
ABSTRACT 

RAVISHANKAR, ESHWAR. Performance Analysis of Solar Powered Integrated Greenhouses 
using Semitransparent Organic Solar Cells. (Under the direction of Dr. Brendan T. O’Connor). 

Greenhouses vastly increase agricultural land-use efficiency. However, they also 

consume significantly more energy than conventional farming due in part to conditioning the 

greenhouse space. One way to mitigate the increase in energy consumption is to integrate solar 

modules onto the greenhouse structure. Semitransparent organic solar cells (ST-OSCs) are 

particularly attractive given that their spectral absorption can be tuned to minimize the 

attenuation of sunlight over the plants photosynthetically active spectrum. Adding ST-OSCs to a 

greenhouse structure enables simultaneous plant cultivation and electricity generation thereby 

reducing the greenhouse energy demand.  However, the extent of greenhouse energy demand 

that can be offset by ST-OSCs, impact on plant growth and a method to analyze trade-off 

between plant growth and power generation is missing. First, the benefits of integrating OSCs on 

the net energy demand of greenhouses within the U.S. are determined through a detailed energy 

balance model. We find that these systems can have an annual surplus of energy in warm and 

moderate climates. Furthermore, we show that sunlight reduction entering the greenhouse can be 

minimized with appropriate design.  

Given ST-OSCs are suited to achieve energy neutral greenhouses in warm and moderate 

climates, the next phase involved establishing the impact of such systems on plant growth and 

indoor climate and to optimize system tradeoffs. Here, we consider plant growth under OSCs and 

system relevant design. Red leaf lettuce was grown under ST-OSC filters with three different 

OSC active layers that have unique transmittance. The comparison found  no significant 

differences in the fresh weight and chlorophyll content of the lettuce grown under these OSC 

filters. In addition, OSCs provide an opportunity for further light and thermal management of the 



greenhouse through device design and optical coatings. The OSCs can thus impact plant growth, 

power generation, and thermal load of the greenhouse, and this design trade-space is reviewed 

and exemplified. 

Previous modelling and experimental studies have focused either on greenhouse energy 

or plant growth without understanding the trade-offs between both. Similarly, a provision to tune 

ST-OSC system performance for the growth of low and high light requiring crops has been 

absent. Here, a plant growth model is integrated with a greenhouse energy model to predict 

growth of a low light (lettuce) and high light (tomato) requiring plant as a function of greenhouse 

environmental control. Supplemental lighting is considered for optimal tomato fruit yield and the 

energy costs are included with the already considered heating and cooling demand. 64 different 

organic solar cell systems made up of different active layer blends’ with absorption edges 

varying from 700-1100 nm and corresponding changes in device transmittance and power 

conversion efficiency are considered. Greenhouse operation is modelled considering 25 global 

climates to determine overall Net Present Value (NPV) as a function of annual energy offset and 

crop yield. This is further extended to create a global economic feasibility map to highlight 

potential for ST-OSC integrated greenhouse. We also demonstrate the model’s ability to analyze 

energy-plant yield tradeoffs and identify optimal ST-OSC systems based on climate and crop 

selection. Over the entire process, we demonstrate significant improvement in NPV in 

comparison to a reference greenhouse. This is in the order of $8000 for lettuce and $20000 for 

tomato production thereby indicating potential to double the available global land area for food 

production.  
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1. Organic Solar Power Integrated Greenhouses 

 

1.1. Introduction 

Increasing world population and energy consumption has directed researchers and 

scientists to provide enough food and energy technology using renewable energy sources. In 

addition, climate changes and poor water resources reveal that protected cultivation in 

greenhouses has become the favored way to develop the agriculture sector.1–3 Greenhouse 

production is carried out by taking advantage of favorable climate (air temperature, relative 

humidity, and lighting) while keeping operation costs at a minimum.4 Maintaining these 

greenhouse climate conditions require control through various external mechanism that require 

energy. Hence, energy is the largest overhead cost in the production process within the 

greenhouse industry.5–7 Furthermore, greenhouse operation is influenced by climate and 

topography.4 The greenhouse climate is controlled to provide optimal growth conditions for the 

crop being produced year around through heating, cooling, and supplemental lighting at various 

stages. The long-term environmental sustainability of greenhouse production is dependent on use 

of various strategies that help reduce production costs including energy costs and carbon 

emissions.8 Hence there has been a lot of focus on the use of renewable energy sources, 

especially utilization of solar energy in greenhouse operations. In particular, the concept of 

integrating food and energy production on the same land unit by integrating PV systems on the 

greenhouse roof is a promising approach to maximize land use efficiency.8 A brief overview of 

the considerations for the various aspects of a conditioned greenhouse environment such as 

temperature, relative humidity, light and carbon dioxide are provided here followed by impact of 

ambient environment on annual greenhouse energy demand. This is followed by a description of 
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recent efforts in integrating various PV systems to greenhouses, limitations leading to the focus 

of this study where the concept of integrating organic solar cells to greenhouses is described. 

 

1.2. Greenhouse climate control 

1.2.1. Temperature and relative humidity 

Temperature control in the greenhouse is vital for the plant’s growth and development as 

well as its photosynthesis process and hence a critical factor in maintaining optimal growth rate. 

Similarly, relative humidity affects transpiration from plants by impacting the vapor pressure 

difference between a plant leaf and surrounding air.4,9 Normal plant growth will generally occur 

at relative humidity between 25-80%.4 Greenhouse temperature and relative humidity are 

affected by radiation energy transfer between various greenhouse surfaces and ambient sky and 

convective heat transfer and transpiration from the plant surface.10 Based on the available 

temperature gradient between the plants and the greenhouse surface, there is a net heat loss or 

gain to the plants. During daytime, external solar insolation trapped inside the greenhouse adds 

to the heat experienced by the plants. These heat interactions are shown in Figure 1.1.  
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Figure 1.1 Energy exchange between greenhouse and surroundings 

 

Depending on the net heat/gain inside the greenhouse, we utilize external heating and 

cooling sources to maintain temperature as close as possible to the set-point temperature. The 

heating system may include a central boiler that produces hot water or steam, which is 

distributed through convectors, piping or unit heaters. Pipes either bare or finned along sidewalls 

or under the plant benches will result in uniform temperature distribution within the crop growth 

area if combined with horizontal air movement. Ventilation is provided through ventilation 

fans.4,11 Fans are placed in one sidewall and the air pulled across the width of the greenhouse. 

The temperature at which fans start can be set to satisfy the grower. The vent opening on the 
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opposite side of the greenhouse are adjusted to ensure the required the air flow rate. If additional 

cooling capacity is needed, evaporative cooling can be provided by using either wetted pads 

through which outside air is drawn or a fogging system that produces very fine droplets that 

evaporate before reaching the plant surface. Evaporative cooling is done through pads of 

cellulose material and water is driven through the pads using sump.12 In some cases, particularly 

during the summer, temperature control within the greenhouse becomes contingent on the 

removal of excess heat through some mechanism other than ventilation fans. In such cases a 

shade cloth system is deployed from within the greenhouse to remove excess heat.13 Shading 

system is installed inside the greenhouse to reflect solar heat from the surface. These systems can 

be installed and automated to be pulled across the greenhouse horizontally. There are also 

shading compounds that can be applied to the outside roof surfaces in the spring and removed in 

the fall.  

Similarly, relative humidity is controlled in cool or cold weather by bringing in outside 

air and heating it to allow it to absorb moisture before exhausting it to the outside. Horizontal air 

flow in the greenhouse will help alleviate the problem by moving air across plant surfaces to 

keep them dry. Moving air also increases mixing and prevents temperature stratification in the 

greenhouse.14 

To evaluate various such methods of controlling temperature in greenhouses, it is 

necessary to calculate accurately the temperature profile within the greenhouse and the 

corresponding heating and cooling loads required to control this temperature.10 Approaches to 

model the microclimate in a greenhouse have been well documented by Sethi et. al.15 Models 

range from simple static models to size the heating and ventilation systems16 to dynamic models 

that make use of mass and energy balances to model various systems in the greenhouse 
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environment. Dynamic model is typically preferred over static models due to improved precision 

in predicting the energy demand (±10% error) as well as the interior climate of the 

greenhouse.10,17–19 One such dynamic model used to simulate a greenhouse environment is 

discussed subsequently in Chapter 3. Through the mentioned dynamic model and input 

parameters available in Appendix C, temperature and relative humidity profile for a glass 

greenhouse in Phoenix, Arizona is simulated and shown in Figure 1.2 for a 24-hour period in the 

month of July. Shades are deployed to controlled temperature and humidity as shown in Figure 

1.2(a)-(b) respectively. While relative humidity largely remains under 80%, Figure 1.2(a) also 

indicates the difficulty greenhouses face with managing heat with the unconditioned greenhouse 

space above the shade cloth going as high as 66 oC (150 oF). Figure 1.2(c) shows the ventilation 

energy of fans running continuously at peak capacity across the duration of the considered day, 

with the dip in ventilation load occurring at the point of shades being deployed and removed.   

 

 

Figure 1.2 (a) Temperature profile beneath and above shade, (b) Relative humidity beneath 

shade (c) Total energy consumption for greenhouse on July 2nd across a 24-hour period  
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Finally, photosynthesis generally increases as temperature increases from 4.5 oC (40 oF) 

to 24 oC (75o F). However, transpiration and respiratory losses also rapidly increase with 

increasing temperature, causing a decrease in CO2 uptake and thus growth at high temperatures. 

The optimal temperature for photosynthesis differs among species.  One such profile is shown in 

Figure 1.3(a). This indicates an optimal temperature profile for plants’ photosynthesis to be 

within 21 oC (70 oF) – 32 oC (90 oF) thereby dictating greenhouse set-point temperatures and 

hence energy demand. Such profiles are however crop specific and it is important to 

acknowledge that certain varieties like tropical plants have very different profiles compared to 

temperate crops or cold climate crops.    

 

 

Figure 1.3 (a) Net photosynthesis as a function of temperature (b) Relative Quantum Yield of 

plant  

 

1.2.2. Light for optimizing plant growth  

Visible light (400 nm - 700 nm) provides essential energy for plant development and 

growth. Light intensity, duration and spectral distribution of light affect plant growth, 
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development and yield.9,20 The process of photosynthesis proceeds only with visible light. The 

visible wavelength region of light between 400 nm – 700 nm that drives photosynthesis is termed 

Photosynthetically Active Radiation (PAR).21 Light intensity is the most critical variable 

influencing photosynthesis. Based on light intensity, plants are categorized as either sun (high 

light-intensity) or shade (moderate to low light-intensity) plants. Tomato is an example of sun 

crop while lettuce is an example of a shade plant.9 Sun plants can be grown in full sunlight with 

no adverse effects, while shade plants are injured if exposed to light intensities above a specific 

level. Similarly, plants which respond to relative length of day and night are termed 

photoperiodic. Photoperiodism affects flowering and is generally species and variety 

dependent.22 Within the PAR wavelength region, each wavelength of light when absorbed by the 

plants drives photosynthesis with a different efficiency of which the red (600 nm - 700 nm) and 

blue (400 nm -500 nm) wavelengths are used most efficiently.21 This is referred to as the 

Relative Quantum Yield (RQY) as shown in Figure 1.3(b). Germination and the change from 

vegetative to reproductive development in many plants is controlled by red and far-red (700 nm 

– 850 nm) light. An increase in the blue fraction of sunlight in the PAR wavelength region up to 

a point where the red:blue ratio is equal to one brings about an increase in photosynthesis as 

shown in Figure 1.4(a).20 
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Figure 1.4 (a) Net photosynthesis as a function of sunlight in the PAR wavelength region and 

Red:Blue ratio20 (b) Net photosynthesis as a function of CO2 concentration9 

 

            In many greenhouses, sunlight is the limiting factor in production, especially during the 

winter. At the same time, limitations in temperature control inside the greenhouse can necessitate 

the use of shade cloths in the summer that can remove vital sunlight in the PAR wavelength 

region that is needed for plant growth along with excess heat. Therefore, a greenhouse should 

provide for optimum use of available sunlight. The amount of available sunlight is affected by 

the structural frame and covering material.4 This also depends on amount of sunlight available as 

a function of latitude, time of year, time of day and sky cover.23 The variation in monthly 

average daily total solar insolation across all wavelengths and in the PAR wavelength region for 

three locations are given in Figure 1.5.23 We see that depending on season and latitude, there is a 

significant variation in available sunlight ranging across the three selected climate based on 

locations in Phoenix AZ, Raleigh, NC and Antigo, WI. Furthermore, depending on the ability to 

control greenhouse temperature, the shading duration changes from location to location. A hot 
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and dry climate like Phoenix AZ requires shading for nearly 6 months in a year while a cold 

climate like Antigo, WI requires only one month of shading. Hence, there is a possibility of 

experiencing low natural lighting in the greenhouse at different months in a year. This can be 

offset by supplemental lighting in greenhouses. High-pressure sodium (HPS) is the most 

common lamp type used to supplement solar light in the greenhouse. LED array/fixtures are 

gaining acceptance as a supplemental lighting technology to replace or complement HPS 

lamps.24 The type of supplemental lighting fixture and spectral output can alter plant 

photomorphogenesis in greenhouse grown crops.  

 

 

Figure 1.5 (a) Monthly average daily solar insolation for, (a) Phoenix, Arizona, (b) Raleigh, 

North Carolina, (c) Antigo, Wisconsin  

 

1.2.3. Carbon dioxide for optimizing plant growth  

            Carbon dioxide is the raw material which along with water is required for photosynthesis. 

Carbon dioxide are absorbed into the plant leaf through stomata, in the leaves. From there, CO2 

diffuses inside the plants until it reaches the chloroplasts, where it can be used for 

photosynthesis.25 The rate of  CO2 assimilation depends on several factors, including 
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concentration, , temperature and light intensity thereby instigating crop growth.25 This is a 

limiting factor in the greenhouse environment.9 In an air tight greenhouse, the carbon dioxide 

concentration may be 400 parts per million (ppm) on average. Plants can use large amounts of 

CO2 and on a sunny day CO2 levels can drop to 200 ppm or perhaps lower in a tightly closed 

greenhouse filled with plants. When this happens, photosynthesis and growth are severely 

limited.25,26 Such low concentrations rarely occur in glass glazed greenhouses because they tend 

to be leaky enough to allow CO2 to get into the greenhouse.11 CO2 deficiencies are most likely to 

occur on cold, sunny days when there is ample light for photosynthesis without the need for 

ventilation. Under such conditions, running the exhaust fans occasionally during the day can 

ensure that enough outside air enters the greenhouse. The variation in net photosynthesis as a 

function of CO2 is shown in Figure 1.4(b).9 This shows that while low CO2 concentrations 

hinder photosynthesis, at CO2 concentrations beyond 600 ppm, there is little effect on net 

photosynthesis due to the process being light saturated.  

 

1.2.4. Understanding greenhouse energy demand 

While greenhouses have the potential to operate year around, the energy costs depend on 

the ambient climate conditions in which the greenhouse operate. For example, greenhouses 

located in high northern latitudes require heating for a major part of the year which can represent 

up to 90% to 95% of the total energy demand for greenhouse production.27 In such locations, 

shades are utilized at night to minimize radiative heat loss from the greenhouse.28 Similarly, 

locations that are hot and have high temperatures throughout the year and require constant 

evaporative cooling  
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Figure 1.6 Annual conventional greenhouse energy demand across different global climate 

conditions for growing tomatoes year around 

 

and shading to maintain favorable temperatures inside the greenhouse during daytime.29 

Similarly, the requirement for supplemental lighting changes with available ambient solar 

insolation and crop grown inside the greenhouse. The climates around the world are described 

through a Köppen-Geiger climate classification.30 This classification divides climate into five 

main climate groups such as tropical, dry, temperate, snow and polar climates. Each group is 

divided into further sub-categories based on seasonal precipitation and temperature patterns 

These climates are described in detail in Chapter 6 and the schematic of the climate 

classification is shown in Figure A1 in Appendix A. Using the greenhouse energy model 

described in Chapter 3, we provide the range of greenhouse energy demand comprising of 

heating, cooling and supplemental lighting for year around tomato production in greenhouses 

across the world in Figure 1.6 by selecting a location characteristic of distinct climates picked 

from the Köppen-Geiger climate classification.  We see that greenhouse annual greenhouse 
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energy demand ranges from 200 kWh/m2-year to about 600 kWh/m2-year with the energy 

demand increasing with an increase in latitude due to an increasing in heating and supplemental 

lighting requirements. This indicates greenhouse production is extremely energy intensive and 

requires energy offset through energy efficiency measures and renewable energy integration. 

  

1.3. Efforts to offset greenhouse energy demand 

Considering the need to accurately manage greenhouse microclimate to obtain optimum 

profit from the greenhouse, there has been a gradual shift in thinking towards the integration of 

renewable energy sources to greenhouses.31 These include solar thermal collectors, hybrid PV/T 

collectors and systems, phase change material, biomass, underground based heat storage 

techniques, energy efficient heat pumps, alternative façade materials for better thermal insulation 

and power generation such as heat insulation solar glass, PV glazing, aerogel and vacuum 

insulation panel, polycarbonate sandwich panels etc. The prices of fossil fuels are rising rapidly 

and thereby the major challenge for agricultural greenhouses is to find ways that improve energy 

efficiency combined with an absolute or partial reduction of the overall energy consumption and 

related CO2 emissions associated with greenhouse energy demand.32 In the last few decades, 

solar energy has been developed intensively due to both technological improvements and 

supportive government policies.33 Solar energy does not require fuel, have low carbon emission, 

long term solar resources, less payback time and often require little maintenance. Combining 

photovoltaic (PV) panels and crops on the same area unit of land also alleviates the increasing 

competition for land between food and energy production justifying efforts in this area.34 By 

sharing the structure there is also potential economic advantages including balance of system 

savings associated with using the greenhouse structure to support the solar modules.32  
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One approach in sharing the structure is employing opaque solar modules on the 

greenhouse roof. 35–38 Cossu et al. investigated the effects of shading from the PV array on 

tomato plants in an east-west oriented greenhouse of which 50% of its roof area was replaced 

with Si-PV modules.35 This reduced the availability of solar radiation inside the greenhouse by 

64%. However, the supplemental lighting provided the corresponding drop in natural light with 

the required energy required not exceeding the energy production of the PV array. Work done by 

Kadowaki et al. used PV arrays to supply electricity for a greenhouse. The PV array was 

mounted inside the south roof of an east-west oriented single span greenhouse, and the effects of 

PV array shading on the growth of welsh onions were investigated.37 The results showed that the 

PV array decreased the fresh and dry weight of the Welsh onion. However, electrical energy was 

more than useful in offsetting greenhouse energy demand. Hence, Si-PVs compete with the 

plants for sunlight resulting in crop yield loss, thereby having limited broad adoption.37,39 The 

impact of different forms of inorganic PVs’ coverage ratio, electricity generated and impact on 

yield relative to a conventional system is given by Figure 1.7. The study included mono and 

poly crystalline silicon solar cells, amorphous silicon thin films, semitransparent mono 

crystalline silicon, and micro-spherical solar cells among the inorganic PV systems. The figure 

clearly indicates that opaque inorganic PV coverage while generating about 160 kWh/m2-year at 

100% coverage, reduces significant fractions of the plant yield beyond 20% roof coverage.   
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Figure 1.7 (a) Electricity generation from different greenhouse rooftop PV systems as a function 

of their percentage coverage ratio. (b) Plant yield fraction as a function of electricity 

generation8,31,35,37,38,40–48  

 

To overcome this weakness, strategies where sunlight over the PAR wavelength spectra 

continues to reach the plants while also using portions of the sunlight for power generation are 

desired. These include the use of wavelength-selective optics to direct sunlight towards opaque 

photovoltaic modules,49 and luminescent solar concentrators.50 Sonneveld et al. studied the 

performance of a new type of greenhouse which combines reflection of near infrared radiation 

(NIR) with electrical power generation using hybrid PV/T collector modules.49 In addition to the 

generation of electrical and thermal energy, the reflection of NIR resulted in improved climate 

conditions in the greenhouse. The typical yearly yield of this greenhouse system was a total 

electrical energy of 20 kWh m-2 and a thermal energy of 160 kWh m-2. Thus, the heating system 

could operate independent of fossil fuels for this greenhouse. However, wavelength-selective 
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focusing lenses face several challenges including focusing primarily direct sunlight, requiring 

solar tracking and complex greenhouse structures that can be cost prohibitive.51 On the other 

hand, a Luminescent Solar Concentrator (LSC) consists of a flat, transparent matrix with a 

luminescent particle such as organic dyes, quantum dots or semiconducting polymers dispersed 

uniformly inside it. Light entering the panel is absorbed by the luminescent particles, when then 

re-emit the light isotopically. This re-emitted light is concentrated onto a PV cell to generate 

power. Overall, this is a simpler system but suffers from low efficiency.50 These systems also 

result in about a 10% drop in yield as shown in Figure 1.7. Tabulation of performance of 

different inorganic PV systems and luminescent solar cells for greenhouse integration is shown 

in Table A1 in Appendix A. Hence, there is a need to identify alternate PV systems that can 

generate sufficient power while absorbing across a solar spectra that is to a large extent 

complimentary to the plant’s absorption spectra to minimize impact on plant growth.  

