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HIGHLIGHTS

Lettuce grown under

semitransparent organic solar

cells show no drop in yield

Nutrient content of lettuce grown

under ST-OSCs remain

unchanged to control

Several OSCs with unique spectral

transmittance result in similar

lettuce yield

Adding DBRs to OSCs can

increase power generation and

improve thermal management
Adding 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.
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Balancing crop production and energy harvesting
in organic solar-powered greenhouses

Eshwar Ravishankar,1,7 Melodi Charles,2,7 Yuan Xiong,3 Reece Henry,3 Jennifer Swift,2 Jeromy Rech,4

John Calero,2 Sam Cho,2 Ronald E. Booth,1 Taesoo Kim,6 Alex H. Balzer,5 Yunpeng Qin,3

Carr Hoi Yi Ho,6 Franky So,6 Natalie Stingelin,5 Aram Amassian,6 Carole Saravitz,2 Wei You,4

Harald Ade,3,* Heike Sederoff,2,* and Brendan T. O’Connor1,8,*
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 OSCs 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.
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INTRODUCTION

A greenhouse provides an enclosed environment that allows for crop production in

non-native climates and adds more growth cycles per year. The protective environ-

ment drastically increases yield while lowering water consumption and pesticide use

as compared to conventional farming.1–3 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 overheating in warm weather. While the sunlight can sup-

port space heating in cold weather, the glazing of the greenhouse has poor thermal

insulation, resulting in the greenhouse often requiring heating beyond 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 regulate a

greenhouse, along with the use of supplemental lighting, leads to a large increase

in energy consumption compared to conventional farming.4–6 As a result, the poten-

tial for greenhouses to be a form 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 growing interest in

integrating solar cells onto the greenhouse structure, as illustrated in Figure 1.7–11

In this approach, a portion of light is captured by the solar cells to generate power,

while the remaining light transmits into the greenhouse for crop production.
Cell Reports Physical Science 2, 100381, March 24, 2021 ª 2021 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Light utilization in organic solar-power-integrated greenhouses

(A) Overview of an OSC-integrated greenhouse indicating spectral use of sunlight.

(B) Absorption spectra of chlorophyll a (Chl a) and active layer of an OSC indicating complimentary absorption.

(C) Schematic flowchart indicating distribution of sunlight toward management of plant growth, electricity generation, and greenhouse temperature

management.
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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.12–18 Semitransparent OCSs have

achieved power conversion efficiencies ranging between 8.1% and 10.2%, with an

average visible transmittance (AVT) between 23% and 36%.18,19 Furthermore, evap-

orated small-molecule devices with efficiencies of 10.8% and AVTs of 45.7% have

also been demonstrated.18 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%.20 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.21 This highlights the

need to maintain crop yield in solar-integrated greenhouses. Several studies have

considered plant growth under solar cells,7,8,11,22,23 and more specifically under

ST-OSCs.16,24–26 Mung bean sprouts grown under OSCs showed a similar stem

length compared to those grown under control conditions.16 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
2 Cell Reports Physical Science 2, 100381, March 24, 2021
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to plants grown under control conditions in the same greenhouse.26 While these re-

sults are promising, the OSC roof coverage was limited to�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.26 Hence, 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 modification 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 (NIR) solar radiation that contributes significant thermal

energy, and coatings that manage long-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 distinct ST-

OSC filters. Lettuce is selected because it is a commercial greenhouse crop with a

large market size.27 Lettuce also has a reasonably short vegetative period, allowing

for multiple replications in a reasonably short period.28 The OSC filters were

composed of high-performance active layers, namely FTAZ:IT-M, FTAZ:PC71BM

and PTB7-TH:IEICO-4F,15,29,30 as shown in Figure S1. The active layers were com-

bined with PEDOT:PSS filters to mimic the optical properties of functional solar cells.

These different active layers result in distinct transmission characteristics over the

photosynthetically active radiation (PAR) spectrum, which is defined as the wave-

length range of light that drives photosynthesis (400–700 nm).31 This provides a

means to assess the role of light intensity and transmission spectra of the OSCs on

plant growth and physiology. The studies were conducted in a controlled environ-

ment growth chamber that allows for the comparison of plant growth and develop-

ment under similar illumination, temperature, humidity, CO2 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, thereby minimizing

the impact on crop yield. The chlorophyll content of the plants is also similar under

the different filters. These results demonstrate the possibility of successfully growing

certain crops under semitransparent OSCs and highlight that a thorough character-

ization of crop production is needed to assess crop 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 current 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 chlorophyll absorption. The OSC performance was also characterized

with the addition of DBRs to further manage light and power generation. We
Cell Reports Physical Science 2, 100381, March 24, 2021 3



Figure 2. Plant growth experimental setup and the optical properties of the OSC filters

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

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

(C) Schematic of the OSC filter and reference ST-OSC device layers.

