
ABSTRACT 

CHARLES, MELODI TARA. Molecular Characterization of Plants Grown under Wavelength-

selective Organic Solar Cells. (Under the direction of Dr. Heike Sederoff.) 

 

 Organic solar cells (OSCs) harvest solar energy from specific wavelengths of light. OSC-

integrated greenhouses take advantage of a controlled environment that requires less water, 

fertilizer and pesticides to grow crops with the remaining light while generating electricity to 

meet the high energy demands for heating and cooling. Although 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 spectra and overall transmission. Initial 

research yielded promising results in the economic viability of OSC greenhouses and their 

limited impact on crop yield. More research is needed to better characterize the plant response to 

the altered light conditions on a molecular level to inform OSC selection and greenhouse design. 

This work investigates the genomic responses of plants to OSC-filtered light. 

 The first chapter introduces previous research on OSC plant responses and the potential 

of OSC greenhouses to solve the major problem of conventional greenhouses: high energy 

requirements for 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 

spectrum are altered in OSC-filtered 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 proof-of-concept study that demonstrates crops can grow under 

full OSC coverage with no detrimental effects. Red oak leaf lettuce was grown under simulated 

sunlight filtered with different OSC filters. Biomass accumulation and select secondary 

metabolites were consistent between plants grown under OSC-filtered light and the unfiltered 



control. The benefits of OSC-integration in power generation and the reduction of thermal load 

are also discussed. 

 The third chapter delves deeper into the genomic response of the lettuce plants grown 

under select OSC filters and introduces a second experimental design that is better suited to the 

identification of spectral-specific responses. These plants experienced changes in both light 

intensity and spectrum to simulate real-world 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 OSC filters. To achieve a more complete, 

molecular understanding of the spectral effects, 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 FTAZ:IT-M filter, suggesting that this OSC may have added 

benefits for OSC-grown lettuce. 

 The fourth chapter expands on the genomic analysis of plant growth under OSC filters by 

studying another species with the same experimental design. Tomato seedlings grown to the 

beginning of flowering with OSC-filtered light were largely the same size as those grown under 

unfiltered light of the same intensity. However, the results in tomato showed dramatic 

differences in some regulatory pathways from the lettuce experiments presented in Chapters 2 

and 3. These differences indicate that while biomass accumulation is unaffected, research into 

the OSC response of a particular species is necessary to accurately predict the developmental 

effects of spectral changes. This chapter concludes with the prospects for implementing OSC 

greenhouses with flowering crops. 

  



 

 

 

 

 

 

 

 

 

 

 

© Copyright 2022 by Melodi Charles 

All Rights Reserved



Molecular Characterization of Plants Grown under Wavelength-selective Organic Solar Cells 

 

 

 

 

by 

Melodi Tara Charles 

 

 

 

 

A dissertation submitted to the Graduate Faculty of 

North Carolina State University 

in partial fulfillment of the  

requirements for the degree of 

Doctor of Philosophy 

 

 

 

Plant Biology 

 

 

 

Raleigh, North Carolina 

2022 

 

 

 

APPROVED BY: 

 

 

_______________________________                       _______________________________ 

Dr. Heike Sederoff                                                           Dr. Carole Saravitz 

Committee Chair 

 

 

_______________________________                       _______________________________ 

Dr. Terri Long                                   Dr. Brendan OôConnor 

 

_______________________________ 

                        Dr. Colleen Doherty 



 

ii  

 

DEDICATION  

 Iôd like to dedicate this dissertation to my boyfriend, Zack, for keeping my world going 

and making it possible for me to write this. For tolerating my early morning measurements and 

data analysis. And for only sometimes laughing at my first attempts to code. 



   

iii  

 

BIOGRAPHY  

Melodi Charles was born in High Point, NC and raised in rural Montgomery County.  