 

1.4. Organic Solar Cells  

   Organic Solar Cells (OSCs) have the benefit of being light weight, mechanically flexible 

and solution processable thereby proving to be the most promising photovoltaic technologies for 

future energy generation. Recent advancements in OSC power conversion efficiency report 

devices with over 18% efficiency for opaque, small area research cells.52–58 Compared to 

inorganic semiconducting materials, the optical band gap of organic semiconducting materials 

can be easily tuned through the selection of a combination of donor and acceptor organic 

polymer blends. Currently, through the selection of semitransparent top electrode, organic solar 

cells (ST-OSCs) have been engineered to achieve power conversion efficiencies ranging between 

8.1% to 11% with average visible transmittance (AVT) between 23% and 46%.58,59 These make 
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ST-OSCs a potential candidate for facades and roof of buildings as well as coatings of vehicles. 

In recent times, there has been significant interest towards ST-OSC integration for greenhouses. 

 

Figure 1.8 (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 towards 

management of plant growth, electricity generation and greenhouse temperature management 

 

1.4.1. Concept of ST-OSCs for greenhouse integration  

   An Illustration of a ST-OSC greenhouse is provided in Figure 1.8(a). ST-OSCs with the 

selection of optimal donor and acceptor polymers can be fabricated to have absorption 

characteristics that minimizes overlap over the PAR wavelength region which is essential for 

plant growth.60 Integrating such devices to the greenhouse roof ensures no additional land space 

is required. An example of ST-OSCs’ tunable absorption spectrum is shown in Figure 1.8(b). 
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Here, the absorption spectra of plants represented by the chromophore profile is largely 

complimentary to the ST-OSC, therefore minimizing impact on plant growth. These systems 

influence multiple aspects of greenhouse operation such as offsetting energy demand through 

solar power generation, greenhouse thermal management and crop production. The ST-OSCs 

provides an opportunity to manage light transmittance from the ultraviolet (UV) to the infrared 

(IR) to aid plant growth. Plant signaling and pollination is influenced by UV (300 nm – 400 nm) 

and IR (> 700 nm) light while the PAR  region is utilized for photosynthesis and 

photomorphogenesis.61,62 UV, PAR and IR is also simultaneously used for power generation 

from ST-OSCs. Near infrared light contributes almost exclusively to heating in the greenhouse 

environment. This competition for various wavelength regions of light between plants, ST-OSCs 

and towards temperature control is shown in Figure 1.8(c).  

   Managing light in the IR has significant impacts on the thermal load of the greenhouse. 

This possibility is provided through the semi-transparent electrodes such as Indium Tin Oxide 

(ITO)or Silver (Ag) when integrated as part of the ST-OSC device architecture.63 These 

electrodes have a low-emissivity (low-ϵ) coating proving heating energy reductions and energy 

efficiency measures. Furthermore, optical coatings such as Distributed Bragg Reflectors (DBRs) 

can be added to ST-OSCs to optimize for improvements in transmittance in the PAR wavelength 

region and reflectance in the infrared. By managing reflection in the visible region there is the 

opportunity to reflect selective portions of the spectrum that are are not efficiently utilized by the 

plant to then be absorbed by the solar cell for increased power generation.28     
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1.4.2. Study and outcome of ST-OSC integrated greenhouses 

   The impact of ST-OSCs on plant growth was first evaluated theoretically through the 

work done by Emmott et al. (year) citation. This work utilizes an optical model together with 

empirical data and simple device physics along with plant action spectrum to estimate the PCE 

of solar cells made from several donor and acceptor polymer materials as a function of impact of 

crop yield. This is shown in Figure 1.9. A crop growth factor where a fractional drop in light 

transmitted in the PAR wavelength region is assumed to have a comparable drop in plant yield is 

measured thereby establishing impact on the economics of greenhouse production. No advantage 

over mature opaque crystalline silicon PV technology with partial roof coverage was observed in 

terms of crop growth factor suggesting the need for higher efficiency semiconductor materials 

and very high transparency contact materials. Moreover, the crop growth factor does not account 

for the growth behavior of low light requiring crops like lettuce, spinach, or basil and this model 

does not account for light entering the greenhouse through the side walls or the consideration of 

greenhouse energy demand.  

   Several studies in recent times have considered plant growth under ST-OSCs 

experimentally.56,60,64,65 One such study included the growth of mung bean sprouts grown under 

OSCs showing similar stem length compared to those grown under control conditions.56 

However, this study was conducted over a relatively short period of the plant development, and 

the ability to extrapolate results to actual yields of commercial greenhouse crops is limited. 

Partial roof coverage with OSCs led to improved yield of peppers in comparison to plants grown 

under control conditions in the same greenhouse.65 Work done by Waller et al. studied the 

growth of tomato under a OSC roof coverage area of up to 50%.66  Crop growth was measured 

over a period of 126 days and crop data was collected weekly.  
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Figure 1.9 (a) Relative action spectrum for plants (solid black line), AM1.5 photon flux density 

(dotted black line) and action spectrum modified photon flux density (dashed black line), (b) 

absorption coefficient for PCBM (solid black line) and PC70BM (dashed black line), (c) 

absorption coefficient P3HT (solid red line), PCDTBT (solid orange line), PTB7 (solid purple 

line), Si-PCPDTBT (solid blue line) and PMDPP3T (solid green line), (d) crop growth factor as 

a function of the power conversion efficiency for active layers of thickness ranging from 5 nm 

and 200 nm. Solid lines are blends with PCBM and dashed lines are blends with PC70BM. Figure 

obtained from Emmott et al.60 

 

Tomatoes grown under ST-OSCs showed delayed fruit development and ripening leading 

to lower average yields and number of fruits compared to the plants grown as part of the control. 



   

20 
 

Overall drop in yield was under 10% and device efficiency of 1.1%-2% was observed over the 

growing season. Tabulation of performance of different ST-OSC systems for greenhouse 

integration is shown in Table A2 in Appendix A. While these results are promising, the OSC 

roof coverage is limited to low values, and both light transmittance and power conversion 

efficiencies need to be optimized.65 

   Hence, there is a need to model greenhouse energy demand by accurately describing the 

changes in greenhouse climate as a function of the ambient environment. Furthermore, there is a 

need to evaluate the impact of ST-OSCs on greenhouse energy demand. There also 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 and productivity. A dynamic plant growth model is also required to assess plant 

yield in a greenhouse and its change due to changes in greenhouse microclimate due to ST-OSC 

integration. The trade-offs between power generation, crop productivity, and greenhouse thermal 

management need to be evaluated to determine optimal profit for ST-OSC integrated greenhouse 

production and the potential for achieving net zero or energy neutral greenhouses. 

 

1.5. Structure of the dissertation 

Discussion in this dissertation is divided in the remainder of seven chapters as below: 

Chapter 2: We provide the description of ST-OSC integrated greenhouse energy model. 

Equations are described and temperature profiles obtained from model is shown.  

Chapter 3: We provide description of results obtained from greenhouse energy model assessing 

ST-OSC greenhouse performance in three diverse climactic locations in the U.S. Two different 
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ST-OSC active layer blends are considered. Potential for achieving energy neutral greenhouses is 

assessed. 

Chapter 4: We provide results of plant growth studies (lettuce) when grown under three ST-

OSC filters made from different active layer blends. Potential for ST-OSCs to balance plant 

growth, power generation and greenhouse temperature management is evaluated.  

Chapter 5: We provide the description of a plant growth model and provide the necessary 

parameters required for modelling lettuce and tomato. Equations for plant modelling are 

provided. 

Chapter 6: We provide results from plant growth modelling (lettuce and tomato) simulated in 

ST-OSC greenhouses operating in major global climates integrated with multiple ST-OSC filters 

made from different active layer blends. Trade-off between plant growth and greenhouse energy 

offset is studied and, in the process, greenhouse economic gain is maximized. Potential to 

achieve energy neutral greenhouses across various global climates and the corresponding impact 

on crop yield is evaluated.  
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2. Modelling Greenhouse Energy Demand for ST-OSC Greenhouses 

 

(From “E.Ravishankar; B.T.O’Connor, Achieving Net Zero Energy Greenhouses by Integrating 

Semitransparent Organic Solar Cells, Joule, 2020, 4(2), 490-506.” 

 

* The author of the dissertation is the first author of the research paper.) 

 

2.1. Introduction 

The combination of global warming, a growing global population, and the increasing 

scarcity of fresh water are expected to put significant stress on conventional agriculture.2,67 One 

approach to relieve this impending crisis is greenhouse based agriculture, which reduces water 

consumption while greatly increasing annual crop production by creating a suitable environment 

for plants to grow irrespective of outdoor environment.3 However, greenhouse operation comes 

with its own set of challenges. While the desired plant environment can be maintained by heating 

and cooling the space, this results in a significant increase in energy consumption relative to 

conventional farming. This energy input can constitute the highest percentage of a greenhouse’s 

environmental impact.5 For greenhouses to become a viable solution for sustainable agriculture, 

a means to offset the large energy consumption is needed, ideally with minimal environmental 

impact. At the same time, solar power has made considerable progress in terms of utility scale 

adoption,33 as well as advancements in thin film technologies that include organic solar cells 

(OSCs).68,69 These agricultural needs and technology developments have led to recent interest in 

integrating solar power with greenhouses.31,39 
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Approaches to integrate solar power with greenhouses can be categorized as (1) adjacent, 

(2) shared structure, and (3) shared structure and sunlight systems.39 Given that land use 

efficiency is becoming increasingly important environmentally, along with a desire for co-

locating agriculture and population centers, strategies that share the same land are preferred. By 

sharing the structure there is also potential economic advantages including balance of system 

savings associated with using the greenhouse structure to support the solar modules.32 One 

approach in sharing the structure is employing opaque solar modules on the greenhouse roof.35–

37,70 However, these solar modules compete with the plants for sunlight resulting in crop yield 

loss, which has limited broad adoption.37,39 To overcome this weakness, strategies where sunlight 

over the photosynthetically active radiation (PAR) spectrum (400 nm – 700 nm) continues to 

reach the plants while also using portions of the sunlight for power generation are desired. These 

include the use of wavelength-selective optics to direct sunlight towards opaque photovoltaic 

modules,51 luminescent solar concentrators,71 and the use of semitransparent wavelength-

selective photovoltaics.60 Wavelength-selective focusing lenses face several challenges including 

focusing primarily direct sunlight, requiring solar tracking and complex greenhouse structures 

that can be cost prohibitive.51,72 Luminescent solar concentrators provide a simpler system, but to 

date suffer from low power conversion efficiency.71 A promising alternative is to use 

semitransparent photovoltaics. In this case, organic solar cells (OSCs) are particularly attractive 

given that the active layer absorption spectrum can be readily tuned through material selection, 

the devices are amenable to low cost production methods, and the devices are thin and light 

weight enabling simple integration onto a greenhouse structure.52,73–75 

The promise of OSCs is justified due to recent rapid advancements in non-fullerene small 

molecule electron acceptors that have led to significant increases in OSC power conversion 
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efficiency, with many reports of 14-16% devices bringing the technology closer to commercial 

relevance.52–55 Yet, the cost of silicon based solar power continues to drop making alternative 

solar energy technologies difficult to penetrate the market.33 To achieve widespread adoption, 

OSCs must find applications that take advantage of its unique properties. Organic solar powered 

greenhouses are one such potential avenue. For this to occur, OSC-greenhouses will need 

favorable economics, minimal impact on crop yield, and have an ability to provide a significant 

portion of the energy demand of the greenhouse. A feasibility analysis performed by Emmott et 

al. in 2015 revealed that high efficiency OSCs coupled with high transmittance electrodes have 

the potential to result in cost effective OSC-greenhouses.60 As OSC efficiencies continue to 

improve so does the economic outlook of employing them in greenhouses.32 In addition, there 

have been studies showing that semitransparent solar cells,56 and LSCs50 can be employed in 

greenhouses and achieve similar plant growth. While further research is needed to establish the 

full impact of solar cell integration on agriculture yield, these initial studies show promise that 

sharing sunlight approaches can be effective. What has not been considered to date, and is sorely 

needed, is the potential for OSCs to significantly improve the energy outlook of greenhouse-

based agriculture. Through detailed energy balance analysis performed through computational 

modelling, the environment impact of OSC-greenhouses can be established providing a clear 

view of the opportunity to achieve more sustainable agriculture practices.  

In this report, we introduce a tailored energy balance model for OSC-greenhouses to gain 

an improved understanding of the potential of such systems to meet the energy needs of 

greenhouses. This includes not only the solar power generated but how the greenhouse energy 

load changes when the OSC modules are employed. We consider two semitransparent OSC 

systems that are known to have high performance and have varying spectral absorption 
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characteristics.55,76 A key factor impacting greenhouse energy demand is its geographical 

location and thus three distinct locations are considered across the United States: Phoenix AZ, 

Raleigh NC, and Antigo WI. These locations are chosen as they represent regions that have a 

substantial greenhouse agriculture market,3 and represent three characteristic climate zones 

described by the US Department of Energy as hot-dry, mixed-humid, and cold, respectively.77 

Below we first provide an overview of the greenhouse and the computational model used to 

determine the energy balance of the system. As part of this discussion, we consider the 

importance of managing IR light through solar cell design, and the modified use of shade cloths. 

We then show the expected changes in radiation entering the greenhouse when employing the 

semitransparent OSCs. It is found that the drop in radiation due to the roof mounted OSCs is 

partly mitigated in the winter by the lower solar altitude angle resulting in a large fraction of 

light to enter through the greenhouse wall, and during the summer by removing the need for 

shade cloth deployment to manage the greenhouse temperature. While there is a drop in solar 

radiation entering the greenhouse in the winter when adding the OSCs, the OSC-greenhouses 

incur a lower heating demand than the conventional greenhouse. This is attributed to low 

emissivity (low-e) characteristics of the OSC stack, providing an added benefit to the power 

generation. Through this analysis it is shown that the OSC-power generation can meet the 

thermal energy demands of a greenhouse in warm and moderate climates. In the cold climate the 

OSCs cannot meet the annual energy demands of the greenhouse, but continue to provide a 

substantial fraction of its energy needs. Finally, we extend the analysis to consider a conceptual 

solar cell active layer that has an approximate 400 nm absorption bandwidth and an absorption 

edge that is selected freely. This simple first order model demonstrates that an OSC with active 

layers that absorb in the near IR with minimal impact on transmittance over the PAR spectrum 
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will continue to meet the energy needs of a greenhouse in hot and moderate climates. In 

summary, this research shows that semitransparent OSCs are well suited to meet the thermal 

energy demands of a greenhouse, and with further spectral tuning may compliment the plant 

needs for effective low-energy, high productivity-controlled environment agricultural systems.  

 

2.2. Model 

2.2.1. Greenhouse energy balance 

Approaches to model the microclimate in a greenhouse have been well documented by 

Sethi et. al.15 Models range from simple static models to size the heating and ventilation 

systems16 to dynamic models that make use of mass and energy balances to model various 

systems in the greenhouse environment. Dynamic model are typically preferred over static 

models due to improved precision in predicting the energy demand (±10% error) as well as the 

interior climate of the greenhouse.10,18,19,78 There are commercial software packages (e.g. ESP-r 

and Energy Plus) that can dynamically model greenhouse environments.79 However, these 

programs are incapable of integrating semitransparent solar cells, particularly with unique 

spectral characteristics. In addition, by developing a custom model, the spectral information 

along with the local plant environment (temperature, humidity, etc.) are captured for potential 

future studies on plant growth.79 Considering these needs, we introduce a detailed dynamic 

energy balance model to compute the hourly heating and cooling demand of a conventional and 

OSC-greenhouse. Below, major features of the model are described with a more complete 

description provided in the Chapter 3. Input parameters for the energy balance model is 

provided in Appendix C.  
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Heating and cooling demand for the greenhouse was calculated based on the energy flux 

between the greenhouse and its environment. These fluxes are formulated based on known 

ambient conditions, solar insolation, and physical elements of the greenhouse.10,80  The 

components of the greenhouse considered are broadly divided into the inner layer of soil, surface 

soil layer, vegetation layer, air inside the greenhouse, and roof. 10,80 The energy fluxes associated 

with each component for the OSC-greenhouse with shades deployed are provided in Figure 2.1, 

while the case without shades is provided in Figure 3.1. Parameters used for the greenhouse 

energy model are given in Table C1. The outdoor temperature and humidity conditions for each 

location were taken hourly from typical meteorological year 3 (TMY3) data set.81 To visualize 

the different climate for each location, the average monthly ambient temperature and relative 

humidity for each location is given in Figure 3.2. The latent load of the greenhouse due to 

transpiration from plants and air exchange due to infiltration and ventilation were computed 

based on the correlations suggested by Joliet et al.82 
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Figure 2.1. Schematic of the energy fluxes for OSC-greenhouse with shades deployed. The 

energy balance terms are defined in the Chapter 2 and Appendix B and include the temperature 

of the various elements (T), the absorbed solar radiation (S) and sensible and latent heat transfer 

terms (q) 

 

            The energy demand for heating does not account for heating system efficiency, while the 

energy demand for cooling is based on the on electricity used to operate an evaporative fan and 

pad cooling system. The accuracy of the model was verified by validating it with existing 

experimental data and models found in the literature,14,16,83 which is discussed further in Chapter 
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3. All simulations were conducted in MATLAB executed on a high-performance computing 

system cluster.  

The primary aim of this model is to assess energy balance of an OSC integrated 

greenhouse across a variety of crops. In the model, crop yield is not considered directly given the 

complex dependence of plant growth on the quality and quantity of radiation.42 While we do not 

explicitly consider the impact of the modified lighting on plant growth, we report changes in 

PAR radiation in the greenhouse as an indirect view of potential crop impact. However, it is 

important to acknowledge that in addition to absorption over the PAR spectrum by chlorophyll, 

plants also have photoreceptors that include carotenoids that absorb in the UV (320-400 nm) and 

phytochromes that absorb in the far red (650-730 nm).9 Pollinators also use UV light. The impact 

of radiation over these wavelengths would also need to be considered in future plant growth 

studies. While the analysis does not consider crop yield, we establish indoor temperature set 

points based on tomatoes, which were 21 – 28°C during the day and 17 – 18°C during the 

night.14,84 This also dictates the greenhouse relative humidity set point of 60 – 80%.14,84 

Tomatoes are chosen here as a guide, since they represent one of the largest greenhouse crops 

globally.85 This includes commercial greenhouses in similar climates to the locations chosen for 

analysis. For example, Arizona has one of the largest greenhouse tomato firms in the country.3 

North Carolina ranks among the top ten greenhouse tomato producing states in the country, and 

Antigo WI due to its latitude has a climate similar to southern Canada where nearly 40% of US 

tomato demand is met.3 
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2.2.2. Description of the greenhouse 

            A 29.4 m x 7.3 m single span gable-roof greenhouse with a gutter height of 3 m was 

analyzed, which is representative of a standard commercial greenhouse.86 The greenhouse is 

schematically shown in Figure 2.2(a). It is oriented north-south, which is typical as it reduces 

structural shadows being locked into a specific location of the greenhouse. In current design 

practice, a roof slope of 27°-30° is typically chosen,11 and here we consider the roof to have a tilt 

angle of 27° independent of location. The roof and walls excluding the north facing wall were 

made up of 4 mm thick single pane glass. The north wall was considered an adiabatic surface, as 

it often interfaces with a building used for storage or offices (i.e. head house). The greenhouses 

under consideration were assumed to operate year around. Mechanical ventilation was provided 

by two 1.5 HP fans that are located on the walls of the greenhouse.29 The fans are considered to 

have two-speeds with the low speed capable of supplying 2 air changes per hour (ACH) and the 

high speed setting providing 60 ACH.11 
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Figure 2.2. (a) Depiction of the greenhouse and OSC stack with the dielectric Bragg reflector, 

(b) Molecular structure of the polymers used in the solar cell active layer, (c) Comparison of the 

modelled external quantum efficiency to experimental results adapted from previous reports.25,28, 

(d) Transmittance of modelled OSCs and relative quantum yield (RQY) of vegetation.45  

 

            Infiltration was set at 1 ACH and indoor air velocity was assumed to be 0.15 m/s. 11 To 

provide further cooling evaporative pads were employed.87 Heating was supplied by a forced hot 

air furnace and radiant root heating system. The radiant heating was used to provide high 
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efficiency thermal management of the plants but has a limited heat flux to avoid plant stress. One 

design feature of note is that in the conventional greenhouse shade cloths are employed during 

the daytime in the summer to reduce heat gain and during the night in the winter to reduce heat 

loss.17 In this analysis, shades are deployed at night during the winter for both the conventional 

and OSC-greenhouse. In the summer months, the conventional greenhouses deploy shades 

during the day as needed to manage the temperature in the greenhouse but are not deployed in 

the OSC-greenhouse given the already reduced transmittance from the OSCs. Details of the 

shade deployment schedule is given in Table C1. A commonly used shade cloth with 50% 

transmittance was used here and placed at gutter height as illustrated in Figure 2.1.88 When the 

shade was deployed it is assumed to cover all light entering through the roof while light entering 

through the walls of the greenhouse remains unshaded. While whitewash paint can be applied to 

the walls for additional summer shading,89 it was not considered here. 

