ABSTRACT

CHARLES MELODI TARA. Molecular Characterization of Plants Grown under Wavelength
selective Organic Solar Cell@Jnder the direction of DiHeike Sederofj.

Organicsolar cells (OSCs) harvest solar energy from specific wavelengths of light. OSC
integrated greenhoustske advantage of a controlled environment that requires less water,
fertilizer and pesticides tgrow cropswith theremaining light while generatingectricity to
meet the higlenergy demands fdreating and coolingAlthough the altered light intensity and
spectrum are expected to impact crop growth and development in these greenhouses, the
tunability of OSCs offers many options in transmission speatd overall transmission. Initial
research yielded promising results in the economic viability of OSC greenhouses and their
limited impact on crop yieldMlore research is needed to better characterize the plant response to
the altered light conditions anmolecular level to inform OSC selection and greenhouse design
This work investigates thgenomicresponses of plants to OSitered light

The first chapter introduces previous researc®8& plant responseand the potential
of OSC greenhouses tolge the major problem of conventional greenhouses: éngngy
requirements$or heating and cooling. Models demonstrate that the energy generated by an OSC
greenhouse can meet these demands in many climates. Although both light quantity and light
spectrumare altered in OSdltered light, limited previous studies have shown few negative
effects on crop growth or development with 50% OSC coverage or less. These studies were
limited in the level of OSC coverage tested and physiological parameters recorded.

The second chapter is a pramffconcept study that demonstrates crops can grow under
full OSC coverage with no detrimental effed®ed oak leaf lettuceras growrundersimulated
sunlight filtered withdifferentOSC filters Biomass accumulation arsglectsecondary

metabolites were consistent between plants grown undeff@&Ed light and theunfiltered



control. The benefits of OSahtegration in power generation and the reduction of thermal load
are also discussed.

The tird chapter delves deeper into the genomic response lgitthecplants grown
under select OSC filtemnd introduces a second experimental design that is better suited to the
identification of spectraspecific response3heseplants experienced chaegin both light
intensity and spectrum to simulate re@arld greenhouse conditions. These results are revisited
and compared to the results of a second experiment where light conditions varied only by the
differences in light spectrum produced by the Qi8€rs. Toachieve a more complete,
molecular understanding tfe spectrakeffects, a network analysis was performed with the
transcriptomes of plants from both experiments. Several key crop traits were found to be
differentially regulated under the FEAT-M filter, suggesting that this OSC may have added
benefits for OS&yrown lettuce.

The fourth chapter expands on tienomic analysis of plant growth under OSC filteys
studying another species with the same experimental ddgmto seedlings gvn to the
beginning of flowering with OS@iltered light were largely the same size as those grown under
unfilteredlight of the saméntensity.However, he results in tomato showed dramatic
differences in some regulatory pathways from the lettuce expetspresentedn Chapters 2
and 3.These differences indicate thalile biomass accumulation is unaffectezsearch into
the OSC response afparticular specids necessary to accurately prediot developmental
effectsof spectral change3his chager concludes with the prospects for implementing OSC

greenhouses witflowering crops.
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CHAPTER 1: Crop Production in Organic Solar cell Greenhouses
Melodi Charles and Heike Sederoff
1.1 Abstract
Greenhouses have the potential to grow more on less land and help us meet rising global
food demand, while reducing water use and pollution. However, greenhouses do require large
amounts of energy for climate control. Organic solar cell (OSC) greenhouses produce crops as
well as their own energy. The plant response is an important factor to eowsiein evaluating
the potential of OSC greenhouses, because both light quantity and spectrum are altered. Studies
have demonstrated that OSCs had no detrimental or little effect on yield in many cases. The
shading produced by OSCs may improve plant headthboost yield in some circumstances.
More research is needed to better characterize the plant response to OSCs and take advantage of
the many opportunities to improve crop performance in OSC greenhouses.
1.2 The need for greenhouse crop production
Current predictions for global food demand estimate a 70% increase by 2050, while the
world population is predicted to grow by roughly 40% over the same p@rathsma, 2009).
Greenhouses can produce more crops on less land than conventional field culuwatign
them an important role in feeding the world as space becomes increasingly limited. A
comparative study on tomato production in the United States found that three times more
tomatoes could be produced in a greenhouse than in the field on thensaom af land (De
Villiers et al, 2009). Lettucel(@actuca sativaproduction was more than ten times higher under
greenhouse conditions on a per area basis (Barbosa et al., 2015). In addition to increased
productivity, greenhouses also use less water¢bhawentional farming (Barbosa et,&015;

Ntinas et al.2017; Paget al.,2012. This will become increasingly advantageous, because large



regions of the world are expected to experience field crop losses as climate change continues to
limit the avaihbility of water for irrigation (Elliott et al., 2013).

An added benefit of greenhouse cultivation is the reduction in the ecological impacts of
pesticides and fertilizers as well as the reduction in herbicide use. The enclosed nature of
greenhouses prass an opportunity to more easily control and monitor chemical contaminants,
such as pesticides and fertilizers in water and soil exiting the system (Barbosa et al., 2015).
Furthermore, hydroponic greenhouses can be designed to recycle nutrients inghagon
systems to avoid excess fertilizer use (Halseowvardet al, 2020). Although the ecological
impact of pesticide use can be reduced, it should be noted that the breakdown of pesticides is
delayed by limited ultraviolet light inside greenhousesulting in higher amounts of pesticide
residues in greenhouse crops when pesticides are employed (Allen et al., 2015¢Baljaca
2013). Additionally, the rainfall and irrigation that contribute to pesticide runoff in-fietdvn
crops do play a posie role in reducing pesticide accumulation on fruits and vegetables for the
consumer (Bojacé et al., 2013). This is not a concern with herbicides, which can be largely
eliminated from greenhouse cultivation due to the use of sfreedsubstrates and theatosed
environment.

Although greenhouses have many advantages over conventional field agriculture, they do
require high energy inputs. Life Cycle Assessment (LCA) studies have shown that the carbon
footprint of greenhousgrown crops exceeds that of contienal crops when fossil fuels are
used for heating and cooling (Ntinesal, 2017; Paget al, 2012). The studies mentioned above
that reported large improvements in greenhouse tomato and lettuce production also found energy
demands nearly 19 timesghier than field cultivation for tomato (De Villiers et al., 2009) and

more than 80 times higher for lettuce (Barbosa et al., 2015). This prevents greenhouses from



being a truly sustainable method of food production. Therefore, new technologies are aeeded t
solve the problem of high energy demand in these clitatérolled systems.

One alternative is to grow crops in insulated, felhclosed environments that avoid the
greenhouse effect caused by natural sunlight. These container systems can alscprpduate
higher yields than conventional field agriculture (Qian et al., 2022). While these systems are
much simpler to heat and cool than a greenhouse (Shamshiri et al., 2018), the elimination of
natural lighting means plants must be grown entirely witifi@al light sources. This artificial
lighting, typically provided by LEDs, is the major energy requirement and limitation of container
systems (Liebmaelaezt al, 2021). Indeed, one study found that such systems are only
economically viable fothe production of lowight crops, such as microgreens and, to a lesser
extent, lettuce (Pattiscet al, 2018). Container systems trade one high energy requirement for
another by excluding sunlight and relying on LEDs. The sustainable production ofjtrgyma
of crops will require both the integration of a renewable energy source and better utilization of
the natural sunlight available for crop production in most of the world
1.3 Agrivoltaic systems

Agrivoltaics, the use of land for both photovoltass®l agriculture (Toledo &

Scognamiglio, 2021), is a natural progression from fossitfoglered greenhouses towards
sustainable, high yield crop production. Solar panels can be located on or near a greenhouse to
provide energy for heating and cooling (a& Cossu, 2019). However, solar panels that are
installed on the ground alongside greenhouses require more of our limited land resources than
traditional greenhouses. This creates a tradeoff between reducing emissions and reducing land
use. Accordinglygreenhouses with integrated photovoltaics are preferred over adjacent solar

panels (Yano & Cossu, 2019).



Both opaque and sertransparent photovoltaic (PV) panels can be integrated into
greenhouse roofs (Yano & Cossu, 2019). On average, for every 1ib&greenhouse roof that
is covered by opaque PVs, the radiation available for crop production decreases by 0.8% (Cossu
et al., 2018). While some applications of opaque PVs have been shown to result in no or minimal
reduction in crop yield (Aroc®elgadoet al.,2019; Marrowet al, 2013), others have had
detrimental effects on yield due to excessive shading (Kadavakj 2012; Klaring &
Krumbein, 2013). The impact on crop growth can be limited by arranging panels as evenly as
possible across the roafea (Yano & Cossu, 2019). Negative effects can be further reduced
through the use of seftriansparent organic solar cells (OSCs), which allow some light
transmission throughout the entire roof and can potentially cover a greater percentage of the total
suiface (Changpt al, 2018). Furthermore, OSCs can have greater light transmission in the
visible spectrum, the wavelengths most important for photosynthesis and crop growth (Chang et
al., 2018). This type of solar cell uses organic semiconductors to acfi\aslayers to harvest
light energy (Xiacet al, 2017). These organic molecules can often be produced with lower
economic and environmental costs than conventional solar cells (Adtrahc2013). Different
pairs of organic semiconductors will haveyiag light transmission spectra, creating a wide
selection of OSCs to optimize for each application (Xiao et al., 2017).

Many studies have explored the environmental impact, economic outlook and expected
productivity of OSC greenhouses. One model of Q8@ato production in three distinct
climates in the United States estimated a roughly 35% decrease in global warming potential
relative to a traditional greenhouse (Hollingswaettal, 2020). The cost of producing one
kilogram of tomatoes in this more cptax system was only slightly increased when crop yields

were assumed to be unaffected (Hollingsworth et al., 2020). When potential declines in yield



were considered, greenhouses utilizing high efficiency OSC devices were found to still be cost
effective Emmott et al., 2015; Ravishankar et al., 202Be balance between the harvesting of
solar power for energy production and the transmission of sunlight for crop production favors
low-light species, such as basil and lettuce, and deployment in highihglstances in the
summer and at lower latitudes (Emmott et20.15; Ravishankar et a2020; Okada et al.
2018). The tunability of organic semiconductors allows for selection from over 60 active layers
to identify systems that can produce sufficienergy to meet the greenhouse energy demands in
many climates (Ravishankar et al., 2022). OSC greenhouses are a viable alternative for many
crops in varying seasonal and climate conditions.
1.4 Effects of OSC greenhouses on crop growth

In order to predicand interpret the plant response to the growth conditions created by
OSCs, the general way plants use light must be understood. Plants use light as both an energy
source as well as a source of information. The process of photosynthesis involves thimbarves
of I'ight energy to power t he g al2019).0Asthegame wt h
time, lightsensitive molecules called photoreceptors perceive various aspects of light intensity

(i.e., the total amount of relevant light) and the ligst s pect r al qguality to

suite of responses collectively referred to as photomorphogenesis (Galvao & Fankhauser, 2015).