She was always fascinated by the natural world and spent many hours taking apart bits of plants 

and trying to catch small animals with her siblings. Aided by dedicated teachers and the endless 

patience of her mother, for there was more than one animal that escaped captivity indoors, she 

continued this interest in biology at NC State. Melodi followed the most general biology course 

of study possible, eventually adding minors in Spanish and genetics. After a semester abroad in 

Quito, Ecuador, she was inspired by a philosophy class to add a second major and briefly 

considered a career teaching philosophy of science. Eventually, Melodi found her way back to 

lab work and joined Heike Sederoffôs plant biology lab to study plant responses to light. 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

iv 

 

ACKNOWLEDGMENTS  

 I would first like to thank my advisor, Heike Sederoff. She has always prioritized her 

graduate students in the lab, and I am so grateful for her support in navigating the challenges 

unique to my interdisciplinary project.  

 I would also like to thank my committee members for their guidance with this project: 

Terri Long, Brendan OôConnor, Colleen Doherty and Carole Saravitz. Brendan OôConnor and 

Carole Saravitz, along with Heike, were part of the team of PIs who initiated and led the 

INFEWS greenhouse research that my project is a part of and made this work possible. The 

entire team of collaborators was invaluable for their expertise, from the physicists led by Harald 

Ade to the Phytotron staff, including Joseph Chiera and Sam Cho. I would like to specifically 

thank my fellow graduate students who worked on this project: Eshwar Ravishankar, Ronald 

Booth, Jeromy Rech, Joseph Hollingsworth and Reece Henry. I would also like to thank the 

NIH/NCSU Molecular Biotechnology Training Program and the NSF INFEWS grant for 

providing funding for my research. 

 I would not have been able to complete this dissertation without the supportive 

environment created by my lab members. I would like to thank Sathya Jali, Colin Murphree and 

Jacob Dums, former lab members who welcomed and mentored me. Thank you to the other 

graduate students for their input on my work and their camaraderie: Eli Hornstein, Nathan 

Wilson, Brianne Edwards, Megan Franklin, Delecia Utley and Asa Budnick. I have to thank Bri 

specifically for making the transcriptome analyses possible and answering all my questions about 

R. Thank you to John Calero, Swathi Barampuram and Jennifer Swift for supporting this project 

and participating in endless troubleshooting. 



   

v 

 

 Finally, I would like to thank my family and friends for shaping me into the person I have 

become. The credit for everything I have accomplished belongs to you all. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

vi 

 

TABLE OF CONTENTS  

LIST OF TABLES ........................................................................................................................ ix 

LIST OF FIGURES ....................................................................................................................... x  

Chapter 1: Crop Production in Organic Solar Cell Greenhouses ........................................... 1 

1.1 Abstract .................................................................................................................................... 1 

1.2 The need for greenhouse crop production. .............................................................................. 1 

1.3 Agrivoltaic systems .................................................................................................................. 3 

1.4 Effects of OSC greenhouses on crop growth ........................................................................... 5 

1.5 Predicted and observed OSC effects on crop growth .............................................................. 8 

1.6 Conclusions ............................................................................................................................ 10 

1.7 References .............................................................................................................................. 12 

 

Chapter 2: Balancing Crop Production and Energy Harvesting in Organic Solar-Powered 

Greenhouses................................................................................................................................ 19 

2.1 Contribution ........................................................................................................................... 19 

2.2 Abstract .................................................................................................................................. 22 

2.3 Introduction ............................................................................................................................ 22 

2.4 Results and discussion ........................................................................................................... 25 

2.4.1 Plant growth experiments ....................................................................................... 25 

2.4.2 Crop growth and physiology ................................................................................... 26 

2.4.3 Underlying drivers for plant development .............................................................. 28 

2.4.4 Organic solar cell design outlook ........................................................................... 29 

2.5 Experimental procedures ....................................................................................................... 33 

2.5.1 Plant growth experiment ......................................................................................... 34 

2.5.2 Biomass, LA, rate of photosynthesis and stomatal conductance ............................ 34 

2.5.3 Secondary metabolite extraction ............................................................................. 34 

2.5.4 ST-OSC filter preparation for plant experiments.................................................... 34 

2.5.5 Fabrication of reference ST-OSC devices .............................................................. 35 

2.5.6 Semi-transparent FTAZ:IEICO-4F:PCBM ternary device ..................................... 35 

2.5.7 DBR preparation and characterization .................................................................... 35 

2.5.8 Solar cell characterization ....................................................................................... 36 