 

2.2.3. Solar power and light entering the greenhouse 

Accurately describing the incident solar insolation onto the greenhouse surface is critical 

to modelling the thermal load of the greenhouse as well as the energy production by the solar 

cells. Here, the daily integration (DI) method was used to determine the beam (direct), diffuse 

and ground reflected radiation incident on the walls and roof of the greenhouse.90,91 Effective 

incident angles for diffuse and reflected solar radiation incident on the surface of the greenhouse 

was computed assuming isotropic light scattering conditions.92 Inputs of this model include the 

terrestrial monthly average daily total and diffuse radiation on a horizontal surface, which was 

obtained for each location from NASA-SSE.93 From the incident radiation, the transmittance of 
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light into the greenhouse and the absorption of light by the solar cells was determined by 

employing a transfer matrix model.94,95 See Chapter 2 and Appendix B for additional details. 

To understand the impact of the OSC spectral characteristics on energy load, two OSCs 

which differ only in the active layer were considered. The two active layers were a blend of 

FTAZ and IT-M, and a blend of PTB7-TH and IEICO-4F, with their molecular structure 

provided in Figure 2.2(b). These active layers were considered as they have both been 

demonstrated with similar high efficiencies of 11% and 12% in opaque devices,55,76 and have 

unique spectral absorption characteristics. PTB7-TH:IEICO-4F was selected due to the 

absorption being weighted strongly in the near IR, which minimizes the drop in transmittance in 

the PAR spectrum.55,96 This active layer has also been used to demonstrate successful mung bean 

growth under semitransparent OSCs.56 The FTAZ:IT-M has a similar efficiency but with greater 

absorption over the PAR spectrum. Considering these active layers allows for a view of how the 

change in absorption profile impacts heating and cooling loads and radiation over PAR entering 

the greenhouse.  The solar cell structure is illustrated in Figure 2.2(a) and consists of a 100 nm 

thick indium tin oxide (ITO) layer used for the front electrode followed by a 35 nm thick ZnO 

electron transport layer, then the active layer. The active layer thickness was initially set to 

values reported to optimize opaque solar cell performance and were 105 nm for FTAZ:ITM and 

126 nm for PTB7-TH:IEICO-4F. 55,76 After the active layer there is a 5 nm MoO3 layer hole 

transport layer followed by another 100 nm thick ITO electrode. This solar cell structure is then 

sandwiched between 2 mm thick layers of glass. One layer of glass also acts as the surface of the 

greenhouse. The use of glass also provides reliable encapsulation with extremely low 

permeability to oxygen and water maximizing device lifetime.97 The optical constants used in the 

model of the OSCs are given in Figure 3.3(a) and Figure 3.3(b). 
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ITO inherently has a high IR reflectivity and acts as an effective low-emissivity (low-e) 

coating.98 To further improve IR reflection as a way to manage thermal load of the greenhouse 

and to maximize transmittance over PAR a 4-layer dielectric stack was employed after the back 

ITO electrode.99 This consists of alternating LiF and MoO3 layers with thickness optimized 

based on maximizing transmittance of the OSC from 400-700 nm and maximizing reflectance 

from 900-2000 nm. The coating was limited to 4-layers to layers to maintain cost-effective solar 

cells. The thickness for the dielectric stack (LiF/MoO3/LiF/MoO3) optimized for FTAZ:IT-M 

and PTB7-TH:IEICO-4F are 180 nm/90 nm/150 nm/110 nm, and 180 nm/90 nm/170 nm/100 

nm, respectively. The thickness of the layers were obtained by simulating all possible 

combinations from 1 nm to 200 nm layer thickness in 1 nm increments. Given the large number 

of permutations, the program was run in parallel on a high-performance computer cluster. The 

resulting transmittance of the solar cells are given in Figure 2.2(d) showing the wavelength 

averaged transmittance over PAR of 32% and 45% for the FTAZ:IT-M and PTB7-TH:IEICO-4F 

solar cells, respectively. The transmittance averaged over the short wavelength IR (1,000 nm – 

2,000 nm) is 43% and 36%. The Bragg reflectors results in a 17% drop in short-wave IR 

transmittance for both FTAZ:IT-M and PTB7-TH:IEICO-4F solar cells, illustrating the utility of 

the coatings. In addition, the dielectric stack leads to an increase in power conversion efficiency 

(PCE) of 5% and 10% for the FTAZ:IT-M and PTB7-TH:IEICO-4F based OSCs, respectively. 

Finally, for simplicity, we do not consider bus lines or module framing, but rather assume the 

active solar cell area covers 85% of the roof area.  

To estimate the power produced by the OSCs we first use the optical modelling to predict 

the photocurrent. The absorption in the active organic semiconductor layer was first determined 

by transfer matrix modeling. From the light absorption and internal quantum efficiency (IQE) the 
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external quantum efficiency (EQE) was determined. The EQE of opaque OSCs from previous 

experimental reports were compared to the model with results given in Figure 2.2(c), showing 

good agreement. Here the IQE was estimated based on reports of high performance OSCs,55 and 

then adjusted slightly to improve the EQE model fit. The estimated IQE of the OSCs is given in 

Figure 3.3(c) and was used throughout the modeling of the semitransparent OSCs. From the 

EQE and incident radiation the short circuit current (JSC) of the OSCs were determined. The 

modelled JSC was found to match the previous reported experimental results well.55,76 The power 

produced from the solar cells was then calculated assuming approximate values for the OSC 

open circuit voltage (Voc) and fill factor (FF) using experimental results for realistic estimates.60 

The VOC of FTAZ:ITM and PTB7-TH:IEICO-4F were taken as 0.95 V and 0.72 V under 1-sun 

illumination, respectively. The Voc was then varied depending on the photocurrent using a 

photodiode equation.100 A FF of 0.7 was assumed for both OSCs based on experimental results.60 

The modelled efficiency for opaque devices (i.e. with a Ag reflective back electrode) under AM 

1.5G conditions (1,000 W/m2) was approximately 11% and 12%, matching what has been found 

in the literature for similar device structures.55,76 The modelled efficiency for the semitransparent 

OSCs was approximately 9.5% and 10% respectively. Note that a temperature dependence of the 

OSC performance was not considered. Finally, a derating factor is an important parameter when 

considering system performance, to account for losses associated with inverters, connections, 

and soiling. A derating of up to 15% is often assumed, which depends on a range of factors of 

the system design and grid connection.101 Here we do not directly apply a derating factor, but 

consider OSCs that have efficiencies considerably lower than the best reported cells of over 

16%,53 resulting in a conservative estimate of power produced.  
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2.3. Results 

The results of the modelling for the three diverse climates are reviewed in this section. 

The results show that the energy balance between the two solar cells are similar and thus a focus 

is placed on the PTB7-TH:IEICO-4F based solar cells given its greater transmittance over PAR. 

Comparative FTAZ:IT-M based solar cell results are primarily given in Chapter 3 and 

Appendix B. 

 

2.3.1. Heating and cooling load 

The monthly heating load for both the conventional and PTB7-TH:IEICO-4F OSC-

greenhouse is shown in Figure 2.3 (with FTAZ:IT-M given in Figure 3.4). It is found that in all 

three locations, the OSC-greenhouses have a decrease in the heating load compared to the 

conventional greenhouse due to the low-e nature of the solar cells resulting in lower thermal 

radiation losses. This decrease is highest in AZ where the heating load dropped by 54%, 

followed by NC (46% drop) and then WI (32% drop). The cooling load is met by fans used for 

ventilation and evaporative cooling. The monthly energy consumption by the fans is given in 

Figure 2.3 for both the conventional and OSC-greenhouse. The energy consumption by the fans 

is also reduced in the OSC-integrated greenhouses compared with the conventional greenhouse 

in all three climate locations. This decrease is the greatest in WI where the cooling load dropped 

by 12%, followed by NC (8% drop) and then AZ (6% drop). This reduction in cooling load is 

due in part to the drop in solar insolation entering the OSC-greenhouses due to the 

semitransparency of the solar cells. This includes light absorbed by the solar cell as well as the 

low-e nature of the OSCs that assists in reducing the thermal gains from the IR portion of 

sunlight. 
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The impact of OSC integration on the water consumption used by the evaporative pad 

cooling system is shown in Figure 3.7. The reduction in cooling load in the OSC-greenhouse in 

AZ results in lower water consumption compared to the conventional greenhouse. However, in 

both NC and WI water consumption by fan and pad cooling system in the OSC-greenhouse is 

comparable to the conventional greenhouse. In AZ, the OSCs continually provide shading 

throughout the year lowering the solar gain in the greenhouse and thus reducing evaporative 

cooling demand. In NC and WI the evaporative cooling demand is timed more closely with the 

use of the shade cloths in the conventional greenhouse. As discussed below, the OSC-greenhouse 

and conventional greenhouse with shades deployed have similar radiation enter the greenhouse 

and therefore these systems have similar water consumption associated with evaporative cooling. 
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Figure 2.3 (a) Heating demand, ventilation energy demand, and energy generation in Arizona 

(AZ), (b) Heating demand, ventilation energy demand, and energy generation in North Carolina 

(NC), (c) Heating demand, ventilation energy demand and energy generation in Wisconsin (WI), 

(d) Annual total energy demand and energy generation for AZ, NC and WI. 

 

2.3.2. Meeting the load with solar power 

The energy harnessed by the OSCs is given on a monthly basis and annually in Figure 

2.3(a-d). As expected, the power generation by the OSCs is largest in the summer and drops in 

the winter months. In AZ there is a surplus of energy production for the entire year, with every 

month producing surplus power. This results in the solar cells producing nearly 2 times more 

energy than necessary to meet the heating and cooling load. In both NC and WI, the solar cells 
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continue to produce a surplus of energy in the summer but are unable to meet the monthly 

demand in portions of the winter months. On an annual basis, we find that in NC the solar cells 

exceed greenhouse energy demand producing 10% more energy than needed, while in WI the 

solar cells meet 46% of the total greenhouse energy demand. 

 

2.4. Discussion 

2.4.1. Differences in plant irradiation 

 

Figure 2.4 Monthly averaged daily total solar insolation over the full solar spectrum and over 

PAR incident on plants for conventional (conv.) and PTB7-TH:IEICO-4F OSC-greenhouses for 

(a) Arizona (AZ),  (b) North Carolina (NC), (c) Wisconsin (WI), (d) Annual energy balance and 

relative drop in annual insolation over PAR for PTB7-TH:IEICO-4F OSC-greenhouses with 

variation in active layer thickness for AZ, NC, and WI 
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At this stage it is important to highlight that the reduction in radiation into the OSC-

greenhouse is not as large as the transmittance of the organic solar cells would suggest as shown 

in Figure 2.4 for PTB7-TH:IEICO-4F OSCs and in Figure 3.5 for FTAZ:IT-M OSCs. While the 

PTB7-TH:IEICO-4F OSCs has a transmittance of 36% over the entire solar spectrum, the total 

light transmitted into the OSC-greenhouse is only 32% lower than the conventional greenhouse 

in AZ in January. This difference is due to the sun’s path over the course of the day and season 

(i.e. day arc). In the morning and evening a significant fraction of sunlight enters the greenhouse 

through the walls. In addition, during the winter the sun has a lower altitude angle resulting in a 

further increase in sunlight entering the through the greenhouse walls. This radiation is not 

captured by the solar cells and enters the greenhouse space in the same manner as the 

conventional greenhouse. This pattern is seen in all three locations with a progressively greater 

fraction of light entering through the walls of the greenhouse as the greenhouses move north in 

latitude. Furthermore, in the summer months, the conventional greenhouse deploys shades with 

50% transmittance during the day following the schedule given in Table C1 to reduce 

greenhouse overheating. As shown in Figure 2.4, in months where the shades are deployed, the 

total irradiation incident on the plants is approximately 10% lower in the OSC-greenhouse 

compared to the conventional greenhouse in AZ. However, the irradiation over the PAR 

spectrum during these months is comparable for both the OSC and conventional greenhouse. 

These results have important implication for not only energy load but also plant growth. While 

plant growth is not directly considered in this study, the results show the expected changes in the 

light transmitted over the PAR spectrum between the conventional and OSC-integrated 

greenhouses from which impact on plant growth may be inferred.  
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To this point the analysis have been for active layer thicknesses that lead to the best 

performance OSCs for opaque devices, but this may not be the optimal case for integrating 

semitransparent devices on greenhouses. To assess this, we considered the impact of varying the 

active layer thickness on the energy produced and impact on radiation over the PAR spectrum 

entering the greenhouse. The electrodes of the OSC stack remain the same and at each active 

layer thickness the dielectric layer is re-optimized. The active layers thickness from 30 nm to 130 

nm was considered. The annual energy balance results for the two active layers and for all three 

locations are given in Figure 2.4(d) and Figure 3.6. Also plotted is the relative drop in the 

annual radiation over the PAR spectrum entering the greenhouse with the addition of the OSCs. 

In AZ, OSCs with active layer as thin as 50 nm still generates surplus energy. For the PTB7-

TH:IEICO-4F active layer, this results a reduction in annual radiation over the PAR spectrum of 

approximately 10% relative to the conventional greenhouse. In NC, Net Zero Energy (NZE) is 

achieved at an active layer thickness of approximately 110 nm for both FTAZ:IT-M and PTB7-

TH:IEICO-4F integrated greenhouse, which is close to the optimal thickness found for opaque 

devices.55,76 At this thickness, the PTB7-TH:IEICO-4F integrated greenhouse had a 25% 

reduction in annual radiation over the PAR spectrum.  

 

2.4.2. Hourly energy balance 

Insights into the energy balance can be gained by looking at the hourly energy load and 

the greenhouse interior temperature. The most illustrative cases are characteristic days in the 

winter and summer taken here as January 7th and July 26th for AZ. The days of the month which 

best represent the average monthly outdoor ambient temperature and relative humidity were 

selected. The comparison of the conventional greenhouse and the PTB7-TH:IEICO-4F OSC-
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greenhouse for AZ is given in Figure 2.5, and the cases for NC and WI for FTAZ:IT-M 

integrated greenhouse is given in Figure B1 and Figure B2 respectively.  

First considering January, we see that in AZ heating is needed at night, but during the day 

the solar gains are significant enough that ventilation to cool the greenhouse is still necessary. It 

is shown that the heating requirement is lower at night in the OSC-integrated greenhouse due 

primarily to the low-e OSC. During the day the ventilation energy load of the OSC-greenhouse 

was also reduced given the lower radiation entering the greenhouse. Similarly, in the cold 

climate (WI), the low-e OSC reduces heat loss in the greenhouse at night. During the day, the 

OSC greenhouse has lower transmittance resulting in a lower interior greenhouse temperature. 

However, the greenhouse air’s moisture content remains similar with respect to a conventional 

greenhouse, and thus the lower temperature raises the relative humidity of greenhouse. This 

leads to a need for more ventilation in the OSC-greenhouse resulting in greater energy 

consumption during the day. This additional ventilation need is sporadic throughout the winter 

but is one contributing factor to the reduced energy load savings when going to a cold climate.  

Now considering July, we find that it was more difficult to meet the temperature set-point 

for both the conventional and OSC-greenhouses in the warmer climates. As seen in Figure 

2.5(d) the fan and pad cooling system is operating nearly the entire day in July in AZ. 
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Figure 2.5 Greenhouse air temperature below shades and energy consumption in Arizona for 

conventional and PTB7-TH:IEICO-4F OSC integrated greenhouse for (a) Air temperature for a 

typical day in January, (b) Electric energy consumption for fan and pad cooling and total energy 

consumption for a typical    day in January, (c) Air temperature for a typical day in July, (d) 

Electric energy consumption for fan and pad cooling and total energy consumption for a typical 

day in July 

 

The inability to meet the temperature set-point is a common challenge in warm climates, 

and typical practice is to continue operations while cooling to the full possible extent. When 
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moving to colder climates, both greenhouse types can improve their ability to meet the 

temperature set-points and the cooling loads are similar between conventional and OSC 

greenhouse systems. Here, it is important to note that in Figure 2.5 there is a discontinuity in the 

temperature and energy consumption data from 24 hours to 0 hours. This is due the analysis 

using typical meteorological year data on an hourly basis. We select representative days of the 

season, but each day has a unique weather pattern and resulting in a unique greenhouse load. 

 

2.4.3. Solar cell impact on greenhouse heating and cooling demand 

The combination of the ITO electrodes and the 4-layer dielectric coating in the OSC stack 

increases the reflectance in the IR portion of the solar spectrum thereby lowering the thermal 

emissivity of the OSC-greenhouse with respect to the conventional greenhouse. The low-e nature 

of the OSCs reduce the radiation heat loss from inside the greenhouse lowering the heating 

demand as shown in Figure 2.3 and Figure 2.5. The reduced heating is observed in all three 

locations considered. However, the heating load savings reduces as the greenhouse moves 

toward colder climates due in part to the reduced transmittance of the OSC stack lowering the 

solar heat gain during the day. In colder climates with higher heating loads, the loss of sunlight 

transmitted into the greenhouse results in a greater need for external thermal input for 

temperature and humidity control. Similar to the heating demand, the annual cooling load for the 

OSC-greenhouse reduces in comparison to a conventional greenhouse due to lower solar heat 

gain throughout the year. This reduced solar gain is from the high reflectivity of the OSC in the 

infrared region of the solar spectrum and the lower net transmittance of the OSC stack in 

comparison to the conventional greenhouse. The reduction in total radiation entering the OSC-

greenhouse during the summer lowers the cooling load and removes the need for commonly 
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employed shade cloths that are used in conventional greenhouses in the summer to avoid 

overheating. Hence, the OSCs employed provide better temperature control inside the OSC-

greenhouse in comparison to the conventional greenhouse even if the greenhouse air temperature 

still frequently exceeds the set-point temperature during summer. 

 

2.4.4. Achieving net zero energy (NZE) greenhouses 

In all three selected locations (AZ, NC and WI), the annual heating demand forms a 

significant fraction of the total energy demand. In AZ, NC and WI, the heating demand accounts 

for 50%, 75% and 94% of the total energy demand respectively. Comparing the energy load in 

all the three locations, we find that Phoenix, AZ by virtue of its low heating demand and high 

solar insolation, provides ideal conditions for an OSC-greenhouse leading to a large annual 

surplus energy generation. In addition, the OSC-greenhouse does not observe a large drop in 

irradiance over PAR due in part to the large use of shade cloths in this climate. Hence, there is 

immense potential to achieve NZE greenhouses in Phoenix, AZ with minimal impact on plant 

growth. In both NC and WI, the solar cells continue to produce a surplus of energy in the 

summer but are unable to meet the monthly demand in portions of the winter months. On an 

annual basis, we find that in NC the solar cells exceed greenhouse energy demand thereby also 

providing potential for achieving NZE greenhouses. In WI, the cold climate incurs a significant 

heating load in the winter that the solar cells could not meet. However, applying additional 

energy conservation measures, higher efficiency solar cells, and modified operating schemes 

such as winter shut downs will improve the prospects of achieving a NZE greenhouse in cold 

climates.  