These responses enable the plant to respond to its light environment. For example, a young plant

that is shaded by oldealler plants will sense this shading as a decrease in the ratio of red to far
red light and grow taller to receive more ligBchmittet al, 1999).

Plants possess a complex arrangement of light harvesting molecules and accessory
pigments that areeadlicated to capturing photons for photosynthesis. Chlorophylls are directly

excited by photons of sunlight and pass the absorbed energy on as electrons, much in the same

a



way that acceptor molecules function in OSCs (Bilodeau et al., 2019gK&q2017). These
chlorophylls primarily absorb blue and red light, making these the most important regions of the
spectrum for photosynthesis (Bilodeau et al., 2019). Other chromophores are associated with the
light harvesting antenna complexes to protect thisomamt cellular machinery from damage

caused by excess light (Tanakaal, 2008). These include the carotenoids and anthocyanins that
absorb a broader spectrum of light than chloropgihdb (Figure 1.1). The energy absorbed
duringphotosynthesis is required to grow a harvestable crop. The growth of crops under sub
optimal light intensity often results in lower crop yields (Toledo & Scognamiglio, 2021).

The way in which light informs photomorphogenesis is much more confpliexts must
integrate many aspects of light, including intensity, quality, direction, periodicity and polarity, to
interpret their light environment and respond appropriately (Véhmad, 2022Hayami et al.,

1992. To do this, a large group of additiorddromophores, the photoreceptors, are dedicated to
sensing distinct regions of light (Galvao & Fankhauser, 2015). These regions overlap with the
peak absorbance wavelengths of the chlorophylls in the visible light spectrum but also extend
into the ultravolet (UV) and fasred regions (Figre 1.1). This enables the photoreceptors to
regul ate the plantds response-radbghtpviichent i al |y
signifies competition and time of day information, as well as the light available for
photosynthesis (Galvao & Fankhauser, 2015). The vast and sometimes conflicting information
from the photoreceptors is integrated into signaling pathways along with information on the
levels of photosynthetic products being produced (Jones, 2017). Thesaymmodify gene
expression to regulate many of the important considerations in crop production, including
biomass accumulation, nutrient content, flowering and the production of fruitset@il1998;

Park et al., 2007Schmittet al., 1999).



There las been much research on the specific ways in which plants utilize and respond to
lighting conditions. Researchers tend to quantify light in relation to a region of wavelengths that
correspond to chlorophyll absorbance (4@ nm) (Bilodeau et al., 2019)hese wavelengths
are referred to as photosynthetically active radiation (PAR) and are measured in photosynthetic
photon flux (PPFD). However, this region does not include all the wavelengths that are important
for photomorphogenesis. An alternative measient, total photon flux density (TPFD), can be
used in combination with PAR to include UV and-fad light (Zhen& van lersel2017 Kohler
& Lopez 2021; Kimet al.,2019; Zher& Bugbeg 2020). Furthermore, there is evidence that far
red light can drie photosynthesis, making PAR alone an incomplete measurement of the light
available to power plant growth (Zhen & Bugbee, 2020).

Whether measured in PPFD or TPFD, light intensity is an important factor for plant
growth. Each species has an ideal ligitemsity that should be met for optimal productivity
(Zhanget al, 2017). While sufficient light must be provided to crops for growth and
development, excessive light can decrease crop yield (Lorenzo et al., 2003). For this reason,
shade cloth is commonbmployed in greenhouses to reduce harmful excess light and to reduce
cooling costs. Beyond biomass accumulation, light intensity has been shown to alter levels of
nitrate (Fu et al., 2017) and anthocyanins (Zhetngl, 2018) in lettuce leaf tissue. Batitrates
and anthocyanins alter the nutritional content of lettuce and the quality of the crop produced
(Cerletti et al., 2017; Wanlait al, 2013).

The amount of specific wavelengths of light between the UV anckthregions has
many effects on plargrowth and development. In addition to the increased efficiency at the
peak chlorophyll absorbance in the blue and red regions of the spectrum (Bilodeau et al., 2019),

spectral changes can also impact photosynthesis through photomorphogenic responses. For



example, stomata are the site of gas exchange required to supply CO2 for photosynthesis and
respond to the amount of blue light (H6rak, 2021). When blue light is decreased, stomatal
conductance is also decreased, resulting in a reduction in photosy(ittiasget al, 2016). In
addition to the shade avoidance response mentioned above, the ratio of reéddifdt, along
with the ratio of red to blue light, affects the expression of genes that regulate many aspects of
development, including the circaat clock and flowering (Le& Lee 2010; Lee et al2007;Lee
et al, 2007; Facella et gl2008). Furthermore, the expected effects of a change in the red to far
red ratio can be dependent wupon the other wayv
response to changes in light quality directly impacts crop yield and must be considered along
with changes in light intensity when evaluating an OSC greenhouse system.
1.5 Predicted and observed OSC effects on crop growth

The complex nature of photomorphogsis makes the estimation of crop yields from
OSC greenhouses difficult. Predictive models use either predicted light intensity alone (Emmott
et al., 2015) or certain aspects of light quality (e.g. the red to blue ratio or blue light as a
percentage of PR) in addition to light intensity (Ravishankar et al., 20R@vishankar et al.,
2022. These models have shown tradeoffs between yield and energy production in climates or
seasons where light is limited (Emmott et al., 2015; Olea@h ,2018). Howeverin
circumstances where light is abundant or whenligim crops are grown, OSC greenhouses can
produce enough energy to meet their high energy demands and become net zero energy
(Ravishankar et al., 2022)Vhile these models have been demonstrated toastithe growth of
certain crops under OSCs, they cannot be expected to accurately predict the performance of
every species and cultivar that may be grown under OSCs when the complexity of plant light

responses is considered.



To date, several studies lealeen conducted on OSC greenhouses that involved the
direct measurement of crop species grown with actual OSC light transmission or similar, semi
transparent wavelengtfelective characteristics. A summary of these studies can be found in
Table 11. Although some of these experiments did show a decrease in yield, the difference
between the OSC treatment and the control tended to be small (Loik2é1al, Chavan et al.

2020; Waller et a).2021). Small reductions in yield may be outweighed by the benefits of
energy generation, so that the OSC greenhouse remains economicall{Reahdhankar et al.,
2022) Furthermore, under certain conditions, OSCs had no detrimental effect on y@ihiio t
(Solanum lycopersum) (FrimanPeretz et al., 2019; FrimdPeretz et al., 2020), and one study
reported that total yield of peppeZdpsicum annuujrincreased due to the OSC shading effect
(Zisis et al., 2019). All species used in these experimeits the exception of mung bean
(Vigna radiatg sprouts (Liu et al., 2019), must flower to produce their product and, therefore,
have higher light requirements than vegetative cropa-light crops, such as lettuce, need to
produce only vegetative tisspeior to harvest and are more likely to have a neutral or positive
response to OSC light reduction, if the quality of light is similar to these studies.

To maximize crop growth in OSC greenhouses, the light intensity and quality or the
pl ant 6s thesescpnditosseshotuldobe optimized. Further research on the light
requirements and sensitivities of each crop will inform organic semiconductor selection to design
the most efficient OSC greenhouse for every application. For more difficult spectes)lpdy
those that must set fruit or enter another particular developmental stage, other methods should be
employed in addition to OSC selection. In the case of altered timing of fruit production, as seen
in tomato (Walleet al, 2021), induction of thBowering pathway may improve harvests.

Traditionally, greenhousgrown ornamental crops are subjected to a night break, an interruption



of nighttime darkness with red light illumination to induce flowering (Rueklal.,1998; Zhang
et al., 2017). A siitar method could be employed to limit negative impacts on yield by
illuminating the plants with red light provided by higfficiency LEDs.

An alternative approach is to make use of the controlled environment and tailor the crops
for better performancender altered spectra and lower light. There are manychahacterized
mutants in several crops species, including tomato (Ra&hah 2019), that have a distinct
response to the light environment. While these mutants can have detrimental effaetbealth
of the plant, the improved irrigation, nutrient and pest management of greenhouses may allow
the cultivation of these plants to be possible. Many of these mutants have the added benefit of
having been generated without genetic modification (&Mgjding the regulatory issues
encountered with GM crops. That is not to say that genetic engineering would not be extremely
useful in maximizing crop yields in these conditions. There are many potential avenues to
explore, including the addition of chigrbylls found in cyanobacteria with their own unique
absorbance spectra (Chen et al., 2010). Photosynthesis in plants whose light harvesting
complexes absorb a broader spectrum of light may be less affected by unavoidable reductions in
light intensity need#to achieve net zero energy in some climates.

