar spectral band(s) to
the crop, while the remaining solar spectrum can be utilized for power conversion.
However, plants can easily reach light saturation with moderate levels of sunlight
or even experience light-inhibition under excessive light intensity, and a large frac-
tion of solar energy absorbed by plants is dissipated as heat.'""'? This indicates that,
under certain circumstances, WSPV technologies do not need to be fabricated to be
completely transparent in the relevant spectral band(s) in order for a high rate of
accumulation of plant biomass to be sustained.

Recent years have seen numerous review articles on APV systems’ progress and
developments.”’16 While conventional crystalline silicon (Si) PV modules’ electrical
performance is well understood, integrated holistic models that can simulate and
optimize the interactions between crops and PV systems in a single tool—such as
how PV module structure and shading affect the microclimate and crops, and how
the microclimate and crops affect PV performance—are either lacking or still in their
infancy.'® A few years ago, a compilation highlighted approaches to the effects of
solar PV on crop cultivation but excluded STPV or WSPV modules.' A more recent
review suggested improvements for both energy and agronomic management to
boost APV output, emphasizing meticulous planning for facilities to reduce fossil
fuel reliance.” While the study has a brief mention of WSPV in APV systems, it
focused on organic solar PV (OPV). An analysis covered state-of-the-art systems,
including concentrated PV (CPV) and luminescent solar concentrators (LSCs),
acknowledging how PV technology advances enabled novel materials.'” Another
recent study explored advancements and challenges in APV systems using STPV,
but it did not deeply delve into wavelength selectivity, focusing more on overall
semi-transparency properties.” Similarly, La Notte et al. conducted a comprehensive
review of the integration of inorganic PV technologies (e.g., c-Si and a-Si) into green-
houses, including modeling and experimental studies from around the world, with a
particular emphasis on PV technical parameters and performance, energy consump-
tion, economic performance, and the effects of STPV on crop growth and yield vari-
ation."® Although extensive research has been carried out in APV systems, a compre-
hensive summary of WSPV technologies on the APV field is lacking.

In this review, we propose a clear distinction between non-wavelength- and
wavelength-selective STPV technologies, and we analyze those that are
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wavelength-selective and have the potential for application in APV systems. We start by
describing plant requirements in terms of quality and quantity of light under WSPV sys-
tems. We continue by identifying the theoretical WSPV cell efficiency limits for APV ap-
plications to guide future designs. We then transition to describing performance met-
rics for assessing the efficacy of WSPV technologies in APV systems. Our review also
covers a comprehensive definition and a classification scheme for WSPV system tech-
nologies applicable to APV setups. We list the state-of-the-art WSPV system technolo-
gies, including an overview of their operating principles, research advances, implemen-
tations, and challenges. Lastly, we conduct an analysis of the barriers to implementation
and outline key research directions for expediting the deployment of WSPV system
technologies in APV systems.

This review is intended to be comprehensive and to make the paper accessible
not only to those wishing to gain a holistic understanding of WSPV technologies
in agricultural applications but also to those seeking essential information regarding
these PV technologies.

PLANT REQUIREMENTS

The photosynthetic assimilation of CO; to produce sugars is powered by light en-
ergy. Any alteration in the quality and quantity of light associated with cultivation
beneath WSPV technologies will directly impact photochemical energy usage and
the protective dissipation of excess energy. Light intercepted by a leaf can be re-
flected, transmitted, or absorbed. Absorbed solar irradiance experiences one of
three fates: use in photochemistry, re-emission as chlorophyll fluorescence, or dissi-
pation as heat energy via non-photochemical quenching.'” Leaf-level rates of
photosynthesis (Py) increase as the intensity of PAR increases from darkness until
PAR reaches the light saturation point, beyond which further increases in PAR no
longer stimulate Py (Figure 2A).?° Leaf-level rates of Py are often linked to yield,?’
leading crop phenotyping efforts to select genotypes with higher foliar concentra-
tions of chlorophyll and ribulose-1,5-bisphosphate carboxylase/oxygenase
(RubisC0).?”?* In cases where light availability is limited, insufficient irradiance
levels are associated with reduced yields.?>~?’ However, it is not the case that levels
of cumulative incident irradiance are linearly associated with enhanced yield,?®”
with the possible exception of extremely fast-growing species with high-light-har-
vesting capacities (cf. Riggi et al).*

The efficiency with which a plant canopy converts intercepted light into biomass or yield
is termed the “radiation use efficiency” (RUE).>*~** While the focus of the discussion of
plant cultivation under WSPV technologies revolves around the effect of altered light
on photosynthesis, the effect of light on plant development, known as photomorpho-
genesis, should also be considered. Photomorphogenesis is regulated by five different
photoreceptors that modulate numerous structural plant traits such as height, leaf size,
and plant development.®’*® The timing of many phenological developments such as
flowering is influenced by changes in day length and the ratio of R (650-700 nm) to
far-R (700-800 nm) light.?? Selective screening in either R or far-R wavelengths may affect
crop development, particularly in fruit or seed crops.’® Under light-limited conditions,

41,42

leaf area and chlorophyll content*® generally increase, possibly compensating any

reduction in light associated with WSPV technologies.

The capture of solar irradiance outside the PAR wavelengths by WSPV technologies

should have a minimal effect on Py and crop growth. The R and B components of
44-47

PAR primarily drive Py, as evidenced by the absorption spectra of chlorophyll
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Figure 2. Plant responses to light

(A) Typical light response curve of wheat (Triticum aestivum L.), showing the light compensation point (PARcomp), maximum quantum efficiency of CO,
assimilation (©co, max), and light-saturated rate of photosynthesis (Py sat). The error bars indicate +1 standard error either side of the mean.

(B) Relative carbon fixation per section across sun leaves of spinach under 500 umol/m?/s of red, blue, and green light re-drawn from Sun et al.>' The
error bars indicate +1 standard deviation either side of the mean.

(C) Stomatal opening of giant reed (Arundo donax L.) during a transition from darkness to 2,000 umol/m?/s of red or blue light. Adapted from Haworth
et al., central line indicates the mean of four replicates with the lighter colored lines on either side indicating + one standard error.*

(D) Absorption spectra of the pigments chlorophyll a, chlorophyll b, beta-carotene, and anthocyanin (data from Peters and Noble®) and the
absorptance, reflectance, and transmittance of a well-watered leaf of giant reed (Arundo donax L.) measured using an integrated sphere.

(Figure 2D).***? The strong absorption of R and B light by chlorophyll may serve two
selective advantages: firstly, by capturing the available optimal irradiance so that it is
unavailable to competitors, and secondly, in high-light environments, by serving a pro-
tective purpose through its dissipation of excess energy as heat.”’*° The “green”
(G) appearance of chlorophyll is due to its reflectance and transmittance of light within
the wavelengths 500-565 nm.>' This suggests that the selective screening of G light
wavelengths and transmittance of R/B wavelengths by WSPV technologies would
have a minimal impact on crop yield.” However, G light does play an important role
in Py, particularly in deeper parts of the leaf and canopy.®’**** Indeed, the quantum
yield (amount of CO; assimilated relative to the number of photons absorbed”®*%) of
G lightwhen absorbed is equivalentto that of R lightand greater than that of B light (Fig-
ure 2B).”’~>7 Under high-light conditions, the quantum yield of the uppermost chloro-
plasts is less than chloroplasts positioned more internally within the leaf, due to G light
penetrating the leaf more deeply than R or B light. Therefore, under growth conditions
of intense white light, an increase in G light wavelengths is likely to have a more pro-
nounced effect on CO, assimilation than a similar increase in R or B wavelengths, due
to G light's greater stimulation of Py in deeper chloroplasts.>”

Consideration should be given to the type of crops traditionally cultivated in a specific

area and the type of light environment of that region (e.g., high-light regions of the
Southern Mediterranean vs. frequently cloudy, diffuse-light environments of higher
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latitudes). In light of food security concerns, efforts are underway to improve crop RUE
by selecting varieties with more efficient light-harvesting throughout the entire can-
opy.?? In this context, selective screening of WSPV technologies for those wavelengths
preferentially absorbed by plants might enhance the distribution of light through the

canopy by reducing wastage through heat dissipation in the uppermost leaves.?'>

The intensity and spectrum of incident irradiance also strongly affects plant water use
efficiency (WUE: the amount of water lost through transpiration relative to CO, assim-
ilated via Py). Rates of transpiration are the result of the water status of the plant (via sto-
matal conductance and leaf roll, among others), the relative humidity of the atmo-
sphere, leaf/air temperature, wind speed, and the intensity of incident irradiance.®’¢?
Transpiration generally increases with light intensity in well-watered plants,*** due
to an increase in leaf-to-air vapor pressure deficit and the opening of stomata to enable
the uptake of CO, for Py (Figure 2C).%° This suggests that any reduction in light intensity
associated with the installation of WSPV technologies may improve crop WUE by
decreasing transpiration similarly to the use of shade netting.®® An improvement in
WUE may be particularly beneficial in semi-arid habitats characterized by high evapo-
transpirative demand and limited water availability.®” Stomatal opening is not only
dependent upon light intensity®®: in many crop species with “active” physiological sto-
mata (as opposed to “hydro-passive” stomata), it is dependent upon light quality. B
light induces the movement of ions across the guard cell plasmamembrane to cause
stomatal opening.®” Stomatal opening is then sustained by R-light-driven mesophyll
Pn.8%79 The selective screening of specific wavelengths by WSPV technologies may
therefore unintentionally disrupt physiological stomatal function, particularly under
conditions of fluctuating light intensity.®®

71,72 73,74

The effect of changing the total amount or the spectrum of incident irradi-
ance on photosynthetic physiology or crop yield depends upon the specific charac-
teristics of the crop variety under cultivation and the prevailing growth conditions.
As sessile organisms, plants are generally adaptable to their environment within
specific limitations.”® For example, a reduction in irradiance exposure could cause
an increase in photosynthetic pigments in the leaf,’® while a shift in the irradiance
spectrum can cause a change in the spectral absorption characteristics of the leaf
to maintain photosynthetic light yield.”” This adaptability to light conditions could
compensate for the effects of WSPV technologies on photosynthesis at the leaf level.
The complex multivariate nature of the interactions between genotype and environ-
mental conditions, including changes in incident irradiance, demonstrates the need
for extensive trials of WSPV systems in a range of environments using varieties
selected not only for their suitability to a particular region but also for their leaf spec-

tral characteristics (i.e., absorptance, reflectance, and transmittance) and plasticity.

WSPV system technologies interception of solar irradiance will not inevitably result in
lower agricultural yields, and crop types that are tailored to the wavelengths and quality
of light partitioned by WSPV technologies in terms of canopy design, spectral proper-

ties, and stomatal function will show the most efficient crop and electricity production.”®

THEORETICAL EFFICIENCY LIMITS OF WSPV CELLS IN AGRICULTURAL
APPLICATIONS

In this section, we examine the efficiency limitations of wavelength-selective technolo-
gies in relation to the most common single-junction solar cell technologies available
today, assuming that they deliver certain ranges of the PAR spectrum required for plant
growth. We further compare practically achievable efficiency levels under different
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degrees of PAR sharing based on the band gap and nominal full-spectrum efficiency of
these solar cells or modules. For this analysis, we make no assumptions concerning the
optics (reflective or transmissive) for spectral sharing nor how spectral selectivity is
accomplished (e.g., by molecular design in OPV, filtering, or otherwise as further pre-
sented in the next section). These results can therefore provide general guidance on
future designs and limitations of WSPV technologies for APV systems.