 



   

46 
 

2.4.5. Extrapolating performance using conceptualized organic absorbers 

So far, we considered high efficiency OSC active layers that partially absorb over the 

PAR spectrum. While this method succeeds in offsetting greenhouse energy demand, it may or 

may not be the best absorption characteristics for greenhouse integration without impacting plant 

growth. As a simple approximation to explore the opportunities associated with changing the 

absorption characteristics of the active layer, we consider a conceptual active organic 

semiconductor layer. We start by modelling the organic semiconductor absorption coefficient as 

a primary optical transition with two additional vibronic bands that are broadened using a 

Gaussian distribution function in energy.102,103 The absorption coefficient was then converted to 

extinction coefficient. The magnitude of the extinction coefficient and bandwidth of absorption 

are chosen to match commonly observed values in organic semiconductors.103 Additional 

common features in the absorption profile such as an extended tail at higher energies, and higher 

energy band transitions are not included due to the large variation in possible absorption 

profiles.102 Once the extinction coefficient was estimated the refractive index was determined via 

Kramer-Kronig relations. Two of these conceptual materials were created to approximate the 

donor and acceptor of the active layer and set to have complimentary absorption bands resulting 

in an approximate 400 nm bandwidth, as shown in Figure 2.6 and Figure B3. The donor and 

acceptor material are assumed to be blended 1:1 by volume. The absorption edge of the active 

layer (which defines the semiconductor bandgap) was then freely defined. In this model, the 

solar cell had the same device architecture given in Figure 2.2(a) but without the 4-layer 

dielectric coating. For each bandgap considered, the thickness of the active layer was varied to 

ensure an average transmittance over PAR of at least 35% which is comparable to the OSCs 

considered above. A maximum thickness of the active layer was set to 300 nm. 
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Figure 2.6 (a) Idealized optical constants for an organic solar cell absorbing with an absorption 

bandwidth of 400 nm and an absorption edge at 1100 nm (or 1.13 eV), (b) Surplus energy 

generation as a function of solar cell bandgap (defined by the solar cell absorption edge) for a 

greenhouse in Arizona (AZ), North Carolina (NC) and Wisconsin (WI) 

 

To determine the power generation of this OSC, we continue to use the same approach to 

estimate JSC as described above, and the fill factor was set to 0.7. The VOC of the solar cell under 

1-sun illumination was taken as the bandgap energy (Eg) of the active layer divided by a unit 

charge (q) and included a 0.3 V loss (Eg/q – 0.3 V).55 While OSCs with voltage losses less than 

0.1 V have been demonstrated,104 we choose a conservative 0.3 V loss similar to that observed in 

PTB7-TH:IEICO-4F OSCs.55 The VOC was then varied depending on the photocurrent using the 

same approach as the material defined active layers. Through this analysis we find that as the 

active layer absorption moves into the IR to limit overlap of absorption between the OSCs and 

plants (Figure 2.2(d)), there is a reduction in the ability of the solar cell to meet the energy needs 

of the greenhouse, as shown in Figure 2.6(b). However, we find that the conceptualized solar 
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cells with absorption predominately outside the PAR spectrum is still able to achieve an annual 

surplus in energy for an OSC-greenhouse in AZ, and meets the annual energy demand in NC. 

Thus, OSCs with minimal absorption overlap with PAR can achieve NZE greenhouses in warm 

and moderate climates. In WI, no bandgap value considered was able to meet the energy demand 

of the greenhouse. While this is a simple model, these results show that there is a rich 

opportunity to optimize organic solar cells to balance light absorption for power generation to 

meet the energy load of the greenhouse while also optimizing transmittance for plant growth. 

 

2.5. Conclusion  

Through a detailed custom-tailored dynamic energy balance model, we considered the 

opportunity for semitransparent organic solar cells to be integrated onto greenhouse structures to 

achieve NZE controlled environment agriculture. The analysis considered two solar cells active 

layers in 3 distinct climates. We find that in hot (AZ) and mixed-humid (NC) climates, that OSC-

greenhouses could generate the energy necessary to manage the thermal load of the facility 

throughout the year. In AZ and NC there is a significant surplus in solar power generation 

suggesting opportunities to support supplemental lighting or feed electricity into the grid. 

However, this model only considered static solar cells and limited design optimization and it is 

expected that further improvements are possible.  

The analysis also revealed that there are significant energy load savings when integrating 

the OSCs solely due to the low-e nature of the ITO electrodes and optical coating. The low-e 

coating reduces IR transmittance from sunlight reducing overheating, and also increases IR 

reflectance from thermal radiation from within the greenhouse thereby retaining the thermal 

energy inside the greenhouse during the night. Through the improved thermal trapping at night, 
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the OSC-greenhouses have significantly lower energy demand in the winter in all three locations. 

The reduction in the heating load of the greenhouse with the OSC addition ranges from 54% in 

AZ, 46% in NC and 32% in WI. Although, the OSC power generation in WI did not meet the 

greenhouse energy demand, the drop in heating demand constitutes a significant energy savings 

making the overall greenhouse production more attractive in cold climates. It was found that 

there was not a significant difference in the cooling demand between the conventional and OSC-

greenhouses when compared to the savings in heating demand. This is associated with the OSCs 

resulting in a similar sunlight transmittance reduction as the deployed shades in the conventional 

greenhouse. While the energy savings aren’t as significant in the summer, the solar cells 

effectively act as the shade with the added benefit of harnessing the excess energy. A second 

important insight of this modelling is that the irradiance over the PAR waveband entering the 

OSC-greenhouse was not reduced as significantly as the OSC transmittance would suggest. 

There are two primary reasons for this including a significant portion of sunlight entering 

through the uncoated walls of the greenhouse and the removal of the need for shade cloths during 

the summer. The use of OSCs as replacements for shade-cloths is particularly beneficial in hot 

climates (AZ) where shade cloths are used over a larger portion of the year. The change in 

irradiation on plant growth was not considered explicitly and this is an important consideration 

for future study. As a first approximation, we considered changes in active layer thickness to 

balance power generation and radiation entering the greenhouse. We found that the energy needs 

of the greenhouse could be met in AZ and NC with an annual reduction in PAR radiation of only 

10% in AZ and 25% in NC.  The expected OSC-greenhouse performance if the active layer 

absorption characteristics could be modified to compliment the plant growth as needed was also 

considered. In the case of the active layer absorption being predominately outside of PAR, we 
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find that the OSCs are able to meet the energy demand of greenhouses in AZ and in NC. In our 

analysis, a thorough optimization of the solar cell design, orientation, deployment strategy as 

well as greenhouse operating practice was not completed. It is expected that further gains in 

system performance are likely possible with further optimization. Nevertheless, given realistic 

solar cell performance metrics and greenhouse energy demands, it is clearly found that the solar 

power generation can supply most if not all the thermal energy needs of the greenhouse in warm 

and moderate climates.  

Overall, our modeling demonstrates that there are significant opportunities for achieving 

net-zero energy OSC-greenhouse operation and provides a foundation for future optimization. 

With the developed energy model being able to predict energy load, solar power generation, and 

light entering the greenhouse, there is immense scope to utilize the data to explore options for 

energy storage, solar cell optimization, supplemental lighting, and plant growth optimization. 

The results also support further research into improved and stable semitransparent OSCs.  
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3. Thermal Analysis of Semitransparent Organic Solar Cell integrated Greenhouses 

 

(From “E.Ravishankar; B.T.O’Connor, Achieving Net Zero Energy Greenhouses by Integrating 

Semitransparent Organic Solar Cells (supporting information), Joule, 2020, 4(2), 490-506.” 

 

* The author of the dissertation is the first author of the research paper.) 

 

3.1. Greenhouse HVAC modelling 

      Heating and cooling demand for a greenhouse is calculated based on the energy flux 

between the greenhouse and its environment. These fluxes are formulated based on known 

ambient conditions, solar insolation, and physical elements of the greenhouse. The components 

of the greenhouse considered are broadly divided into the inner layer of ground, surface layer of 

the ground, vegetation layer, air inside the greenhouse, and roof.10,80 This energy balance is 

formulated separately for the case of with and without shades. When shades are employed inside 

the greenhouse, the air inside the greenhouse is divided into region beneath and above the shade 

with each of these two components having a different temperature (Figure 2.1). When a 

greenhouse is operating without shade, the temperature of air beneath and above the shades 

become one. This is shown in Figure 3.1. The ambient outdoor temperature and humidity are 

taken from typical meteorological year (TMY3) data provided by NREL.81 Results from 

modelling are provided for three distinct climate conditions within the US. Data is taken for 

Raleigh NC, Phoenix AZ, and Antigo WI. The average temperature and relative humidity for all 

the locations are shown in Figure 3.2. 
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Figure 3.1 Schematic of the energy fluxes for OSC-greenhouse with shades not deployed. The 

energy balance include the temperature of the greenhouse elements (T), the absorbed solar 

radiation (S), and sensible and latent heat transfer terms (q)  

 

      For the overall analysis, the model was run with a timestep of 2 seconds. It is important 

to note here that greenhouses can exist with either a soil or concrete as the floor media.105,106 In 

case of concrete flooring, the crops are either placed in pots on the floor or raised off the floor 

through tables and are grown in trays as shown in Figure 3.1. This is a common approach 

currently employed in commercial greenhouses.107 In greenhouses with soil as the flooring 

media, the plants can be placed directly on the soil or by placing pots on the floor.108 While, this 
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technique is more common in high tunnel greenhouses, we select soil flooring as a conservative 

approach to energy modelling where the additional thermal resistance of concrete is not 

considered.  

 

 

Figure 3.2 Monthly average ambient temperature and relative humidity for (a) Arizona (AZ), (b) 

North Carolina (NC), (c) Wisconsin (WI) 

 

In the energy balance calculations, the following assumptions are made:  

1. A 1-D model is considered where temperature within the greenhouse is assumed to vary only 

vertically. Hence the components of greenhouse under consideration are soil, vegetation, air 

inside the greenhouse and roof of the greenhouse. No horizontal heat fluxes are considered 

similar to previous models.10,80  

2. All structural elements are considered to be homogenous except for the ground which is 

divided into two sublayers with the top surface being diurnally variable if considered as a soil 

and the bottom of the inner ground layer assumed to be at a constant temperature.11,80 

3. The vegetation layer is treated as a bulk surface covering the entire ground area of the 

greenhouse. This layer has a representative temperature at which it emits thermal radiation. 

The emissivity of plants is taken to be 0.96.14  
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Based on best practices, 25% of the light entering the greenhouse is reflected out and does 

not attribute to any heat gain inside the greenhouse. Another 25% of light is absorbed by the 

vegetation and contributes to heat gain. The remaining 50% of the light entering the 

greenhouse leads to a sensible thermal load.14 Part of the latent load is from 

evapotranspiration from the plants due to light absorption, leaf area index and difference in 

partial pressure between the vegetation and air inside the greenhouse.82 

 

3.2. Energy balance with shades deployed inside the greenhouse 

The energy balance for each component of the greenhouse is outlined below. 

3.2.1. Energy balance at surface of the ground 

Energy flux at the ground surface includes thermal radiation exchange between the 

surface of the ground and vegetation ( ), conduction heat transfer to the inner layer of 

ground ( ), internal convection heat exchange between the surface of ground and 

greenhouse air beneath the shades ( ), and perimeter heat loss ( ) through the 

vertical area under the greenhouse perimeter and is given by,   

.   (2.1) 

Radiation flux between ground and vegetation is given by, 

),    (2.2) 

where, σ is the Stefan-Boltzmann constant (W/m2-K4),ϵv is the emissivity of vegetation, Ts1 is the 

temperature of top surface layer of ground (°C), and Tv is the temperature of vegetation (°C). 

The conduction heat transfer between the ground surface and inner surface of ground is given by, 

.      (2.3) 
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where, ks is the thermal conductivity of the ground (W/m-K), Ts2 is the temperature of inner 

ground surface layer (°C), and Zs1 is the depth of top ground surface layer (m). Convection flux 

between the ground surface and air is given by, 

.   (2.4) 

Convective heat transfer is assumed to be solely from natural convection.109 The convection heat 

transfer coefficient between top ground surface layer and air beneath the shades is given by, 

   (2.5) 

where, Tai1 is the temperature of air beneath the shade (°C). The perimeter heat loss between the 

ground surface and ambient temperature is given by,11 

,   (2.6) 

where Fp is the perimeter heat loss factor (W/m-K), Pm is the perimeter of the greenhouse (m), 

Aground is the area of the ground (m2), and Tao is the temperature of ambient air (°C). Since, the 

top ground surface layer varies diurnally with greenhouse conditions in case of being a soil layer 

and is considered to have a smaller thickness in comparison to the inner ground surface layer,80 

the energy storage associated with this layer is considered negligible. 

  

3.2.2. Energy balance for the inner layer of ground 

The conduction between surface ground layer to the inner layer of ground at a depth of ts1 

( ), and conduction from the inner layer of ground to a temperature invariant layer 

( ) at a depth of Zs2 is given by,  

,   (2.7) 

The conduction from the inner layer of ground to the temperature invariant ground is given by, 
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,   (2.8) 

where, Tgw is the ground water temperature (°C), and ts2 is the depth of inner ground surface 

layer (m). The change in the energy stored in the inner layer of soil per unit ground area ( ) is 

given by, 

   (2.9) 

where, Cg is the volumetric soil heat capacity (J/m3-K), Ts2,i is the temperature of inner ground 

surface layer at current time, Ts2,i-1 is the temperature of inner ground surface layer at current 

time minus time step Δt(s). 

 

3.2.3. Energy balance at vegetation layer 

The net energy flux at the vegetation layer includes the absorbed solar radiation by the 

vegetation ( ), convection heat exchange between the vegetation and the greenhouse 

environment ( ), thermal radiation exchange between the vegetation and roof 

( ), thermal radiation exchange between vegetation and surface layer of ground 

( ), thermal radiation exchange between vegetation and outside environment through the 

roof ( ), heat supply by the root zone heating system ( ), and transpiration 

exchange between vegetation and air beneath the shades in the greenhouse ( ).  

  (2.10) 

where,  is the rate of change of energy stored in the plants per unit ground area. The individual 

terms are given by,  

,   (2.11) 
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where shade is the transmittance of the shade, IT,roof is the solar insolation transmitted through the 

roof of the greenhouse (W/m2), IT,walls is the solar insolation transmitted through all of the 

greenhouse walls (W/m2).  

,   (2.12) 

,   (2.13) 

and, 

).   (2.14)  

The view factor between vegetation and roof is given by,10 

,   (2.15) 

where, Ac is the total roof area (m2), and ϵc is the emissivity of the roof. Radiation flux between 

vegetation and sky temperature is given by, 

)   (2.16) 

where f denotes the fractional area uncovered by the shade. The sky temperature is the 

temperature at which ambient conditions emit thermal radiation given by,14 

.   (2.17) 

The emissivity of the sky depends on the cloud cover factor and the emissivity on a clear, 

cloudless day. These are given by,14 

,  (2.18) 

and 

.    (2.19) 

The clearness index Kt is given by, 

 ,    (2.20) 
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where  is the average total solar insolation on a horizontal surface as obtained from NASA-

SSE.93 The extra-terrestrial solar insolation (I0) is given by,91 

,    (2.21) 

where hss is the hour angle at sunrise (°),  is the ratio of distance between the sun and the earth 

to the mean earth-sun distance, Esc is the solar constant (1367 W/m2), h0 is the daily average solar 

elevation outside of the atmosphere (°). 

.  (2.22) 

The wet bulb temperature (Twb) depends on the relative humidity and the temperature of the 

ambient environment given by,110 

.  (2.23) 

According to Jolliet,82 the energy flux lost by plants due to transpiration exchange between the 

plant and air in terms of absorbed solar insolation (Sv) and vapor pressure deficit between the 

vegetation and air beneath the shades inside the greenhouse. This is given by, 

,   (2.24) 

where a denotes how the influence of solar radiation towards transpiration depends on the leaf 

area index. At high LAI this value approaches 1. This empirical relation is given by, 

 .  (2.25) 

The influence of the vapor pressure deficit on internal convective heat transfer coefficient (ht) 

driving transpiration increases linearly with LAI. This parameter also depends on the solar 

radiation because of the closure of stomata at night or low light conditions.  This is given by,82  
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,   (2.26) 

where, , , , , , and . Vapor pressure of 

a component depends on its temperature and relative humidity. The vapor pressure of vegetation 

is calculated assuming a well-watered plant, i.e. having 100% relative humidity. The vapor 

pressure relations are given by,111 

    (2.27) 

    (2.28) 

where RHai is the relative humidity of air. The rate of change of energy of plants per unit ground 

area is given by,83 

   (2.29) 

where Mp is the crop density (kg/m2), cpw is the specific heat of water (J/kg-K), Tv,i is the 

temperature of vegetation layer at current time (°C), and Tv,i-1 is the temperature of vegetation 

layer at current time minus time step Δt (°C).   

Glass greenhouses while providing high transmittance, does not provide protection 

against radiation heat loss from the plants to the sky. Hence, greenhouses often supply a radiant 

heating system which runs along the floor of the greenhouse heating the vegetation (qrootheat).112 

This is generally not higher than 50 W/m2 to reduce stress in the plants caused by the heat. Such 

a system is considered here to ensure optimal temperature is maintained for the vegetation. This 
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root zone heating system gets activated only when the vegetation’s temperature drops beneath 

17°C. The system will turn off when the plant’s temperature exceeds 17.5°C. 

 

3.2.4. Energy balance for air beneath the shade in the greenhouse 

Energy flux for air varies due to sensible heat gain due to absorbed solar insolation ( ), 

convection heat exchange between the vegetation and air, convection heat exchange between the 

surface of ground and air, heat exchange due to infiltration and ventilation, and heat exchange 

due to convection between air beneath and above the shades. 

 (2.30) 

where the solar insolation transmitted through the roof, shade and walls of the greenhouse and 

contributing to sensible heat gain in the air beneath the greenhouse is given by, 

.   (2.31) 

Convection flux between the air beneath and above the shades is given by, 

,  (2.32) 

where Tai2 is the temperature of air above the shades (°C), and 

.   (2.33) 

Energy flux lost or gained by the greenhouse due to infiltration is given by,11 

,  (2.34) 

where ρa is the density of air (kg/m3), Ninf is the number of air changes per hour caused by 

infiltration, Vai1 is the volume of greenhouse beneath the shade (m3), and cpa is the specific heat 

of air (J/kg-K). Ventilation can occur with or without the evaporative fan pad cooling activated. 

When the evaporative cooling is active, the air entering the greenhouse is cooled down to its wet-
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bulb temperature given by equation 2.23. Considering an evaporative cooling pad efficiency (ηcp) 

of 0.8,12 the actual temperature of air entering the greenhouse is given by, 

.   (2.35) 

The energy flux lost or gained by the greenhouse due to ventilation is given by,10 

,  (2.36) 

where Nvent is ventilation air changes per hour, and fp is the fraction that indicates portion of 

evaporative cooling in total ventilation (fp = 1 indicates complete evaporative cooling, fp = 0 

indicates no evaporative cooling). The parameter qheat is the heat addition from the heater. The 

procedure followed to size the heater is as given in ASHRAE HVAC Applications.11 The sizing 

of the heater sets the rate of heat addition to the air beneath the shades in the greenhouse.  

,   (2.37) 

where Tai1,i is the temperature of air beneath the greenhouse at current time (°C), and Tai1,i-1 is the 

temperature of air beneath the greenhouse at current time minus time step (°C) 

 

3.2.5. Energy balance for air above the shade in the greenhouse 

Energy flux for air varies due to sensible heat gain due to solar insolation, heat exchange 

due to infiltration, heat exchange due to convection between air beneath and above the shade and 

heat exchange due to convection between the roof and air. 

,  (2.38) 

where the solar insolation transmitted through the roof and reflected by the shades contributing 

to sensible heat gain in the air above the shades is given by, 

.   (2.39) 
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Energy flux lost or gained by the greenhouse due to infiltration is given by, 

  (2.40) 

where Vai2 is the volume of greenhouse above the shades (m3). Convection flux between the air 

above the shades and inner surface of the roof is given by, 

,   (2.41) 

where, 

, 

,   (2.42) 

Tai2,i is the temperature of air at current time (°C), and Tai2,i-Δt is the temperature of air at current 

time minus time step (°C). 

 

3.2.6.  Energy balance for roof 

Energy flux for at roof varies due to thermal radiation exchange between the vegetation 

and roof (qrad,r-sky), heat exchange due to convection between the roof and air above the shades 

(qi,conv,ai2-r) and heat loss to ambient air through an overall heat loss coefficient (Uroof). Heat loss 

from the roof to air is influenced by both conduction of roof material as well as convection. 

Apart from this overall heat loss factor, the roof experiences a radiation heat exchange with the 

sky (qrad,r-sky). This is accounted for separately.  

 ,  (2.43) 

where, the overall heat loss coefficient of roof is given by,14 

     (2.44) 
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where kc is the thermal conductivity of roof of greenhouse (W/m-K). The parameter ho,r-ao 

denotes external convective heat transfer coefficient. This is influenced by the ambient wind 

velocity. Air flowing over the roof of the greenhouse depending on the wind speed and 

characteristic length of the roof can be categorized as laminar or turbulent which in turn affects 

the external convective heat transfer coefficient. External heat transfer coefficient is given by,14 

   for Re ≤ 5x105, (2.45) 

   for Re > 5x105, (2.46) 

where the characteristic length of roof is given by, 

.    (2.47) 

Reynolds number is given by, 

.    (2.48) 

Prandtl number is given by, 

,    (2.49) 

where ka is the thermal conductivity of air (W/m-K). For this simulation, the wind velocity is 

provided by TMY3 data along with ambient conditions for a selected location.19 

.  (2.50) 

The parameter Rti denotes the total impinging thermal radiation on the roof of the greenhouse. 