(D) Transmittance of the OSC filter and ST-OSC device for FTAZ:IT-M.

(E) Transmittance of the OSC filter and ST-OSC device for PTB7-TH:IEICO-4F.

(F) Transmittance of the OSC filter and ST-OSC device for FTAZ:PC71BM.

(G) Light flux over PAR (mmol m�2 s�1) and red:blue (R:B) ratio at the plant level in round 3 for control (C), FTAZ:ITM (FI), PTB7-TH:IEICO-4F (PI), and

FTAZ:PC71BM (FP) treatments, and the flux before the start of the experiments (B) and after the end of the experiment (A).

Data represented as means G SEMs.
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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 chlorophyll or

reflect light in the NIR. Thermal management of the greenhouses is also considered

by using DBRs to manage NIR and using low emissivity (low-ε) coatings to manage

LWIR. We show that increasing the reflection of NIR is beneficial to manage green-

house temperatures in warm weather, while low-ε 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-productivity, low-environmental-footprint agriculture.

RESULTS AND DISCUSSION

Plant growth experiments

The lettuce seeds were sown in pots that were placed inside growth boxes (21 3

10.5 3 12.5 in) in a large controlled-environment growth chamber (13 3 8 ft),

pictured in Figure S2. 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

through the filters, as pictured in Figures 2A and 2B. The controlled environment

chamber used ceramic metal halide lamps and incandescent lights to mimic sunlight

with the spectrum shown in Figure S3A. Four boxes that consisted of the three OSC

filters and one control box were placed in the controlled environment chamber for

each growth cycle. The OSC filters are non-functioning but were designed to 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
4 Cell Reports Physical Science 2, 100381, March 24, 2021
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terephthalate (PET) and all sandwiched between plexiglass, as illustrated in Fig-

ure 2C. The control box was covered with glass and two layers of plexiglass. FTA-

Z:IT-M, FTAZ:PC71BM, and PTB7-TH:IEICO-4F were selected as the BHJ layers,

with the molecular structure shown in Figure S4. These materials provide a clear dif-

ference in transmission over the visible spectrum, as shown in Figures 2D–2F. A com-

parison of the transmittance of the OSC filters with functional ST-OSCs is also given

in Figures 2D–2F, showing reasonably accurate replication. The FTAZ:IT-M,

FTAZ:PC71BM, and PTB7-TH:IEICO-4F filters have an average transmittance over

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%,30 6%,32 and 12%,15 respectively. Details of the OSCs perfor-

mance is given in Table S1 and Figure S5. The height of each of the four boxes used

in the growth chamber are adjusted to ensure comparable photosynthetic photon

flux density (PPFD) at the top of the box. Given differences in transmittance of the

OSC filters, this results in differences in the photon flux reaching the plants, as shown

in Figure S3B. 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 S6. The change in PAR photon flux and the change in the red

(600–700 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% over the course of a growth cycle. Further details on filter stability are pro-

vided in Note S1. Three replications of the plant growth experiments were carried

out, with the PAR photon flux reaching the top of the boxes maintained at

�800 mmol m�2 s�1 in round 1 (R1) and round 2 (R2) and at �1,000 mmol m�2 s�1

in round 3 (R3). Note that 2,000 mmol m�2 s�1 is equivalent to �1-sun intensity

(1,000W/m2). During the experiments, water and nutrient delivery was kept constant

between boxes. Harvest was carried out at two stages of the growth cycle. 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.33 The second harvest, called the ‘‘final har-

vest,’’ was analyzed at 35 days after germination, which denotes harvest for market

yield. We limit our discussion here to the plant metrics obtained at the final harvest.

The transplant stage harvest data are provided in Figures S7–S10).