1.6 Conclusions

Solarpowered OSC greenhouses can produce enough energy to meet their large heating
and cooling demands in several regions of the world. Models and plant experiments reported to
date have fouhthat effects on plant growth and crop yield are small or neutral in many cases.
However, it is difficult to predict the effect of a particular OSC device on a specific crop due to
the diversity of species we grow as crops and the wide range of OSCissioarspectra

available. Additionally, the OSC studies conducted so far have used 50% OSC roof coverage or

10



less to limit the reduction of light intensity inside the greenhouse, which restricts light capture for
energy production. Further research is ndgdaunderstand the plant response to @8€&red
light conditions near or at 100% coverage so that the limitations and the potential of OSC

greenhouses can be better characterized.
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Figure 1.1:Relative absorbance spectra of plant chromophores
a) The relative absorbance spectra of chloropgithdb as well as the accessory pigments,

carotene, zeaxanthin and anthocyanin are contained between 400 and 700 nm, the wavelengths

that define PAR (photosynthetically active radiation). The accegsgmnyents absorb light at a

wider range of wavelengths than the chlorophylls. b) The relative absorbance spectra of the
photoreceptors, the sensory molecules responsible for controlling photomorphogenesis. The

photoreceptors absorb roughly the same wavéhsrags the chlorophylls with the addition of

UVRS (ultraviolet resistance locus 8), which is sensitive to UV light and the phytochromes that

are inactivated by fared light. Adapted from Bilodeau et al. (2019).
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Table 1.1:Summary of experimenal plant studies involving OSCs or similar lighting

conditions

Complete list of published experiments that reported plant growth and/or yield under either OSC

light conditions or light environments created by sér@nsparent wavelengelective filters

prior to this work. Studies of the effects of opaque photovoltaics on plant growth are excluded.
Spectral characteristics are reported as qualitative information as the exact spectrum used was
not reported in every study. R/FR is the ratio of red toddidight. R/B is the ratio of red to blue
phot osystem

lightta PS1 |

S

forthemaj or i ty

the gqguantum yield of
Reduction in light intensity refers to the reduction in PAR. This was measured fre@0800m
o Reductior in lgyht intdnisity was estmated from the reported
values of OSC coverage and light transmission where indicated.
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CHAPTER 2: Balancing crop production and energy harvesting in organic solapowered
greenhouses

Citation: Ravishanka, CharlesM, Xiong Y, HenryR, Swift J, RechJ, CaleroJ, ChoS, Booth
R, Kim T, BalzerAH, QinY, Ho CHY, SoF, StingelinN, Amassiam, SaravitzC, YouW, Ade
H, SederoffH, andO 6 C o B (2021).Balancing crop production and egg harvesting in
organic solaipowered greenhouseSell Reports Physical Science 2, 100381.
https://doi.org/10.1016/j.xcrp.2021.100381
Supplementamaterialscan be found in ppendixA: Chapter 2 SupplementaMaterials
2.1 Contribution

Previous work in the study of plant growth under organic solar cells (OSC) had been
limited to light environments created with less than 50% OSC coverage. Higher coverage would
allow for more energy production and make net zero energy more achievalkdepanveularly
interested in whether complete or nearly complete OSC coverage would have a more dramatic
impact on plant growth than those previously reported. We selected a small cultivar of lettuce to
test under filters that approximated sunlight filtereith 100% OSC coverage.

| contributed to the work in several ways. | participated in the setup and execution of
each round of the lettuce growth experiments, including optimization of the irrigation system and
other aspects of the experimental designulllected and analyzed the photosynthetic data
presented in Figure 3D. | participated in the collection of biomass data presented in Figure 3A, B
and C. Prior to the harvest, | took tissue samples from alternating plants and froze them in liquid
nitrogenfor metabolite and future RNA extractions. | isolated chloropdgihd b, carotenoids

and anthocyanins from this tissue and adapted quantification protocols to the available

19



equipment to generate the data in Figure 3E and F. | wrote the portions ofttie®section

concerning the photosynthetic and metabolite measurements and edited the manuscript.
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HIGHLIGHTS

Lettuce grown under
semitransparent organic solar
cells show no drop in yield

t
¥

Nutrient content of lettuce grown

red_'eaf |ettuce under ST-OSCs remain

L

unchanged to control

Several OSCs with unique spectral
transmittance result in similar
lettuce yield

Adding DBRs to OSCs can
increase power generation and

Reference Undef OSCS improve thermal management

Add‘ng semitransparent organic solar cells (ST-OSCs) to greenhouses can reduce
their energy footprint but may also affect plant growth. Ravishankar et al.
demonstrate the negligible impact on lettuce grown under ST-OSCs.
Furthermore, the trade-offs between solar power, plant growth, and climate
control are considered. They show that active layer and electrode selection, along
with the use of dielectric Bragg reflectors, provide broad spectral management to
fully use the solar spectrum to optimize OSC-integrated greenhouses.

Ravishankar et al., Coll Reports Physical Science
2, 100381
March 24, 2021 & 2021 The Authoris)

21



Cell Fie;?urts i
Physical Science

Article

¢ CellPress

OPEN ACCESS

Balancing crop production and energy harvesting
in organic solar-powered greenhouses

Eshwar Ravishankar,-” Meledi Charles,”” Yuan Xiong,” Reece Henry,” Jennifer Swift,” Jeromy Rech,”
John Calero,” Sam Che,” Ronald E. Booth,' Taesoo Kim,” Alex H. Balzer,” Yunpeng Qin,”
Carr Hoi Yi Ho,® Franky So,” Natalie Stingelin,” Aram Amassian,” Carole Saravitz,” Wei You,”

Harald Ade,*" Heike Sederoff,?" and Brendan T. O'Connor’-="

SUMMARY

Adding semitransparent organic solar cells (ST-OSCs) to a green-
house structure enables simultaneous plant cultivation and elec-
tricity generation, thereby reducing the greenhouse energy de-
mand. However, there is a need to establish the impact of such
systems on plant growth and indoor climate and to optimize system
tradeoffs. In this work, we consider plant growth under O5Cs and
system-relevant design. We evaluate the growth of red leaf lettuce
under ST-OSC filters and compare the impact of three different OSC
active layers that have unique transmittance. We find no significant
differences in the fresh weight and chlorophyll content of the let-
tuce grown under these OSC filters. In addition, OSCs provide an
opportunity for further light and thermal management of the green-
house through device design and optical coatings. The OSCs can
thus affect plant growth, power generation, and thermal load of
the greenhouse, and this design trade space is reviewed and exem-

plified.

INTRODUCTION

A greenhouse provides an enclosed environment that allows for erop production in
non-native climates and adds more growth eycles per year. The protective environ-
ment drastically increases yield while lowering water consumption and pesticide use
as compared to conventional farming.' ™ The transparent envelope is the primary
design feature of greenhouses that maximizes sunlight reaching the plants. This
insolation also leads to significant space heating that can be beneficial in cold
weather, but can result in averheating in warm weather. While the sunlight can sup-
port space heating in cold weather, the glazing of the greenhouse has poar thermal
insulation, resulting in the greenhouse often requiring heating beyand what the sun
can provide. Similarly, the excessive solar gains in summer require cooling ap-
proaches such as mechanical ventilation. Hence, the need to thermally requlate a
greenhouse, along with the use of supplemental lighting, leads to a large increase
in energy consumption compared to conventional farming.” " As a result, the poten-
tial for greenhouses to be a farm of high-intensity environmentally sustainable agri-
culture is currently hampered by its external energy demand.

To lower the energy footprint of greenhouses, there has been grawing interest in
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integrating solar cells onto the greenhouse strueture, as illustrated in Figure 1.7 _'C':’"Hmff':" L edu A,

In this approach, a portion of light is captured by the solar cells to generate power, braconno@ne [B.T.0)

while the remaining light transmits into the greenhouse for crop production. /. xerp 2021100361
I@ Cell Reports Physical Science 2, 100381, March 24, 2021 @ 2021 The Authons). 1

This i an open access article under the CC BY-MC-ND hcanae (http//creativecommans.ora/licenses/by-ne-nd/4.00.
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Semitransparent organic solar cells (ST-OSCs) have been of particular interest as
they have absorption characteristics that can be tuned to complement the spectral
light needs of the plant. This potential application also comes at a time of recent ad-
vancements in OSC power conversion efficiency, with reports of power conversion
efficiency now >18% in opaque, small-area cells."” " Semitransparent OCSs have
achieved power conversion efficiencies ranging between 8.1% and 10.2%, with an
average visible transmittance (AVT) between 23% and 36%.' '~ Furthermore, evap-
orated small-molecule devices with efficiencies of 10.8% and AVTs of 45.7% have
also been demonstrated.'” Recently, we have modeled the energy balance of ST-
OSC-integrated greenhouses and showed that net-zero energy systems can be
realized in warm and moderate climates with the addition of moderately efficient
ST-OSCs on the order of 10%.”" In colder climates, net-zero energy was not
achieved; however, the ST-OSCs continued to provide substantial energy savings.
While OSCs provide a beneficial source of power, it is critical that the crops grown
in the greenhouse continue to thrive and that there is a net economic benefit to
the grower. A recent economic analysis of OSC-integrated greenhouses revealed
that while OSCs reduce the environmental impact, compromising crop yield for
power generation leads to a steep drop in net present value.”' This highlights the
need to maintain crop yield in solar-integrated greenhouses. Several studies have
considered plant growth under solar cells,”""'“**' and more specifically under
ST-OSCs.' """ Mung bean sprouts grown under OSCs showed a similar stem
length compared to those grown under control conditions.'” However, this study
was conducted over a relatively short period of plant development, and the ability
to extrapolate results to actual yields of commercial greenhouse crops is limited.
Partial roof coverage with OSCs led to an improved yield of peppers in comparison
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ta plants grown under control conditions in the same greenhouse.” While these re-
sults are promising, the OSC roof coverage was limited ta ~22% with OSCs that had
an average transmittance over the visible spectrum of <14%. In this case, the OSCs
largely acted like spectrally neutral shades, and the low coverage limits power gen-
eration.”” Henee, there remains a need to establish the ability to successfully grow
greenhouse crops under ST-OSCs with nearly full areal coverage, including the
impact of the spectral madification of light on plant development.

In addition to plant productivity, the OSC provides an opportunity to manage light
transmittance from the UV to the infrared (IR). In particular, managing light in the IR
has significant impacts on the thermal load of the greenhouse. Coatings may be
applied that manage near-IR (MIR) solar radiation that contributes significant thermal
energy, and coatings that manage lang-wavelength (LW) IR that assist in maintaining
indoor greenhouse temperatures. Thus, for solar power-integrated greenhouses to
be successful, a holistic perspective that takes into account the opportunities and
trade-offs between power generation, crop productivity, and greenhouse thermal
management is needed, as illustrated in Figure 1.

We evaluated the growth of red leaf lettuce (Lactuca sativa) under three distinet ST-
OSC filters. Lettuce is selected because it is a commercial greenhouse crop with a
large market size.”” Lettuce also has a reasonably short vegetative period, allowing
for multiple replications in a reasonably short period.”” The OSC filters were
composed of high-performance active layers, namely FTAZ:IT-M, FTAZ:PC;,BM
and PTE7-TH:IEICO-4F, """ as shown in Figure 1. The active layers were com-
bined with PEDOT:PSS filtars ta mimie the aptical properties of funetional solar cells.
These different active layers result in distinet transmission characteristics over the
photasynthetically active radiation [PAR) spectrum, which is defined as the wave-
length range of light that drives photosynthesis (400-700 nm).” This provides a
means to assess the role of light intensity and transmission spectra of the OSCs an
plant growth and physiclogy. The studies were conducted in a controlled enviran-
ment growth chamber that allows for the comparison of plant grewth and develop-
ment under similar illumination, temperature, humidity, CO, concentration, and
water and nutrient supply. We show that lettuce growth is unhindered under the
OSC filters and that the different transmission spectra do not have a statistically sig-
nificant impact on the fresh weight of the plants. Furthermore, we show that the
reduced light intensity reaching the plants reduces the rate of photosynthesis per
area, but also increased the leaf area (LA) and leaf number, therehy minimizing
the impact on crop yield. The chlorophyll content of the plants is also similar under
the different filters. These results demanstrate the possibility of suecessfully growing
certain crops under semitransparent O5Cs and highlight that a thorough character-
ization of crop preduction is needed to assess erop productivity under ST-OSCs.