Apart from the thermal radiation, the temperature of the roof increases by absorptance of 

sunlight during day time (Sabs,roof). This is determined through the absorptance of the non-active 

layers in the OPV stack found using the transfer matrix model. The relation for Rti is given by, 

,   (2.51) 
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where the radiation flux from the sky is given by, 

.   (2.52) 

The parameter Rbb denotes the black body soil radiation. The outside ground temperature is the 

equivalent of outside roof temperature in the absence of vegetation surrounding the greenhouse. 

This is given by,10 

.   (2.53) 

When the shades are not deployed, the air beneath and above the shades were considered to be a 

single system (Tai1 = Tai2), and the model uses a shade transmittance of 1. All other relations 

remain similar to the energy balance equations listed for a greenhouse with shades deployed. 

 

3.3. Humidity balance for air beneath the shade of the greenhouse 

      The humidity in the greenhouse drives the latent thermal load. Water content of air inside 

the greenhouse varies due to net latent load added or removed. The components of latent load 

include transpiration from the plants and interaction due to ventilation and infiltration air 

exchange. The combination of sensible and latent energy change of air causes a change in 

relative humidity of the air in the greenhouse. The model computes change in relative humidity 

by starting with the initial value of relative humidity of air inside the greenhouse beneath the 

shades provided for computation (RHai1,old) and computes the change in moisture content due to 

latent loads added or removed to the greenhouse leading to the new relative humidity inside the 

greenhouse (RHai1,new). The latent energy load of the air beneath the shades is given by,  

,   (2.54) 

where the latent energy load of the air inside the greenhouse due to infiltration is given by, 

    (2.55) 
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the vapor pressure of ambient air and greenhouse air is given by, 

    (2.56) 

,     (2.57) 

where P is the barometric pressure of air (Pa). The latent energy flux added or removed to air 

inside the greenhouse due to ventilation is given by,12,82 

 , (2.58) 

During evaporative fan pad cooling, the vapor pressure of air entering the greenhouse depends 

on the efficiency of fan pad cooling system and is given by, 

,   (2.59) 

where,   

.       (2.60) 

The latent load added or removed due to transpiration, infiltration and ventilation causes a 

change in moisture content of air inside the greenhouse. The change in mass of moisture content 

inside the greenhouse is given by, 
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                                      (2.61) 

where, L is the latent heat of vaporization (J/kg-K). The mass of moisture content of air inside 

the greenhouse in the current step is given by, 

.   (2.62) 

where the moisture content in the previous step is given by, 

.   (2.63) 

The humidity ratio of air inside the greenhouse in the previous step is given by, 

.    (2.64) 

The mass of dry air inside the greenhouse is given by, 

   (2.65) 

The humidity ratio of air in the current step is given by, 

.    (2.66) 

The vapor pressure of air in the current step is given by, 

.   (2.67) 

The relative humidity of air inside the greenhouse in the current step is given by, 

.    (2.68) 

For the region above the shade, air exchange due to infiltration forms the only source of latent 

load addition. It is assumed that with the shade in place, ventilation and transpiration loads are 

limited to the region beneath the shade. During simulation, it was observed that while the 

humidity ratio of air above and beneath the shade looked similar, the relative humidity changes 

due to difference in temperature. 
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3.4. Solar resource 

We employ an isotropic sky model to predict the solar radiation incident on the 

greenhouse and solar cells.113 In this model, the solar radiation on an inclined surface includes 

the direct beam radiation, diffuse radiation and the radiation reflected from the ground. The 

hourly solar radiation on any surface i with a tilt angle (β) includes,91 

,      (2.69) 

,     (2.70) 

,    (2.71) 

where, Ib,i is the hourly beam radiation incident on an inclined surface (W/m2), Ib is the hourly 

beam radiation on a horizontal surface (W/m2), Id,i is the hourly diffuse radiation incident on an 

inclined surface (W/m2), Id is the hourly diffuse radiation on a horizontal surface (W/m2), Ir,i is 

the hourly radiation reflected from the ground and incident on an inclined surface (W/m2), andρr 

is the ground reflection constant taken here as 0.2.91 The angle of incidence of the beam radiation 

on an inclined surface (i) is given by, 

,   (2.72) 

where, αs is the solar altitude angle (°), as is the solar azimuth angle (°), aw is the surface azimuth 

angle (°), βi is the tilt angle of the surface (°). The solar altitude and azimuth angle are calculated 

by the following relations, 

,    (2.73) 

,     (2.74) 

where, δs is the declination angle (°), L is the latitude (°), and hs is the hour angle of the sun (°). 

δs depends on the nth day of the year while hs depends on the time of the day. The values of these 
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parameters as well as the convention considered for solar and surface azimuth angles have been 

calculated as described by Goswami.91 The monthly average beam (  and total solar radiation 

(  data incident on a horizontal surface are provided by NASA-SSE.93 This represents the 

mean hourly global solar insolation over an average day of each month in a given location. This 

data was broken down into hourly beam and diffuse component by using the daily integration 

model described by Gueymard.90 This method is used to determine the hourly direct, diffuse and 

reflected solar radiation on a horizontal surface, and the clearness index. Effective beam 

radiation incidence angles at which the diffuse and reflected radiation approach the surface of the 

greenhouse is given by,92 

,    (2.75) 

,    (2.76) 

 

3.5. Optical modeling 

A transfer matrix optical model is used to determine the transmittance of insolation 

through the greenhouse glass structure, as well as the transmittance and absorptance of the 

semitransparent organic solar cells.60 Details of the model can be found elsewhere,94,95 and we 

only provide a partial review here. The device structure of the OSC is given in Figure 2.2 and is 

sandwiched between two 2 mm-thick glass layers. In this structure, the glass layers are 

considered optically incoherent, while the light passing through the active layers does so with 

coherent interactions. 

Critical to the energy balance of the system is the power produced by the organic solar 

cells. This is calculated by first determining the light absorption in the active organic 

semiconductor layer. To determine the absorptance, the attenuation of the electric field intensity 
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propagating through the active layer is first calculated using an incremental step size of 0.2 nm. 

The electric field inside the active layer (j) with thickness dj, at step (z) is given by (with 

superscript s and p denote polarization), 

 .   (2.77) 

where E is the electric field in the forward (+) and backward (-) propagating direction. The stack 

consists of a total number of m layers and layer m+1 denotes air which is assumed to be in 

contact with the OPV stack. The electric field is normalized to the incident field intensity. 

We consider, 

.     (2.78) 

,     (2.79) 

and ϓ is the integer increment of step. Nj denotes the complex index of refraction for layer j 

given by,  

,      (2.80) 

where nj denotes the refractive index and kj denotes the extinction coefficient of layer j. 

,     (2.81) 

Considering the wave vector of light to be incident on layer j with an angle θj, and wave to be 

propagating in the x-z plane, the electric field component in the x, y and z direction are given 

by,114 

,     (2.82) 

,     (2.83) 

and, 
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.     (2.84) 

Here, and  denotes the front transmittance coefficient of p and s polarized light 

respectively.  

From the electric field, the incident intensity normalized absorbed energy is given by,95 

,     (2.85) 

.                                         (2.86) 

Summation of this absorbed energy over the thickness of the layer j gives the absorptance Aj,115 

.                                        (2.87) 

The absorptance in the active layer is then used to calculate the short circuit current density (Jsc). 

The short-circuit current depends on the ability to convert the absorbed photons into extracted 

charge carriers, which forms the internal quantum efficiency (IQE). The total short circuit 

current (JSC) is then given by,  

.                                        (2.88) 

The modelled absorptance of an opaque reference PTB7-TH:IEICO-4F,55 and FTAZ:ITM76 

device were modelled by replicating the device architecture. The optical model employed the 

optical constants shown in Figure 3.3. The refractive index of the active layers was measured 

using variable angle spectroscopic ellipsometer on films processed similar to those in previous 

reports.116,117 The IQE was assumed to be close to 1 and varied slightly with wavelength to fit the 

modeled EQE and experimental EQE taken from previous reports.116,117 A comparison between 

the modeled EQE and previously reported experimental EQE is given in Figure 2.2(c).  
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Figure 3.3 (a) Optical constants of all layers utilized for modelling the OSC device performance 

adapted from previous reports.1-4, (b) Optical constants of the active layers as measured using 

variable angle spectroscopic ellipsometry, (c) The modeled internal quantum efficiency (IQE) of 

the OSCs  

 

The light absorption in the active layer is shown above to be dependent on the angle of 

incidence. The sunlight’s direct and effective beam incident angles are obtained using relations 

given in section 1 above. Note that for the transparent greenhouse surfaces, the transmitted light 

intensity through a surface i is also based on the direct incident light angle and the average angle 

for diffuse and ground reflected light given by, 

.     (2.89) 

To get the power conversion efficiency of the solar cell, we assume an open circuit 

voltage (VOC) and fill factor (FF) of the solar module that is based on experimental estimates for 

1-sun conditions. The fill factor is assumed to be constant irrespective of the lighting conditions 

on the solar cell. The VOC was modeled to depend on JSC based on the photodiode equation given 

by,  

      (2.90) 



   

72 
 

where, N is the non-ideality factor, kB is the Boltzmann’s constant (m2 kg s-2 K-1), Trm is the 

temperature at standard test conditions for a solar cell (K), q is the charge of an electron (C), and 

J0 is the reverse saturation current density (A/m2). The reverse saturation current (J0) is given by, 

      (2.91) 

where, J00 is the current prefactor, N’ is the modified ideality factor, ΔEHL is the difference 

between the HOMO of the donor and LUMO of the acceptor. J00 and in turn J0 was fit to match 

Voc under 1-sun illumination. The power generated by the solar cell per unit area was then be 

calculated by, 

.       (2.92) 

This energy model was utilized to obtain energy demands of greenhouse integrated with 

both PTB7-TH:IEICO-4F (Figure 2.3) and FTAZ:IT-M greenhouses in the locations of Phoenix 

Az, Raleigh NC and Antigo WI. For an FTAZ:IT-M integrated greenhouse, the annual heating 

and cooling load along with power generation for all three locations is shown in Figure 3.4. 

Utilizing the calculated hourly incident solar insolation on the greenhouse along with the 

obtained transmittance of the glass walls and OSC integrated roof of the greenhouse, the total 

and PAR light entering the greenhouse is compared between a conventional greenhouse and 

OSC integrated greenhouses in Figure 2.4 and Figure 3.5. The temperature profile for air 

beneath the shades for a day along with the ventilation and total energy required by both 

conventional and OSC integrated (PTB7-TH:IEICO-4F) greenhouse for a 24-hour period in 

January and July for all three locations are plotted. This is shown in Figure 2.5 for AZ, Figure 

B1 and Figure B2 in Appendix B for NC and WI. The model allows for the variation in 

thickness of the active layer and the corresponding changes in greenhouse energy demand, power 

generation and solar insolation in the PAR wavelength region entering a ST-OSC integrated 
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greenhouses relative to a conventional greenhouse. This is shown for an FTAZ:IT-M greenhouse 

in Figure 3.6. 

The annual water consumption for evaporative pad cooling system utilized for ventilation in all 

three locations for both the OSC integrated greenhouses in comparison with the conventional 

greenhouse is shown in Figure 3.7. 

 

 

Figure 3.4 (a) Heating, electric ventilation energy demand and energy generation for FTAZ:IT-

M integrated greenhouse in Arizona (AZ), (b) Heating, electric ventilation energy demand and 

energy generation in North Carolina (NC), (c) Heating, electric ventilation energy demand and 

energy generation in Wisconsin (WI), (d) Annual total energy demand and energy generation for 

AZ, NC and WI 
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Figure 3.5 Monthly averaged daily total solar insolation and photosynthetically active radiation 

(PAR) (400-700 nm) incident on plants for conventional and organic solar cell (OSC) – 

FTAZ:IT-M integrated greenhouse for (a) Arizona (AZ),  (b) North Carolina (NC), (c) 

Wisconsin (WI) 

 

 

Figure 3.6 Annual surplus energy and relative drop in annual insolation over PAR for FTAZ:IT-

M OSC-greenhouses with respect to conventional greenhouses with variation in active layer 

thickness for AZ, NC, and WI  
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Figure 3.7 Water consumption for evaporative pad cooling system 

 

3.6. Greenhouse heating and ventilation system control 

The heating and cooling system gets activated based on a specified switch on and switch 

off temperature which is a common practice in greenhouses.29,80 Set-points explained here are 

based on results provided in Chapter 2. However, this system is applicable for any given 

greenhouse set-point temperature range. Heating is activated when the greenhouse temperature 

goes below 17°C at night and below 21°C during day. Once activated, the system switches off 

when the greenhouse temperature reaches 17°C at night and 24°C during daytime. For cooling, 

the ventilation fans are activated when the ambient temperature exceeds 18°C at night and 28°C 

during day time. The ventilation is switched off when the temperature drops below 17°C during 

night time and 24°C during day time. Evaporative cooling was activated when the outside air 

temperature is higher than the upper limit temperature set point in the greenhouse. An 80% wet 

pad cooling efficiency was considered for the system.11 This means the temperature of the air 

cooled by evaporation is higher than its dew-point temperature by 20%. For humidity control, 

when relative humidity exceeds 80%, the ventilation system was activated until the relative 
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humidity reaches 75%. If the temperature drops below the minimum set-point during this time, 

then the ventilation fans were turned off and the temperature was allowed to rise to 17°C or 24°C 

depending on day or night time conditions through heating. Then the ventilation fans were turned 

on again and this combination of alternating heating and ventilation cycle was repeated until 

humidity was controlled. Stringent humidity control was found to cause a significant increase in 

makeup heat to compensate for the additional ventilation.11 To keep heating load incurred to a 

reasonable amount, a modification to the humidity load is applied where the fans operate at the 

first-speed setting providing a maximum of 2 ACH. The second-speed setting was used only for 

temperature control.  

 

3.7. Validating greenhouse energy model 

Experiments and models for conventional greenhouses found in literature providing 

heating load, power consumption by ventilation fans, water consumption and humidity control 

were used for validation. Semple performed a simulation of a greenhouse in Detroit, Michigan 

providing detailed description of temperature, humidity set-points and shading schedules.83 The 

variation in heating load between the model described here and provided by Semple was 

approximately 1%. Similarly, Ahamed performed greenhouse energy modelling for a greenhouse 

in Saskatoon, Canada and computed the load for growing tomatoes and cucumbers. Apart from 

the differences in temperature set-point, the model also differentiates the two crops by their leaf 

area index (LAI) which impacts transpiration from the plants.27 Our model was found to be 

within 2% and 5% of Ahmed’s modeled load for the two cases considered. The power 

consumption by the fans was validated using the experimental data collected by Ibrahim et al., 

who tabulated the hourly power consumption over the period of a day and also gives the annual 
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load incurred for ventilating a greenhouse in Riyadh, Saudi Arabia.29 The difference between our 

model and the experimental data for the annual ventilation load was approximately 8%. One 

reason for this difference may be associated with a statement by the author that the fans 

consumed higher power than their rated wattage when switched on. The model considered here 

does not account for these transient fluctuations in power consumption. 
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4. Studying Crop Production under ST-OSC filters 

 

(From “E.Ravishankar; M.T.Charles; B.T.O’Connor, Balancing Crop Production and Energy 

Harvesting in Organic Solar Powered Greenhouses, CRPS, 2021, 2(3), 100381.” 

 

* The author of the dissertation is the joint first author of the research paper.) 

 

4.1. 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 environment 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 support 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 requires cooling approaches 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.5–7 As a result, the potential for greenhouses to be a form of high-intensity 

environmentally sustainable agriculture 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 1.7.35–37,39,70 In this 
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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. Semitransparent organic solar cells (ST-

OSCs) have been of particular interest as they have absorption characteristics that can be tuned 

to compliment the spectral light needs of the plant. This potential application also comes at a 

time of recent advancements in OSC power conversion efficiency with reports of power 

conversion efficiency now over 18% in opaque, small area research cells.52–58 Semitransparent 

OCSs have achieved power conversion efficiencies ranging between 8.1% to 10.2% with average 

visible transmittance (AVT) between 23% and 36%.58,59 Furthermore, evaporated small molecule 

devices with efficiencies of 10.8% and AVT of 45.7% have also been demonstrated.58 Recently, 

we have modeled the energy balance of ST-OSC integrated greenhouses showing that net zero 

energy systems can be realized in warm and moderate climates with the addition of moderately 

efficient ST-OSCs of the order of 10%.28 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. Recent economic analysis of organic solar 

cell integrated greenhouses revealed that while organic solar cells reduce environmental impact, 

compromising crop yield for power generation leads to a steep drop in net present value.32 This 

has led to several studies that have considered plant growth under solar cells,34,35,37,39,44 and more 

specifically under ST-OSCs.56,60,64,65 Mung bean sprouts grown under OSCs showed similar stem 

length compared to those grown under control conditions.56 However, this study was conducted 

over a relatively short period of the plant development, and the ability to extrapolate results to 

actual yields of commercial greenhouse crops is limited. Partial roof coverage with OSCs led to 

improved yield of peppers in comparison to plants grown under control conditions in the same 
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greenhouse.65 While these results are promising, the OSC roof coverage was limited to 

approximately 22%, with OSCs that had an average transmittance over the visible spectrum of 

less than 14%. In this case, the OSCs largely acted like spectrally neutral shade cloths and the 

low coverage limits power generation.65 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 and productivity.  

In addition to plant productivity, the OSC provides an opportunity to manage light 

transmittance from the UV to the infrared (IR). In particularly, 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 significantly thermal energy, and coatings that 

manage long wavelength (LW) IR can be used to maintain indoor greenhouse temperatures (i.e. 

provide a greater thermal barrier). 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 1.8.   

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.118 

Lettuce also has a reasonably short vegetative period allowing for multiple replications in a 

reasonably short period. Red leaf lettuce also generates compact plants, thereby allowing for a 

larger sample size for study under OSC filters.119  The OSC filters were composed of high 

performance active layers, namely FTAZ:IT-M, FTAZ:PC71BM and PTB7-TH:IEICO-4F.55,76,120 

as shown in Figure D1. The active layers were combined with PEDOT:PSS filters to mimic the 

optical properties of functional solar cells. These different active layers result in distinct 



   

81 
 

transmission characteristics over the photosynthetically active radiation (PAR) spectrum, which 

is defined as the wavelength range of light that drives photosynthesis (400 nm – 700 nm).21 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 environment growth 

chamber that allows for the comparison of plant growth and development 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 

spectrum does not have a statistically significant 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 and leaf number thereby minimizing 

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 highlights that a thorough characterization 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 spectrum. In the visible spectrum there is an opportunity to further tune 

transmission through OSC active layer selection and inclusion of distributed Bragg reflectors 

(DBRs). As part of this discussion, we demonstrate an OSC with active layer FTAZ:IEICO-

4F:PC71BM that has absorption characteristics that compliments chlorophyll absorption. The 
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solar cell performance was also characterized with the addition of DBRs to further manage light 

and power generation. We 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 near IR (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 greenhouse temperature in 

warm weather while low-ε coatings reduce the heating demand of the greenhouse in cold 

weather. The highlighted light management strategies afforded by the addition of ST-OSCs 

provides an increased ability to achieve high productivity, low environmental footprint 

agriculture.  

 

4.2. Experimental Procedures 

4.2.1. Plant growth experiment 

Lettuce seeds were germinated and grown in pots inside growth boxes of dimensions 21 

in x 10.5 in x 1.25 in. Each pot was filled with 50 % Sunshine Redi-Earth Pro growing mix and 

50 % pea gravel. The growth boxes were then planed in a controlled environment growth 

chamber that was 13 ft x 8 ft. The chamber utilizes twelve 440 W Ceramic Metal Halide (CMH) 

lamps and 24 incandescent bulbs. Each growth box was equipped with temperature, humidity 

and CO2 sensors that logged data every five minutes. The lighting and growth boxes positions in 

the environmental chamber were adjusted to ensure that similar intensity of light was incident on 

the top of each box. Given differences in transmittance of the filters, the light intensity incident 

on the plants in R3 ranged from 611 µmoles m-2 s-1 (29 moles m-2 day-1) for the control to 285 

µmoles m-2 s-1 (13 moles m-2 day-1) for FTAZ:IT-M. Plants under FTAZ:PC71BM filter and 
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PTB7-TH:IEICO-4F filter have a daylight integral of 17 moles m-2 day-1. To regulate 

temperature inside the box, each box housed two constant speed DC motor 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 germination, 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 21/19 °C 

(day/night) and a carbon dioxide concentration of 450 µmol mol-1. To compensate for positional 

light variance, the pots are rotated within each box alternate days. Harvest was carried out at two 

stages of the growth cycle with the “transplant stage” being at 21 days after germination and the 

“final harvest” stage at 35 days. At each stage, four plants were harvested for analysis.  

 

4.2.2. Biomass and leaf area measurements  

Measurements of fresh weight, dry weight, leaf area 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 harvested plant for three days 

at 65°C. Both fresh and dry weight does not include root mass in the calculation. Leaf area (LA) 

was measured using a LI-COR LI-3000.  