2.5.9 Modeling high IR reflection DBR .......................................................................... 36 

2.5.10 Modeling greenhouse energy consumption .......................................................... 36 

2.6 Acknowledgments.................................................................................................................. 37 

2.7 Author contributions .............................................................................................................. 37 

2.8 Declaration of interests .......................................................................................................... 37 

2.9 References .............................................................................................................................. 37 

 

Chapter 3: Beyond energy balance in agrivoltaic food production: Emergent crop traits 

from color selective solar cells .................................................................................................. 40 

3.1 Contribution ........................................................................................................................... 40 

3.2 Abstract .................................................................................................................................. 42 

3.3 Introduction ............................................................................................................................ 42 

3.4 Materials and methods ........................................................................................................... 45 

3.4.1 Filter fabrication...................................................................................................... 45 



   

vii  

 

3.4.2 Plant growth and lighting conditions ...................................................................... 45 

3.4.3 Biomass measurements ........................................................................................... 46 

3.4.4 Extraction and quantification of secondary metabolites ......................................... 46 

3.4.5 Photosynthetic data collection ................................................................................ 46 

3.4.6 Statistical analysis of physiological data ................................................................ 47 

3.4.7 RNA extraction ....................................................................................................... 47 

3.4.8 Transcriptome analysis ........................................................................................... 47 

3.4.9 Network analysis ..................................................................................................... 48 

3.5 Results .................................................................................................................................... 48 

3.5.1 Light conditions under OSCs .................................................................................. 48 

3.5.2 Lettuce biomass was not significantly altered by OSC filters ................................ 50 

3.5.3 Photosynthesis was altered by filter spectra ........................................................... 51 

3.5.4 Anthocyanin content was significantly higher under the FI filter .......................... 52 

3.5.5 Gene expression networks identified genomic responses ....................................... 53 

3.5.6 Gene expression related to anthocyanins was altered under FI filter ..................... 56 

3.6 Discussion .............................................................................................................................. 56 

3.6.1 Transcriptome analysis identified physiological and metabolic changes ............... 56 

3.6.2 Impacts from OSC spectra on nutrient content ....................................................... 58 

3.6.3 Conclusions ............................................................................................................. 58 

3.7 Acknowledgements ................................................................................................................ 59 

3.8 References .............................................................................................................................. 59 

 

Chapter 4: Analysis of tomato gene expression under OSC filters reveals altered initiation 

of flowering ................................................................................................................................. 62 

4.1 Abstract .................................................................................................................................. 62 

4.2 Introduction ............................................................................................................................ 62 

4.3 Materials and methods ........................................................................................................... 65 

4.3.1 Filter fabrication...................................................................................................... 65 

4.3.2 Plant growth and lighting conditions ...................................................................... 65 

4.3.3 Biomass measurements ........................................................................................... 66 

4.3.4 Photosynthetic data collection ................................................................................ 66 

4.3.5 Statistical analysis of physiological data ................................................................ 66 

4.3.6 RNA extraction ....................................................................................................... 66 

4.3.7 Transcriptome analysis ........................................................................................... 67 

4.3.8 Network analysis ..................................................................................................... 67 

4.4 Results .................................................................................................................................... 67 

4.4.1 Experimental design................................................................................................ 67 

4.4.2 Small differences in tomato biomass under OSC filters ......................................... 68 

4.4.3 Gene expression networks revealed unique patterns .............................................. 69 

4.4.4 Gene expression patterns vary between lettuce and tomato ................................... 71 

4.5 Discussion .............................................................................................................................. 74 

4.5.1 Comparison with the lettuce transcriptome analysis .............................................. 74 

4.5.2 Impact on flowering ................................................................................................ 76 

4.5.3 Conclusions ............................................................................................................. 76 

4.6 References .............................................................................................................................. 78 

 



   

viii  

 

APPENDICES ............................................................................................................................ 87 

Appendix A: Chapter 2 Supplementary Materials ....................................................................... 88 

Appendix B: Chapter 3 Supplementary Materials ..................................................................... 103 

Appendix C: Chapter 4 Supplementary Materials ..................................................................... 120 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

ix 

 

LIST OF TABLES  

Table 1.1 Summary of experimental plant studies involving OSCs or similar lighting 

 conditions ................................................................................................................ 18 