While we find that the red leaf lettuce performed well under different OSC filter
spectra, lettuce is known to be a low-light-tolerant plant. The ST-OSC and related
light requirements may vary depending on the crop selection and climate zone of
the greenhouse. To extend and complement the eurrent plant studies, we turn our
attention to future design considerations of OSCs for greenhouse applications.
The design considerations include light management across the visible and IR
spectra. In the visible spectrum, there is an opportunity to tune transmission through
OSC active layer selection and inclusion of distributed Bragg reflectors (DBRs). Here,
we demonstrate an OSC with an active layer that has absorption characteristics that
complement chloraphyll absorption. The OSC performance was also characterized
with the addition of DBRs to further manage light and power generation. We
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Figure 2. Plant growth experimental setup and the optical properties of the O5C filters

(A) Picture of the growth boxes used for the plant growth study.

(B) Growth bax with plant tray covered with OSC filter.

(C} Schermatic of the OSC filter and reference ST-05C device layers.

(D} Transmittance of the OSC filter and 5T-05C device for FTAZIT-M.

(E} Transmittance of the OSC filter and ST-OSC device for PTET-THIEICO-4F.

(F) Transmittance of the OSC filter and ST-0SC device for FTAZ:PCo:BM.

(G) Light flux aver PAR (pmol m 257" and red:blue [R:B) ratio at the plant level in round 3 for eantrol (C), FTAZ:ITM (FI), FTE?-THAEICO-4F (P1), and
FTAZ:PC;,BM [FP) treatments, and the lux before the start of the experiments [B) and after the end af the experiment (A).

Data represented as means + SEMa.

demonstrate a 5%-6% increase in power conversion efficiency with the addition of
DBRs designed to reflect green light that is in the absorption gap of chloraphyll ar
reflect light in the NIR. Thermal management of the greenhouses is also considered
by using DBRs to manage MNIR and using low emissivity (low-e) coatings to manage
LWIR. We show that increasing the reflection of NIR is beneficial to manage green-
house temperatures in warm weather, while low-e coatings reduce the heating
demand of the greenhouse in cold weather. The highlighted light-management stra-
tegies afforded by the addition of ST-OSCs provides an increased ability to achieve
high-preductivity, low-envirenmental-feotprint agriculture.

RESULTS AND DISCUSSION

Plant growth experiments

The lettuce seeds were sown in pots that were placed inside growth boxes (21 x
10.5 % 12,5 in) in a large controlled-enviranment growth chamber (13 % B ft),
pictured in Figure 52, The box sidewalls were covered in reflective Mylar and the
top was covered with OSC filters that ensured that all of the light was transmitted
thraugh the filters, as pictured in Figures 2A and 2B. The controlled environment
chamber used ceramic metal halide lamps and incandescent lights ta mimic sunlight
with the spectrum shown in Figure S3A. Four boxes that consisted of the three OSC
filters and one contral box were placed in the controlled environment chamber for
each growth eycle. The OSC filters are nen-functioning but were designed te mimic
the transmittance of functional ST-OSCs, particularly over the PAR spectrum. The
OSC filters consisted of the bulk heterojunction (BHJ) active layer encapsulated be-
tween panes of glass followed by a PEDOT:PSS film encapsulated in polyethylene
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terephthalate (PET) and all sandwiched between plexiglass, as illustrated in Fig-
ure ZC. The control box was covered with glass and two layers of plexiglass. FTA-
Z:IT-M, FTAZ:PC;BM, and PTB7-TH:IEICO-4F were selected as the BHJ layers,
with the malecular structure shawn in Figure 54. These materials provide a clear dif-
ference in transmission aver the visible spectrum, asshown in Figures 2D-2F. A com-
parisan of the transmittance of the OSC filters with functional ST-O5Cs is also given
in Figures 2D-2F, showing reasonably accurate replication. The FTAZIT-M,
FTAZ:PC71BM, and PTB7-TH:IEICO-4F filters have an average transmittance owver
the PAR spectrum of 29%, 31%, and 38%, respectively. Reference opaque devices
with each of the 3 active-layer systems were demonstrated to have a power conver-
sion efficiency of 11%,7" 6%, and 12%, " respectively. Details of the OSCs perfor-
mance is given in Table 51 and Figure 55. The height of each of the four boxes used
in the grewth chamber are adjusted to ensure comparable photosynthetic photon
flux density (PPFD) at the top of the bax. Given differences in transmittance of the
OSC filters, this results in differences in the photon flux reaching the plants, as shown
in Figure 53B. It is important to note that while the active layer was encapsulated, the
transmittance of the OSC filters changed slightly over the course of the experiments,
as shown in Figure 56, The change in PAR photon flux and the change in the red
(600700 nm):blue (400-500 nm) light photon flux ratio (R:B) is given in Figure 2G,
showing that the color ratio did not change drastically, and the change in PAR flux
was <15% owver the course of a growth eyele. Further details on filter stability are pro-
vided in Note 51. Three replications of the plant growth experiments were carried
out, with the PAR photon flux reaching the top of the boxes maintained at
~800 pmoel m 2 &' in round 1 (R1) and round 2 (R2) and at ~1,000 pmol m 2 s
it round 3 (R3). Nate that 2,000 pmal m 2 5~ is equivalent to ~1-sun intensity
{1,000 W/m?). During the experiments, water and nutrient delivery was kept canstant
between boxes. Harvest was carried out at two stages of the growth eycle. The first
stage, called the “transplant stage,” was analyzed at 21 days after germination. This
denotes a growth phase at which commercial growers often relocate the plants from
a germination chamber to greenhouses.”” The second harvest, called the "final har-
vest,” was analyzed at 35 days after germination, which denotes harvest far market
yield. We limit our diseussion here to the plant metries obtained at the final harvest.
The transplant stage harvest data are provided in Figures 57-510).

Crop growth and physiclogy

The final harvest of lettuce was analyzed for fresh and dry weight, leaf number and
size (area), apparent CO; fixation rates, stomatal conduetivity, and chlorophyll can-
tent. An overhead view of a typical lettuce plant at final harvest for each growth con-
dition is pictured in Figure 3A. The fresh and dry weights at final harvest narmalized
with respect to the control averaged across all three rounds are given in Figures 3B
and 3C and the individual round results are given in Figures 5114 and S11B. Consid-
ering all rounds, the results indicate statistically comparable average fresh weights
for lettuce across all OSC filters in comparison to the contral treatment. While the
average of all of the experimental replications did not show a statistically significant
difference in lettuce praductivity under the filters compared to the contral, there was
variation in the overall productivity of lettuce between the three replicates. In R1, the
lettuce grown under bath PTB7-TH: IEICO-4F and FTAZ:PC;,BM filters was found to
have statistically lower average fresh weight relative to the contral treatment. How-
ever, in B2 and R3, these two filter treatments yielded lettuce with fresh weight sta-
tistically comparable to the contral. The fresh weight of lettuce grown under the
FTAZITM filter varied from having fresh weight statistically camparable to the let-
tuce under control treatment in R1 to having lower fresh weight in R2, and finally
higher average fresh weight in R3. The dry weight of the lettuce grown under the

¢? CelPress

OPEN ACCESS

Cell Reparts Physical Science 2, 100381, March 24, 2021 5

26



Cell Fh:;:_mrts i
¢? CelPress Physical Science

OFEMN ACCESS

A B
E15
g
E 1.0
T
S0s
Control FTAZ:IT-M Z o0
(F1)
c
=15
p=]
£
210 gl -T------ -
5os
5
PTB7-TH:IEICO-4F FTAZ:PCBM Z 40
(PI) (FP)
o == E 104 F 10 10+
4 3 1 g i 3
£2° 5 &l EREE R 7.5 8
FE £ .3 = 52 35
%8"“ 2 zls £ 580 _lsp 58
(= a6 Y EEp 2
EEE 3 Ea 55%5 2535
e £ K, g £
U R R R 0@ T =0 e

Figure 3. Results of lettuce growth and physiclogy

(A) Overhead view of lettuce at final harvest for contral (C), FTAZIT-M [FI), PTEB?-TH:AEICO-4F [Pl and FTAZ:PC7:BM [FP) treatments.
IB) Normalized fresh weight at final harvest across all replications.

IC} Mormalized dry weight at final harvest across all rounds.

(D) Rate of photosynthesis and stomatal conductance at final harvest in reund 3.

(E} Chl & and chl a/b at final harvest in raund 3.

(F) Anthaeyanin and caratenoid concentration at final harvest in round 3.

Data in (B}-[F) represented as means £ SEMs.

FTAZ:T-M filter is found ta be statistically comparable to the contral, while thase
grown under FTAZ:PC;,BM and PTB7-TH:IEICO-4F filter treatments yield |ettuce
with statistically lower dry weight, with an average drop in dry weight of 18% and
22%, respectively. In comparison, FTAZ:IT-M has an average drop in dry weight of
12%. If anly considering R3, which has slightly higher PPFD (1,000 ymal m—2 77
as opposed to 800 pmoal m~2 s~ %in R1 and R2) incident on the growth boxes, the
dry weights for all 3 filters are found to be statistically similar to the control (Fig-
ure 517). LA and leaf number normalized with respect to the control and averaged
across all three rounds are provided for final harvest in Figures 511C and 511D,
showing similar behavior for each treatment. Harvest pictures from R2 and R3 are
provided in Figures 512 and 513, In summary, although there are some differences
across each round, overall, the red leaf lettuce grown under the semi-transparent so-
lar eells has comparable fresh and dry weights to the lettuce grown with the contral
treatment.