 

4.2.3. Rate of photosynthesis and stomatal conductance measurements 

Rate of photosynthesis and stomatal conductance were measured with a LI-COR 6400XT 

portable photosynthesis system. All measurements were collected from plants inside the growth 

boxes experiencing experimental light conditions and ambient CO2. Survey measurements were 
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collected using an extended reach chamber from 2 leaves of approximately the same age for 4 

plants per treatment. Data collection took place in the 5 days prior to the final harvest and ended 

within 5 hours of the beginning of the light period each day. Ambient CO2 conditions were 

maintained inside the chamber with soda lime scrubbers. 

 

4.2.4.  Secondary metabolite extraction 

Secondary metabolites were extracted and quantified following a modification of 

protocols previously described.121 2-3 mature leaves were collected from 4 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 pathlength correction. The absorption wavelengths and metabolite concentration 

equations were used as previously described. Concentrations were reported per mg fresh weight. 

 

4.2.5. 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 utilized for the plant growth experiment are shown in Table D1. 

The solution was heated to 80 °C overnight and then wire bar coated onto 20 cm x 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 the corner of the glass to 110-

120 °C. The cover glass was then laminated onto the active layer coated glass and heated using a 

hotplate at 100 °C to ensure seal under a nitrogen atmosphere. Optical epoxy (Norland 63) was 

then coated around the edge of the filter stack and cured under 365nm UV light for 20 minutes to 
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form a secondary seal. Twelve filters combined to cover one growth box. Over the course of 

three rounds, both spectral and PAR intensity changes were measured before the start of each 

round. Similarly PEDOT:PSS (PH1000, Hareaus) was wire-bar coated onto a PET substrate and 

then laminated under another layer of PET.  

 

4.2.6. Fabrication of reference ST-OSC devices 

ST-OSC devices were fabricated on transparent indium tin oxide (ITO)-coated glass 

substrates using an inverted device configuration (Glass/ITO/ZnO/active layer/MoO3/Au/Ag). 

The substrates were pre-cleaned by ultrasonication sequentially with detergent, deionized (DI) 

water, acetone, and isopropyl alcohol and finally treated with UV-ozone for 10 min. After 

cleaning, an approximately 30 nm-thick so-gel ZnO was spin-coated on the substrate and 

annealed at 150 °C for 30 min in ambient. 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 concentation 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 solution with 3% 1-chloronaphthalene as additive with PTB7-TH:IEICO-4F 1:1.5 

wt ratio and a total concentration of 25 mg/ml resulting in a 118 nm film. The semi-transparent 

solar cells were completed by thermal evaporation of 10 nm MoO3/1 nm Au/10 nm Ag at a 

pressure of ~1×10-6 mbar through a shadow mask. Lastly, it is important to note that while the 

active layer thickness was on the thin side in comparison to typically observed thicknesses for 
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OSCs, the systems still resulted in relatively efficient semitransparent OPV cells as shown in 

Figure D2 and Table D2.  

 

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

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

MoO3/ LiF. The ZnO electron transport layer (ETL) was prepared from a sol-gel ZnO solution, 

spin-coated at 4,000 rpm on top of a pre-cleaned, UV-ozone-treated ITO glass substrate. 

Subsequently, FTAZ:IEICO-4F:PC71BM (1:1:0.3 weight ratio) dissolved in a 23 mg mL−1 

toluene:chloronaphthalene (99:1 volume ratio) solution was spin-coated at 2000 rpm for 60s to 

obtain a film thickness of about 100 nm. After the organic active layer coating, the substrates 

were then transferred to a thermal evaporator to deposit the semi-transparent electrode. The 

electrode consists of MoO3/Au/Ag/MoO3/LiF. The evaporator chamber was evacuated to less 

than 2×10-6 Torr and each layer was deposited in sequence through a shadow mask. The first 

MoO3 layer (10 nm) was deposited as a hole transporting layer (HTL) followed by Au (0.5 nm) 

as a wetting layer to reduce the voids of Ag (8 nm) anode layer, thereby enhancing the 

conductivity. Finally, a capping layer of MoO3 (20 nm) and an anti-reflective layer of LiF (60 

nm) were deposited, respectively. The active area of the solar cells was 6.9 mm2 as defined by 

the overlap of bottom and top electrode. The deposition of the electrodes in the ST-OSCs used to 

compare to the OSC filters given in Figure 4.1 was deposited in a similar manner to the ternary 

OSC device fabrication.  
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4.2.8. DBR preparation and characterization 

     The DBRs for this study were produced with alternating layers of a titanium oxide 

hydrate:poly(vinyl alcohol) (PVAl) hybrid material 122 and poly(methyl methacrylate) (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 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 hydrate solution to a 40 g/L 

aqueous solution of PVAl while stirring at room temperature to achieve a 60 vol% titanium 

oxide hydrates concentration with respect to PVAl.123,124 Multi-layer samples were fabricated by 

dip coating of glass substrates in air at ambient temperature. Due to the crosslinking of the 

hybrid films during drying, alternation of dipping in hybrid solutions (formulated from 0.5M 

titanium oxide hydrate solutions and 40 g/L PVA aqueous solution) and PMMA solution in 

toluene (4 wt% PMMA) was possible. Withdrawal speeds were varied between 5 and 15 

mm/min in order to achieve the desired thicknesses. Between each layer, samples were left to dry 

vertically 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, starting 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 minutes in air and atmospheric pressure. 
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     Transmittance of multilayer structures were 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 coefficient form of 

the Transfer Matrix Method.123 Cauchy parameters for wavelength-dependent refractive indices 

were used. The 60 vol% hybrid refractive index is: n = 1.75 + 0.029/λ2, and the PMMA 

refractive index is n = 1.48 + 0.005/λ2 where λ is the wavelength in µm. 

 

4.2.9. Solar cell characterization 

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

100 mW cm-2 AM1.5G light. The light is provided by a Class 3A Solar Simulator and KG5 

silicon reference cell. External quantum efficiency (EQE) measurements were conducted using 

an in-house setup consisting of a DC xenon arc lamp light source, ORIEL 74125 

monochromator, SR570 current amplifier, and a SR830 DSP lock-in amplifier. An aperture was 

used to ensure that only the active area was illumilnated by the monochromatic beam. Where 

used, the DBR was placed on the transparent top electrode of the ST-OSC when the current-

voltage, EQE and transmittance were measured.  

 

4.2.10. Modelling high IR reflection DBR 

Utilizing alternating layers of a titanium oxide hydrate:PVAl hybrid material and 

poly(methyl methacrylate) (PMMA), an IR-DBR stack capable of reflecting over a wavelength 

range of 800 nm – 1600 nm is modelled. The thickness and the total number DBR bilayers are 

modified to achieve the necessary target transmittance profile through a gradual evolution 

method combined with a needle optimization technique 125–127. While details of the optimization 
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technique can be found elsewhere 127, a brief summary is provided here. We start by defining a 

starting design with an initial number of DBR bilayers and total optical thickness. This design is 

run through a transfer matrix model 95,115 to obtain the corresponding reflectance and 

transmittance. At the end of each iterative loop, a Merit Function (MF) is formulated to measure 

percentage deviation of the obtained transmittance with the ideal transmittance curve.125 If the 

MF exceeds a pre-defined value, then needle like insertions are made to the existing design 

through thin layers with thickness of the order of 10 nm. The location of insertion is done in such 

a way that the MF is minimized. If an increase in MF value is seen even after needle insertion, 

then a forced increase is made to the total optical thickness and the iterative procedure is carried 

out again. Optimization was done to ensure minimal drop in transmittance in PAR. However to 

account for any reduction in PAR, a pair LiF and MoO3 optimized to maximize transmittance 

across PAR is added to the IR-DBR stack. This then is added to the ST-OSC device with 

FTAZ:IEICO-4F:PC71BM as the active layer following a device architecture described 

previously. The modelled device architecture is shown in Figure D3. The simulated electric field 

intensity (|E|2) as a function of thickness of the OSC device stack is provided in Figure D4 for a 

wavelength in the PAR and IR region to illustrate DBR function. 

  

4.2.11. Modelling greenhouse energy consumption 

A 29.4 m x 7.3 m single span gable-roof greenhouse with a gutter height of 3 m is 

considered. The greenhouse is oriented north-south with a roof tilt angle of 270. Excluding the 

north facing wall which is considered an opaque surface as it often interfaces with other 

buildings, all surfaces are made up of a 4 mm single pane glass. Ventilation is provided by fans 

coupled with evaporative cooling pads while heating is provided by a combination of forced hot 
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air furnace and a radiant root heating system. Temperature set-point for the greenhouse is set to 

be between 60 0F to 65 0F at night and between 70 °F to 82 °F during day-time. A 50% 

transmittance neutral shade cloth is considered during daytime in summer for conventional 

greenhouses as part of heat management. For modelling OSC stack, we consider the same device 

architecture utilized for the fabrication of ST-OSC system with FTAZ:IEICO-4F:PC71BM as the 

active layer. Further details on ST-OSC modelling including transmittance of light into the 

greenhouse are provided by Ravishankar et al.28  

 

4.3. Results and Discussion 

4.3.1. Plant growth experiments 

The lettuce seeds were sown in pots that were placed inside growth boxes (21 in x 10.5 in 

x 12.5 in) in a large controlled environment growth chamber (13 ft x 8 ft). A picture of the 

controlled environment growth chamber is shown in Figure D5. The box sidewalls were covered 

in reflective Mylar and the top was covered with OSC filters that ensured all light was 

transmitted through the filters, as pictured in Figure 4.1(a) and Figure 4.1(b). The controlled 

environment chamber used ceramic metal halide (CMH) lamps and incandescent lights to mimic 

sunlight with the spectrum shown in Figure D6(a). Four boxes that consisted of the three OSC 

filters and one control box were all 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 between glass followed by a PEDOT:PSS 

film encapsulated in Polyethylene terephthalate (PET) and all sandwiched between plexiglass, as 

illustrated in Figure 4.1(c). The control box was covered with glass and two layers of plexiglass. 
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FTAZ:IT-M, FTAZ:PC71BM and PTB7-TH:IEICO-4F were selected as the BHJ layers, with 

molecular structure shown in Figure D7. These materials provide clear difference in 

transmission over the visible spectrum as shown in Figure 4.1(d)-(f). A comparison of the 

transmittance of the OSC filters with semitransparent OSCs that use ITO/ ZnO and MoO3/ Au/ 

Ag as electrodes is also given in Figure 4.1(d)-(f), 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 three active layer system used here were demonstrated to have a power conversion efficiency 

of 11%76, 6%128 and 12%55, respectively. Table D2 and Figure D2 provides performance 

metrics and current - voltage curves respectively for the semitransparent OSCs utilized for the 

plant growth study. The height of each of the four boxes utilized 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, maintaining the same incident light 

intensity at the top of the box results in differences in the PAR photon flux reaching the plants. 

The fraction of PAR photon flux reaching the plants normalized as a function of incident light 

intensity is shown in Figure D6(b). 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 D6. The change in PAR photon flux and the change in red 

(600-700 nm): blue (400-500 nm) light photon flux ratio (R:B) is given in Figure 4.1(g) showing 

that the color ratio did not change drastically, and the change in PPFD was less than 15% during 

the course of a growth cycle. Further details on filter stability are provided in D1 in the 

Appendix D.  
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Figure 4.1 (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 (µmoles m-2s-

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 mean ± SEM. 

 

4.3.2. 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 content. An overhead 

view of a typical lettuce plant at “final harvest” for each growth condition is pictured in Figure 
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4.2(a). The fresh and dry weight at final harvest normalized with respect to the control averaged 

across all three rounds is given in Figure 4.2(b)-(c) and the individual round results are given in 

Figure D13(a)-(b). Considering all rounds, the results indicate statistically comparable average 

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

average of all 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. However, in R2 and R3 these two filter treatments yield 

lettuce with statistically comparable fresh weight to the control. The fresh weight of lettuce 

grown under the FTAZ:ITM filter varied from having statistically comparable fresh weight to the 

lettuce 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 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 just considering R3 which has slightly higher PPFD (1000 

µmoles m-2 s-1 as opposed to 800 µmoles m-2 s-1in R1 and R2) incident on the growth boxes, the 

dry weights for all three filters are found to be statistically similar to the control (Figure D13). 

Leaf area and leaf number normalized with respect to the control and averaged across all three 

rounds is provided for final harvest in Figure D13(c)-(d) showing similar behavior for each 

treatment. Harvest pictures from R2 and R3 are provided in the supplemental information in 

Figure D14-D15. In summary, although there are some differences across each round, overall 
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the red leaf lettuce grown under the semi-transparent solar cells has comparable fresh and dry 

weight to the lettuce grown with the control treatment. Harvest pictures from R1 to R3 are 

provided in the supplemental information in Figure D10-D12 in Appendix D for transplant stage 

harvest and Figure D9 shows the averaged transplant data. 

 

 

 

Figure 4.2 (Data in Fig. 3(b)-(f) represented as mean ± SEM.) (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) 
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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. 

 

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

characteristics of the lettuce including the rate of photosynthetic 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 environment (CO2, H2O, O2) of the lettuce measured in R3 

was observed with the results provided in Figure 4.2(d). The lettuce grown in the control box 

were found to have a higher rate of photosynthesis than the lettuce grown under the OSC filters. 

A similar trend is observed for stomatal conductance where the conductance was higher for 

lettuce grown in the control box relative to the OSC filter boxes. The stomatal conductance is a 

measure of stomata aperture enabling uptake of CO2 as well as evaporation of H2O. The stomata 

aperture is driven by blue light and controls overall plant performance.129,130 The total 

chlorophyll a (chl a) concentration and the chlorophyll a/b (chl a/b) ratio in the lettuce is given 

in Figure 4.2(e) and the total chlorophyll b (chl b) concentration is shown in Figure D16. It is 

found that 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, anthocyanin and carotenoid 

concentration extracted from lettuce in R3 is shown in Figure 4.2(f). These represent a class of 

antioxidants produced as a measure against damaging high light and UV.131 It is found that 

except for the FTAZ:IT-M filter treatment, the OSC filters have a statistically comparable 
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anthocyanin concentration to the control while the carotenoid concentration for all OSC filters 

are statistically comparable to the control.  

 

4.3.3. Underlying drivers for plant development 

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

intensity up to a light saturation point.25 At higher light intensities, CO2 fixation is limited by the 

activity of the key enzyme Ribulose 1,5 bisphosphate Carboxylase/Oxygenase (RuBisCO) which 

leads to light saturation and eventually at high light intensities to photodamage of the 

photosystems.132 Hence, lettuce grown in the control treatment, 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. Yet, the lettuce grown under all the OSC filter treatments have average fresh 

weights that are statistically comparable to the control. This is in part due to an increase in leaf 

area as quantified by the normalized leaf area shown in Figure D13. This behavior is likely due 

to a shade response by the lettuce thereby aiding light interception, and thus increasing the whole 

plant CO2 fixation. An increase in leaf area is attributed to a higher partitioning of the 

assimilated CO2 into the leaves.133,134 Across all three replications, lettuce grown under the 

FTAZ:IT-M treatment have an average leaf area that is about 15% higher than the control 

(Figure D13). FTAZ:IT-M had the lowest transmittance among the three OSC filters in the PAR 

region and is correlated with the filter treatment resulting in the greatest leaf area.  

When comparing the lettuce grown under the three OSC filters, the spectral differences in 

the filters can be considered by splitting the spectra transmitted by the filters into red and blue 

light ratio. The R:B ratios ranged from 2.5 (PTB7-TH:IEICO-4F) to 4.5 (FTAZ:PC71BM) as 

shown in Figure 4.1(g). Wang et al. observed that stomatal conductance and rate of 
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photosynthesis is driven in part by the R:B ratio.20 With a decrease in R:B ratio, an increase in 

the rate of photosynthesis and stomatal conductance was observed thereby partially offsetting the 

effect of a lower light intensity.135 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.136,137 A higher ratio of chl a/b 

indicates a high light adapted photosynthetic apparatus indicating a higher capacity for electron 

transport.20 This has the potential to increase light absorption that in turn is beneficial for CO2 

fixation and plant growth. Figure 4.2(e) however 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 that the similar chlorophyll content was found for all lettuce growth conditions despite 

the control having nearly 40-50% higher light intensity than found under the OSC stacks. This 

behavior is consistent with previous studies where Wang et al. reporting no significant change in 

chl a/b for lettuce treated under light having R:B in the range of 1 to 4.20 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 content observed between the control and the three OSC filters.138,139 Finally, by 

visual inspection of the lettuce (Figure 4.2(a)) 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 4.2(f) where 
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we see a higher mean anthocyanin concentration for lettuce grown as part of the control 

treatment. While Anthocyanin production is associated with several environmental stresses 

including light intensity, it also acts as a source of antioxidants.140 The greater red coloration and 

in turn a higher anthocyanin content in the control is likely due to the higher light intensity 

incident on the lettuce. However, despite lower PAR at the plant level, we find statistically 

comparable anthocyanin concentration under all OSC filters except for the FTAZ:IT-M filter 

treatment. A similar trend is seen for the carotenoid concentration where 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 induction of anthocyanin biosynthesis by other means 

of abiotic stress. 

 

4.3.4. Organic solar cell design outlook 

The lighting demands in the greenhouse will depend on the crop as well as the 

geographic location of the greenhouse. While the lettuce is shown to grow well under the ST-

OSCs, it is known to be a shade-tolerant crop.39 For plants that have greater lighting demands, 

alternative ST-OSC device designs and active layers may be needed. The greenhouse location 
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will also dictate the daily solar radiation entering the greenhouse as well as the heating and 

cooling needs of the space. In this section, we consider ST-OSC design considerations that 

impact crop production, electricity generation, and the thermal load of the facility.  

A primary means to manage the transmisssion of the ST-OSC across the PAR spectrum is 

through material selection of the active layer. In addition to photosynthetic light absorption by 

chlorophyll, plants use the wavelength composition and direction of light as spatiotemporal clues 

to adjust and adapt their growth and development, referred to as photomorphogenesis.135 Thus, 

the exact spectral needs will likely depend on the plant under consideration, which will then 

impact the active layer material selection. Here, we demonstrate the ability to tune the absorption 

of the ST-OSC to compliment the absorption spectrum of chlorophyll. The ST-OSC is composed 

of a ternary active layer of FTAZ:IEICO-4F:PC71BM.141–143 The transmittance of the ST-OSC is 

shown in Figure 4.3(a) showing transmittance peaks that correspond with the absorption of chl a 

that is centered at 400 nm and 650 nm. The current voltage characteristics of the OSC is given in 

Figure 4.3(b) with performance metric summarized in Table 4.1. While further device 

optimization is possible, in particular to improve fill factor (FF), this example clearly 

demonstrates how active layer material selection can be used to manage light transmission across 

the PAR spectrum. However, the Voc of this material pair is low and different materials pairs 

need to be evaluated or developed. Current optimization of materials and devices have focused 

on optimizing the PCE in opaque devices or color-neutral ST-OCSs and proceeded without 

taking into account the special requirements of a ST-OSC for optimized use in greenhouses. 

There should be considerable room for further improvements, particularly with the use of the 

very recent development of high performing donor polymer D18, which has nearly an identical 

absorption spectrum to FTAZ.144  
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As part of the OSC design, there is an opportunity to add distributed Bragg reflectors 

(DBRs) that manage light in the visible and near infrared (NIR).99,145 By managing reflection in 

the visible region there is the opportunity to reflect selective portions of the spectrum that are are 

not efficiently utilized by the plant to then be absorbed by the solar cell for increased power 

generation. As an example, we experimentally demonstrate the use of solution-processed 

distributed Bragg reflectors (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 D15. The transmission of the 

ST-OSC combined with DBR-A and B is shown in Figure 4.3(a) while the current voltage 

characteristics of the ST-OSC with the DBRs shown in Figure 4.3(b). 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 

the ST-OSC performance with the DBRs is provided in Table 4.1. The enhancement in external 

quantum efficiency (ΔEQE) is shown in Figure 4.3(b) showing that the increase in EQE 

corresponds with the 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 (λ >700 nm to 2 µm) to LWIR (λ 

> 8 µm) will have a direct impact on the energy demand needed to manage the temperature 

inside the greenhouse. The NIR sunlight contains approximately 50% of the total solar energy 

resulting in significant heating potential. The LWIR is relevant for managing thermal radiation 

near room  
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Figure 4.3 (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 wlong with the ST-OSC with DBR-A and DBR-B. Inset, change 

in external quantum efficiency (ΔEQE) of the ST-OSC with the additon of DBR-A and DBR-B  

 

Table 4.1 The summary of ST-OSC device characteristics with and without DBR-A and DBR-B.    

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

(VOC), fill factor (FF), and power conversion efficiency (PCE). The enhancement in current 

density (∆Jsc) and efficiency (∆PCE) with the DBR coatings are also included. 