Table 2.1 Summary of ST-OSC device characteristics with and without DBR-A and  

DBR-B .................................................................................................................... 30 

Table 3.1 Light intensity and spectra under OSC filters ......................................................... 50 

Table 4.1 Light intensity and spectra under OSC filters ......................................................... 86 

Table A.1 Semi-transparent device performance details corresponding to the OSC filters 

 utilized for the plant growth experiment ............................................................... 100 

Table A.2 Solution and coating parameters for the fabrication of OSC filters utilized for  

plant growth experiment ....................................................................................... 101 

Table B.1 Selected DEGs from FI_PC/C_PC comparison .................................................... 116 

Table B.2 Genes differentially expressed between HC and PC experiments under all four 

 spectra treatments.................................................................................................. 117 

Table B.3 Physiological data ................................................................................................. 117 

Table B.4 Compiled DEGs from differential gene analysis .................................................. 118 

Table B.5 Weighted gene correlation network analysis (WGCNA) for PC and HC  

experiments ........................................................................................................... 118 

Table B.6 Table of light characteristics by treatment ............................................................ 118 

Table C.1 Light conditions and physiological traits .............................................................. 128 

Table C.2 PC Experiment DEGs ........................................................................................... 128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

x 

 

LIST OF FIGURES 

Figure 1.1 Relative absorbance spectra of plant chromophores ............................................... 18 

Figure 2.1 Light utilization in organic solar-powered-integrated greenhouses ........................ 23 

Figure 2.2 Plant growth experimental setup and the optical properties of the OSC filters ...... 25 

Figure 2.3 Results of lettuce growth and physiology ............................................................... 27 

Figure 2.4 Device characteristics of ST-OSC device with and without DBR coatings ........... 30 

Figure 2.5 Modeled ST-OSC device with optimized DBR stack for maximizing NIR  

 reflection ................................................................................................................. 31 

Figure 3.1 Light intensity and spectra under OSC filters ......................................................... 43 

Figure 3.2 Experimental design of PPFD Controlled (PC) and Height Controlled (HC) 

 experiments ............................................................................................................. 49 

Figure 3.3 Lettuce biomass accumulation and carbon assimilation under OSC filters at  

harvest ..................................................................................................................... 51 

Figure 3.4 Secondary metabolites in lettuce leaf tissue under OSC filters at harvest .............. 52 

Figure 3.5 Module-trait relationships with selected light and physiological traits .................. 54 

Figure 3.6 Gene expression of Modules 2 and 12 and correlation with R/FR ratio ................. 55 

Figure 3.7 HY5 integrates light signals and regulates downstream genes ............................... 57 

Figure 4.1 Tomato biomass accumulation and growth under OSC filters ............................... 81 

Figure 4.2 Module-trait relationships with selected light and physiological traits .................. 82 

Figure 4.3 Gene expression of Module 12 and correlation with R/B ratio .............................. 83 

Figure 4.4 Expression levels of select photoreceptor genes ..................................................... 84 

Figure 4.5 Genes differentially expressed in response to light intensity changes .................... 85 

Figure A.1 Picture of the three active OSC filters used in the plant experiments .................... 88 

Figure A.2 Picture of the plant growth chamber with growth boxes ........................................ 88 

Figure A.3 Light in the controlled environment growth chamber for plant growth studies ..... 89 

Figure A.4 Molecular structure of the three active layer systems utilized for growing red leaf 

 lettuce ...................................................................................................................... 90 

Figure A.5 Current density vs voltage curve for semi-transparent OSC devices with active layer 

 comprising of FTAZ:PCBM, FTAZ:IT-M and PTB7-TH:IEICO-4F .................... 91 

Figure A.6 Relative transmittance defined as the ratio of spectral intensity of light after each 

 round at the plant level to the spectral intensity before the start of the round and  

 ratio of red:far-red ................................................................................................... 92 

Figure A.7 Results depicting plant growth at transplant harvest stage ..................................... 93 

Figure A.8 Overhead view of lettuce at transplant harvest in Round 1 .................................... 93 

Figure A.9 Overhead view of lettuce at transplant harvest in Round 2 .................................... 94 