In a single-junction solar cell, the upper limit for the power conversion efficiency
(PCE) can be estimated along the lines of Shockley and Queisser, depending on
the band-gap wavelength (15).”” In the context of wavelength-selective optics and
spectral sharing for APV systems, the incident sunlight will be divided between
crop and solar electricity production. The reduced photon flux delivery to the solar
cell that results from this spectral sharing will decrease the electrical power output
and overall PCE. Under full sunlight, here represented by the standard air mass
1.5 global (AM1.5G) solar photon flux 5(1), the maximum short-circuit current den-
sity (J/M) that can be obtained depends on the band gap through:

Jim(3) = g / * S()EQE()dA.
0

Here gis the elementary charge, and an ideal (100%) external quantum efficiency (EQE)
is assumed in the relevant wavelength range up to Ag, see further Figure 3A (full spec-
trum). For spectral sharing, we consider the bands of particular importance for photo-
synthesis,”® approximated as the B range between 400 and 500 nm and the R range be-
tween 600 and 700 nm. The G range between 500 and 600 nm is less absorbed by plants
and may preferentially be used for electricity production (cf. Figure 2D). In this case, the
solar cells produce electricity without contributions from the blue and red (BR) range, as
also shown in Figure 3A (0% BR). From a practical (e.g., optical filter manufacturing)
standpoint, and under some circumstances for crop growth, it may also be of interest
to channel the full blue-green-red (BGR) range to the plants, resulting in a further
reduced short-circuit current density (0% BGR in Figure 3A).

Using these short-circuit current densities as an input, we further calculate, as detailed
in the supplemental information, the ideal conversion efficiencies as a function of band
gap and illumination (Figure 3B). Without the BR bands (0% BR), the maximum solar cell
efficiency reduces from 33.8% to 23.8%, while the optimum band-gap shifts from
925 nm (1.34 eV) to 1,107 nm (1.12 eV). When also the G band is diverted to plant
growth (0% BGR), the maximum efficiency becomes 19.2% for an optimal band gap
of 1,319 nm (0.94 eV), though it may be noted that a band-gap threshold of
1,107 nm comes close in performance. The latter is of interest, as it coincides with
the band gap of silicon. These results are in line with prior studies of VIS light TPV per-
formance.®” The reason for the redshifts in optimal band gaps can be understood as an
effect of the increased importance of the IR-part of the spectrum for the PCE when
much of the VIS light is removed. The band-gap optimum at 0.94 eV identified here
should stimulate further exploration of absorber materials that can be designed with
such low band gaps, such as organic and hybrid semiconductors, to realize the highest
possible efficiency under spectral sharing with crops.

For more realistic efficiency values, we also consider the results of measured
record solar cells based on crystalline Si (E5 = 1.12 eV), gallium arsenide (GaAs)
(Eg = 1.42 eV),®? copper indium gallium selenide (CIGS) (E; = 1.03 eV),%* cadmium
telluride (CdTe) (Eg = 1.38 eV),®® perovskite (Eg = 1.60 eV),% and organic (E, =
1.32 eV)?’ solar cell materials.®! In the cases of CIGS and CdTe, where a band-gap
gradient is deployed, the minimum band-gap value is used here.
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Figure 3. Calculated solar cell
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For the corresponding efficiencies under spectral sharing, we use the ideal short-cir-
cuit current densities under spectrally shared versus full sunlight as a scaling factor
for the current density and use the reported®’ values for short-circuit current,
open circuit voltage, and fill factor as the basis for efficiency estimates under spectral
sharing—see the supplemental information for details.

Along these lines, we finally consider cases where only a fraction of the B, G, and R
bands are used for crop growth and the rest for electricity production. By examining
the short-circuit current densities when using 0%, 25%, 50%, and 75% of the PAR
bands for PV, the corresponding record cell efficiencies can be estimated. The re-
sulting fractions of both the nominal full-spectrum efficiencies and the power output
for these cells are presented in Figure 3C, together with the corresponding curves
for the theoretical, limiting efficiencies. Because these results are normalized to
the standard efficiency under AM1.5G light, they will also serve as guidelines to
the efficiency or power output that can be obtained for lower-efficiency commercial
solar cell modules based on the band-gap level and type of spectral sharing. The
trends again underscore the benefit of a lower band-gap energy and broader
absorption range when part of the PAR is dedicated to crop growth—given equal
efficiency under full sunlight, the solar cell with the lower band-gap energy will
almost always perform significantly better under spectral sharing.

PERFORMANCE METRICS

WSPV technologies for agricultural applications should be reported using standard-
ized figures of merit to facilitate comparison and evaluation of progress.

PCE is typically one of the most important metrics for assessing the performance of
solar cell technology.” This metric is commonly applied to both opaque and trans-
parent PV technologies. Traverse et al. defined the classification of opaque, non-
wavelength-selective, and wavelength-selective solar PV technologies, focusing
on highly transparent PV for distributed energy resource applications such as build-
ings, windows, electronic device displays, and automobiles.” In these applications,
the wavelength-selective group primarily targeted UV and NIR wavelengths while
maintaining full VIS transmittance. Since the spectral range of PAR is approximately
similar to the VIS spectrum, not only design characteristics but existing metrics to
characterize these WSPV applications can be modified for use in the agricultural
sector.

Average visible transmission (AVT), for instance, is one of the indicators that drives
research on semi-transparent WSPV and is typically reported by the window indus-
try. AVT balances the integration of the WSPV transmission spectrum against the
photopic response of the human eye.” Multiple evaluations on the development
of semi-transparent technologies for agricultural applications have used AVT as a
key parameter, as the reviewed studies consistently identify AVT and PCE as the
two most significant drivers.*® To translate the AVT definition appropriately to
APV systems, however, the photopic response of the human eye should be replaced
with the relative quantum efficiency of crop plants.*®

Average photosynthetic transmittance (APT) is precisely this modified metric and
was introduced by Stallknecht et al. in their investigation as follows:”®

JT(A)S(A)P(2)dA

APT = TSPdr

Joule 8, 1-40, September 18, 2024 9



voltaics, Joule (2024), https://doi.org/10.1016/j.joule.2024.08.006

Please cite this article in press as: Ma Lu et al., Wavelength-selective solar photovoltaic systems to enhance spectral sharing of sunlight in agri-

¢? CellPress

OPEN ACCESS

where T(2) is the photon transmittance of the PV technology, also known as the
amount of light reaching the crops, S(2) is the AM1.5G solar photon flux, and P(2)
is the plant photosynthetic quantum yield. The relative photosynthetic quantum ef-
ficiency, also known as the instantaneous photosynthetic CO, uptake per absorbed
photon, will vary depending upon the plant. For a standardized reporting, it is sug-
gested to utilize well-known P(2) curves, which may include more than one species
(i.e., averaged) to facilitate comparison. For example, the study by McCree®® pro-
vides the average photosynthetic quantum yield of 22 crop varieties, whereas In-
ada” provides the quantum yield spectra of 33 species. These spectral curves
may be used to calculate APT, yet it is important to keep in mind that they were
derived from studies conducted roughly half a century ago under experimental con-
ditions that may not be representative of those typical in APV systems, so it is imper-

ative to update and re-evaluate these vital data in new studies.®””°

Crop growth factor G(x), it is important to note, is comparable in definition to the
APT that was introduced in a previous study.”’ The distinction between APT and
G(x) is in the latter's use of the action spectrum a(A) rather than the quantum yield
of photosynthesis, and this is a function of the PV absorber layer thickness (x):

[ T(x,2)S(A)a(r)dA
60 = rsatdn

Both APT and G(x) convey the same information: the higher the transmittance of the
WSPV technology, the more light is transmitted and, consequently, the greater the
crop growth (for plants that benefit most from increased sunlight).

EQE is used in reporting on the performance of solar PV cell technology. A straight-
forward consistency check of photon balance at each wavelength is recommended
to reduce experimental errors when presenting a new WSPV device. This is also
applicable to any transparent PV cell and is represented as follows:”

A+R+T=1,

where A is the absorption, Ris the reflection, and Tis the transmission at each wave-
length of the WSPV technology. However, because absorption is generally chal-
lenging to measure directly, the following approximation with measured EQE
should be satisfied at every wavelength:’

EQE + R+T < 1.

Light utilization efficiency” (LUE) is a figure of merit that represents the overall effi-
cacy of an APV system and permits comparisons between technologies. Traverse
et al. initially proposed LUE for TPVs.” We propose the following LUE formula for
APV systems:

LUE = PCE x APT.

Because PCE and APT are frequently inversely related, LUE takes into consideration
both properties. In general, an ideal WSPV would optimize both APT and PCE. A
high LUE indicates that the WSPV technology can generate electricity without ob-
structing photosynthetic light for crops, thereby reducing the shading effect that
opaque or less-transparent panels produce, while still being able to generate
adequate electricity.

Daily light integral (DLI, in units of mol/m?/d) is a metric used in APV systems to

correlate the impact of PV technology on plant growth. The productivity of plants in-
creases with the PAR photon flux density, which is measured instantaneously as the
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Figure 4. Classification of STPV technologies in agricultural applications at a system level based
on wavelength-selectivity ability
The dashed rectangle indicates the focus of this work.

photosynthetic photon flux density (PPFD, in units of umol/m?/s ). Under various
WSPV technologies, the PPFD will vary; therefore, the DLI, which is the daily integra-
tion of PPFD, will indicate how much sunlight is transmitted into the vegetation. Sun-
loving plants would prefer a higher DLI (> 11 mol/m?/d), while shade-tolerant
plants would prefer a more moderate DLI (< 6 mol/m?/d).”* Different individual
thresholds for the presented performance metrics would be required depending
on the geographical location (crop adaptation to climate)’* and on the species for
which the WSPV technology is intended. To determine these important individual
limits, field experiments with various WSPV technologies and plants with varying tol-
erances to shade are required. With further development and comprehension, it is
likely that new figures of merit will emerge.

Other common performance metrics for APV at the system level, such as land equiv-
alent ratio (LER) and WUE, have been omitted from this section because the focus is
on metrics to specifically evaluate WSPV technology performance. In this regard, we
invite readers to seek out additional information on these metrics in relevant APV

studies.”>7¢

CURRENT STPV SYSTEMS IN AGRICULTURAL APPLICATIONS

The primary objective of semi-transparent PV (STPV) systems is to generate
electricity while permitting some sunlight to pass through. STPV systems benefit
vegetation in agricultural applications by enabling more sunlight to reach plants
than do conventional opaque solar panels. It is worth noting that “semi-transpar-
ency” is here used to refer to behavior at a system level rather than to the transpar-
ency of materials within the PV cell (e.g., CPV uses high-efficient opaque PV cells
but, at the system level, mirrors allow light to pass through/around the system).
We propose categorizing STPV systems for agricultural applications into two cate-
gories (Figure 4) based on whether the transmitted light at the system level specif-
ically targets wavelengths of light that are beneficial for crop growth (WSPV) or
not (NWSPV).