DBR 
JSC 

[mA/cm2] 

VOC 

[V] 

FF 

[%] 

PCE 

[%] 

ΔJSC 

[%] 

ΔPCE 

[%] 

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 
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temperature, where black body radiation of an object at 22°C (295 K) has a peak in intensity at a 

wavelength of 9.8 µm. By minimizing the emissivity of the glazing to the environment (i.e. 

increasing LWIR reflection) thermal radiation from within the greenhouse is reflected assisting 

to maintain the temperature 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 (Figure 4.3(b)). 

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 management in summer. To look at this 

impact we consider rooftop OSCs that integrate DBR coatings with high transmission across the 

PAR spectrum and high reflection from 800 nm to 1600 nm. The transmittance of the OSC stack 

and the standalone DBR coating is provided in Figure 4.4(a). Change in PAR transmittance as a 

result of DBR integration was maintained to be under 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 Procedure. The simulated ST-OSC stack with the integrated 

DBRs is found to possess a heat rejection rate of 90% over a wavelength region of 700 nm – 

2000 nm. This heat rejection rate coupled with PAR transmittance and  PCE was found to be 

comparable to recently reported ST-OSC devices with similar DBR design.99,145,146 We then 

model the energy load of a greenhouse in Sacramento CA following a previously described 

greenhouse energy model.28 This location is chosen as CA represents the largest greenhouse 

market in the US.147 We find that the addition of the DBR with NIR reflection results in only a 

minor decrease in the energy consumption used for cooling. This is due to the greenhouse using 

low energy consuming fan-pad evaporative cooling as typically found in a semi-closed 

greenhouse.12 However, there is a clear improvement in the ability to maintain the temperature 
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within the greenhouse structure as shown in Figure 4.4(b). The number of hours in a year the 

temperature in the greenhouse cannot be maintained below the temperature set-point used to 

grow tomatoes of 82°F (27.8°C) reduces from 280 h for a conventional greenhouse to 82 h for a 

ST-OSC integrated greenhouses with the DBR coating added to the OSC stack. This is despite 

the conventional greenhouse employing shade cloths with 50% transmittance in summer to 

manage heat. While not covered here, maintaining the greenhouse temperature set-point results 

in significant improvements in plant health and should be considered in optimizing the system.148 

 

 

Figure 4.4 (a) Transmittance of DBR coating and DBR coating with ST-OSC, (b) Number of 

hours in a year the greenhouse exceeds its set-point temperature, (c) Annual energy demand and 

solar power generation for a greenhouse in Sacramento CA for (i) conventional greenhouse, (ii) 
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greenhouse with roof-top ST-OSC, and (iii) greenhouse with roof-top ST-OSC and DBR coating, 

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

greenhouse envelope 

 

Figure 4.4(c) shows 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 reflecting DBR coating to the OSC 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 structure, which is largely attributed to the low-ε of the 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 will be dependent on the crop, the energy demands of the greenhouse, 

and its geographical location.  

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

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

commonly employed in ST-OSCs providing inherent LWIR management.98,149,150 As shown in 

Figure 4.4(d), adding the OSCs to the roof of the greenhouse reduces its energy demand largely 

due to the use of Ag with an emissivity of 0.1,149 reducing the heating demand in winter. The 
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impact of LWIR emissivity of the greenhouse glazing on the annual energy load is shown in 

Figure 4.4(d). We find that as the emissivity of the greenhouse 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 employed to generate power but can also be used to manage IR light that can 

have significant impacts on the power generation, and heating and cooling demand of a 

greenhouse.  

 

4.4. Conclusions 

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 impact 

the plant development and the heating and cooling load of the greenhouse space. This work 

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 

potential 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 major 

impact on yield and plant health. We found that there is a decrease of photosynthetic rate for the 

lettuce grown under the filters due to a decrease in photon flux, but this is compensated by an 

increase in leaf area resulting in similar biomass for each OSC filter considered relative to the 

control. Interestingly, we found that the lettuce yield was similar irrespective of the OSC filter, 

demonstrating flexibility in material selection for this crop. 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 
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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 is then further managed with the addition of DBRs that 

reflect light outside chlrolophyll absorption spectrum and increase the power generation of the 

solar cell. While the device was fabricated on a small scale, the results provide findings that 

show potential positive outcomes that can be obtained from large scale integration. The 

employment of DBR coatings not only provides an opportunity to increase power generation, but 

also can be used to reduce overheating in the greenhouse. We show that for a greenhouse in 

Sacramento CA, the number of days where the grenhouse overheats can be reduced from 280 

hours to 82 hours 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. While DBRs 

were not used in the plant growth study, the goal was to show that further light management 

strategies can be employed to balance power generation, energy demand, and plant growth. The 

exact design of the ST-OSC device and DBR coating for optimized systems will depend on a 

number of factors such as greenhouse geographical location, crop that is highlighted here. Lastly, 

employing 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 suggests that integrating OSCs with greenhouses is a promising strategy to achieve 

environmentally sustainable high intensity greenhouse agriculture.  
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5. Modelling procedure for plant growth simulation 
 

(From “E.Ravishankar; H.Sederoff, H.W.Ade, B.T.O’Connor, Organic solar powered 

greenhouses system optimization for maximum economic potential, (Manuscript in 

preparation).” 

 

5.1. Description of lettuce growth model 

The plant growth model developed here is composed of sub-models representing each 

aspect of photosynthetic biomass production such as total leaf area expansion, impact of 

environmental parameters that include sunlight, temperature and CO2, photosynthesis, and 

associated growth and respiratory losses. The flowchart depicting the relation between these 

parameters leading to biomass production is shown in Figure 5.1 and the underlying 

mathematical equations and parameters involved are highlighted here. Nomenclature and input 

parameters are provided in Appendix E. 
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Figure 5.1 The flowchart depicting the relation between sunlight, temperature and CO2, 

effecting photosynthesis and associated biomass production 

 

5.1.1. Determining orientation and light interception by leaves 

Sunlight absorbed by the plants depends on the orientation of the leaves. This is modelled 

based on the assumption that the plant canopy will be considered as consisting of individual 

leaves at different depths as shown in Figure 5.2. Each leaf is capable of absorbing and 

scattering light and leaves can have various configurations.25 Each configuration has a certain 

absorption and scattering potential defined by an extinction coefficient. The extinction 

coefficient is defined as the ratio of area of leaf to the area of the shadow cast by incident 

sunlight.151 This is a measure of interception of light by a leaf. Area of shadow cast changes 

depending on the angle of incidence of sunlight and hence, the value of extinction coefficient can 

vary based on leaf configuration. A horizontal leaf configuration has an extinction coefficient 

equal to 1 which denotes the area of leaf being equal to area of shade. Similarly, values greater 

than or less than 1 denotes a leaf area greater or less than area of shade, respectively. Extinction 



   

109 
 

coefficient differs between diffuse and direct solar radiation. While the direct solar radiation 

comes only in one direction at a particular instant, diffuse radiation is assumed to be uniformly 

distributed across all directions as depicted in Figure 5.1. 

 

 

Figure 5.2. Depiction of absorption of direct and diffuse sunlight over plant canopy  

 

Here, for a direct solar radiation, we assume a horizontal leaf configuration with the 

leaves capable of scattering part of the light. Extinction coefficient for direct radiation assuming 

scattering is derived considering two layers of the plant canopy with each layer consisting of 

leaves in a horizontal configuration.152  

Light flux leaving layer n and n+1 and travelling in the downward direction is given by: 

  (5.1) 

     (5.2) 
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where Фd,n+1 and Фd,n denotes light flux travelling through layer n and n+1 respectively in the 

downward direction, Фu,n+1 and Фu,n denotes light flux travelling through layer n and n+1 

respectively in the upward direction, ΔL denotes gap between leaves, R and T denote reflectance 

and transmittance respectively. 

Solving equation (1) and equation (2) simultaneously, Extinction coefficient for direct radiation 

assuming scattering is given by: 

          (5.3) 

where Kbl is the extinction coefficient of leaves with no scattering. This has a value of 1.  

denotes scattering coefficient which is defined as the sum of reflectance (R) and transmittance 

(T) of a single healthy leaf. 

In the case of diffuse radiation, sunlight is incident on the leaves from all directions in the 

horizon and each light will be intercepted at a different rate based on the extinction coefficient at 

that angle of incidence. Here, the leaves are assumed to be distributed in a spherical distribution. 

Within the spherical configuration, the leaves are randomly oriented and have different 

extinction coefficients. Overall, the configuration is assigned an extinction coefficient value of 

0.5.25. A realistic distribution of sky brightness for diffuse radiation is given by the Standard 

Overcast Sky (SOC) model in which sky brightness varies with horizon angle as (1+2Sin(β))/3.25 

It is assumed that diffuse radiation is averaged across three sky zones. These three sky zones are 

assumed to supply a fraction of 0.178, 0.514 and 0.308 of the diffuse radiation at an angle of 

incidence of 15o,45o and 75o, respectively. At each angle of incidence, extinction coefficient for 

leaf in a spherical configuration is given by:  

    (5.4) 

where β is the angle of incidence of sunlight on the leaf. 
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Transmitted flux is given by: 

        (5.5) 

where  denotes light flux transmitted through a leaf,  denotes light flux incident through a 

leaf, L denotes Leaf Area Index. 1.93,0.707 and 0.518 are extinction coefficients for a leaf in a 

spherical configuration at angle of incidences 15o,45o and 75o.  

From equation (5), extinction coefficient of diffuse radiation accounting for scattering from the 

leaves is given by: 

             (5.6) 

 

5.1.2. Light absorption by plant canopy 

To model light absorption by the plant canopy, we first assume that only 75% of total 

incident light on a greenhouse is transmitted because of losses from the greenhouse structure.11 

Total light incident and transmitted into the greenhouse structure is computed using the transfer 

matrix model as described in the work done by Ravishankar et al.28 The computed extinction 

coefficient is utilized towards obtaining sunlight absorbed by the plant canopy. Two sources of 

unevenness of illumination which impacts light absorption are considered in this model. These 

include light capture by leaves directly exposed to sunlight which receive both direct and diffuse 

radiation as well as light capture by leaves in the shade where there is no exposure to direct 

radiation. Instead, light is captured through light scattered by leaves exposed to direct radiation 

and diffuse radiation.152 These components are shown in Figure 5.1. 

If the absorbed light and associated photosynthesis are to be computed for the complete 

plant canopy, the absorption per leaf area must be known at several depths in the plant. This is 

done through a Gaussian integration method, where light absorption calculation is computed per 
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leaf area at five different depths in a plant canopy and integrated across the total leaf area index 

of the plant to determine light absorption and hence photosynthesis.153 The depths are selected 

symmetrically. Each depth is assigned a weight to determine fraction of total light absorbed at 

each level. Total absorption per unit leaf area per depth for diffuse sunlight is given by: 

  (5.7) 

where, Idiffuse,incident is the incident diffuse solar insolation,  is the plant canopy reflection 

coefficient defined as total reflection from crop canopy. This is given by: 

              (5.8) 

laic is the leaf area index at a particular depth of the plant canopy. This is given by: 

     (5.9) 

where xgauss denotes the presence of leaves at different depths of the plant canopy. 

Similarly, total absorption by leaves per unit leaf area per depth from direct sunlight is given by: 

           (5.10) 

Equation (5.10) computes light absorbed by the plant canopy from incident direct solar radiation. 

This includes light captured by leaves through direct interception as well as light capture through 

scattering of light from direct interception. Leaves that directly intercept direct sunlight are 

termed sunlit leaves. This is shown in Figure 5.1. The absorption by these sunlit leaves per unit 

leaf area per canopy depth through is computed by the equation given by: 

                                      (5.11)  

Shaded leaves absorb light using both diffuse and scattered sunlight and this is given by: 

                 (5.12) 
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5.1.3. Photosynthesis 

Photosynthesis is computed by integrating the photosynthetic CO2 assimilation of each 

individual leaf in a plant over the entire canopy. Gross rate of photosynthesis defined as the 

photosynthetic assimilation without accounting for CO2 loss due to respiration or 

photorespiration. Maximum gross rate of photosynthetic CO2 assimilation  is limited by either 

light, atmospheric CO2 concentration, and the  Calvin cycle regeneration reactions when exposed 

to both high light and high CO2. The maximum rate of CO2 assimilation is limited by three 

different scenarios: 

1. Low light: At saturating CO2, plants experience a saturation in CO2 assimilation with 

increasing light intensity. This is termed light saturated maximum rate of photosynthesis. This 

parameter changes as a function of both spectra and temperature.20,25 This is given by:  

   (5.13) 

where tempplant denotes greenhouse plant temperature, spectral-factor denotes parameter 

impacting maximum rate of photosynthesis as a function of spectra.  

2. High light: At high light, diffusion and transport of CO2 to the site of assimilation becomes 

limiting as well as the activity of the CO2 assimilating enzyme of the Calvin cycle, Ribulose 1,5 

bisphosphate carboxylase/oxygenase (Rubisco)  This is termed CO2 saturated maximal rate of 

photosynthesis. The mathematical relation to determine CO2 saturated rate of photosynthesis is 

given by: 

    (5.14) 

where rm is the mesophyll resistance, rbv is the boundary layer resistance, rs is the stomatal 

resistance, Ca denotes CO2 concentration in ambient environment,   denotes CO2 compensation 

point. This is given by: 
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   (5.15) 

where  is the CO2 compensation at 250C 

3. High light and high CO2: At both high light and high CO2 the rates of the Calvin cycle 

regeneration reactions involving other enzymes to regenerate the CO2 acceptor molecule 

Ribulose 1,5 bisphosphate, will become limiting. The assimilation rate will then be particularly 

sensitive to temperature changes. In this case the maximum rate of photosynthesis is given by the 

minimum of either light induced or CO2 induced light saturation. The saturation photosynthesis 

rate is denoted by: 

   (5.16) 

Once the saturation photosynthesis rate is determined, photosynthetic assimilation of sunlit 

(exposure to direct radiation) and shaded (exposure to diffuse and scattered radiation) leaves are 

computed and integrated across the complete plant canopy using Gaussian integration. The 

photosynthetic assimilation of shaded and sunlit leaves at a particular depth is given by: 

    (5.17) 

where y is a dimensionless function of absorbed diffuse and direct sunlight by the plants. This is 

given by: 

                                                                                     (5.18) 

   where      (5.19) 

where Iabs,par denotes sunlight in the Photosynthetically Active Radiation (PAR) region absorbed 

by the plants. This is applicable to both direct, diffuse and scattered radiation, ϵ, cϵ denotes the 

slope of the linear part of the photosynthesis-light curve. This is denoted by: 

            (5.20)  
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where Ca denotes greenhouse CO2 concentration,  denotes CO2 compensation point which is the 

point where the uptake of CO2 equals the respiratory release of CO2.  

At each considered depth in the plant canopy, the local assimilation rate is given by: 

    (5.21)  

where fracsun is the fraction of sunlit leaf area. This is defined by: 

      (5.22) 

Finally, plant canopy assimilation rate is defined by: 

     (5.23) 

where wgauss is the weight associated with assimilation rate at different canopy depths. 

 

5.1.4. Computing plant dry mass 

The plant dry mass module describes the dynamic behavior of the two state variables – 

non-structural dry weight (Xnsdw) and structural dry weight Xsdw on a square-meter soil basis.151 

     (5.24) 

      (5.25) 

where Xnsdw and Xsdw is the dry weight of non-structural and structural material, cα is the factor 

converting CO2 assimilated into CH2O, cβ is the Respiratory and synthesis losses of non-

structural material due to growth, fphot is Rate of CO2 assimilation through photosynthesis, ФPSII is 

the Quantum yield of PSII, rgr is the relative growth rate and fresp is the maintenance respiration 

loss. The relative growth rate of structural dry matter depends only on the rate at which non-

structural material is transformed into structural material. It is assumed that the growth rate 

obeys the Michaelis Menten equation.151 This is given by: 
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     (5.26) 

where cgr,max is Saturation growth rate at 200C, cϒ denotes Parameter that determines the rate of 

rgr. CQ10,gr denotes Q10 factor for growth which has a value of 1.6. The maintenance respiration 

of the crop is given by: 

    (5.27) 

where cresp,sht is the maintenance respiration coefficient for the shoot at 250C, cresp,rt is the 

maintenance respiration coefficient for the root at 250C, cQ10,resp is the Q10 factor for 

maintenance respiration which has a value of 2. cτ denotes ratio of root dry weight as a function 

of total dry weight. 
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5.1.5. Integrating spectral impact and photoinhibition in lettuce growth model  

 

Figure 5.3. (a) Net Photosynthesis as a function of R:B ratio and PAR light intensity.20 (b) 

Fraction partitioned to root and shoot as a function of percentage blue.154 (c) Change in specific 

leaf area for lettuce as a function of percentage blue.155 Validation of (d) dry weight and (e) leaf 

area obtained from the lettuce growth model with corresponding experimental data in Henten et 

al.151 (f) Validation of lettuce growth model with experimental lettuce growth63 under a control 

(C) and three organic solar cell filters namely – FTAZ:IT-M (F:I), FTAZ:PCBM (F:P) and 

PTB7-Th:IEICO-4F (P:I)  
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Experimental results are utilized to relate changes in specific leaf area, maximum rate of 

photosynthesis and root to shoot ratio to change in spectra of incident sunlight in the PAR 

region. This is highlighted in Figure 6.1(c).  The spectral change is analyzed based on 

differences in percentage blue (400-500 nm) and Red (600-700 nm): Blue (400-500 nm) (R:B) 

ratio. Wang et al. observed that different R/B ratios significantly affected photosynthesis as a 

function of light intensity.20 This is shown in Figure 5.3(a). The value of light saturated 

photosynthesis increases with the increase in the amount of blue on the PAR spectra up to a R:B 

value of 1. The authors see a slight reduction in light saturated photosynthesis rate during the 

absence of the red part of the spectra.  

While R:B ratio impacts photosynthesis, the percentage blue in the light spectra has been 

shown to impact biomass partitioning to root and shoot. Increase in percentage blue is shown to 

improve root development at the cost of biomass partitioning to the shoot.154 This is shown in 

Figure 5.3(b). Root and shoot ratio impacts both respiration loss and in turn total plant dry mass. 

Percentage blue also impacts the Specific Leaf Area (SLA) which denotes the fraction of 

increase in leaf area as a ratio of increase in biomass. This is indicated by the work done by Cope 

et al.160 SLA as a function of percentage blue is shown in Figure 5.3(c). The curve indicates high 

leaf area expansion at low percentage blue content and reduces rapidly before becoming constant 

at around 20 percent blue. The high SLA is attributed to shade avoidance responses at low 

percentage blue.  

Lettuce being a low light requiring crop oftentimes adapts its leaf area based on available 

light intensity. The work done by Fu et al., indicates that a DLI of 20-30 moles m-2 day-1 is 

optimal for the growth of lettuce.118 Work done by Ravishankar et al, indicates that lettuce grown 

under ST-OSC filters with a DLI of about 13 -17 moles m-2 day-1 has similar yield to that of a 
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reference lettuce grown under almost twice the amount of light received under the filters.63 This 

was because lettuce adapted to changes in light intensity by changing its leaf area expansion. At 

the same time, at extremely high and low light intensities, lettuce loses part of its efficiency to 

utilize light absorbed to drive photosynthesis. This is defined by a parameter called quantum 

yield of photosystem II (ФPSII).118 The experimentally obtained results is utilized to model SLA 

for various light intensities and this is again shown Figure 5.3(c).  

 

5.2. Description of Tomato growth model 

The tomato crop is divided into components of leaves, stem, fruit, and roots for the 

purpose of modelling. Leaves and stem are lumped together as vegetative tissue and total weight 

is maintained in the model. The structure of the model is based on the work done by Jones et 

al.156 Photosynthesis and respiration rates are computed on an hourly basis and integrated to 

obtain daily increment and total and fruit dry mass. The model relates leaf area expansion, dry 

matter partitioning to fruit and vegetative tissue were developed for daily calculations of leaf 

area expansion, dry matter partitioning to fruit and vegetative tissue. Important aspects of the 

model are discussed here. Nomenclature and input parameters are shown in Appendix E. 

5.2.1. Node development 

Nodes are the points on a stem where the buds, leaves and branching twigs originate for a 

tomato plant.157 The rate of node development was modeled as a maximum rate of node 

appearance rate per day multiplied by a function that reduces vegetative development under non-

optimal temperatures on an hourly basis during each day. Rate of change of node development is 

given by:  

   (5.28) 
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where Nm is the maximum rate of node appearance (at optimal temperatures), fN(tempplant) is the 

function to modify node development rate as a function of hourly temperature.  

 

5.2.2. Leaf Area Index  

For tomatoes, the LAI is expressed as a function of node position on the plant. The 

impact of LAI due to temperature variation is accounted through the corresponding impact of 

temperature on node development. This is given by:  

                     (5.29) 

 where LAI is related to N by the following equation: 

        (5.30) 

where ρ is the plant density, δ is the maximum leaf area expansion per node, β is the 

normalization coefficient in the equation and Nb is a coefficient that projects the linear segment 

of LAI vs N to the horizontal axis.  