Crop growth and physiology

The final harvest of lettuce was analyzed for fresh and dry weight, leaf number and

size (area), apparent CO2 fixation rates, stomatal conductivity, and chlorophyll con-

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 normalized

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 S11A and S11B. Consid-

ering all rounds, the results indicate statistically comparable average fresh weights

for lettuce across all OSC filters in comparison to the control treatment. While the

average of all of the experimental replications did not show a statistically significant

difference in lettuce productivity under the filters compared to the control, there was

variation in the overall productivity of lettuce between the three replicates. In R1, the

lettuce grown under both PTB7-TH: IEICO-4F and FTAZ:PC71BM filters was found to

have statistically lower average fresh weight relative to the control treatment. How-

ever, in R2 and R3, these two filter treatments yielded lettuce with fresh weight sta-

tistically comparable to the control. The fresh weight of lettuce grown under the

FTAZ:ITM filter varied from having fresh weight statistically comparable 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
Cell Reports Physical Science 2, 100381, March 24, 2021 5



Figure 3. Results of lettuce growth and physiology

(A) Overhead view of lettuce at final harvest for control (C), FTAZ:IT-M (FI), PTB7-TH:IEICO-4F (PI), and FTAZ:PC71BM (FP) treatments.

(B) Normalized fresh weight at final harvest across all replications.

(C) Normalized dry weight at final harvest across all rounds.

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

(E) Chl a and chl a/b at final harvest in round 3.

(F) Anthocyanin and carotenoid concentration at final harvest in round 3.

Data in (B)–(F) represented as means G SEMs.
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FTAZ:IT-M filter is found to be statistically comparable to the control, while those

grown under FTAZ:PC71BM and PTB7-TH:IEICO-4F filter treatments yield lettuce

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 only considering R3, which has slightly higher PPFD (1,000 mmol m�2 s�1

as opposed to 800 mmol m�2 s�1in 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 S11). LA and leaf number normalized with respect to the control and averaged

across all three rounds are provided for final harvest in Figures S11C and S11D,

showing similar behavior for each treatment. Harvest pictures from R2 and R3 are

provided in Figures S12 and S13. In summary, although there are some differences

across each round, overall, the red leaf lettuce grown under the semi-transparent so-

lar cells has comparable fresh and dry weights to the lettuce grown with the control

treatment.

To gain further insight into the plant growth and development, we measured the

physiological characteristics of the lettuce, including the rate of photosynthetic
6 Cell Reports Physical Science 2, 100381, March 24, 2021
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CO2 fixation; stomatal conductance; and chlorophyll, carotenoid, and anthocyanin

concentration. The rate of photosynthetic CO2 fixation and stomatal conductance

as a measure of overall gas exchange between the leaf and the atmospheric environ-

ment (CO2, H2O, O2) of the lettuce measured in R3 was observed, with the results

provided in Figure 3D. The lettuce grown in the control box was found to have a

higher rate of photosynthesis than the lettuce grown under the OSC filters. A similar

trend is observed for stomatal conductance. The stomatal conductance is a measure

of stomata aperture enabling uptake of CO2 as well as evaporation of H2O and con-

trols overall plant performance.34,35 The total chlorophyll a (chl a) concentration and

the chlorophyll a/b (chl a/b) ratio in the lettuce is given in Figure 3E and the total

chlorophyll b (chl b) concentration is shown in Figure S14. 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. These represent a

class of antioxidants produced as a measure against damaging light.36 It is found

that except for the FTAZ:IT-M filter treatment, the OSC filters have a statistically

comparable anthocyanin concentration to the control, while the carotenoid concen-

tration for all OSC filters are statistically comparable to the control.

Underlying drivers for plant development

The rate of photosynthesis typically shows a curvilinear increase with increasing light

intensity up to a light-saturation point.37,38 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 treatments have average fresh weights

that are statistically comparable to the control. This is in 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 CO2 fixation. An increase in LA is attributed to a

higher partitioning of the assimilated CO2 into the leaves.39,40 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 S11). 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 (PTB7-TH:IEICO-4F) to 4.5

(FTAZ:PC71BM), as shown in Figure 2G. Wang et al.41 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.42 However, here, lettuce growing under the three

OSC filters had a statistically similar rate of photosynthesis and all were lower than

the control. This indicates that the differences in R:B ratio were not large enough

to drive differences in the rate of photosynthetic CO2 fixations.