Non-wavelength-selective STPV systems can be defined as those that are not opa-
que and whose transmission of incoming light does not target the wavelengths
necessary for plant growth. This category includes the following techniques and
technologies for achieving semi-transparency:

77:%8 or thin-film materials such as CIGS”’

e Spatially segmented PV cells use c-Si
and CdTe."® The process of dispersing opaque solar cells across a transparent
substrate (glass) constitutes spatial segmentation. This allows for various levels

of neutral optical transmission between solar cells and reduces the coverage of
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the substrate by PV cells. In greenhouses'®"'%% and orchards'%*'%* these PV
modules have been utilized in projects and studies.

e Thin-film PV uses semiconductors that absorb VIS light but are thin enough
to allow a portion of VIS light to pass through. Amorphous silicon, CIGS,
perovskite, and OPV structures have been investigated.”'°® In addition, the
transparency of these devices can be further enhanced by electrodes optical
management strategies, such as the implementation of a triple-layer dielec-
tric/metal/dielectric antireflecting electrode, as demonstrated in a study
achieving a STPV perovskite device with a PCE of 8.9% and an AVT of
48.1%."% Currently, the majority of the non-wavelength-selective thin-film
PV in agricultural applications involves OPV in greenhouses.'®’~""°

e CPV can also be utilized in APV systems: CPV uses mirrors (optical reflection)
and lenses (optical refractors) to concentrate incoming direct sunlight on
high-efficiency solar cells while transmitting predominantly diffuse dispersed
light to crops. Prototypes have been constructed and tested in outdoor condi-
tions.""""""? In the agricultural field, the majority of implementations involve

Fresnel lenses with line focus receivers in greenhouses.' """

Here, we should also mention a non-wavelength-selective STPV technology that is a
hybrid structure for outdoor conditions consisting of grooved glass sandwiched be-
tween two conventional opaque PV modules. Even-lighting agrivoltaic system (EAS)
allows the uniform distribution of sunlight below the system. When the sun’s rays
reach the EAS system, the conventional PV modules convert solar energy into elec-
tricity as usual, while the incident light reaching the grooved glass plate is scattered
into three parts by refraction, providing uniform illumination to the shadowed areas
directly beneath the conventional PV modules. The yield of several shade-
tolerant cultivars under EAS was comparable to (e.g., lettuce) or greater than
(e.g., artichoke up to +23%) under open-field conditions, as demonstrated by actual
implementation.’"®

On the other hand, wavelength-selective STPV or WSPV systems for agricultural ap-
plications are designed to transmit those wavelengths of light useful for plants in the
PAR region while converting the rest into electricity. Although it follows a similar
classification scheme as non-wavelength-selective devices, the structural modifica-
tions and active-layer properties are distinct. We provide an overview of the
varieties, including their working principles, advancements, and current field appli-
cations, in the subsections below.

WSPV system technologies for agricultural applications

Thin-film PV

This category of WSPV system technologies is distinguished by the active material of the
PV technology being tuned to transmit those wavelengths of light useful to plants and to
absorb (i.e., convert into electricity) those wavelengths utilized less. For the active ma-
terial (i.e., absorber) to be able to transmit light, it and other layers (i.e., electrodes) must
be thin to minimize unnecessary absorbance.''® The active material may consist of
either organic or inorganic compounds. The materials discussed in the following para-
graphs are selected based on their existing research and experimental applications in
APV systems. While other potential semi-transparent wavelength-selective materials,
such as quantum dots or indium-gallium-nitride (InGaN) alloy-based solar cells, exist,
their application in wavelength-selective APV remains to be explored.”'’:""®

OPV is based on the use of organic materials. The beneficial semi-conductive prop-
erties of organic materials have been responsible for the considerable increase in
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Visible light

Figure 5. lllustration of the general structure of a semi-transparent wavelength-selective thin-
film PV cell

The photoactive layer absorbs primarily the wavelengths of light not used for photosynthesis by
plants.

(A) The wavelength-selectivity occurs in the absorber layer (OPV, DSSC, and perovskites).

(B) The wavelength selectivity is a property of the rear contact, where most of the blue and red
wavelengths are transmitted and the remaining are reflected back to the absorber for ultrathin
nano-absorbers devices. Note that the illustration is not to scale.

solar PV research into such candidates as polymers over the past decade."'” These
properties include their low cost, light weight, mechanical flexibility, solution pro-
cessability, low angular dependence on incident light, and high molecular design
tunability, which allows them to be tailored to have a relatively localized absorbance
at specific wavelengths (Figure 5A)."?° The operation of an organic solar cell consists
of the following basic steps: (1) light absorption and photogeneration of an exciton
(within the donor and/or acceptor polymer phase), (2) exciton diffusion to the donor/
acceptor interface, (3) exciton dissociation (if the energy difference between the
lowest unoccupied molecular orbitals [LUMOs] for the donor and acceptor exceeds
the exciton binding energy), (4) transport to the photoactive layer/electrode inter-
face, and (5) collection of the charges by the electrodes (anode and cathode), which

transfers the photogenerated charges to the external circuit.'?’

Several works have focused on the design of spectrally engineered OPV with the
photoactive layer transmission spectra matching the absorption peaks of chloro-
phyll-a and -b and carotenoids, but these have not yet been tested in real environ-
ments.'?% 22123 OPVs designed to transmit full-PAR spectrum have been also
developed and evaluated in relatively small-scale setups.'?*'#> Simulation'#¢'?’
and experimentalus'mg studies on the effect of different OPV filters (wavelengths
transmitted and intensity varies) on crops have also been conducted. It was deter-
mined that the use of OPVs in greenhouses has no deleterious impact on crops
such as lettuce and tomatoes and may even provide some benefits.'?® The majority
of implementations of wavelength-selective OPV are in greenhouses. This is
because they are manufactured on flexible and lightweight substrates, making
them simple to install on the roofs of existing greenhouses. In addition, they can
contribute to achieve net greenhouse-energy demand."*° A recent study, however,
has placed BR OPV inside the greenhouse to protect it from quick degradation when
exposed to outdoor conditions."*" The main findings indicated that the accumu-
lated yield of tomatoes was higher (up to +15%) in the control greenhouse without
OPVs, though the ratio of accumulated yield to irradiance at the canopy level was
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higher under BR OPVs (up to +0.9%). The authors justify the decrease in yield as be-
ing linked to the reduced light level caused by the shading of the OPV modules,
while attributing the increase in the ratio of accumulated yield to irradiance to higher
photosynthesis efficiency under BR light transmitted through OPV modules. Stability
issues, the need of large-area module development, and insufficient PCE (particu-
larly during scaling up) are among the most significant obstacles to their implemen-
tation in open-field APV systems.”'?? These challenges are often associated with the
search for more suitable light-absorbing materials beyond the photosynthetic
region. Currently, the highest PCE of spectrally engineered OPV for use in green-
houses is 13.5% (AVT of 21.50%), with an operational stability of 84.8% retention af-
ter more than 1,000 h."*? Extending our discussion to OPV studies for TPV applica-
tions, where the devices are expected to transmit the entire VIS spectrum, can
provide valuable insights for the further development of APV. Given the correspon-
dence between the VIS and PAR spectral ranges, these studies hold relevance.
Recent research has looked at OPVs that harvest the UV'**'> or NIR while transmit-
ting most of the VIS spectrum, achieving AVT values up to 60% with PCE of 5.74%,'%°
and even higher PCEs, reaching 16.74% with an AVT of 33.02%."" In addition, the
development of flexible and transparent OPVs for applications with curved surfaces
has gained popularity, which could also be useful for non-flat plastic greenhouse
covers.*®"37 In summary, the ongoing advancements in VIS-transparent OPVs for
building applications also offer benefits for agricultural applications. While the
windows industry prioritizes achieving near 100% AVT for visual aesthetics, in APV
systems, AVT values—or more aptly, APT—should match plant light requirements
while keeping high PCE values.

Dye-sensitized solar cells (DSSCs) can also absorb light at specific wavelengths.
Unlike OPV, light absorption and the subsequent transport of charge carriers are
separated. The dye molecules (i.e., the sensitizer) absorb light, which injects an elec-
tron into the conduction band of the semiconductor material (TiO5). The injected
electron then moves to the transparent conductive oxide layer and travels to the
counter-electrode via an external circuit. The redox mediator (electrolyte) regener-
ates the oxidized dye, and the incoming electron reduces the electrolyte to close
the circuit."® Hence, the dye is responsible for the light absorption properties in a
DSSC device. DSSC has also been designed for greenhouse applications utilizing
ruthenium'* (PCE of 4.96% for 5 um TiO film) and sensitizers based on thiazolothia-
zole'" (PCE up to 6.1% for 5.5 pm TiO; film) to enhance the transmittance of the BR
wavelengths. Synthesis of DSSC with full-PAR transmission has also recently been
targeted, focusing the absorption on the UV region instead.'**"*? In the field of
TPV, efforts have been made to develop selective NIR absorbing DSSC to allow
full VIS transmittance.'** This research has resulted in devices that achieve a PCE
of 2.5% and an AVT of 76%.'*> Comparably to OPV, DSSC technology is low-cost,
flexible, and angle-of-incidence (AQI) independent, but it also suffers from low sta-
bility and low PCE. Crop experiments under wavelength-selective DSSCs in
controlled environments have been conducted for light-sensitive plants such as

1%¢ petunia,'"” and coleus rose.'*® In these studies, unfavorable morpholog-

tomato,
ical changes were observed in plants grown under DSSCs due to reduced light trans-
mission compared with control treatments. Supplementary lightning using B light
LEDs in R-colored DSSCs yielded positive responses for coleus rose, leading the au-
thors to emphasize the importance of an appropriate B-to-R light ratio for optimal

growth.'*®

Perovskites, which are described as hybrid organic-inorganic photoactive materials
with the ability to tune the band gap (and consequently absorption/transmittance
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spectrum), are also regarded as a wavelength-selective thin-film PV system technol-
ogy with promising potential.'*” The operating principle is analogous to OPV, and
they also suffer from stability problems, but opaque perovskite solar cells (PSCs)
currently achieve greater efficiency.’*”"*° They have not yet been implemented in
agricultural applications because the research has been focused on opaque tandem
configurations and transparent perovskites for windows and buildings."® Therefore,
efforts have also been made to explore TPV perovskites that aim to harvest UV'>" or
shift the absorption edge toward the B region while transmitting VIS light.'>”
Recently, flexible and bifacial semi-transparent PSCs have been reported to achieve
a PCE of 6.7% and an AVT of 55.3%."°* One of the main challenges in the implemen-
tation of PSCs is their limited scalability to larger sizes, with most reported studies
focusing on laboratory-scale solar cells. Notably, Matteocci et al. developed a
mini-module with an active area of 48 cm? that achieved a PCE of 5.45% and an
AVT of 59.4% with a shelf life stability longer than 2,400 h.">* The techniques and
advancements made in TPV perovskites could potentially be applied to current
and future designs of spectrally selective PSCs for agriculture. A first attempt at
designing a semi-transparent perovskite for greenhouse applications has resulted
in a material with 80% transparency in the wavelength range of 550-1,000 nm and
a PCE of 7.51%."° Subsequently, a slightly improved result (PCE of 7.67%) was
developed offering additional flexibility but still facing challenges in transmitting
light below 550 nm."'*® Despite the potential of perovskites as WSPV technology
for APV, a major concern is the presence of toxic lead (Pb), the leakage of which
could have a negative impact on their agricultural application.”®”"'*® Accordingly,
Pb-free based perovskites are being researched.'>’