Te gain further insight inta the plant growth and development, we measured the
physiological characteristics of the lettuce, including the rate of photosynthetic
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CO; fixation; stematal conductance; and chlarophyll, carotensid, and anthoeyanin
concentration. The rate of photesyrthetic CO, fixation and stomatal conductance
as a measure of overall gas exchange between the leaf and the atmospheric environ-
mant (CO3s, HyO, O2) of the lettuce measured in R3 was abserved, with the results
provided in Figure 3D. The lettuce grown in the control box was found to have a
higher rate of photasynthesis than the lettuce grown under the OSC filters. A similar
trend is observed for stoematal conductance. The stomatal conductance is a measure
of stomata aperture enabling uptake of COz as well as evaporation of HzO and con-
trols overall plant perfarmance.” " The total chlerophyll a (chl a) concentration and
the chloraphyll asb (ehl a/b) ratio in the lettuce is given in Figure 3E and the total
chloraphyll b {chl b) concentration is shown in Figure 514, The chl a content and
the a/b ratio is statistically comparable between lettuce grown under all three
OSC treatments with respect to the control. Lastly, the anthocyanin and carotenoid
concentration extracted from lettuce in R3 is shown in Figure 3F. Thess represent a
class of antioxidants produced as a measure against damaging light.”™" It is found
that except for the FTAZIT-M filter treatment, the OSC filters have a statistically
comparable anthaeyanin eoncentration to the control, while the carotenaid eoncen-
tration for all OSC filters are statistically comparable to the contral.

Underlying drivers for plant development

The rate of photosynthesis typically shows a curvilinear increase with increasing light
intensity up to a light-saturation point.* """ Hence, lettuce grown in the control treat-
ment, by virtue of being exposed to higher light intensity, has a higher rate of
photosynthesis as compared to the lettuce grown under the OSC filters. However,
the lettuce grown under all of the OSC filter treatreants have average fresh weights
that are statistically comparable to the contral. This isin part due to an increase in LA.
This behavior is likely due to a shade response by the lettuce, thereby aiding light
interception and thus increasing CO; fixation. An increase in LA is attributed to a
higher partitioning of the assimilated CO; into the leaves. ™" Across all of the rep-
lications, lettuce grown under the FTAZ:IT-M treatment have an average LA that is
~15% higher than the control (Figure 511). FTAZ:IT-M had the lowest transmittance
among the three OSC filters in the PAR region and is correlated with the filter treat-
ment resulting in the greatest LA

When comparing the lettuce grown under the three OSC filters, the spectral differ-
ences in the filters can be considered by splitting the spectra transmitted by the fil-
ters into the R:B ratio. The R:B ratios ranged from 2.5 (FTB7-TH:IEICO-4F) to 4.5
(FTAZ:PCyEM), as shown in Figure 2G. Wang et al."' observed that stomatal
conductance and rate of photosynthesis are driven in part by the R:B ratio. With a
decrease in the R:B ratio, an increase in the rate of photosynthesis and stomatal
conductance was observed.™ However, here, lettuce growing under the three
OSC filters had a statistically similar rate of photosynthesis and all were lawer than
the control. This indicates that the differences in R:B ratio were not large enough
to drive differences in the rate of photosynthetic CO; fixations.

In vascular plants, chl a and chl b are the red and blue light-absarbing pigments in
the light-harvesting eamplexes of the photasystems. The absorption spectra of chl
aand chl b differ slightly and the ratio of chl a/bis responsive to light intensity.” """
A higher ratio of chl a/b indicates a high light-adapted photesynthetic apparatus,
indicating a higher capacity for electron transport.”’ This has the potential to in-
crease light absorption, which in turn is beneficial for CO; fixation. Figure 3E, how-
ever, indicates that c¢hl a/b is found to be statistically comparable between lettuce
grown under all three OSC treatments with respect to the contrel. It is notable

¢ CelPress

OPEN ACCESS

Cell Reparts Physical Seience 2, 100381, March 24, 2021 7

28



¢? CelPress

OPEN ACCESS

that a similar ehlorophyll eantent was faund for all lettuce growth conditions, despite
the contral having nearly 40%-50% higher light intensity than that found under the
OSC stacks. This behavior is consistent with previous studies in which Wang et al.*'
reported no significant change in chl a/b for lettuce treated under lighthaving R:B in
the range of 1-4. Furthermare, lettuce grown under shaded conditians relative to
the contral have been known to possess higher total chlorophyll content per unit
fresh weight, which provides further reasoning to the comparable chlarophyll con-
tent observed between the control and the three OSC filters.**** Finally, by visual
inspection (Figure 3A), it is apparent that the red eoloration is strongest for lettuce
grown as part of the control. This suggests differences in anthocyanin content, which
are pigments responsible for the red coloration. This is elearly indicated in Figure 3F,
where we see a higher mean anthoeyanin concentration for lettuce grown as part of
the control treatment. While anthoeyanin praduction is associated with several envi-
ronmental stresses, including light intensity, it also acts as a source of antioxidants*
The higher anthocyanin content in the contral is likely due to the higher light inten-
sity incident on the lettuce. Despite loawer PPFD at the plant level, we find that the
FTAZ:PCy:BM treatment results in statistically comparable anthocyanin concentra-
tion. For the carotencid eoncentration, we see no statistically significant difference
between control and the three OSC filter treatments.

To conclude, we find that the lettuce adapted to the changing lighting conditions to
maintain similar yield and thereby show minimal adverse impact on erop growth due
to OSC filter integration. Furthermore, the spectral changes between the OSC filters
were not large enough to drive significant differences in lettuce development. While
lettuce grown under control conditions with higher light intensities contained more
of the nutritionally desirable antioxidant anthoeyanin as compared to the FIAZ:IT-M
and PTB7-TH:IEICO-4F filter treatment, this limitation will likely not aceur at the
higher overall light intensities in a greenhouse setting or can be alleviated by the in-
duction of anthacyanin biosynthesis by other means of abiotic stress.

Organic solar cell design outlock

The lighting demands in the greenhouse will depend on geographic location and
crop. While the lettuce is shown to grow well under the ST-OSCs, it is known to
be a shade-tolerant crop.” For plants that have greater lighting demands, alternative
ST-OSC device designs and active layers may be needed. The greenhouse location
will also dictate the daily salar radiation entering the greenhouse as well as the heat-
ing and cooling needs of the space. In this section, we consider ST-OSC design con-
siderations that affect erop production, electricity generation, and the thermal load
of the facility.

A primary means to manage the transmission of the ST-OSC across the PAR spec-
trum is through material selection of the active layer. In addition to photasynthetic
light absorption by chlorophyll, plants use the wavelength composition and diree-
tion of light as spatiotemporal clues to adjust and adapt their growth and develop-
ment, referred to as photomaorphogenesis.”™ Thus, the exact spectral needs will
likely depend on the plant under consideration. Here, we demonstrate the ability
to tune the absorption of the ST-O5C to complement the absorption spectrum of
chloraphyll. The ST-OSC is composed of a ternary active layer of FTAZ:IEICO-
4F:PC71BM."" " The transmittance of the ST-OSC is shown in Figure 44, showing
transmittance peaks that correspond with the absorption of chl a, which is centered
at 400 and &50 nm. The current veltage characteristics of the OSC are given in Fig-
ure 4B, with the performance metric summarized in Table 1. While further device
optimization is possible, this example elearly demonstrates how active layer material
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Figure 4. Device characteristics of 5T-05C device with and without DBR coatings

(A) Transmission spectra of semi-transparent O5C and the same device combined with DER-A and
DER-B. Inset is the abiorbance af ehl a.

(B) Current density-voltage characteristics of the ST-08C alang with the ST-05C with DBR-A and
DER-B. Inset, change in external quantum efficiency (AEQE) of the ST-05C with the addition of
DBR-A and DER-B.

selection can be used to manage light transmission across the PAR spectrum.
Contemporary optimization of materials and devices have focused on optimizing
the power conversion efficiency (PCE) in opague devices or color-neutral 5T-
OCSs. There should be cansiderable reom for further improvements in ST-O5C per-
formanee that account for the spectral needs of greenhouses, particularly with the
use of the very recent development of high-performing dener palymer D18, which
has nearly an identical absorption spectrum to FTAZ. "'

As part of the OSC design, there is an opportunity to add DBRs that manage light in
the visible and NIR spectra.”**' By managing reflection in the visible region, there is
the opportunity to reflect selective portions of the spectrum that are not efficiently
used by the plant to then be absorbed by the solar cell for increased power gener-
ation. As an example, we experimentally demonstrate the use of solution-processed
DBRs that consist of alternating layers of a titanium oxide hydrate:poly(vinyl alcohesl)
hybrid material and poly(methyl methacrylate) (PMMA). Twe DBRs were considered,
with DBR-A having a stopband centered at 560 nm and DBR-B having a stopband
centered at 745 nm, with transmittance shown in Figure 515, The transmission of
the ST-OSC combined with DBR-A and -B is shown in Figure 4A, while the current
voltage characteristics of the ST-OSC with the DBRs are shown in Figure 4B. The
addition of the DBRs increases reflection in the region of the DBR stopband, thereby
resulting in a 5% and 6% increase in short-cireuit eurrent density with DBR-A and
DBR-B, respectively. The summary of ST-OSC performance with the DBRs is pro-
vided in Table 1. The enhancement in external quantum efficiency (AEQE) is shown

in Figure 4B, demaonstrating that the increase in EQE corresponds with the

Table 1. Summary of ST-05C device characteristics with and without DBR-A and DER-B

DER Jge imAvem?) Vige VI FF (%) PCE (%) Adgc (%) APCE (%)
Without  10.92 0.723 &2.11 4.90 = =

A 1148 0724 £0.94 514 595 53

8 1140 0.725 &1.75 519 6.23 59

The perfarmance metries include the short-circuit current density (Lo, open-cireuit veltage Ve, fill fae-
tar (FF), and power conversion efficiency [FCE). The enhancement in current density (A Jae) and efficiency
[APCE) with the DBR coatings are also induded,
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Figure 5. Madeled ST-0O5C device with optimized DBR stack for maximizing NIR reflection

(4] Transmittance of DBR coating and DBR eoating with ST-05C.

(B} Mumber of hours in a year the greenhouse exceeds its setpoint temperature,

(C) Annual enersgy demand and solar power generation for a greenhause in Sacramento, California
for (i) conventional greenhouse, (i) greenhouse with rooftop ST-0SC, and (i) greenhouse with
raaftop ST-O5C and DBR coating.

(D) Annual energy load for o greenheuse in Sacramenteo, Califernia as a function of emissivity of the
greenhouse envelope.

stopbands of the DBRs. The ST-OS5C stack without any DBR stopband has a PAR
transmittance of 36%. This reduces to 27% with the DBR-A stopband and 32%
with DBR-B stopband.