Figure A.10 Overhead view of lettuce at transplant harvest in Round 3 .................................... 95 

Figure A.11 Results depicting plant growth at final harvest stage.............................................. 96 

Figure A.12 Overhead view of lettuce at final harvest in Round 2 ............................................. 97 

Figure A.13 Overhead view of lettuce at final harvest in Round 3 ............................................. 98 

Figure A.14 Chlorophyll b at final harvest for plants grown as part of Control, FTAZ:IT-M, 

 PTB7-TH:IEICO-4F and FTAZ:PCBM ................................................................. 98 

Figure A.15 DBR stack configuration for increasing reflectance in the visible  

(500 nm -600 nm) and NIR (700-800 nm) wavelength region ............................... 99 

Figure A.16 Modelled device stack of ST-OSC with FTAZ:IEICO-4F:PC71BM as the  

active layer .............................................................................................................. 99 



   

xi 

 

Figure A.17 Modelled device |E|2 as a function of thickness with FTAZ:IEICO-4F:PCBM  

as the active layer and integrated DBR for IR reflection ...................................... 100 

Figure B.1 Leaf area and leaf number and photosynthetic measurements in PC and HC

 experiments ........................................................................................................... 103 

Figure B.2 Biomass accumulation at 21-day transplant stage in PC and HC experiment ...... 104 

Figure B.3 Percent change in filter transmission by color in PC and HC experiments .......... 105 

Figure B.4 Photosynthetic measurements normalized to incident PPFD ............................... 106 

Figure B.5 Rate of transpiration in HC experiment ................................................................ 106 

Figure B.6 Normalized biomass accumulation in PC and HC experiments at harvest ........... 107 

Figure B.7 Secondary metabolites in PC and HC experiments at harvest .............................. 108 

Figure B.8 WGCNA dendrogram for PC and HC experiments .............................................. 109 

Figure B.9 WGCNA module-trait relationships of PC and HC experiments ......................... 110 

Figure B.10 Genes differentially expressed in response to light intensity (TPFD) changes  

under different filters ............................................................................................ 111 

Figure B.11 Expression levels of select photoreceptor genes ................................................... 112 

Figure B.12 Expression counts of genes of interest .................................................................. 113 

Figure B.13 Light spectrum in growth chamber ....................................................................... 114 

Figure B.14 Ratio of chlorophyll a to chlorophyll b in the PC and HC experiments ............... 114 

Figure B.15 Module heatmaps and eigengene expression from WGCNA ............................... 115 

Figure C.1 Photosynthetic measurements of FI and C, PC experiment .................................. 120 

Figure C.2 Normalized photosynthetic measurements of FI and C, PC experiment .............. 120 

Figure C.3 Supplementary physiological measurements at harvest ....................................... 121 

Figure C.4 Consensus Module-trait Relationship Table ......................................................... 122 

Figure C.5 PC Module-trait Relationship Table ..................................................................... 123 

Figure C.6 HC Module-trait Relationship Table .................................................................... 124 

Figure C.7 Expression levels of select genes of interest ......................................................... 125 

Figure C.8 Expression levels of cryptochrome genes ............................................................. 125 

Figure C.9 Expression levels of phytochrome genes .............................................................. 126 

Figure C.10 Expression levels of ultraviolet resistance 8 ......................................................... 127 



   

1 

 

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 consider when 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 health and boost 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 period (Bruinsma, 2009). 

Greenhouses can produce more crops on less land than conventional field cultivation, giving 

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 the same amount of land (De 

Villiers et al., 2009). Lettuce (Lactuca sativa) production 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 than conventional farming (Barbosa et al., 2015; 

Ntinas et al., 2017; Page et al., 2012). This will become increasingly advantageous, because large 
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regions of the world are expected to experience field crop losses as climate change continues to 

limit the availability 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 presents 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 in their irrigation 

systems to avoid excess fertilizer use (Halbert-Howard et 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 greenhouses, resulting in higher amounts of pesticide 

residues in greenhouse crops when pesticides are employed (Allen et al., 2015; Bojacá et al., 