The wavelength selectivity of devices employing inorganic ultrathin nano-absorber
layers has also been discovered, with an emphasis on light-management strate-
gies.'®>'®! Due to the thinness of the combined p-i-n layer stack of less than
50 nm composed of a-Si:H, pc-Si:Ht, and a resonant-cavity enhanced a-Si:Ge, only
a small fraction of light is absorbed in a single pass, making the device transparent
from the outset.'®’ The enhancement of absorption therefore depends on the inter-
face between the absorber and the rear contact. To make the device spectrally
selective, the rear contact is composed of a metal-oxide-metal-oxide (MOMO)
multilayer stack based on a Fabry-Perot resonator, which is renowned for its color-
filtering properties.'®” As a result, the rear contact functions as a spectrally selective
mirror, enhancing the device’s absorption by reflecting G and infrared light while
transmitting BR wavelengths to match the plant chlorophyll’s absorption curves (Fig-
ure 5B)."°? In these devices, the transmission and reflection properties are deter-
mined by the design and thickness of the MOMO reflector. The PCE was 2.3%
with silver metal layers of 15 nm thickness and aluminum zinc oxide layers of 271
and 85 nm thickness in the MOMO reflector.'®® Although their PCE is behind that
of other spectrally engineered thin-film PV technologies, possibly due to its early
research stage, this technology is promising, considering that it is based on well-es-
tablished deposition techniques (plasma-enhanced chemical vapor deposition and
magnetron sputtering) that are known to be scalable over large areas.'®" In addition,
the wavelengths of peak transmission and the transmission intensity should ideally
remain constant for all incidence angles; however, this was not observed in the
study.'®" The transmission of the red peak shifted toward smaller wavelengths for
increased AOI, although the magnitude of the shift should not greatly affect the ab-
sorption in chlorophyll. This angular dependence encourages further optimization of
MOMO reflector layer materials and thicknesses. Furthermore, new research sug-
gests replacing the doped silicon layers (rich in defects) with transparent charge car-
rier selective contacts to enhance current generation.'®* The same research group
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Visible light Visible light

Figure 6. lllustration of the general structure of a spatially segmented PV panel with selective-
colored layer

(A) Representation with squared solar PV cells more commonly found in ¢-Si PV modules.

(B) Representation with solar PV cells as stripes more commonly found in thin-film PV modules.
Note that the illustration is not to scale.

tested the device on microalgae growth and obtained higher biomass production
than pure R transmission (+33%) and higher photosynthetic efficiency than white
light (up to +48%) and pure R transmission (up to +59%), affirming the compatible
use in photo-bioreactor applications.'

Selective-colored layer in spatially segmented PV panels

The concept behind this class of WSPV technologies is relatively straightforward.
They are composed of conventional silicon or thin-film PV panels with spatially
segmented PV cells. The density of PV cells directly impacts the intensity of light
transmitted. However, in this case, instead of having a neutral transparent glass
on the rear side, a colored layer is added that acts as a filter to spectrally select
the wavelengths of light that pass through the device and reach the plants. The
concept is depicted in Figure 6 for spatially segmented PV solar cells (Figure 6A rep-
resents conventional c-Si solar cells, and Figure 6B depicts CdTe or CIGS thin-film
solar cells as stripes). A translucent, selectively colored interlayer (e.g., colored poly-
vinyl butyral [PVB] encapsulant)w66 is placed beneath the PV solar cells to allow the
full spectrum of incident light to reach the solar cells while filtering incident light
to the plants below. The semi-transparent layer depicted is colored magenta due
to the concentration of chlorophyll absorption maxima in the BR regions. Although
this rather simple design appears to waste certain wavelengths absorbed by the
colored layer by not reflecting them back to the solar cells, PV panels based on
this concept are commercially available, though their original intended application
was for the colorful appearance in building-integrated PV (BIPV) rather than purpos-
edly designed for APV applications. This type of PV panel was recently implemented
in an outdoor prototype APV project.'®’ The project deployed magenta-colored
CdTe STPV panels with varying transparencies values alluding to the density of solar
cells relative to the area of the PV module, on two equal-sized plots. The purpose of
this study is to assess the effect of wavelength-filtering and the reduction of light in-
tensity on the growth of various crops in outdoor conditions. A similar APV project
with neutral-colored CdTe with 40% transparency was carried out. The light condi-
tions under the STPV system were compared with opaque c-Si PV panels, demon-
strating that the PAR received by the plants is greater with the translucent solu-
tion."®® While technically not using solar PV panels, a research team has placed
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photo-selective filters of different colors (one R and one B) on top of equal-sized can-
opies to simulate the colored PV panels. The objective was to evaluate the effect of
distinct light wavelengths on plant growth. In a four-month study with tomatoes, the
plots with filtration produced approximately one third less than the unfiltered con-
trol. However, there were more rotten tomatoes in the open plot, indicating that
the photo-selective filter reduced thermal stress.'®” There is currently no information
regarding the differences between the R and B filters. Another investigation was
conducted on potted trials with basil and spinach using orange-colored amorphous
silicon thin-film PV panels.”’ The colored PV panels primarily absorbed B and G
wavelengths while transmitting the R portion of the spectrum (roughly 43% of the
incoming solar irradiance was transmitted). Basil's marketable biomass yield showed
no significant change (—15%), while spinach’s yield decreased significantly (—26%).

Even though this form of WSPV technology cannot be considered spectrally engi-
neered in terms of the structure of the solar cells, relying instead on filtering light
with colored PVB interlayer, it can be implemented in larger APV systems signifi-
cantly more simply and speedily. This is a result of the advanced commercialization
of c-Si and thin-film PV technologies with varying degrees of transparency (solar cell
density) and color customization.””'%’ As outlined, several initiatives are presently
underway, and these studies will demonstrate further the impact of this WSPV tech-
nology on a variety of crops. These initiatives will additionally shed light on how this
technology compares to other WSPV technologies in terms of crop yield, electricity
generated, and implementation costs. Lastly, in terms of design improvement, it is
preferable that the selective-colored layer reflects unused wavelengths by the plants
back to the solar cells (if these were bifacial) rather than absorbing them, as is
currently being researched in colored BIPV applications or OPV by using multilayer
dielectric films (also known as Bragg reflectors). 27 171-173

CPV with mirrors and lenses

In wavelength-selective CPV technologies, also referred to in the literature as “spec-
tral splitting,” incoming direct sunlight is spectrally divided and concentrated onto
typically high-efficiency solar cells (such as Ill-V multi-junction solar cells). Ideally, the
wavelengths of light most important to crop growth would be transmitted, while the
remainder would be concentrated on the solar cell. Several configurations for
spectral-splitting CPV in agricultural applications have been proposed.

The concentrated-lighting agrivoltaic system (CAS) employs optimized dichroic
polymer films (multi-passband filter films) affixed to parabolic bended glass panels
to promote plant growth.'’*"”> Figure 7A depicts the concentration and reflection
of the remaining sunlight on a stripe of monocrystalline silicon PV panels for elec-
tricity generation. Several crops, including lettuce, spinach, and cucumber, were
subjected to outdoor field tests, with the CAS system producing a higher photosyn-
thetic rate than the control plot. Additionally, the CAS system reduced water evap-
oration by 26%. A modification of the CAS system resulted in the development of
spectral-splitting concentrator agrivoltaic (SCAPV) systems, in which a second strip
of solar PV panels is co-located on top of the previous strip facing the sky.'"'”®
Without concentration, this second segment receives the full spectrum of incoming
sunlight. Multi-junction solar cells could be used to increase power output, although
the authors claim that silicon cells (with an experimentally maximum measured PCE
of 11.6% for the studied SCAPV) are currently cost-competitive for a scalable solu-
tion."”® Under SCAPV, ginger, peanut, bok choy, lettuce, and sweet potato pro-
duced, on average, a yield increased by around 18% compared with the control
plot.”’¢ Although these systems are promising, the long-term reliability of polymer
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Visible light Visible light

Figure 7. lllustration of the general structure of wavelength-selective concentrated photovoltaic
technologies

(A) Representation with reflective and spectrally selective dichroic mirror and line focus receiver
where PV cells are mounted.

(B) Representation with refractive lenses to concentrate direct light combined with reflective
spectrally selective mirror coated in prisms and PV cells mounted on the edge. Note that the
illustration is not to scale.

films is still unclear. In a recent study, researchers tested a similar polymer film on
curved glass (to minimize angular dependence) to split B, R, and far-R light in potted
experiments conducted with tobacco, lettuce, potato, and a type of orchid under
outdoor conditions. The results revealed an enhanced plant phenotype and biomass
accumulation compared with the control treatment with transparent glass for the
majority. The success of these experiments seems to be attributed to the matched
transmitted spectra provided by the polymer film to the photosynthetic absorption
spectra of plants, along with the climatic conditions of the location, characterized by
a high-light environment. This combination helped to reduce incident irradiance,
thereby mitigating photoinhibition and creating a more favorable microclimate.'’’
A company has devised a similar concept using dichroic filters on mirrors that can
transmit the R and B chlorophyll absorption maxima for indoor greenhouse applica-

tions'’®

and has developed several pilot initiatives throughout Europe. The initial
yield results for tomato, bell pepper, lettuce, and basil showed no significant im-
pacts on crop yield."”? Another work on greenhouses has implemented cylindrical
mirrors that spectrally reflect NIR wavelengths and are collected in a focal line equip-

ped with high-efficiency PV cells.”®”

Another design for APV systems employing dish-shaped reflection to concentrate
incoming light onto a PV module point-receiver was created by Huang et al."®’
The design was simulated using ray tracing and a double-junction (GalnAsP/
GalnAs) solar cell. A 160-layer (maximum depth of 4.8 m) OS-50/SiO, dielectric
film was layered and arranged irregularly on top of the dish to obtain the desired
transmittance (matching the plants’ absorption curves) for spectral separation. An
evaluation of plant growth in terms of the quality (photosynthetic efficiency 82%)
and quantity (light intensity of approximately 500 umol/m?/s under AM1.5G) of
transmitted light revealed that the solution would satisfy the light requirements of
the most common crops in China. Despite the availability of the simulation study,
the actual performance and cost have not yet been determined. The authors are
confident that, even though the initial cost is high due to the high costs of mold
manufacturing, film coating, installation, and operation of a double-axis tracker
and high-efficiency solar cells, the price will nonetheless be brought down by
large-scale production and optimized manufacturing techniques. In addition, the
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authors asserted that the high efficacy of the CPV system will make it preferable in
the long run.