Finally, light management in the IR ranging from NIR (i = 700 nm—2 prm) to LWIR (i >
8 pm) will have a direct impact on the energy demand needed to manage the tem-
perature inside the greenhouse. The NIR sunlight contains ~50% of the total solar
energy, resulting in significant heating potential. The LWIR is relevant for managing
thermal radiation near room temperature, where blackbody radiation of an object at
22°C (295 K) has a peak in intensity at a wavelength of 9.8 pm. By minimizing the
emissivity of the glazing to the environment (i.e., increasing LWIR reflection), thermal
radiation from within the greenhouse is reflected, helping to maintain the tempera-
ture inside the greenhouse.

The use of DBRs with reflection in the NIR can improve OSC power generation for
active layers that absorb in this spectral range, as shown with the DBR-B design (Fig-
ure 4B). For greenhouses in warm climates, the use of DBRs in the NIR will also result
in lowering the thermal gains and support better greenhouse temperature manage-
ment in summer. To examine this impact, we consider rooftop OSCs that integrate
DBR coatings with high transmission across the PAR spectrum and high reflection
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from BOOD to 1,600 nm. The transmittance of the O5C stack and the standalone DBR
eoating is provided in Figure SA. Change in PAR transmittance as a result of DBR
integration was maintained to be <1% in comparison to a ST-OSC system without
DBRs. Details of the DBR layer thickness and number of layers for reflection in the
IR is provided in the experimental procedures. The simulated ST-OSC stack with
the integrated DBRs is found to possess a heat rejection rate of 20% over a wave-
length region of 700-2,000 nm. This heat rejection rate coupled with PAR transmit-
tance and PCE were found to be comparable to recently reported ST-05C devices
with similar DBR design. " We then modeled the enargy load of a greenhouse in
Sacramento, California following a previously described greenhouse energy
model.*” This location was chosen because California represents the largest green-
house market in the United States.” We found that the addition of the DBER with NIR
reflection results in only a minor deerease in the energy consumption used for cool-
ing. This is due to the greenhouse using low-energy-consuming fan-pad evaporative
caoling, as typically found in a semi-closed greenhouse. ™ However, there is a clear
impravement in the ability to maintain the temperature within the greenhouse strue-
ture as shown in Figure 5B. The number of hours in 1 year that the temperature in the
greenhouse cannot be maintained below the temperature setpoint used to grow to-
matoes of 82°F (27.8°C) reduces from 280 h for a conventional greenhouse to 82 h
for a ST-DSC-integrated greenhouse with the DBR coating added to the OSC stack.
This is despite the eonventional greenhouse using shade eloths with 50% transmit-
tarnce in summer to manage heat. While not cavered here, maintaining the green-
house temperature setpoint results in significant improvements in plant health and
should be considered in optimizing the system.”’

Figure 5C shows the annual energy demand and solar power generation for each of
the simulated greenhouse cases discussed here when using the FTAZ:EICO-
4F:PC;:BM active layer. We see that the ST-OSC integrated greenhouse without
DBR achieves net-zers energy demand for annual eperation. Adding the NIR-reflect-
ing DBR coating to the OSC stack improves power generation by 10%, resulting in an
inerease in surplus energy of the system. The increased power generation is due to
the increased reflection in the spectral region that is absorbed by IEICO-4F. Note
that the energy demand decreases when adding the OSC to the greenhouse strue-
ture, which is largely attributed to the low-e of the indium tin oxide (ITO) electrode,
discussed further below. While the results show immense promise, itis important to
remember that NIR light management will be highly dependent on the lecation of
the greenhouse. The DBRs provide better temperature control in summer, but the
greater NIR reflection may lead to greater heating demand in winter, particularly
in colder climates. Thus, the use of DBR coatings to manage light aver the visible
and NIR spectra will be dependent on the crop, the energy demiands of the green-
house, and its geographical location.

LWIR is typically managed in glazings through low-e coatings that are often thin
metal and metal oxide films. ITO and silver (Ag) have low emissivity and are
commonly used in 5T-OS5Cs providing inherent LWIR management. " As shown
in Figure 50, adding the OSCs to the roof of the greenhouse red uces its energy de-
mand largely due to the use of Ag with an emissivity of 0.1, reducing the heating
demand in winter. The impact of LWIR emissivity of the greenhause glazing on the
annual energy load is shown in Figure 5D, We find that as the emissivity of the green-
house roof drops from 1.0 te 0.1, there is a 67% reduction in the heating demand of
the greenhouse. These results highlight that net only can the OSC be used to
generate power but it can also be used to manage IR light that ean have significant
effects on the power generation and heating and cooling demand of a greenhouse.
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Integrating ST-OSCs onto greenhouse structures provides an opportunity to
generate power, lowering the external energy demands of a greenhouse. The
OSC design will also affect the plant development and the heating and eosling
load of the greenhouse space. The present article highlights the needs for a holistic
viewpoint and the trade space between plant praduction, power generation, and
thermal load to assess the opportunity of ST-O5C greenhouse integration. The po-
tential impact of using ST-OSCs in greenhouses on plant preduction was considered
by leoking at the growth of red leaf lettuee grown under three spectrally unique OSC
filters. We demonstrated that ST-OSCs can be used for the successful cultivation of
lettuce without a major impact on yield and plant health. We found that there is a
decrease in the photosynthetic rate for the lettuce grown under the filters due to a
decrease in photon flux, but this is compensated for by an increase in LA, resulting
in similar biomass for each OSC filter considered relative to the control. Interestingly,
we found that the lettuce yield was similar irrespective of the OSC filter, demon-
strating flexibility in material selection for this crop. For practical implementation,
scale up of the semitransparent solar modules will still be necessary. In this imple-
mentation, the areal coverage and transmittance of the modules will differ from
the experimental conditions, possible allowing for increased natural light incident
on the plant. These results thus suggest that large-scale implementation will main-
tain positive outcomes. While lettuce proved to be a successful demonstration,
this may not translate to other crops that have different lighting needs. We thus
considered how OSC active layer material selection can be used to manage spectral
transmission characteristics. A ternary OSC consisting of a FTAZ:IEICO-4F-PC;,BM
blend that has a transmission profile with peaks that match well with the absorption
spectra of chlorophyll was demonstrated. The transmission was then further
managed with the addition of DERs that reflect light outside the chlorophyll absarp-
tion spectrum and increase the power generation of the solar cell.

The use of DBR coatings net only provides an opportunity to increase power generation
but it alse can be used to reduce overheating in the greenhouse. We show that for a
greenhouse in Sacramento, California, the number of hours that the greenhouse over-
heats can be reduced from 280 to 82 h when using OSCs with a DBR tuned to reflect
NIR light. While this does not have a large impact on energy demand, it is expected
to improve crop production. Lastly, using OSC electrodes that can also function as
low-e coatings was shown to significantly reduce the heating load of the greenhouse.
Combining the minimal impact observed on plant productivity, along with power
generation and improved thermal management with the use of ST-OSC, suggest that
integrating O5Cs with greenhouses is a promising strategy to achieve environmentally
sustainable high-intensity greenhouse-based agriculture.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to
and will be fulfilled by the lead contact, Brandan T. O'Connor (bloconne @nesu.edu).

Materials availability
This study did not generate new unigue reagents.

Data and code availability

The published article and associated Supplemental information includes all of the
necessary data required for evaluating the main findings of this study. Any additional
data related to this study are available from the lead contact upon request.
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Plant growth experiment

Lettuce seeds were germinated and grown in pots inside growth boxes of the dimen-
sions 21 x 10.5 % 1.25 in. Each pot was filled with 50% Sunshine Redi-Earth Pro
growing mix and 50% pea gravel. The growth boxes were then planted in a
controlled environment growth chamber that was 13 x 8 ft. Each growth box was
equipped with temperature, humidity, and CO. sensors that lagged data every
5 min. The lighting and groewth boxes positions in the environmental chamber
were adjusted to ensure that a similar intensity of light was incident on the top of
each box. Given the differences in the transmittance of the filters, the light intensity
incident en the plants in R3 ranged from 611 pmol m~2 577 (29 mol m~? day~"}er the
control to 285 pmol m™ =77 (13 mal m™? day ™"} for FTAZ:IT-M. Plants under
FTAZ:PCy4BM filter and PTB7-TH:IEICO-4F filter have a daylight integral of 17 mal
m~* day~ . To regulate the temperature inside the box, each box housed two con-
stant speed fans. Seeds were germinated directly in the baxes and initially four seeds
were placed in each pot. Watering is done by hand until germination. After germi-
nation, the plants are thinned to two per pot. At this stage, water and nutrients
are fed automatically through pipes that lead to each box from a central system
and controlled remately to evenly distribute to the plants. Across each round, the
chamber was requlated to have a photoperiod of 13/11 h (light/dark), temperature
of 21°C/19°C (day/night), and a CO3 concentration of 450 pmol mel~'. To compen-
sate for positional light variance, the pots are rotated within each box on alternate
days. Harvest was carried out at two stages of the growth eyele, with the transplant
stage being 21 days after germination and the final harvest stage being 35 days after
germination. At each stage, four plants were harvested for analysis.

Biomass, LA, rate of photesynthesis, and stomatal conductance

Measurements of fresh weight, dry weight, LA, and leaf number were made on four
plants in each OSC filter treatment and control. Three replicate studies of the plant
growth were carried out. Dry weight was measured by heating the leaves of the har-
vested plant for 3 days at 65°C. Both fresh and dry weight does not include root mass
in the caleulation. LA was measured using a LI-COR LI-3000. The rate of photosyn-
thesis and stomatal conductance were measured with a LI-COR A400XT portable
photosynthesis system. All of the measurements were eollected from plants inside
the growth boxes while under light. Survey measurements were collected using an
extended reach chamber from two leaves of approximately the same age for four
plants per treatment. Data collection took place in the 5 days before the final harvest
and ended within 5 h of the beginning of the light period each day. Ambient CO;
conditions were maintained inside the chamber with soda lime scrubbers.

Secondary metabolite extraction

Secondary metabolites were extracted and quantified following a medification of
the protocals previously described.”’ Two to three mature leaves were collected
fram four plants per treatment and flash frozen in liquid nitrogen. Tissue was ground
in liquid nitragen, weighed, and suspended in either chlorophyll and carotenoid
extraction buffer or anthocyanin extraction buffer. Absorption was measured in
triplicate with a Biotek Synergy HT microplate reader and Gen5 software with path-
length correction. The absorption wavelengths and metabelite concentration equa-
tions were used as previously deseribed. Concentrations were reported per milli-
gram of fresh weight.