2013). Additionally, the rainfall and irrigation that contribute to pesticide runoff in field-grown 

crops do play a positive role in reducing pesticide accumulation on fruits and vegetables for the 

consumer (Bojacá et al., 2013). This is not a concern with herbicides, which can be largely 

eliminated from greenhouse cultivation due to the use of weed-free substrates and the enclosed 

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 greenhouse-grown crops exceeds that of conventional crops when fossil fuels are 

used for heating and cooling (Ntinas et al., 2017; Page et al., 2012). The studies mentioned above 

that reported large improvements in greenhouse tomato and lettuce production also found energy 

demands nearly 19 times higher 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 
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being a truly sustainable method of food production. Therefore, new technologies are needed to 

solve the problem of high energy demand in these climate-controlled systems. 

One alternative is to grow crops in insulated, fully enclosed environments that avoid the 

greenhouse effect caused by natural sunlight. These container systems can also produce crops at 

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 with artificial light sources. This artificial 

lighting, typically provided by LEDs, is the major energy requirement and limitation of container 

systems (Liebman-Pelaez et al., 2021). Indeed, one study found that such systems are only 

economically viable for the production of low-light crops, such as microgreens and, to a lesser 

extent, lettuce (Pattison et al., 2018). Container systems trade one high energy requirement for 

another by excluding sunlight and relying on LEDs. The sustainable production of the majority 

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 photovoltaics and agriculture (Toledo & 

Scognamiglio, 2021), is a natural progression from fossil fuel-powered greenhouses towards 

sustainable, high yield crop production. Solar panels can be located on or near a greenhouse to 

provide energy for heating and cooling (Yano & 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. Accordingly, greenhouses with integrated photovoltaics are preferred over adjacent solar 

panels (Yano & Cossu, 2019). 
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 Both opaque and semi-transparent photovoltaic (PV) panels can be integrated into 

greenhouse roofs (Yano & Cossu, 2019). On average, for every 1.0% of the 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 (Aroca-Delgado et al., 2019; Marrou et al., 2013), others have had 

detrimental effects on yield due to excessive shading (Kadowaki et al., 2012; Kläring & 

Krumbein, 2013). The impact on crop growth can be limited by arranging panels as evenly as 

possible across the roof area (Yano & Cossu, 2019). Negative effects can be further reduced 

through the use of semi-transparent organic solar cells (OSCs), which allow some light 

transmission throughout the entire roof and can potentially cover a greater percentage of the total 

surface (Chang et 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 act as active layers to harvest 

light energy (Xiao et al., 2017). These organic molecules can often be produced with lower 

economic and environmental costs than conventional solar cells (Ahmad et al., 2013). Different 

pairs of organic semiconductors will have varying 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 OSC tomato production in three distinct 

climates in the United States estimated a roughly 35% decrease in global warming potential 

relative to a traditional greenhouse (Hollingsworth et al., 2020). The cost of producing one 

kilogram of tomatoes in this more complex system was only slightly increased when crop yields 

were assumed to be unaffected (Hollingsworth et al., 2020). When potential declines in yield 
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were considered, greenhouses utilizing high efficiency OSC devices were found to still be cost-

effective (Emmott et al., 2015; Ravishankar et al., 2020). The 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 high light circumstances in the 

summer and at lower latitudes (Emmott et al., 2015; Ravishankar et al., 2020; Okada et al., 

2018). The tunability of organic semiconductors allows for selection from over 60 active layers 

to identify systems that can produce sufficient energy 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 predict and 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 the harvesting 

of light energy to power the plantôs growth and development (Bilodeau et al., 2019). At the same 

time, light-sensitive molecules called photoreceptors perceive various aspects of light intensity 

(i.e., the total amount of relevant light) and the lightôs spectral quality to inform the complex 

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 older, taller plants will sense this shading as a decrease in the ratio of red to far-

red light and grow taller to receive more light (Schmitt et al., 1999).  