A research group has proposed a non-concentrating spectral beam splitter APV
collector by employing flat hot mirrors or dual bandpass filters.'®” This single-axis
east-to-west tracking collector consists of two perpendicular flat spectral beam split-
ters and bifacial c-Si PV panels forming an angle of 45° with each of the splitters. The
light is split so that full-PAR reaches the crops while NIR light is directed to the bifa-
cial PV panels. Since the narrow edge of the PV panels always faces the sun, its
shading on the crop should be minimal. Simulation of the proposed system indi-
cated a similar electricity yield as conventional APV system with fixed-tilt PV panels
but with an improved amount of PAR transmission into the crops. By using simple
planar components, manufacturing costs could be reduced compared with previous
solutions, although the cost of hot mirrors might still be a barrier to widespread
implementation.

All previous CPV designs required tracking systems so that the PV module could
receive concentrated light throughout the day. However, a research group devel-
oped a non-solar-tracking CPV named “spectral-splitting covering” (SSC)."®* This
wavelength-selective CPV with the optical properties of a compound parabolic
concentrator (CPC) is intended for use on the south-facing surfaces of greenhouses.
The SSC is composed of polymethilmethacrylate (PMMA) material forming the CPC
structure, with a spectral-splitting film covering the CPC surface and transmitting the
entire VIS spectrum. Triple-junction (GalnP/GaAs/Ge) PV cells that primarily absorb
NIR are positioned at the bottom of the CPC structure’s cavity. A small-scale inves-
tigation revealed that the VIS transmittance during the day is greater than 40% and
that the PCE at noon reached 13.8%. Even though this design is likely to have
reduced operation and maintenance (O&M) expenses due to the absence of a
tracking mechanism, it is only designed for south-facing slopes. In addition, the
NIR receiving rate of solar cells is zero when the AOl is greater than about 27°. These
characteristics may impede widespread implementation in greenhouses of other
types and orientations.

The team of Vu et al. proposed combining mirrors and lenses to create a wave-
length-selective CPV.'®* The incoming sunlight is first concentrated by a freeform
lens array and then directed into a planar waveguide. At the base of the waveguide
are positioned dichroic mirrors with coated prisms that can separate the full light
spectrum into the desired spectral bands. For agricultural applications, the dichroic
mirror transmits R and B light. The remaining light is reflected by the dichroic mirror
and guided by the total internal reflection at the end of the planar waveguide con-
taining the multi-junction solar cells (Figure 7B). Most of the diffuse light passes
through the system. Both the lenses and the waveguide are composed of PMMA.
The glass-prism-coated dichroic mirrors are designed as a Fabry-Perot resonator
with a 68-layer TiO,/SiO, coating and are transparent to the R and B wavelengths.
In comparison to a CPV system with Fresnel lenses and a conventional c-Si PV system
with 30% transparency, the DLI reaching the plants in the simulated work was found
to be superior (up to +122% than the worst case, 49.7 mol/m?/d to 22.3 mol/m?/ d,
assuming same climate conditions with 1,000 W/m? irradiance and 50% diffuse
light). Real experimentation and evaluation of commercial potential are yet to
be done.

Overall, wavelength-selective CPV is still in its infancy, yet interest has increased, as
evidenced by the large number of studies. Several designs are proposed for
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Figure 8. lllustration of the general structure of a
wavelength-selective luminescent solar

Visible light

concentrator

The luminescent material in the substrate
spectrally redirects incident light to the edges to
be collected by the solar cell through
photoluminescence.

spectrally separating incoming light to ensure that plants and PV cells can utilize it
more efficiently. As a result of applying highly efficient solar cells and concentrating
incoming light, CPV requires less PV cell area than conventional PV systems without
necessarily diminishing the power output. Additionally, thanks to the limited surface
area of multi-junction solar cells, less shading is produced, increasing the amount of
light available to plants. However, because of the immaturity of the technology,
there are still certain implementation obstacles. These barriers are associated with
upscaling and commercialization, the limited number of experimental studies, the
lack of actual performance data and field expertise, and the associated installation
and O&M costs. CPV technologies are also affected by the light's AOI, necessitating
the use of tracking systems to maximize the PV cells’ efficiency. As per the AOI
dependence, the spectrum transmitted to the plants is susceptible to spectral shifts,
the effects of which must be analyzed. Understanding the long-term stability of these
spectral-splitting mechanisms is also essential for this technology to succeed.

LSCs

A LSC is composed of a substrate coated or infused with a luminescent organic dye,
quantum dots,"®° or luminophores that redirect incident light to the edges through
photoluminescence.'® Light is collected by fluorescent particles dispersed
across the LSC area and re-emitted as longer wavelengths, which are then guided
within the panel via total internal reflection and concentrated onto solar cells, typi-
cally at the panel’s borders (Figure 8).

In wavelength-selective LSC, the luminescent material absorbs non-desired wave-
lengths and re-emits them as longer wavelengths (e.g., NIR) that can be used to
generate electricity by PV cells. Detweiler et al. were among the first to use LSC
with a fluorescent dye (Lumogen F Red 305) to target the absorption of
G-wavelength photons and re-emit them at R wavelengths while transmitting BR
wavelengths for photosynthesis.'®” The re-emitted R wavelengths were either wave-
guided to the PV cells or transmitted to promote the growth of microalgae. Four
types of microalgae and one type of cyanobacteria were tested with three distinct
dye concentrations that resulted in varying PAR transmittance values (77%, 66%,
and 60%) in relation to full solar irradiance. The results revealed that no adverse ef-
fects were observed, and in some cases, growth rates increased. The previous dye
was subjected to accelerated UV testing equivalent to 20 years, and no photolumi-
nescence degradation was observed.'?® Several LSC designs were tested by placing
poly- and monocrystalline Si PV solar cells arranged differently to the luminescent
panel’s rear surface as opposed to the panel’s edges.'®®"®” The authors asserted
that, by distributing the PV cells on the rear surface, direct illumination could reach
the PV cells, and the travel distance of the absorbed light was shortened. All these
designs featured the same 13.9% PV cell coverage on the LSC panel. They were
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all installed in the greenhouse’s roof and walls and transmitted 60% of the PAR spec-
trum inside the greenhouse. Actual field PCE for the LSC panel with the most opti-
mized geometry and cell type was 4%.'®” Tomatoes were cultivated in the green-
house with LSC, and their characteristics were compared with those grown in a
greenhouse with clear windows. Under the WSPV LSC greenhouse, WUE increased
by 5% compared with the control greenhouse. Less-light saturated photosynthesis
occurred due to reduced levels of irradiance inside the LSC greenhouse. The analysis
of fruit number and mass was inconclusive, and the authors advocated for additional
research on the qualitative aspects (appearance, flavor, and nutrition) of plants culti-
vated under wavelength-selective LSC."®?

A ray tracing simulation study proposed a new LSC design with an elliptical rather
than planar shape.'”® The authors demonstrated that this shape reduces emission
losses due to enhanced total internal reflection over a wide range of emission an-
gles. Based on Petzval lenses, the authors named it elliptic array solar spectrum
splitter (EASSS). Like prior concepts, the luminescent dye absorbs the G and NIR
spectral regions and emits photons at wavelengths matched to the single-junction
PV cell on the side walls. BR light pass through the EASSS to reach the plants. Numer-
ical simulations demonstrated a PCE of 17%. Nonetheless, due to the employment
of lenses, the system requires a tracking mechanism. On top of that, the EASSS's ma-
terials would need to be field-tested for duration, temperature, and radiation expo-
sure to determine their reliability. In addition, field performance and total cost are
currently undetermined.

Recent experimental research compared four wavelength-selective treatments
based on LSC (excluding PV cells on the edges) with varying cutoffs to investigate
how removing specific wavebands influenced plant growth and yield.”® In addition,
they compared the results to three other neutral (full-PAR) transmission glazing ma-
terials with varying degrees of transmission. Basil and petunia yield and quality re-
sponses were saturated when the average DLI exceeded 12 mol/m?/d (obtained
with the treatments transmitting the full-PAR and the Lumogen F Red 305), corre-
sponding to moderate shading. However, tomato fruit yield was diminished. No
obvious conclusions could be drawn from the R, far-R, and NIR cutoffs, so they urged
for further research on various fruiting crops and geographical regions. The same
research group conducted similar experiments with snapdragons and discovered
that ~15% PV shading (DLI > 17 mol/m?/d) was tolerable to sustain growth and qual-
ity during the summer in their location. The authors stated that in high-light regions,
PV panels designed to absorb B and G light, in addition to UV and NIR, could
enhance biomass accumulation and the RUE of certain greenhouse crops, provided

that any alterations to plant morphology are acceptable.'”

A recent study uncovered the vulnerabilities of organic dyes used in LSC, confirming
problems with reabsorption, photostability, and short Stokes shift.'”? Owing to the
authors’ assertion that rare-earth complexes have a high photoluminescence quan-
tum yield and a broad Stokes shift, the study opens the door for rare-earth com-
plexes to circumvent these limitations. In addition, lanthanide complex-based
LSCs can absorb UV radiation below 400 nm and re-emit it into the PAR region,
which is more advantageous for photosynthesis. Although the concept exists, its im-
plementation and effects on crops must be evaluated.

The further development of VIS, transparent LSC technology goes beyond agricul-

tural use and finds application in buildings, automobiles, and mobile electronics.
While the focus is on transmitting light in the VIS spectrum and matching the
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photopic response of the human eye, similar to other WSPV technologies described,
its importance for agriculture cannot be overlooked. LSCs with selective UV and NIR
dual-band luminophores have achieved a very high AVT of over 75% and PCE of over
3%."7% In addition, eco-friendly quantum-dot LSCs,'?* as demonstrated by Jinetal.,
have shown promising results with a PCE of up to 2.9% or an AVT up to 90.7%.'7°17¢
Despite the progress, widespread applications are still somewhat limited. Commer-
cially available LSC solar windows with a PCE up to 3.3% and VIS light transmission
up to 70% have been deployed in an APV system in a greenhouse in Perth,
Australia.’”” As these technologies are further researched and tested, both their
electrical output and crop yields will become clearer as WSPV solutions.

Wavelength-selective LSC with organic dyes holds promise due to its use of
non-toxic, abundant, inexpensive materials, as well as its non-incident light-angle
dependency. Nevertheless, LSCs relatively low PCE is currently a limitation, while
self-absorption of the emitted light and waveguide losses must be reduced for wider
applications.'”® There are few experimental studies evaluating the effect of wave-
length-selective LSC on crops and its power efficiency in agricultural applications,
and none for outdoor APV implementation. Novel designs (such as EASSS) and novel
materials (such as rare-earth complexes) have been proposed for WSPV LSC, but
their viability will not be established until their actual field application and perfor-
mance are evaluated.