In vascular plants, chl a and chl b are the red and blue light-absorbing pigments in

the light-harvesting complexes of the photosystems. The absorption spectra of chl

a and chl b differ slightly and the ratio of chl a/b is responsive to light intensity.43,44

A higher ratio of chl a/b indicates a high light-adapted photosynthetic apparatus,

indicating a higher capacity for electron transport.41 This has the potential to in-

crease light absorption, which in turn is beneficial for CO2 fixation. Figure 3E, how-

ever, indicates that chl a/b is found to be statistically comparable between lettuce

grown under all three OSC treatments with respect to the control. It is notable
Cell Reports Physical Science 2, 100381, March 24, 2021 7
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that a similar chlorophyll content was found for all lettuce growth conditions, despite

the control 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.41

reported no significant change in chl a/b for lettuce treated under light having R:B in

the range of 1–4. Furthermore, lettuce grown under shaded conditions relative to

the control have been known to possess higher total chlorophyll content per unit

fresh weight, which provides further reasoning to the comparable chlorophyll con-

tent observed between the control and the three OSC filters.45,46 Finally, by visual

inspection (Figure 3A), it is apparent that the red coloration 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 clearly indicated in Figure 3F,

where we see a higher mean anthocyanin concentration for lettuce grown as part of

the control treatment. While anthocyanin production is associated with several envi-

ronmental stresses, including light intensity, it also acts as a source of antioxidants.47

The higher anthocyanin content in the control is likely due to the higher light inten-

sity incident on the lettuce. Despite lower PPFD at the plant level, we find that the

FTAZ:PC71BM treatment results in statistically comparable anthocyanin concentra-

tion. For the carotenoid concentration, 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 crop 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 anthocyanin as compared to the FIAZ:IT-M

and PTB7-TH:IEICO-4F filter treatment, this limitation will likely not occur at the

higher overall light intensities in a greenhouse setting or can be alleviated by the in-

duction of anthocyanin biosynthesis by other means of abiotic stress.

Organic solar cell design outlook

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.7 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 solar 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 crop 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 photosynthetic

light absorption by chlorophyll, plants use the wavelength composition and direc-

tion of light as spatiotemporal clues to adjust and adapt their growth and develop-

ment, referred to as photomorphogenesis.42 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-OSC to complement the absorption spectrum of

chlorophyll. The ST-OSC is composed of a ternary active layer of FTAZ:IEICO-

4F:PC71BM.48–50 The transmittance of the ST-OSC is shown in Figure 4A, showing

transmittance peaks that correspond with the absorption of chl a, which is centered

at 400 and 650 nm. The current voltage 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 clearly demonstrates how active layer material
8 Cell Reports Physical Science 2, 100381, March 24, 2021



Figure 4. Device characteristics of ST-OSC device with and without DBR coatings

(A) Transmission spectra of semi-transparent OSC and the same device combined with DBR-A and

DBR-B. Inset is the absorbance of chl a.

(B) Current density-voltage characteristics of the ST-OSC along with the ST-OSC with DBR-A and

DBR-B. Inset, change in external quantum efficiency (DEQE) of the ST-OSC with the addition of

DBR-A and DBR-B.
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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 opaque devices or color-neutral ST-

OCSs. There should be considerable room for further improvements in ST-OSC per-

formance that account for the spectral needs of greenhouses, particularly with the

use of the very recent development of high-performing donor polymer D18, which

has nearly an identical absorption spectrum to FTAZ.51

As part of the OSC design, there is an opportunity to add DBRs that manage light in

the visible and NIR spectra.52,53 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 alcohol)

hybrid material and poly(methyl methacrylate) (PMMA). Two 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 S15. 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-circuit current 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 (DEQE) is shown

in Figure 4B, demonstrating that the increase in EQE corresponds with the
Table 1. Summary of ST-OSC device characteristics with and without DBR-A and DBR-B

DBR JSC (mA/cm2) VOC (V) FF (%) PCE (%) DJSC (%) DPCE (%)

Without 10.92 0.723 62.11 4.90 – –

A 11.68 0.724 60.94 5.16 6.96 5.3

B 11.60 0.725 61.75 5.19 6.23 5.9

The performance metrics include the short-circuit current density (JSC), open-circuit voltage (VOC), fill fac-

tor (FF), and power conversion efficiency (PCE). The enhancement in current density (DJsc) and efficiency

(DPCE) with the DBR coatings are also included.
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Figure 5. Modeled ST-OSC device with optimized DBR stack for maximizing NIR reflection

(A) Transmittance of DBR coating and DBR coating with ST-OSC.