ST-OSC filter preparation for plant experiments
The salution and coating parameters of the pelymer and small molecule of the three
active layer material systems used for the plant growth experiment are shown in
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Table 52. The solution was heated to 80°C overnight and then wire bar coated onto
20 x 10 em glass substrates. Ethylene vinyl acetate (EVA) films are then adhered
along the edge of a cover glass used for encapsulations. The EVA strips are adhered
by heating to 110°C-120°C. The cover glass was then laminated onto the active layer
coated glass and heated using a hot plate at 100°C to ensure the seal under a nitro-
gen atmosphere. Optical epoxy (Norland 63) was then coated around the edge of
the filter stack and cured under 365 nm UV light for 20 min to form a secondary
seal. Twelve filters combined to cover one growth box. Similardy, PEDOT:PSS
(PH1000, Hareaus) was wire bar coated onto a PET substrate and then laminated un-
der another layer of PET.

Fabrication of reference ST-OSC devices

ST-OSC devices were fabricated on transparent ITO-coated glass substrates using
an inverted device configuration (glass/ITO/ZnO/active layer/MoO3s/Au/Ag). After
cleaning the ITO glass, a ~30-nm-thick so-gel ZnO was spin coated on the substrate
and annealed at 150°C for 30 min in ambient air. The active layers were spin coated
in a nitrogen atmosphere. The FTAZ:IT-M films was coated from a toluene solution
consisting of FTAZ:IT-M 1:1 wt ratio at a total concentration of 10 mg/mL, resulting
in a 70-nm-thick film. The film was then thermally annealed at 150°C for 10 min. The
FTAZ:PC;;BM film was coated from a trichlorobenzene solution consisting of
FTAZ:PC7;BM 1:2 wt ratio and a total concentration of 18 mg/mL, resulting in a
60-nm-thick film. The PTB7-TH:IEICO-4F film was coated from a chlorobenzene so-
lution with 3% 1-chloronaphthalene with PTB7-TH:IEICO-4F 1:1.5 wt ratio and a total
solvent concentration of 25 mg/mL, resulting in a 118-nm film. The semi-transparent
solar cells were complated by the thermal evaporation of 10 nm MoO,/1 nm Au/
10 nm Ag at a pressure of ~1 X 107® mbar through a shadow mask.

Semi-transparent FTAZ:IEICO-4F:PC,,BM ternary device

The device architecture considered was glass/ITO/ZnO/active layer/MoO,/AufAg/
MoQa/LiF. The FTAZ:IEICO-4F:PCy;BM (1:1:0.3 wt ratio) dissolved in a 23-mg
mL" toluene:chloronaphthalene (99:1 volume ratio) solution was spin coated at
2,000 rpm for 60 s to obtain a film thickness of ~100 nm. The electrode consisted
of MoO3/Au/Ag/MoO3/LiF deposited by vacuum thermal evaporation. The first
MoQ: layer (10 nm) was deposited as a hole transporting layer, followed by Au
(0.5 nm) as a wetting layer and Ag (8 nm) as an anode layer. Finally, a capping layer
of MoOz {20 nm) and an anti-reflective layer of LiF (60 nm) were deposited. The
active area of the solar cells was 6.9 mm?, as defined by the overlap of bottom
and top electrodes.

DBR preparation and characterization

The DBRs for this study were produced with alternating layers of a titanium oxide hy-
drate:polylvinyl alcohol) (PVAI) hybrid material®* and PMMA. A total of 8.5 bilayers
were dip coated on the front and back of the glass substrates, with the first and
last layer on each side produced from the hybrid material. The hybrid acts as the
high refractive index layer, nygonm = 1.83, and the PMMA as the low refractive index
layer, ngonm = 1.49.

Titanium oxide hydrate solutions were prepared by the hydrolysis of TiCls to a final
concentration of 0.5 M titanium. Hybrid titanium oxide hydrate:PVAI solutions were
prepared by introducing corresponding amounts of the produced titanium oxide hy-
drate solution to a 40-g/L aqueous solution of PVAl while stirring at room tempera-
ture to achieve a 60 vol% titanium oxide hydrate concentration with respect to
PVAL“"“* Multi-layer samples were fabricated by dip coating of glass substrates in
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airat ambient temperature. Due to the crosslinking of the hybrid films during drying,
alternation of dipping in hybrid solutions (formulated from 0.5 M titanium oxide hy-
drate solutions and 40 g/L PVA aqueous solution) and PMMA salution in toluene (4
wt% PMMA) was possible. Withdrawal speeds varied between 5 and 15 mm/min to
achieve the desired thicknesses. Between each layer, samples were left to dry verti-
cally inside the fume hood for at least 20 min before the next layer was applied. In
total, 8.5 bilayers of hybrid material and PMMA (i.e., 9 layers of hybrid material
and 8 layers of PMMA) were cast on both sides of the glass, beginning and ending
with the hybrid layers. A final annealing step was performed after the produced
DBRs were stored in a desiccator for 7 days. Annealing was carried out at 150°C in
an oven for 5 min in air and atmospheric pressure.

The transmittance of multilayer structures was measured at normal incidence using a
double-beam Agilent Cary 5000 UV-Vis-NIR spectrophotometer. Refractive indices
and thicknesses of the hybrid and PMMA films were calculated using the Fresnel co-
efficient form of the transfer matrix method.”” The 60 vol% hybrid refractive index is
n=1.75+0.029/3% and the PMMA refractive indexis n = 1.48 + 0.005/)°, where A is
the wavelength in microns.

Solar cell characterization

Current voltage characteristics were recorded with a Keithley 2400 source meter under
100 mW ecm ™2 AM 1.5 G light. The light is provided by a Class 3A Solar Simulator and
KGS silicon reference cell. EQE measurements were conducted using an in-house setup
consisting of a DC xenon arc lamp light source, an ORIEL 74125 monochromator, an
SRS70 eurrent amplifier, and an SR830 DSP lock-in amplifier. An aperture was used to
ensure that only the active area was illuminated by the monochromatic beam. Where
used, the DBR was placed on the transparent top electrode of the ST-OSC when the cur-
rent voltage, EQE, and transmittance were measured.

Modeling high IR reflection DBR

Using alternating layers of a titanium oxide hydrate:PVAI hybrid material and PMMA,
an IR-DBR stack capable of reflecting over a wavelength range of 800-1,600 nm is
modeled. The thickness and the total number of DBR bilayers are modified to
achieve the necessary target transmittance profile through a gradual evolution
method combined with a needle optimization technique.” " The transmittance of
the DBR stack is shown in Figure SA. Optimization was done to ensure the minimal
drop in transmittance in PAR. However, to account for any reduction in PAR, a pair of
LiF and MoQ; optimized to maximize transmittance across PAR is added to the IR-
DBR stack. This is then added to the ST-OSC device with FTAZ:IEICO-4F:PC;,BM
as the active layer following a device architecture described previously. The
modeled device architecture is shown in Figure S16. The simulated electric field in-
tensity (|Ej2) as a function of thickness of the OSC device stack is provided in Fio-
ure 517 for a wavelength in the PAR and IR region to illustrate DBR function.

R :

P

Modeling gr energy
A 29.4 x 7.3 m single-span gable-roof greenhouse with a gutter height of 3 m is
considered. The greenhouse is oriented north to south with a roof tilt angle of
27°. Excluding the north-facing wall, which is considered an opaque surface as it
often interfaces with other buildings, all of the surfaces are made up of a 4-mm sin-
gle-pane glass. Ventilation is provided by fans coupled with evaporative cooling
pads, while heating is provided by a combination of forced hot air furace and a
radiant roof heating system. The temperature setpoint for the greenhouse is set be-
tween 60°F and 65°F at night and between 70°F and 82°F during the day. A 50%
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transmittance neutral shade cloth is considered during the daytime in summer for
conventional gresnhouses as part of heat management. For modeling OSC stack,
we cansider the same device architecture used for the fabrication of the ST-OSC sys-
tem with FTAZ:IEICO-4F:PC;,BM as the active layer. Further details on ST-OSC
madeling, including the transmittance of light into the greenhouse, are provided
by Ravishankar et al *"

SUPPLEMENTAL INFORMATION
Supplemental infarmation can be found online at https//daol.org/ 101016/ xcrp.
2021.100381.
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CHAPTER 3: Beyond energy balance in agrivoltaic food production: Emergent crop traits
from color selective solar cells
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3.1 Contribution

Our previous worlestablished red oak leaf lettuce ag@pthat can perform well under

OSC filters. Topredict other effects on plant growth and development that wedireotly

measured isolated RNA from the leaf tissue collected in the previous chapter and performed a

transcriptome analysi¥his genomic stdy revealedsubtle changes caused by the GB@&red
light through the detection of significant differenceshaexpressiorof light-responsive genes

| contributed to tls work in manyways. | participated in the collecti@md analysif
physiologicaldataand createdrigures 3 and 41 collected lettuce leaf tissue and extracted RNA
for sequencing. After sequencing, | conducted the initial quality control checks on the raw
sequences and performed the alignment to the reference sequeartieigated in the analysis
of the transcriptome and WGCNA analyses that generated Figures 5 and 6. Additionally,

drafted the majority of the manuscrgmdcreated Figures 1, 2 and 7 as well as Table 1.
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Abstract

Semui-transparent organic solar cells (ST-OSCs) offer new agrivoltaic opportunities to meet the
growing demands for sustainable food production. The tailored absorption/transmission spectrum
of ST-OSCs not only impacts the power generated, but also aspects of crop growth, development
and responses to the biotic and abiotic environments. The general relationships between these
variables are unknown. Here, we grow red oak leaf lettuce ( Lactuca sativa), a traditional
greenhouse crop, under three different ST-OSC filters and observe little overall differences on
productivity in response to the altered light exposure. In contrast, several key traits involving
nutrient content and nitrogen utilization as well as plant defense against herbivory and pathogens
are modified over the controls under select OSCs. Overall, our genomic analysis reveals that
lettuce production exhibits beneficial traits under exposure from select ST-OSCs. ST-OSCs
integrated into greenhouses are, therefore, not only a promising technology for energy-neutral
crop production as previously shown but can deliver benefits beyond those based on energy-
balance considerations.