CONCLUSION AND OUTLOOK

APVs and WSPV systems: A promising future

The research community’s enthusiasm surrounding WSPV technologies in agricul-
tural applications is evident, as witnessed by the numerous studies and ongoing pro-
jects. Several research institutions have already confirmed new projects focusing on
WSPV technologies for APV systems, and we anticipate this number will continue to
grow rapidly, paralleling the overall growth in APV research.'””?°° Furthermore,
APV systems, in addition to their dual roles in supporting agricultural activities
and solar energy conversion, offer a compelling opportunity for synergy with other
systems, particularly hybrid systems like aquaponics systems (Figure 9). Aquaponics
systems, renowned for their fusion of aquaculture and hydroponics, have already
been successfully implemented alongside PV modules to facilitate a pumping sys-
tem.?%" In this category of hybrid systems, a potential system could combine micro-
algae growth with either fish farming or agriculture and with a WSPV panel installa-
tion over it. Microalgae uses proliferate in the food, cosmetic, and pharmaceutical
sectors. An agency is testing the concept of “algovoltaic,” which combines conven-
tional PV modules and photobioreactors for microalgae cultivation and has a high
carbon sequestration capacity.””” The prospective incorporation of WSPV technol-
ogies into such systems promises to deliver an additional advantage by supplying
light that is beneficial for the cultivated crops. Hybrid APV systems are thus ideal can-
didates for triple-land-use applications. This represents an exciting frontier in sus-
tainable agriculture and renewable energy integration.

Careful consideration is paramount when contemplating the adoption of various tech-
nologies within APV systems, including WSPV technologies. The dual-land-use aspect
of APV systems requires a thorough evaluation, with agriculture taking precedence.
The aim should be to avoid any excessive reduction in crop yields and, optimally, to
augment agricultural productivity. It is imperative to view the electricity generated
by the PV system in an APV configuration as a supplementary benefit to sustainable
energy conversion, with the primary focus being on agricultural output.
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Visible light Figure 9. lllustration of a WSPV technology
combined agrivoltaic and aquaponic system

In theory, WSPV technologies should offer distinct advantages when compared with
conventional opaque c-Si APV systems. They are purposefully designed to transmit
the necessary wavelengths of light (quality of light) required for plant growth. Simul-
taneously, they ensure an adequate light intensity (quantity of light) without causing
direct shading on the vegetation. However, in practice, the adoption of WSPV
modules remains somewhat limited due to their relatively recent emergence. By
contrast, conventional ¢-Si PV modules have achieved widespread market penetra-
tion. The c-Si technology is well-established, boasting high efficiency and cost re-
ductions over recent decades. Moreover, there is extensive know-how concerning
their installation and long-term stability. As a result, APV systems employing conven-
tional opaque c-Si PV modules and semi-transparent spatially segmented c-Si PV
modules (to reduce shading) currently enjoy a competitive edge in the field.

Based on the current literature, it is evident that more studies, particularly experi-
mental research, are necessary to verify the potential of WSPV technologies across
diverse crops and geographical locations. While theoretical studies and numerical
simulations offer valuable preliminary insights into the potential impact of emerging
WSPV technologies on both power production and crop yield, field validation re-
mains essential for ensuring the accuracy of these predictive models. Experimental
works that simulate the spectral selectivity of PV technologies, albeit in simplified or
smaller configurations employing filters instead of fully operational PV devices, serve
as valuable proxies. These proxy experiments enable the assessment of the influence
that WSPV technologies with different transparency levels and colors have on crop
growth. This approach allows researchers to gauge impacts without requiring the
development of complete functional devices. However, it is essential to acknowl-
edge that real field trials may still yield divergent outcomes due to variables such
as size variations or omissions and simplifications in experimental setups. A partic-
ular challenge with smaller setups is the risk of being exposed to additional light be-
sides to the light transmitted by the WSPV system (if not perfectly enclosed), also
known as edge effects. Ideally, the setup should only transmit the light transmitted
by the WSPV technology to the crops. However, scaling up the experiment can be
costly, both in terms of material and maintenance. The answer to the question of
scalability and the size of the experiment may even depend on the research objec-
tive. If the goal is to accurately analyze the effects of the wavelengths of light
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transmitted by the WSPV technology on the plants, then the elimination of natural
light exposure is crucial. On the other hand, if the purpose is to show the applicability
and benefits of the WSPV system in real conditions, where natural light exposure can
be unavoidable most of the time, then the question is whether the setup is represen-
tative enough when used on a larger scale.

Consideration should be given not only to the amount and wavelengths of light
utilized by WSPV technologies but also to the type of crops grown beneath these
panels. The interception of solar irradiance by WSPV technologies will not neces-
sarily be accompanied by reduced crop yields. Indeed, WSPV system may prove
beneficial in specific cases, such as high-light environments with high evapotranspir-
203204 and heat stress””® impair crop produc-
tion. Tailoring the crop varieties in terms of their canopy architecture, spectral char-

ative demand where photoinhibition

acteristics, and stomatal function to the wavelengths and qualities of light
partitioned by WSPV technologies will ensure the most efficient outcomes in crop
yield and energy conversion.

When designing new WSPV technologies, it is worth noting that the limit of solar cell
efficiency under conditions of spectral sharing for crop production has an optimal
solar cell band-gap redshift from about 925 to 1,107 nm. The limiting single-junction
solar cell efficiency decreases from 33.8% to 19.2% when the entire PAR spectrum is
channeled to plant growth. If only BR wavelengths are diverted to the crops, the
limiting efficiency increases to 23.8%. To aid future designs, we further proposed
a useful model for estimating more realistic values of the efficiency attainable under
varying levels of spectral sharing, based on the band gap and nominal full-spectrum
efficiency of various solar cells (Figure 3).

The pros and cons of WSPV systems in agricultural applications

The proposed classification scheme in this review for current WSPV technologies in
agricultural applications is based on where or how the spectral selectivity occurs. In
thin-film WSPV, the active layer, or, in the case of ultrathin nano-absorbers, the rear
contact is responsible for absorbing the non-desired wavelengths for the plants.
Spatially segmented PV with selective-colored layer WSPV achieves spectral selec-
tion by adding a colored layer to conventional c-Si or thin-film PV modules. Spectral
selection in CPVs is accomplished using dichroic mirrors or lenses. LSCs rely on lumi-
nescent materials (organic dye or quantum dot) that absorb the undesired wave-
lengths and re-emit them to the embedded PV cells, thus not relying on straightfor-
ward reflection or refraction. The primary pros and cons from each reviewed WSPV
category are summarized in Table 1. An overview of the examined research,
together with some PV performance metrics and, if applicable, the impact on crops
and relevant experimental details, are shown in Table 2.

Among the various categories of WSPV technologies that we reviewed, the simplest
to implement on a larger scale at this current stage would be the selective-colored
layer WSPV technology due to the availability of commercial PV modules as well as
certain LSC technologies. Nonetheless, the implementation of all WSPV categories
is still relatively rare and is usually limited to greenhouses or small-scale setups (Ta-
ble 2). A general and somewhat logical reason for this rarity is the recent surge of in-
terestin APV systems and the associated uncertainty regarding theirimpact and per-
formance. Therefore, small-scale experiments are important to provide a basis for
larger scale experiments. In this regard, it is beneficial if the initial experiments pro-
vide information on PV coverage and crop planting area for an overview of size and
other relevant performance parameters. The lack of standardized testing and
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Table 1. Summary of the opportunities and challenges of the various WSPV technology categories for agricultural applications

Category of WSPV Opportunities Challenges
Thin-film PV e wide range of structures and design e |ow stability and PCE in general
options (OPV, DSSC, perovskite, and e scarce open-field experimental
inorganic ultrathin nano-absorber) implementation
e |ow-cost materials, lightweight, and
flexible
Selective-colored layer in spatially e PV panels commercially available o simple selective layer (e.g., wavelengths
segmented PV o tunable degree of transparency and color absorbed by the

interlayer but are not used for PV energy conversion)
o limited to small-scale trials

CPV e wide range of designs using mirrors or lenses e upscaling and commercialization
e limited shading from PV cells and thus e higher cost of materials and the
increased light availability to plants need for tracking systems® in general
LSC e non-toxic, abundant, and low-cost materials e low PCE
e non-AOI dependency e limited to greenhouse trials, unknown

effect in open-field conditions

°If no tracking system is implemented, the CPV system usually suffers from angular and reflection losses.

reporting procedures may also contribute to the slow implementation, although this
occurs in any new area of research, as will be discussed in more detail in the next sub-
section. However, there are other reasons for slow adoption in some categories. In
the thin-film category, for example, we could argue that most suitable technologies
(with spectral transmittance matching the absorption of the plants) are not currently
technologically ready for upscaling. Those that are ready for upscaling, on the other
hand, may not have the best spectral properties. Furthermore, there is still a consid-
erable need for research to identify and develop the most ideal absorbers. And even
if they are found, they must first be tested for effectiveness in small-size experiments
before scaling up. Degradation issues are another concern in OPV and DSSC thin-
film WSPV technologies, as evidenced by several studies.'®®'?? If these systems
are to remain in operation for decades, the transmitted light and power output
must remain stable. In the CPV category, some designs have been realized on a large
scale (e.g., SCAPV), but most are still prototypes and have higher material costs (due
to the tracking mechanism or the highly curved mirrors) that might prevent scaling
up. In summary, many of the remaining proposed devices are still in the early stages
of research and development and are a considerable distance from achieving wide-
spread adoption; they are currently working toward realizing their first functioning
prototype. Connected to this lack of implementation, we have refrained from con-
ducting an economic analysis or cost comparison in this study. This is because the
absence of fully realized projects and large-scale implementations would render
any cost estimation unrealistic. While some authors have provided estimated costs
for their designed WSPV technology to demonstrate their feasibility, it is important
to note that these estimates are contingent on geographical factors, material acces-
sibility, and costs, as well as considerations regarding future mass production.’""®’
Appropriately, the cost analysis should be deferred until additional projects are
completed and larger-scale implementations become a reality.