(B) Number of hours in a year the greenhouse exceeds its setpoint temperature.

(C) Annual energy demand and solar power generation for a greenhouse in Sacramento, California

for (i) conventional greenhouse, (ii) greenhouse with rooftop ST-OSC, and (iii) greenhouse with

rooftop ST-OSC and DBR coating.

(D) Annual energy load for a greenhouse in Sacramento, California as a function of emissivity of the

greenhouse envelope.
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stopbands of the DBRs. The ST-OSC 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 (l > 700 nm–2 mm) to LWIR (l >

8 mm) 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 mm. 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
10 Cell Reports Physical Science 2, 100381, March 24, 2021
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from 800 to 1,600 nm. The transmittance of the OSC stack and the standalone DBR

coating is provided in Figure 5A. 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 90% 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-OSC devices

with similar DBR design.52–54 We then modeled the energy load of a greenhouse in

Sacramento, California following a previously described greenhouse energy

model.20 This location was chosen because California represents the largest green-

house market in the United States.55 We found that the addition of the DBR with NIR

reflection results in only a minor decrease in the energy consumption used for cool-

ing. This is due to the greenhouse using low-energy-consuming fan-pad evaporative

cooling, as typically found in a semi-closed greenhouse.56 However, there is a clear

improvement in the ability to maintain the temperature within the greenhouse struc-

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-OSC-integrated greenhouse with the DBR coating added to the OSC stack.

This is despite the conventional greenhouse using shade cloths with 50% transmit-

tance in summer to manage heat. While not covered here, maintaining the green-

house temperature setpoint results in significant improvements in plant health and

should be considered in optimizing the system.57

Figure 5C shows the annual energy demand and solar power generation for each of

the simulated greenhouse cases discussed here when using the FTAZ:IEICO-

4F:PC71BM active layer. We see that the ST-OSC integrated greenhouse without

DBR achieves net-zero energy demand for annual operation. Adding the NIR-reflect-

ing DBR coating to theOSC stack improves power generation by 10%, resulting in an

increase 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 struc-

ture, which is largely attributed to the low-ε of the indium tin oxide (ITO) electrode,

discussed further below. While the results show immense promise, it is important to

remember that NIR light management will be highly dependent on the location 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 over the visible

and NIR spectra will be dependent on the crop, the energy demands of the green-

house, and its geographical location.

LWIR is typically managed in glazings through low-ε coatings that are often thin

metal and metal oxide films. ITO and silver (Ag) have low emissivity and are

commonly used in ST-OSCs providing inherent LWIR management.58–60 As shown

in Figure 5D, adding the OSCs to the roof of the greenhouse reduces its energy de-

mand largely due to the use of Ag with an emissivity of 0.1,58 reducing the heating

demand in winter. The impact of LWIR emissivity of the greenhouse 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 to 0.1, there is a 67% reduction in the heating demand of

the greenhouse. These results highlight that not only can the OSC be used to

generate power but it can also be used to manage IR light that can have significant

effects on the power generation and heating and cooling demand of a greenhouse.
Cell Reports Physical Science 2, 100381, March 24, 2021 11
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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 cooling

load of the greenhouse space. The present article highlights the needs for a holistic

viewpoint and the trade space between plant production, power generation, and

thermal load to assess the opportunity of ST-OSC greenhouse integration. The po-

tential impact of using ST-OSCs in greenhouses on plant production was considered

by looking at the growth of red leaf lettuce 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 eachOSC 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:PC71BM

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 DBRs that reflect light outside the chlorophyll absorp-

tion spectrum and increase the power generation of the solar cell.

The use of DBR coatings not only provides an opportunity to increase power generation

but it also 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-ε 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 OSCs with greenhouses is a promising strategy to achieve environmentally

sustainable high-intensity greenhouse-based agriculture.
EXPERIMENTAL PROCEDURES
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Plant growth experiment