 Plants possess a complex arrangement of light harvesting molecules and accessory 

pigments that are dedicated 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 
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way that acceptor molecules function in OSCs (Bilodeau et al., 2019; Xiao et al., 2017). 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 this important cellular machinery from damage 

caused by excess light (Tanaka et al., 2008). These include the carotenoids and anthocyanins that 

absorb a broader spectrum of light than chlorophyll a and b (Figure 1.1). The energy absorbed 

during photosynthesis 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 complex. Plants must 

integrate many aspects of light, including intensity, quality, direction, periodicity and polarity, to 

interpret their light environment and respond appropriately (Wang et al., 2022; Hayami et al., 

1992). To do this, a large group of additional chromophores, 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 ultraviolet (UV) and far-red regions (Figure 1.1). This enables the photoreceptors to 

regulate the plantôs response to potentially harmful UV radiation and far-red light, which 

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). These pathways modify gene 

expression to regulate many of the important considerations in crop production, including 

biomass accumulation, nutrient content, flowering and the production of fruits (Guo et al., 1998; 

Park et al., 2007; Schmitt et al., 1999). 
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 There has 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 (400-700 nm) (Bilodeau et al., 2019). These 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 measurement, total photon flux density (TPFD), can be 

used in combination with PAR to include UV and far-red light (Zhen & van Iersel, 2017; Kohler 

& Lopez, 2021; Kim et al., 2019; Zhen & Bugbee, 2020). Furthermore, there is evidence that far-

red light can drive 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 light intensity that should be met for optimal productivity 

(Zhang et 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 commonly employed 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 (Zhang et al., 2018) in lettuce leaf tissue. Both nitrates 

and anthocyanins alter the nutritional content of lettuce and the quality of the crop produced 

(Cerletti et al., 2017; Wanlai et al., 2013). 

 The amount of specific wavelengths of light between the UV and far-red regions has 

many effects on plant growth 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 
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example, stomata are the site of gas exchange required to supply CO2 for photosynthesis and 

respond to the amount of blue light (Hõrak, 2021). When blue light is decreased, stomatal 

conductance is also decreased, resulting in a reduction in photosynthesis (Wang et al., 2016). In 

addition to the shade avoidance response mentioned above, the ratio of red to far-red light, along 

with the ratio of red to blue light, affects the expression of genes that regulate many aspects of 

development, including the circadian clock and flowering (Lee & Lee 2010; Lee et al., 2007; Lee 

et al., 2007; Facella et al., 2008). Furthermore, the expected effects of a change in the red to far-

red ratio can be dependent upon the other wavelengths (Kusuma & Bugbee, 2021). The plantôs 

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 photomorphogenesis 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 PAR) in addition to light intensity (Ravishankar et al., 2020; Ravishankar 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; Okada et al., 2018). However, in 

circumstances where light is abundant or when low-light crops are grown, OSC greenhouses can 

produce enough energy to meet their high energy demands and become net zero energy 

(Ravishankar et al., 2022). While these models have been demonstrated to estimate the 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.  
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 To date, several studies have been conducted on OSC greenhouses that involved the 

direct measurement of crop species grown with actual OSC light transmission or similar, semi-

transparent wavelength-selective characteristics. A summary of these studies can be found in 

Table 1.1. Although some of these experiments did show a decrease in yield, the difference 

between the OSC treatment and the control tended to be small (Loik et al., 2017; Chavan et al., 

2020; Waller et al., 2021). Small reductions in yield may be outweighed by the benefits of 

energy generation, so that the OSC greenhouse remains economically viable (Ravishankar et al., 

2022). Furthermore, under certain conditions, OSCs had no detrimental effect on yield in tomato 

(Solanum lycopersicum) (Friman-Peretz et al., 2019; Friman-Peretz et al., 2020), and one study 

reported that total yield of pepper (Capsicum annuum) increased due to the OSC shading effect 

(Zisis et al., 2019). All species used in these experiments, with the exception of mung bean 

(Vigna radiata) sprouts (Liu et al., 2019), must flower to produce their product and, therefore, 

have higher light requirements than vegetative crops. Low-light crops, such as lettuce, need to 

produce only vegetative tissue prior 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 

plantôs response to these conditions should be 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 species, particularly 

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 (Waller et al., 2021), induction of the flowering pathway may improve harvests. 

Traditionally, greenhouse-grown ornamental crops are subjected to a night break, an interruption 
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of nighttime darkness with red light illumination to induce flowering (Runkle et al., 1998; Zhang 

et al., 2017). A similar method could be employed to limit negative impacts on yield by 

illuminating the plants with red light provided by high-efficiency LEDs.  