Anon-negligible issue in the implementation of WSPV system technologies for agri-
cultural applications is the presence of toxic elements (e.g., Pb and Cd) in some of
these technologies. The potential risk of leakage would have consequences for
the environment and the risk of consumption. Despite stringent encapsulation mea-
sures and recycling processes, there is still a risk of Pb halide perovskites leaking into
the environment during the life cycle of solar cells.”'* Pb ions originating from the
remaining organic and inorganic Pb salts in the perovskite films can leach into the
soil during weather events such as hail or storms and pose a risk of contamination.
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Table 2. Summary of selected WSPV studies reported in the literature with (potential) application in agrivoltaic systems

Control
Total panel DLI (mol/
Targeted area (m?)/growth Crops m?/day)
Type of transmitted AVT/APT footprint (m?) per Crops reached  Impact (or above
Reference WSPV wavelengths PCE (%) (%) Type of work  Setup conditions test unit investigated maturity? on crop WSPV) Light source
PV characteristics Crop experiment
Zhao et al.'*” OPV N/A 13.50 21.50/-  experimental  closed chamber with ~ ~0.09/~0.06 mung bean no similar to or more ~55-68% sunlight
the roof covered by sprout, hearty beneficial than control
OPV and aluminum wheat, and (glass)
foils on the walls broccoli sprout
Wang et al.'* OPV matching 13.08 -/24.70°  experimental  greenhouse roof N/A mung bean no similar to control N/A metal halide
plant’s covered by OPV* sprouts (glass) lamp
absorption
spectrum
Song et al.'* OPV full-PAR 12.04, 20.00/-, experimental  closed chamber with ~ ~0.09/~0.09 T. hemsleyanum  no comparable N/A sunlight
11.40 20.60/- the roof covered by seedling growing
OPV and opaque walls (traditional tendency and
Chinese herb similar content
plant) of medicinal
active ingredient
to control (open
roof)
Ravishankar OPV matching 7.34,2.26, ~29.00,° experimental  ventilated closed ~0.14/~0.14 red leaf yes comparable fresh, dry ~38-47¢ metal halide
etal.'”’ plant's 7.58 ~31.00,° growth boxes with the lettuce weights, and lamps and
absorption ~38.00° roof covered by chlorophyll content to incandescent
spectrum different OPV filters the control (glass); lights
and mylar on the walls; lower photosynthesis
boxes are placed in a rate but non-
controlled significant; lower
environment anthocyanins levels
Waller et al.”*® OPV N/A N/A 37° experimental  greenhouse with less ~ 51.2 (64)/~17.3 tomato yes delayed fruit ~22-48 sunlight
than half of the roof development resulting
covered by OPV in lower yield
modules, the other compared with control
half used as control in the first four harvest
(65% transmission in of ten in total because
the PAR) of insufficient DLI
under OPV; similar to
control afterward
Leeetal.'* OPV S 5.74 60° experimental  N/A N/A N/A N/A N/A N/A N/A
Jinnai et al.””* OPV blue and red 178 41.2/-, experimental ~ measurements with N/A strawberry leaves  N/A lower photosynthetic ~ N/A artificial
1.46 37.2/- the OPV placed below rates than transparent sunlight
the light source but on PVC film
top of the potted
plant*
Liuetal.'*® OPV full-PAR 10.03 34.2/-,  experimental  N/A N/A mung bean no similar length N/A sunlight
9.26 31.0/-, sprouts compared with control
8.92 34.3/- but slightly slower
growth
Shi etal.’”” OPV blue and red 7.75 -/24.8°  experimental  N/A N/A N/A N/A N/A N/A N/A

(Continued on next page)
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Table 2. Continued

Control
Total panel DLI (mol/
Targeted area (m?)/growth Crops m?/day)
Type of transmitted AVT/APT footprint (m?) per Crops reached  Impact (or above
Reference WSPV wavelengths PCE (%) (%) Type of work  Setup conditions test unit investigated maturity? on crop WSPV) Light source
Charles et al.’*® OPV several designs:  N/A N/A experimental  growth containers with  N/A lettuce and yes biomass similar to ~246-258 metal halide
blue, red, blue OPV covering the tomato control (glass) for pmol/m?/s lamps and
and red roofs placed inside a lettuce under same incandescent
controlled chamber*; light intensity for light bulbs
distances of the different spectra; same
containers from the for tomato except
light source were under the blue and red
adjusted to provide OPV that had
same total PPFD under significantly more
OPV in one part of the leaves than control;
experiments rate of photosynthesis
and nutrient content
improved under the
blue and red OPV for
lettuce; decrease in
transpiration rate
under blue and red
OPV for tomato
Ukwu et al. >’ OPV two designs N/A * experimental  OPV sheets installed  0.09/0.09 spinach yes comparable growth * sunlight
with mostly over potted plants at and yield traits to
red transmittance 45° tilt and a height of control under the most
45 cm from the base of transparent OPV;
the medium; all plants reduced biomass
were placed inside a under the least
greenhouse transparent OPV
Teitel et al.'”' OPV two designs: N/A 32.2 experimental  greenhouses with roof ~6.43-6.55/24 tomato yes accumulated yield in -~ * sunlight
blue, red (red) covered with control greenhouse
288" polyethylene sheets was higher than blue
(blue) (89% transmission in (+15%) and red (+9%)
the PAR) and OPVs
modules placed inside
at 3 m height
Song etal.”*” OPV VIS 10.53 21/- experimental ~ N/A N/A mung bean no comparable growth to  N/A sunlight
sprouts control
Xuetal."*’ OPV VIS 16.14 33.02/~-  experimental  N/A N/A N/A N/A N/A N/A N/A
Guan et al.””® OoPV VIS 10.49 50.91/-  experimental ~ N/A N/A N/A N/A N/A N/A N/A

(Continued on next page)
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Table 2. Continued
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Control
Total panel DLI (mol/
Targeted area (mz)/growth Crops mz/day)
Type of transmitted AVT/APT footprint (m?) per Crops reached  Impact (or above
Reference WSPV wavelengths PCE (%) (%) Type of work  Setup conditions test unit investigated maturity? on crop WSPV) Light source
Ntinas et al.'*® DSSC N/A N/A N/A experimental  greenhouse with all —/~32 tomato yes higher bioactive N/A sunlight
the walls and roof compounds but lower
covered by DSSC total yields,
chlorophyll content,
stomatal conductance,
photosynthetic rate,
and transpiration rate
than control (glass)
Dessi etal.'"’ DSSC blue and red 6.105.60 —/41,° experimental  N/A N/A N/A N/A N/A N/A N/A
-/52°
Badawy et al.””” DSSC blue and red 8.85 N/A experimental  N/A N/A N/A N/A N/A N/A N/A
Baron et al."*® DSSC VIS 2.50 76/- experimental  N/A N/A N/A N/A N/A N/A N/A
Kim and Oh'*/ DSSC red and FR N/A 37¢ experimental  potted experiments;  ~4.65*/4.65* petunia yes increased plant height, 16.52 sunlight
closed chambers with leaf area, fresh weight,
roof covered by red and number of days to
DSSC and transparent flowering; reduced
polycarbonate relative chlorophyll
material on the walls; content and number of
chambers were leaves and flowers; all
equipped with air compared with control
conditioning systems; (transparent
supplemental white polycarbonate); the
LEDs were added in treatment with
one chamber* supplemental LED
yielded improved
number of leaves and
flowers, flowering rate,
dry weight, and
chlorophyll content
compared with
without LED
Park et al.'*® DSSC red and FR N/A 37° experimental  potted experiments; ~15.69*/~4.65*  coleus "highway  yes increased internode 16.52 sunlight

closed chambers with rose”
roof and walls covered
by red DSSC;
chambers were
equipped with air
conditioning systems;
supplemental LEDs of
diverse colors were
added in the
chambers depending
on the treatment

length and leaf area,
shoot/root dry weight
ratio, and relative
chlorophyll content
and decreased
redness in leaves
compared with control
(transparent
polycarbonate);
supplemental light to
DSSC treatment with
appropriate
wavelengths (i.e., blue
light) helped restoring
growth and
morphology;
additional green light
treatment showed
negative response

(Continued on next page)
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Table 2. Continued

Control
Total panel DLI (mol/
Targeted area (mz)/growth Crops mz/day)
Type of transmitted AVT/APT footprint (m?) per Crops reached  Impact (or above
Reference WSPV wavelengths PCE (%) (%) Type of work  Setup conditions test unit investigated maturity? on crop WSPV) Light source
Roslan et al.”'” DSSC red N/A N/A experimental  potted experiments;  0.8/~0.8 Misai yes similar to control * sunlight
small-scale Kucing (greenhouse with glass
greenhouse with rooftop) but delayed
adjustable racking; flowering
walls covered by black
mesh net
Yuan et al.'*? perovskite VIS ~10 >20° experimental  N/A N/A N/A N/A N/A N/A N/A
Matteocci et al.'>*  perovskite VIS 5.45 59.4/~  experimental  N/A N/A N/A N/A N/A N/A N/A
Jafarzadeh etal.'™®  perovskite VIS 6.70 55.30/~  experimental  N/A N/A N/A N/A N/A N/A N/A
Leeetal”" perovskite VIS 0.68 725/~  experimental  N/A N/A N/A N/A N/A N/A N/A
Subhani et al.”>* perovskite >550 nm 7.51 40" experimental  N/A N/A N/A N/A N/A N/A N/A
Ostherthun etal.'®®  a-Si with blue and red 1.80 25° experimental  optical filters placed in  0.01/0.02 microalgae N/A higher photosynthetic  ~1,350 metal
inorganic front of the light efficiency (+48%) but  pmol/m?%/s halide
ultrathin sources and directed lower biomass for 98 h lamps
nano- toward the front side production (—55.4%)
absorber of the cultivation units than white light
in glass tubes with
volume of 350 mL
Zotti etal.”'? a-Si with matching plant's ~ N/A N/A experimental  small cultivation boxes 0.01/0.01 lettuce, not all of  increased biomass * sunlight and
selective absorption with PV panel on the microalgae, the crops  (+10%) for lettuce LED lights
reflector spectrum roof (flat and 30° tilt) tomato, basil compared with control
and transparent glass (greenhouse) under
or opaque walls on the sunlight; positive
sides; ventilation holes growth effect on
on the boxes; all boxes microalgae compared
placed inside a with control; under
greenhouse different high-irradiance
light treatments treatments (LED
lights), all plants have
higher growth than
control (bare glass)
Kim et al.”" a-Si VIS 0.68 44.9/- experimental  N/A N/A N/A N/A N/A N/A N/A
Thompson etal."’®  a-Si with red 8.00 43 experimental  outdoor potted 0.26/0.05 basil, yes insignificant for basil  ~18' (spinach) sunlight
orange- experiments (~11 spinach and reduced biomass  ~46' (basil)
colored L/each) with a-Si PV yield for spinach
layer panels covering the compared with control

top, front, and back
sides of the open
structure; other two
sides are covered with
clean glass sheets; the
top edge of the pots
under the structure
reached the lower
edge of the lateral
sheets

(glass)