Lettuce seeds were germinated and grown in pots inside growth boxes of the dimen-

sions 21 3 10.5 3 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 3 8 ft. Each growth box was

equipped with temperature, humidity, and CO2 sensors that logged data every

5 min. The lighting and growth 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 on the plants in R3 ranged from 611 mmol m�2 s�1 (29 mol m�2 day�1) for the

control to 285 mmol m�2 s�1 (13 mol m�2 day�1) for FTAZ:IT-M. Plants under

FTAZ:PC71BM filter and PTB7-TH:IEICO-4F filter have a daylight integral of 17 mol

m�2 day�1. To regulate the temperature inside the box, each box housed two con-

stant speed fans. Seeds were germinated directly in the boxes 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 remotely to evenly distribute to the plants. Across each round, the

chamber was regulated to have a photoperiod of 13/11 h (light/dark), temperature

of 21�C/19�C (day/night), and a CO2 concentration of 450 mmol mol�1. 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 cycle, 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 photosynthesis, 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 calculation. LA was measured using a LI-COR LI-3000. The rate of photosyn-

thesis and stomatal conductance were measured with a LI-COR 6400XT portable

photosynthesis system. All of the measurements were collected 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 CO2

conditions were maintained inside the chamber with soda lime scrubbers.

Secondary metabolite extraction

Secondary metabolites were extracted and quantified following a modification of

the protocols previously described.61 Two to three mature leaves were collected

from four plants per treatment and flash frozen in liquid nitrogen. Tissue was ground

in liquid nitrogen, 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 metabolite concentration equa-

tions were used as previously described. Concentrations were reported per milli-

gram of fresh weight.

ST-OSC filter preparation for plant experiments

The solution and coating parameters of the polymer and small molecule of the three

active layer material systems used for the plant growth experiment are shown in
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Table S2. The solution was heated to 80�C overnight and then wire bar coated onto

20 3 10 cm 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. Similarly, 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/MoO3/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:PC71BM film was coated from a trichlorobenzene solution consisting of

FTAZ:PC71BM 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 completed by the thermal evaporation of 10 nm MoO3/1 nm Au/

10 nm Ag at a pressure of �1 3 10�6 mbar through a shadow mask.

Semi-transparent FTAZ:IEICO-4F:PC71BM ternary device

The device architecture considered was glass/ITO/ZnO/active layer/MoO3/Au/Ag/

MoO3/LiF. The FTAZ:IEICO-4F:PC71BM (1:1:0.3 wt ratio) dissolved in a 23-mg

mL�1 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

MoO3 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 MoO3 (20 nm) and an anti-reflective layer of LiF (60 nm) were deposited. The

active area of the solar cells was 6.9 mm2, 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:poly(vinyl alcohol) (PVAl) hybrid material62 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, n600nm = 1.83, and the PMMA as the low refractive index

layer, n600nm = 1.49.

Titanium oxide hydrate solutions were prepared by the hydrolysis of TiCl4 to a final

concentration of 0.5 M titanium. Hybrid titanium oxide hydrate:PVAl 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.63,64 Multi-layer samples were fabricated by dip coating of glass substrates in
14 Cell Reports Physical Science 2, 100381, March 24, 2021
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air at 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 solution 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.63 The 60 vol% hybrid refractive index is

n = 1.75 + 0.029/l2, and the PMMA refractive index is n = 1.48 + 0.005/l2, where l is

the wavelength in microns.

Solar cell characterization

Current voltage characteristics were recorded with a Keithley 2400 source meter under

100 mW cm�2 AM 1.5 G light. The light is provided by a Class 3A Solar Simulator and

KG5 silicon reference cell. EQEmeasurements were conducted using an in-house setup

consisting of a DC xenon arc lamp light source, an ORIEL 74125 monochromator, an

SR570 current 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 DBRwas placed on the transparent top electrode of the ST-OSCwhen the cur-

rent voltage, EQE, and transmittance were measured.

Modeling high IR reflection DBR

Using alternating layers of a titanium oxide hydrate:PVAl 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.65,66 The transmittance of

the DBR stack is shown in Figure 5A. 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 MoO3 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:PC71BM

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 (jEj2) as a function of thickness of the OSC device stack is provided in Fig-

ure S17 for a wavelength in the PAR and IR region to illustrate DBR function.

Modeling greenhouse energy consumption

A 29.4 3 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 furnace 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%
Cell Reports Physical Science 2, 100381, March 24, 2021 15
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transmittance neutral shade cloth is considered during the daytime in summer for

conventional greenhouses as part of heat management. For modeling OSC stack,

we consider the same device architecture used for the fabrication of the ST-OSC sys-

tem with FTAZ:IEICO-4F:PC71BM as the active layer. Further details on ST-OSC

modeling, including the transmittance of light into the greenhouse, are provided

by Ravishankar et al.20
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