 An alternative approach is to make use of the controlled environment and tailor the crops 

for better performance under altered spectra and lower light. There are many well-characterized 

mutants in several crops species, including tomato (Rothan et al., 2019), that have a distinct 

response to the light environment. While these mutants can have detrimental effects on the health 

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 (GM), avoiding 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 chlorophylls 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 needed to achieve net zero energy in some climates. 

1.6 Conclusions 

 Solar-powered 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 found that 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 OSC transmission spectra 

available. Additionally, the OSC studies conducted so far have used 50% OSC roof coverage or 
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less to limit the reduction of light intensity inside the greenhouse, which restricts light capture for 

energy production. Further research is needed to understand the plant response to OSC-altered 

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 chlorophyll a and b 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 accessory pigments 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 wavelengths as the chlorophylls with the addition of 

UVR8 (ultraviolet resistance locus 8), which is sensitive to UV light and the phytochromes that 

are inactivated by far-red light. Adapted from Bilodeau et al. (2019). 
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Table 1.1: Summary of experimental 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 semi-transparent wavelength-selective 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 to far-red light. R/B is the ratio of red to blue 

light. ūPSII is the quantum yield of photosystem II, a rapid measure of photosynthetic response. 

Reduction in light intensity refers to the reduction in PAR. This was measured from 400-700 nm 

for the majority of the studies. ÀReduction in light intensity was estimated 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 solar-powered 

greenhouses 

Citation: Ravishankar E, Charles M, Xiong Y, Henry R, Swift J, Rech J, Calero J, Cho S, Booth 

R, Kim T, Balzer AH, Qin Y, Ho CHY, So F, Stingelin N, Amassian A, Saravitz C, You W, Ade 

H, Sederoff H, and OôConnor BT (2021). Balancing crop production and energy harvesting in 

organic solar-powered greenhouses. Cell Reports Physical Science 2, 100381. 

https://doi.org/10.1016/j.xcrp.2021.100381  

Supplemental materials can be found in Appendix A: Chapter 2 Supplementary Materials. 

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 achievable. I was particularly 

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 filtered with 100% OSC coverage.  

I contributed to the work in several ways. I 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 design. I collected and analyzed the photosynthetic data 

presented in Figure 3D. I participated in the collection of biomass data presented in Figure 3A, B 

and C. Prior to the harvest, I took tissue samples from alternating plants and froze them in liquid 

nitrogen for metabolite and future RNA extractions. I isolated chlorophyll a and b, carotenoids 

and anthocyanins from this tissue and adapted quantification protocols to the available 
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equipment to generate the data in Figure 3E and F. I wrote the portions of the Methods section 

concerning the photosynthetic and metabolite measurements and edited the manuscript. 
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CHAPTER 3: Beyond energy balance in agrivoltaic food production: Emergent crop traits 

from color selective solar cells 

Citation: Charles M, Edwards B, Ravishankar E, Calero J, Henry R, Rech J, Saravitz C, You W, 

Ade H, OôConnor B, Sederoff H (2022) Beyond energy balance in agrivoltaic food production: 

Emergent crop traits from color selective solar cells. bioRxiv. 

https://doi.org/10.1101/2022.03.10.482833 

Supplemental data can be found in Appendix B: Chapter 3 Supplementary Materials. 

3.1 Contribution  

Our previous work established red oak leaf lettuce as a crop that can perform well under 

OSC filters. To predict other effects on plant growth and development that were not directly 

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

transcriptome analysis. This genomic study revealed subtle changes caused by the OSC-filtered 

light through the detection of significant differences in the expression of light-responsive genes.  

I contributed to this work in many ways. I participated in the collection and analysis of 

physiological data and created Figures 3 and 4. I collected lettuce leaf tissue and extracted RNA 

for sequencing. After sequencing, I conducted the initial quality control checks on the raw 

sequences and performed the alignment to the reference sequence. I participated in the analysis 

of the transcriptome and WGCNA analyses that generated Figures 5 and 6. Additionally, I 

drafted the majority of the manuscript and created Figures 1, 2 and 7 as well as Table 1. 
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