(Continued on next page)
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Table 2. Continued
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Control
Total panel DLI (mol/
Targeted area (mz)/growth Crops mz/day)
Type of transmitted AVT/APT footprint (m?) per Crops reached  Impact (or above
Reference WSPV wavelengths PCE (%) (%) Type of work ~ Setup conditions test unit investigated maturity? on crop WSPV) Light source
Zhang et al.'’® CPV dichroic blue, red, NIR 11.6 57 experimental  outdoor elevated 400/230" ginger, yes +18% increase in crop  N/A sunlight
filters large-scale system peanut, yield in average
(10.24 kW,,) mounted bok choy, lettuce, compared with control
ata height of 2.5 m sweet (open-field)
potato
Zhang etal.'”’ multilayer blue, red, NIR 14.6' >90™ experimental  outdoor potted >4.4/- lettuce, yes higher biomass (up N/A sunlight
polymer experiments (~22 L) potato, to +136% for tobacco),
film on under selective tobacco reduced
curved glass multilayer polymer film photoinhibition,
on curved glass higher electron
transport rate (+22%),
stomatal conductance,
and daily leaf
photosynthetic rate
(+12%) compared with
control (glass)
Ma et al.'® CPV parabolic  full-PAR 13.8" >40° simulation and  N/A N/A N/A N/A N/A N/A N/A
experimental
Shalom et al.'®” CPV hot mirror ~ full-PAR N/A ~90° simulation N/A N/A N/A N/A N/A N/A N/A
Loik et al."®” LsC red 4 60° experimental  greenhouse with all ~0.87°/22.27* tomato yes light-saturated N/A sunlight
walls mostly covered efficiency slightly
by LSC panels lower under LSC,
increased water use
efficiency (+5%)
Talebzadeh LSC with blue and red 17 N/A simulation N/A N/A N/A N/A N/A N/A N/A
and O'Brien'”® Petzval
lenses
Stallknecht et al.”®  LSC without several designs:  9.3-21.49 —/21.8 experimental  closed chambers with  ~0.96/~0.90 basil, yes basil and petunia can  ~19.8 sunlight
mounted PV full-PAR, blue and -76.3 roof covered by LSC petunia, tolerate moderate (basil),
cells red, blue and NIR and opaque walls with tomato shade, tomato yield ~19.5
interior insulation decreased with (petunia),
board painted in minimum shade ~16.0
white; each chamber is compared with control  (tomato)
equipped with a fan (acrylic sheet 91%
and holes for neutral transmission)
ventilation and placed
in a glass-glazed
greenhouse
Stallknecth et al.'”"  LSC without several designs: ~ N/A -/21.8 experimental  closed chambers with  ~0.96/~0.90 snapdragon yes non-significant ~19.8 sunlight
mounted PV full-PAR, blue and -76.3" roof covered by LSC changes in biomass,
cells (assumed) red, far-red, NIR and opaque walls with compactness, number
interior insulation of flowers, or time to
board painted in flower up to ~15% DLI
white; each chamber is reduction compared
equipped with a fan with control (acrylic
and holes for sheet 91% neutral
ventilation and placed transmission)
in a glass-glazed
greenhouse
Yang etal.'”” LSC VIS >3 >75/— experimental  N/A N/A N/A N/A N/A N/A N/A

(Continued on next page)
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Table 2. Continued
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Control
Total panel DLI (mol/
Targeted area (mz)/growth Crops mz/day)
Type of transmitted AVT/APT footprint (m?) per Crops reached  Impact (or above
Reference WSPV wavelengths PCE (%) (%) Type of work  Setup conditions test unit investigated maturity? on crop WSPV) Light source
Vasiliev et al.'”’ LSC S 3.3 70° experimental  large greenhouse ~1.32°/~50° N/A N/A N/A N/A N/A
divided in 4 grow-
rooms; 3 grow-rooms
are covered with 153
LSC panels on the
north wall, north-
facing roof, and west
facing wall
Jinetal.'” LSC with VIS 0.09 90.7/~  experimental  N/A N/A N/A N/A N/A N/A N/A
quantum
dots

s

“N/A" indicates missing information or not applicable. indicates unclear description.

“Estimated from the data corresponding to 8 days average.

BAPT values are calculated here using the action spectrum instead of photosynthetic quantum yield.

“Average transmittance within the PAR/VIS spectrum (%), without considering the photonic response of the human eye or the photosynthetic quantum yield.
Estimated considering 13 h per day under PPFD 800100 pmol/m?/s.

°Average transmittance within the range 400-600 nm.

% transmittance of incoming solar radiation.

9Average transmittance within the range 370-740 nm.

PUp to ~40% transparent in the wavelength range of 550-1,000 nm.

‘Estimated from the daily mean GHI.

ISize of the land where the CPV system is placed.

“Crop's total area (ranging from 7 to 100 m? depending on the crop).

'Simulated value.

"For certain wavelengths within PAR.

"Maximum reached.

°All-day visible light transmittance.

PSize of one LSC panel.

9Theoretical.

"Not given but assumed as similar to the other work by the same research group.”
*Surface size of one grow room.
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This makes them bioavailable to crops. Studies show that Pb ions enter the food cy-
cle ten times more efficiently than other Pb contaminants resulting from human ac-
tivities.”'* One approach to mitigate this problem is the use of Pb-free perovskites,
while another is to prevent Pb leakage, e.g., by using a transparent TiO, sponge to
sequester Pb."*® Cd is another toxic element used in CdTe-based panels. Unlike Pb
salts, CdTe is almost insoluble,’®” and the potential Cd contamination of soil from
rainwater leaching from broken panels is lower than that of Cd commonly found in
agricultural fertilizers.?'® Therefore, severe weather events are unlikely to be a major
pathway for the release of Cd from CdTe-based modules into the environment.?'®
Although leakage of CdTe during operation is minimal, there is a higher risk during
disposal and incineration during end-of-life management.?’” Another WSPV tech-
nology that can utilize Cd and Pb is quantum-dot LSC technology, which is made
with toxic materials and often achieves higher performance.’”* However, non-toxic

alternatives that are more suitable for agricultural applications are being researched.

A call for standardized reporting

Due to the novelty of WSPVs in agricultural applications, there currently exists no es-
tablished standard for reporting on the PV performance of these technologies. To
address this issue, we advocate adopting a reporting framework akin to that em-
ployed in the window and display industry, involving the use of two key metrics:
PCE and APT. These two metrics enable researchers to calculate the LUE, a pivotal
parameter for ascertaining which WSPV technologies strike a balance in terms of
transmitted light that is optimally tailored to the specific light requirements
of different crops. While previous research has predominantly favored the use of
AVT (Table 2), we posit that APT is the more pertinent choice. This is because APT
factors-in the photosynthetic quantum yield of plants, rendering it a more precise
indicator.

The lack of standardized testing and reporting is also evident for the WSPV systems
studies involving crop experiments, where besides certain studies provide more in-
formation than others, there is a large variety on how the experiments are set up (see
Table 2). While we recognize that each study is unique and may have its own design,
constraints, available instruments, and procedures, generally related to available re-
sources and research objectives, we advocate providing a minimum level of informa-
tion to ensure reproducibility and facilitate understanding of limitations and com-
parison with other studies. Nevertheless, the comparison between studies and
their results should be made with caution. For example, it is not advisable to directly
compare short-term experiments in which the plants do not reach maturity with
longer-term experiments. It is advisable to examine the environmental conditions
to which each experiment is exposed, such as the average DLI, and the extent to
which the results can be generalized. Shorter-term experimental studies that focus
on early stages of plant development or specific growth phases can provide valuable
insights into the effects of WSPV technologies on physiological responses under
specific climatic and microclimatic conditions. By contrast, longer-term experi-
mental studies covering the entire crop growth cycle can provide a comprehensive
understanding of overall yields under these WSPV system technologies. Addition-
ally, an important aspect of conducting crop experiments in APV is to draw on exist-
ing agricultural or horticultural research when designing crop experiments and char-
acterizing plants. Given the interdisciplinary nature of the APV field, we recommend
that research teams be composed of both PV researchers and plant researchers.
Specifically, plant researchers should have expertise in the specific crops being stud-
ied. If this balance cannot be achieved, we recommend that research teams seek
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Table 3. Suggested information to be reported when conducting WSPV systems experiments in agricultural applications

Objectives and scope of the experiment clearly define whether the experiment aims to evaluate the wavelengths of
light transmitted by the WSPV system and their effect on crop growth (i.e.,
closed setup, no exposure to additional light than the transmitted through
WSPV system) or if it aims to assess the applicability of the WSPV system to
improve crop growth (could be open or closed setup with exposure to

additional light)

Experimental conditions and size describe the setup, including the dimensions of the PV coverage and crop
growing area, whether it is a controlled environment, the type of light
source, light distribution on the crop growing area, and any presence of

edge effects

Microclimate reporting provide data (e.g., time series) on environmental parameters such as light
quantity and duration (e.g., DLI), temperature, humidity, CO,
concentration, wind speed/airflow, and soil moisture

WSPV system/solar cell data in addition to reporting APT and PCE, provide information on the quality of
transmitted light (e.g., transmittance curve and blue-to-red ratio)

Crop information specify the type of crop, its initial state at the beginning of the experiment,
whether it is a short-term or long-term experiment (crop reached maturity),
details of any fertilizers used or irrigation applied, the number of harvests,
sampling details, and measured parameters

internal or external collaborations with researchers who have the appropriate
expertise.

Another example of a difficult comparison and experimental procedure is
how the effect of WSPV is evaluated. In the study by Charles et al., the authors
suggest that to study the sole effect of light quality (i.e., spectrum) on crops, the
amount of total irradiance under the WSPV should be equal between
treatments, in this case, by adjusting the distance of each treatment to the light
source.'”® On the other hand, to study the effect of light quantity (i.e., shading
caused by the WSPV), all treatments are placed under the same distance to the
light source. Although this latter setup will inherently also have the different
spectra effect, it is the most common one in most studies reviewed. In any case,
experimental design should be done according to the research objectives and
with careful consideration of the edge effects in smaller scale systems that could
mask the actual effect of the particular wavelengths transmitted by the WSPV
system.

A general comment about crop experiment studies is that the reporting of crop-
related metrics, such as the effects of WSPVs on photosynthetic yield characteristics,
is diverse, and this is further exacerbated by a lack of experimental consistency. This
challenge impairs comparability and the ability to draw wider conclusions about the
subject. The majority of studies have focused on rapidly growing leafy crops in
greenhouses with field-based analysis of grain or fruit crops lacking (Table 2). Coor-
dinated efforts to develop a coherent overarching experimental framework would
enable meta-analysis of the potential impacts of wider-scale implementation of
WSPVs on crop production and food security.

To initiate the establishment of consistent reporting practices, we propose that the
following information should be provided in crop experiments with WSPV in APV
systems (Table 3). While the proposed list is not exhaustive, it serves as a starting
point to promote consistent reporting in crop experiments with WSPV in APV
systems.

Standardized testing and reporting procedures can simplify cross-comparisons be-
tween distinct WSPV technologies, thus facilitating more informed decision-making
in the evolving landscape of APV. Additionally, we advocate for open-access data to
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further facilitate reproducibility and further analysis of how WSPV technologies
affect crop growth by the community. As experimentation and research endeavors
continue to proliferate, it becomes increasingly feasible to establish APT thresholds
or procedures tailored to specific WSPV technologies, plant types (including shade-
tolerantand shade-intolerant varieties of fruits, vegetables, and ornamentals plants),
and geographical location.

Since WSPV technologies are still in the early stages of development, no projects
have undergone extended, long-term testing. Consequently, the stability and reli-
ability of these technologies, along with their potential long-term effects on agricul-
tural species, remain uncertain. Despite many questions remaining to be answered,
WSPV technologies exhibit promise as viable solutions for the deployment of APV
systems. This promise arises from their ability to more effectively distribute the light
required by plants compared with conventional systems employing opaque PV
modules.
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