Introduction

Greenhouses enable the production of food crops and ornamental plants year-round outside of
their natural environment and growth zones. Due to the enclosed nature of greenhouses, water
and fertilizer use can be well controlled and recycled. Furthermore, greenhouses do not require
the use of herbicides and need only low quantities of pesticide. A comparative analysis of tomato
production showed that greenhouse productivity in New York was 12-fold higher than that of
Florida fields (De Villiers, et al., 2009). However, this seemingly 1deal system for plant
productivity requires large amounts of energy for climate control and supplemental lighting,
which reduces its economic and environmental sustainability. Field-grown tomatoes in Florida
consumed 7.1 MI energy/kg tomatoes, while greenhouse production in upstate New York
required 53 MI/kg (Barbosa et al, 2015).

While other solar-powered greenhouses do improve the sustainability of food production,
they require either additional land in the form of solar farms or a reduction in yield in the case of
opagque rooftop solar cells (Hassanien et al, 2016). Fully enclosed (sole-source) container farms
are an alternative to greenhouse cultivation with a lower cost for climate control, but they suffer
from high energy costs for artificial lighting that prevent their economic viability for crops other
than microgreens or lettuce (Pattison, et al., 2018a). To utilize natural sunlight for both crop
growth and electricity, wavelength-selective semi-transparent organic solar cells (ST-OSCs) can
be integrated into the structure of the greenhouse itself. By adding solar panels to the greenhouse
roof, the cost of crop production can be kept close to the cost of conventional and photovoltaic-
adjacent greenhouse systems in favorable climates without requiring additional land
(Hollingsworth, et al., 2020a). ST-OSC systems have the added benefit of allowing more light to
reach the plants to avoid the yield losses seen with opaque systems. OSC greenhouses reduce
global warming potential by 36% with only a 6% decrease in net production cost, compared to
conventional greenhouses (Hollingsworth, et al., 2020b), while avoiding the light limitations of
container agriculture. However, using ST-OSCs systems in greenhouses affects both the light
quantity and the light spectrum (1.e. quality) available to the plants. By choosing different
combinations of organic semiconductors serving as electron donor and acceptor pairs for the
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active layer, the absorption spectrum of the OSCs can be modulated, and with that, the spectrum
available to the plants can be further controlled (Xiao, et al., 2017) (Fig. 1). The wide variety of
OSC active layers allows growers to account for the specific light requirements of the crop as
well as the energy requirements of the climate and season. These net zero energy greenhouses
have been shown to be feasible by taking advantage of this flexibility (Ravishankar, et al., 2020
Ravishankar, et al., 2022).
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Figure 1. Wavelength selectivity of OSC devices

a) Schematic of a wavelength-selective OSC device. Specific wavelengths of light are harvested to generate
clectrical energy to power the greenhouse. The wavelengths most important for photosynthesis (blue, red and far-
red) are selectively transmitted through the device to grow greenhouse crops. b) The OSC filters are named for the
two organic molecules that determine their color and transmission spectrum. Different donor and acceptor molecules
can be chosen to tune the wavelengths that reach the plants below. ¢) Ratio of light transmission through the OSC
filters relative to the light transmitted through the control. Each filter varies in relation to the control and to each
other over PAR and in the far-red region (700-750 nm). d) Absorption spectra of plant chlorophylls. Chlorophyll a
and b harvest light energy from sunlight to power photosynthesis over PAR (400-700 nm), especially in the blue and
red regions (adapted from Eichhorn Bilodeau, et al., 2019). ¢) Absorption spectra of photoreceptors. UVRS absorbs
UV light. Cryptochromes, phototropins and zeitlupes absorb primarily blue light. Phytochromes absorb red and far-
red light (adapted from Eichhom Bilodeau, et al., 2019)

Plants depend on light for their energy supplied by photosynthesis. Light harvesting
antenna complexes contain large numbers of chlorophylls with absorption maxima in the blue
(400-500 nm) and red light (600-700 nm) regions of the visible spectrum (Eichhorn Bilodeau, et

3
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al., 2019) (Fig. 1d). Other chromophores, such as carotenoids or anthocyanins, are produced to
absorb and divert excess photons to protect the photosynthetic machinery (Tanaka, et al., 2008).
Based on the absorption spectra of the chlorophylls, the most important wavelengths for
photosynthesis are 400-700 nm and are collectively referred to as photosynthetically active
radiation (PAR). PAR 1s measured as photosynthetic photon flux density (PPFD) and 1s used to
measure the amount of light available for plants. A broader measurement, the total photon flux
density (TPFD), accounts for the full range of wavelengths sensed by plants (Zhen and Bugbee,
2020; Kohler and Lopez, 2021; Kim, H., et al., 2019).

Because light 1s the only energy source for plants, their entire growth and development 1s
dependent upon and regulated by changes in their light environment. Plants have evolved a
complex network of additional chromophores called photoreceptors that sense light quality,
intensity, direction and even polarity in the 400-700 nm range of PAR and beyond (Galvao and
Fankhauser, 2015) (Fig. le). These photoreceptors are not involved in energy harvesting but
provide information about light conditions to adjust the plant’s growth and development in a
process called photomorphogenesis (Galvao and Fankhauser, 2015). Photoreceptors sense the
dynamic changes in the natural light environment that occur on a second to minute scale (e.g.
cloud cover), daily scale (e.g. time of day) and seasonal scale (e.g. day length) (Naganoe et al.
2019). This information is used to regulate growth and development through large integrated
gene networks with other environmental factors such as nutrient availability and temperature
(Abbas, et al., 2014; Chen, et al., 2016; Hahm, et al., 2020). These gene networks influence
many factors important for crop production, including height, nutrient content and the timing of
flowering and fruit production (Susan A. Dudley. et al., 1999; Guo, et al., 1998; Park, et al.,
2007).

The light environment created by OSCs is complex, with each organic semiconductor
donor and acceptor combination creating a unique transmission spectrum that varies across the
wavelengths important for photosynthesis and photomorphogenesis. This complexity makes it
difficult to predict plant growth in OSC-powered greenhouses. One OSC crop production model
considered only photosynthesis to calculate a crop growth factor based on the relative
photosynthetic efficiency of each photon across PAR and predicted the effect of OSC
transmission spectra on crop yield (Emmott, et al., 2015). A more complex model considered the
red/blue (R/B) ratio of the OSC transmission spectrum as well as light intensity to begin to
address the effect of altered spectra on photomorphogenesis (Ravishankar, et al., 2022). Growth
and yield studies using peppers (Zisis, et al., 2019) and tomatoes (Waller, et al., 2021) have been
promising in greenhouses partially covered with OSCs panels (~22% and ~50%, respectively).
However, these systems are limited in their energy production potential due to the large surface
area that was reserved to allow unfiltered sunlight to reach the plants. We have previously shown
that overall growth of lettuce (Lactuca sativa L. var. “red oak leaf) is not significantly impacted
when grown exclusively under OSC-filtered light with different spectra (Ravishankar, et al.,
2021). This makes a strong case for growimng lettuce, the second largest fresh vegetable grown in
the US by acreage and value (USDA, National A gricultural Statistics Service, 2020), under near
complete shading from semi-transparent OSCs. This design maximizes surface area dedicated to
solar panels, resulting in more energy production. However, in our previous study as well as in
those mentioned earlier, it is difficult to distinguish between the effects of the overall reduction
in light and any spectral effects.

To expand our understanding of how plants respond to both the quantity and quality of
OSC-filtered light, an in-depth analysis of gene expression is needed. There are roughly 40,000
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genes in the lettuce genome (Reyes-Chin-Wo, et al., 2017), and many of these are upregulated
(increased in expression) or downregulated (decreased in expression) in response to
environmental cues. These genes are organized into interrelated networks that result in specific
phenotypic changes, such as the initiation of flowering (Khan, et al., 2014). The transcriptome is
the qualitative and quantitative presence of all expressed genes, and therefore reflects the use and
regulation of an organism’s genes at a given time. Comparative transcriptome analysis from
plants grown under different light environments can be used as a detection tool to characterize
the environmental impact of environment on the gene networks involved 1n photosynthesis and
photomorphogenesis.

We present here experiments that enabled us to distinguish the qualitative and
quantitative effects of OSC filters on gene expression, nutrient content and nitrogen utihization in
lettuce. Plants were grown under one of three previously studied OSC filters that were selected
based on their spectral complementarity with chlorophyll and photoreceptor absorbance and ease
of fabrication: FTAZ:IT-M (FI), FTAZ:PCBM (FP) and PTB7-Th:IEICO-4F (PI) (Ravishankar,
etal., 2021) (Fig. 1). Plants grown under OSC filters were similar in size to those grown under a
spectrally neutral shaded control. Furthermore, we demonstrate modifications in gene expression
detected through a transcriptome analysis that point to important changes in crop physiology,
including flowering, nutritional content and fertilizer utihzation in response to the altered light
spectra.

Materials and Methods
Filter fabrication

OSC filters were made as previously described (Ravishankar, et al., 2021). Solutions of the
organic semiconductor active layers were wire bar-coated onto glass substrates. A second sheet
of glass was adhered under heat to each of the glass substrates with ethylene vinyl acetate films
for encapsulation. Optical epoxy (Norland 63) was cured around the edge of the filter stack as an
additional seal. Twelve of these filters, each 20x10em, were arranged in a single layer above a
layer of PEDOT:PSS (PH1000, Hareus) coated onto a PET substrate to simulate the transmission
of full OSC devices for each filter treatment.

Plant growth and heghting conditions

Red oak leaf lettuce (Lactuca sativa) was grown as previously described with the addition of a
PPFD controlled (PC) experiment (Ravishankar, et al., 2021). The PC experiment was a
comparison of the influence of the light spectra on plant physiology, whereas the HC experiment
was a more real-life scenario where all filters are at the same height to model the roof of a
greenhouse and therefore produce different TPFD due to the differences in filter transmission.
All light that reached the plants was filtered through either OSC filters or one of two control
conditions: clear glass or glass shaded with mesh that absorbed light evenly across the visible
and far-red spectrum. Plants were grown inside growth boxes covered with these filters to test
nearly 100% OSC roof coverage. The light intensity of the PC experiment control treatment was
further reduced with the addition of a spectrally neutral shade to bring the control’s PPFD closer
to that of the filter treatments. TPFD was also measured for each treatment from 400 - 750 nm.
The UV region of photoreceptor absorbance was excluded from TPFD because UV radiation
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