By substituting the expression for  and introducing equation (5.28) for , we get two case 

scenarios for the rate of change of LAI in comparison to a maximum LAI parameter. Maximum 

LAI is the point beyond which there is no further increase in LAI. When LAI is less than 

maximum LAI The rate of change of LAI is given by: 

   (5.31) 

where λ(tempplant) is a temperature function that reduces the rate of leaf area expansion. 

Beyond the maximum LAI point, it is assumed that the leaves will be pruned or senesced to 

maintain a constant maximum LAI thereafter.156 Hence the rate of change of LAI becomes 0.  
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5.2.2.  Fruit Dry Matter 

            Fruit dry weight was included by introducing a coefficient for the fraction of above-

ground biomass growth partitioned daily to fruit after its development begins. This is assumed to 

begin at a specified developmental time or node position on the plant when the first fruit on the 

plant is above 10 mm in diameter.156 Fruit weight is calculated using the net aboveground 

biomass growth rate. This is given by: 

      (5.32) 

Where E is the growth efficiency which is defined as the ratio of biomass to photosynthate 

available for growth, FR(N) is the fraction of daily growth partitioned to roots, Pg is the daily 

integral of gross photosynthesis.158 This equation is given by: 

   (5.33) 

where D is the conversion factor of CO2 from µmol CO2 m-2 s-1 to g CO2 m-2 day-1, Pg,max is the 

light saturated leaf CO2 assimilation rate, temp-factor is the factor accounting for the effect of 

ambient temperature on gross assimilation, K is the canopy light extinction coefficient, m is the 

leaf light transmission coefficient, Qe is the leaf quantum efficiency, DLI is the daily light 

integral in the photosynthetically active radiation region incident on plants. 

Rm denotes the daily integral of maintenance respiration.159 This is given by:  

    (5.34) 

where rm and rf are the respiration coefficients, (W-WF) is the growing mass and WF is the fruit 

mass. 

            Partitioning of aboveground growth to fruit each day beings at node position NFF and 

increases asymptotically to a maximum partitioning using the following equation: 
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 if N>NFF               (5.35) 

where αF is the maximum partitioning of new growth to fruit, fF(tempplant) is the function that 

modifies partitioning to fruits as a function of daily plant temperature, ν denotes the transition 

coefficient between vegetative and full fruit growth, g(tempdaytime,plant) is the function that reduces 

growth due to high daytime temperature if it is higher than a critical temperature. This is given 

by: 

                                         (5.36)   

where tempdaytime,plant is the daily average temperature of the plant during day time, tempcrit is the 

defined critical temperature, 0.154 is the slope computed based on experiments.156 This is 

applicable if tempdaytime,plant> tempcrit.    

 

5.2.4. Aboveground biomass accumulation 

            Biomass accumulation is the result of photosynthesis, respiration and tissue conversion 

processes. The aboveground biomass accumulation is given by: 

                                   (5.37) 

where p1 is the dry matter of leaves removed per plant per node development after LAImax is 

reached and a constant value thereafter. Under some conditions, the fruit dry matter growth may 

be very low due to high temperatures and there will be excess carbohydrate available. The 

tomato model does not explicitly include sink strength calculations. Therefore, we assume that 

there is a maximum rate of vegetative growth per node and that the rate of change of biomass 

accumulation may be restricted by this limit if fruit growth is limited. This is expressed by the 

following equation: 

                                    (5.38) 
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Total above ground dry matter growth is the minimum of equation (36) and (37). This is given 

by: 

                                 (5.39) 

 

The tomato model is then validated against a tomato fruit yield and total dry weight and shows 

good match. This result is shown in Figure 5.4. 

 

Figure 5.4. (a) Validation of tomato’s dry weight and (b) mature fruit weight obtained from the 

tomato growth model with corresponding experimental data  
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6. Climate based plant growth and power generation optimization in ST-OSC greenhouse 

 

(From “E.Ravishankar; H.Sederoff, H.W.Ade, B.T.O’Connor, Organic solar powered 

greenhouses system optimization for maximum economic potential, (Manuscript in 

preparation).” 

 

6.1. Introduction 

A thriving agri-food industry is considered paramount in ensuring food safety for the 

global population. However, a growing world population and increase in food demand are posing 

tough challenges due to limited availability of arable land.160–162 In this regard, greenhouses 

present a sustainable solution for food production.3,5 Greenhouses can operate year around, 

reduce water consumption and greenhouse gas emissions6 while offering protection against 

extreme weather and long term climate conditions. However, these systems face the 

disadvantage of being energy intensive compared to conventional farming.5–7 External climate 

conditions influence greenhouse heating, cooling and supplemental lighting costs and hence 

hamper the potential for greenhouses to be environmentally sustainable. Si-based Photovoltaics 

(Si-PVs), while offsetting greenhouse energy requirement, are opaque devices and thereby 

compete for light needed for plant growth.35,37,39,70 Wavelength selective semitransparent 

Organic Solar Cells (ST-OSCs) form an attractive alternate system for greenhouse integration. 

These systems have absorption characteristics that can be tuned to minimize overlap with the 

plant’s absorption spectra.60 Furthermore, their low manufacturing costs, weight per unit area 

and high conformability make them attractive in comparison to Si-PVs.163 Recently opaque small 

area OSCs have achieved efficiencies over 18% while among other promising device designs,144 
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ST-OSCs utilizing non-fullerene acceptors with near infrared absorption capabilities have shown 

efficiencies of over 12 % at 53 % transmittance in the PAR region. These are promising results 

for greenhouse integration.52–58,69 Previous studies have revealed that energy neutral greenhouse 

systems can be realized in warm and moderate climates with the addition of moderately efficient 

ST-OSCs of the order of 10 percent28. The growth of mung bean sprouts, pepper and red leaf 

lettuce under ST-OSCs have been demonstrated revealing negligible drop in yield.56,63,65 While 

these results show promise, it is important to acknowledge that all relevant studies so far have 

focused on the singular objective of improving device performance or transmittance without 

optimizing for the ideal trade-off required to maximize the economic output of greenhouse 

production.  

In the past, impact on plant growth has been measured by considering overlap in 

absorption by the ST-OSC device across the PAR wavelength region where plants utilize light 

for photosynthesis. This is called a Crop Growth Factor.60 This metric while allowing for the 

balance of crop growth and electricity generation to be studied, does not provide a quantifiable 

plant yield metric or take into account other greenhouse environmental control parameters like 

temperature and humidity.164 Furthermore, this parameter is not applicable for lower light 

requiring crops like lettuce, spinach and basil which experience growth saturation beyond a 

certain daily light requirement.118,165 Finally, the parameter does not consider the various climate 

conditions and its influence on greenhouse energy demand. Similarly, another parameter utilized 

previously is the Light Utilization Factor (LUF) which is defined as the product of transmittance 

over PAR and Power Conversion Efficiency (PCE).166 While a higher LUF indicates better light 

utilization, this again provides limited adaptability in incorporating plant yield. The integration 

of ST-OSC to the greenhouse impacts both light intensity and spectra of sunlight transmitted into 
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the greenhouse. Sunlight in the wavelength range 400-700 nm is utilized by plants for 

photosynthesis and light intensity in this waveband is termed ‘Photosynthetically Active 

Radiation’ (PAR).63 The electrode material used for ST-OSC such as ITO or silver also acts as a 

low emissivity coating minimizing heat loss in the winter and aiding greenhouse temperature 

control through infrared heat rejection in the summer.28 Over the plant’s growth cycle, the 

available sunlight in combination with greenhouse temperature and carbon dioxide (CO2) 

controls the growth rate of plants. This process is shown in Figure 6.1(a). Hence there is a need 

to come up with a model that accounts for changes to biomass as a function of changes in 

greenhouse environment because of ST-OSCs. This in turn helps link these changes with 

greenhouse energy demand and solar power generation.   

Here, we utilize a process-oriented crop growth model as shown in Figure 6.1(b).151,167 

This model tracks the rate of change of dry matter of the selected crop which depending on crop 

selection can include leaves, stem, root, flowers, and fruit formation.  The model computes dry 

matter as a function of rate of photosynthesis and crop leaf area while factoring for associated 

biological losses. The rate of photosynthesis in turn is influenced by greenhouse environmental 

conditions such as sunlight, temperature, humidity, and CO2.151 Here, we utilize this model to 

model the growth of lettuce and tomato. Lettuce is a low-light requiring crop and thrives to a 

certain degree under shading.138 On the other hand, tomato is a high light requiring plant, 

sensitive to reductions in light intensity for fruit production.85 Hence, in locations where natural 

DLI is low, supplemental light is used to meet optimal requirements beyond the flowering stage 

of the plant until fruit harvest.85 This has been incorporated for modelling tomato growth. Apart 

from the greenhouse environmental conditions for both lettuce and tomato, this model also takes 

into account photoinhibition due to high light intensity and the role of spectral changes in 
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incident light on the growth of lettuce as observed from experiments in controlled environment 

growth chambers.63 Spectral changes are taken into account as a function of Red (600-700 

nm):Blue (400-500 nm), percentage of blue (% blue) in total sunlight in the PAR wavelength 

region and its impact on rate of photosynthesis, change in leaf area and fractional biomass 

partitioning to root and shoot.  Below, we provide a detailed description of the model and show 

how this model is integrated into the greenhouse energy model that we have previously 

developed.28 Because greenhouse energy consumption varies as a function of climate, we 

simulate greenhouse operations in distinct global climates classified based on the Köppen 

classification system.30 We consider 64 different OSC active layer blends at nominal active layer 

thicknesses as part of ST-OSC stack integrated to the simulated greenhouse. These active layers 

have absorption ranges that extends up to 700 - 1100 nm thereby having significant differences 

in PCE and transmittance over the PAR wavelength region. Different ST-OSC coverage ratios 

are considered which is defined as the fraction of greenhouse roof area that is covered by the ST-

OSC stack. Five coverage ratios are considered from 100 % coverage all the way to no coverage. 

For each simulated condition, a Net Present Value (NPV) metric is considered which combines 

economic value from crop yield, cost of land and greenhouse along with cost of electricity for 

heating, cooling as incurred, as well as supplemental lighting costs for tomato growth.32 The 

difference between solar power generation and annual greenhouse energy demand comprised of 

heating, cooling and supplemental lighting is denoted by the term annual energy offset. The NPV 

model assumes no benefit for generating a positive energy offset and greenhouse profit is 

assumed to come completely from annual crop yield and savings in energy cost expenditure in 

comparison to a conventional greenhouse. 
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The economics of ST-OSC greenhouse operation is mapped onto all the locations around 

the world based on the corresponding climate condition. Results indicate improvements in NPV 

in comparison to a conventional greenhouse for both lettuce and tomato production across all 

climates with a maximum increase in NPV being of the order of $8000 and $20000 for lettuce 

and tomato, respectively. Given the lack of supplemental lighting for modelling lettuce, we see 

that NPV is maximalwith the highest possible energy savings achieved at yields comparable or 

higher than that of the conventional greenhouse. The tradeoffs in plant yield and energy offset 

are shown in detail by selecting 9 diverse climates ranging from tropical monsoon to tundra out 

of the simulated 25 different climates. These climates are selected strategically to show notable 

differences in annual plant yield and energy offsets indicating variations in the economic 

feasibility for greenhouse food production and optimal ST-OSC systems. We see that through a 

combination of ST-OSC coverage ratio and high efficiency ST-OSC active layer blend that 

extends absorption into the infrared wavelength region beyond 850 nm, energy neutral 

greenhouses with negligible drop in  annual lettuce yield can be achieved in all but the temperate 

oceanic, sub-arctic and tundra climate conditions. The optimization procedure constantly shows 

high ST-OSC coverage ratios (100% and 80%) of PTB7-TH:IEICO-4F and DPP2T:IEICO-4F 

active layer blends as well as low coverage ratios (40% and 20%) of PM6:Y6 and D18:Y6 active 

layer blends to be optimal for balancing lettuce growth and energy offset. On the other hand, 

when tomato growth is modelled, the supplemental lighting while keeping the drop in fruit yield 

to under a maximum of 12 percent, adds to the greenhouse energy demand, and hence the 

optimization procedure constantly shows high ST-OSC coverage ratio (60 % - 100 %) D18:Y6 

and PM6:Y6 active layer blends to be optimal for balancing yield and energy offsets. Across all 

the selected climate conditions, the optimal device configuration generates enough power to 
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offset the required supplemental lighting energy and at least part of the greenhouse heating and 

cooling demand. With supplemental lighting having been shown to improve the economics of 

tomato production, this only aids to imply further improvements in lettuce production which 

require much lower light for optimal growth.  

Overall, while a drop in yield is not desired, it is important to assess if ST-OSC 

greenhouses provide an overall positive economic outlook or NPV to growers for the 

commercial feasibility of this technology. We see that the combination of optimal ST-OSC 

device PCE, transmittance and coverage ratio have the potential to aid the economics of 

production of year around high and low light requiring plants in almost all known climate 

conditions. Even if extreme cold climates are excluded assuming harsh terrain and sparse 

population and other factors which are beyond the scope of the developed model, we see that 

there is scope to establish ST-OSC greenhouse footprint on nearly 75 percent of total available 

land mass in the world which is twice of the current arable land available for food production.  

 

6.2. Methods 

6.2.1. Plant Growth Model 

      A quantitative description of mechanisms and processes involved in modelling the 

growth of plants is shown in Figure 6.1(b) with a brief overview provided here. Red leaf lettuce 

variety is considered for modelling the growth of lettuce. Spectral impact on plant growth is 

included where possible for lettuce and validated with experimental results obtained from growth 

under ST-OSCs.63 Tomato modelling is done assuming seeds of tomato cv. trust variety.156 

Considering the lack of experimental observation under ST-OSCs coupled with strong cultivar 

dependence, we do not include spectral dependence in this work and it is assumed that only light 
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intensity plays a dominant role in plant yield.61 Furthermore, we consider the supplemental lights 

to impact plant growth in the same way as sunlight for the purpose of modelling. The 

mathematical equations and parameters are highlighted in the supporting information in section 

1 and 2 for lettuce and tomato modelling, respectively. Table E1 and Table E2 provide the 

parameters utilized for modelling lettuce and tomato while Table E6 provides the nomenclature 

of parameters. 

 

 

Figure 6.1 Relating greenhouse economics in the form of Net Present Value to annual 

greenhouse plant yield, energy demand and integrated semitransparent organic solar cells. 

Greenhouse performance is characterized based on multiple global climates ranging from the 

tropics to tundra.  
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Photosynthesis is modelled as a function of greenhouse parameters like absorbed sunlight in the 

PAR wavelength region, temperature, and atmospheric CO2 concentration. Available leaf area, 

orientation, and extinction coefficient are used to obtain interception of diffuse and direct 

sunlight by the modeled plant at each timestep.153 The extinction coefficient is defined as the 

area of shadow cast by the leaf due to incident sunlight to the leaf’s surface area. Figure E1 

depict absorption of direct and diffuse light at various depths in a plant canopy. Rate of 

photosynthesis is assigned a value of zero during dark (night) hours. For lettuce, the maximum 

rate of photosynthetic CO2 assimilation is defined as the maximum rate of carbon fixation of a 

plant is characterized by different R:B values and utilized from the data provided by Wang et al 

as shown in Figure E2(a).20 Plants experience energy losses in the process of photosynthesis 

from photorespiration.151,153 Growth induced synthesis and respiratory losses  are incurred to  

maintain cellular integrity and repair mechanisms. These losses are assumed to be driven from 

the net rate of photosynthesis photosynthesis and the rest is partitioned towards the plant dry 

mass. The rate of losses in lettuce is influenced by the fraction of biomass partitioned to root and 

shoot and is shown in Figure E2(b). The leaf area of the plant increases as a fraction of the 

available biomass generated.155 The fraction is determined by a parameter called specific leaf 

area (SLA).  For lettuce, we observe that the SLA is influenced by both incident light intensity in 

the PAR wavelength region and % blue in the PAR spectra.155 This is shown in Figure E2(c). 

Finally, Plant dry mass denotes total yield accumulated from photosynthesis after accounting for 

losses. Dry mass does not include water content in the plant.151 This dry mass is then partitioned 

as required into various components of the plant like root, stem, flowers and fruit.  

      We validate the lettuce model with greenhouse parameters provided by Henten et al151 

and the experimental results obtained from previous work in Ravishankar et al.63 Results indicate 
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good accuracy providing proof of successful extension of this model for greenhouse simulation. 

This is shown in Figure E2(d)-(f). We also validate the tomato growth model with greenhouse 

parameters provided by Jones et al.156, and the experimental results obtained from growing 

tomato in Gainesville, Florida provided in the same work. Results indicate good accuracy, and 

this is indicated in Figure E3. 

 

6.2.2. Modelling ST-OSC systems 

 

Figure 6.2. (a) Device stack of modelled ST-OSC system. (b) Trade-off between transmittance 

over PAR and PCE (%).Normalized absorption of (c) selected donor and (d) acceptor materials 

 

The solar cell structure utilized for modelling is shown in Figure 6.2(a) and consists of a 100 nm  
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thick indium tin oxide (ITO) layer used for the front electrode followed by a 35 nm thick ZnO 

electron transport layer (ETL) followed by the active layer. After the active layer, there is a 5 nm 

MoO3 layer hole transport layer (HTL) followed by another 100 nm thick ITO electrode. This 

solar cell structure is then sandwiched between 2 mm thick layers of glass. While the electrode 

(ITO) inherently has a high infrared reflectivity, overall the combination of electrode, HTL and 

ETL reduce transmittance over the PAR wavelength region uniformly. Hence,  in an ST-OSC 

device, the optical bandgap of the selected donor and acceptor largely determines the spectrum 

and intensity of transmitted incident light.  

      Currently, the two important photovoltaic parameters of ST-OSCs are PCE and 

transmittance over PAR. While higher transmittance over PAR is expected to aid plant growth 

and high PCE helps offset a greater fraction of greenhouse energy demand, these parameters 

compete with each other and hence there is a need to tune the performance of a ST-OSC to 

obtain both optimal plant growth and power generation for greenhouse operation. Hence, we 

consider here 64 OSC active layer blends modelled with active layer thicknesses that correspond 

to the best performing reference opaque device. These active layer blends are comprised from a 

broad array of polymer donor materials and Small Molecule Acceptors (SMA), a ternary and an 

all-polymer active layer system. The complete list of active layer blends, absorption edges and 

modelled ST-OSC device efficiencies used for the purpose of this study are shown in the 

Appendix E in Table E3. These are by no means an exhaustive listing of all the systems 

demonstrated in the literature. However, the selected materials when integrated with greenhouses 

and simulated for different climate conditions are expected to provide vital design considerations 

that have the potential to lead to improved OSC material synthesis. 
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      The normalized absorption spectra of the donor and acceptor systems as a function of 

wavelength are shown in Figure 6.2(b) and Figure 6.2(c) respectively. The extinction 

coefficient is derived from the absorption coefficient. This is then applied to a Kramer-Kronig 

relationship to obtain the refractive index.168 The absorption spectra of materials have been 

categorized based on the absorption edge which denotes the maximum wavelength of significant 

absorption for an active layer blend. These absorption edges vary from 700 nm – 1100 nm for the 

considered systems as shown in Figure 6.2(c). The absorption, power generation and 

transmittance through the ST-OSC stack is determined through a transfer matrix model.95,115 

Prior to modelling, the corresponding opaque device architecture was modelled and the External 

Quantum Efficiency (EQE) available in the literature was compared to the modelled data to 

ensure good agreement. The Open Circuit Voltage (Voc) at 1-sun illumination for the reference 

opaque device is considered and varied depending on the photocurrent using a photodiode 

equation. Similarly, the fill factor is considered unchanged from that of the reference opaque 

devices reported in the literature. The relation between PCE and transmittance over PAR where 

plants are sensitive to changes in light for growth are shown in Figure 6.2(d). We observe a 

range in PCE from 5 % to just under 16 % while the transmittance varies from 20 % to nearly 60 

% over PAR. Despite variation in transmittance and PCE due to differences in absorption by the 

selected blend, we see that commonly there is a linear trade-off between transmittance increase 

and PCE drop indicating the importance of mapping crop growth and greenhouse energy demand 

to ST-OSC device metrics like transmittance and PCE to justify OSC integration to greenhouses. 
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6.2.3. Climate selection and greenhouse operation 

            To classify greenhouse energy demand and lettuce yield as a function of global climates, 

we utilize the Köppen-Geiger climate classification system.30 A total of 25 different climate 

classifications are considered. One location is selected as a characteristic representation of every 

Köppen-Geiger climate category. The climate code, description and the locations considered are 

provided in Table E4.169 In each of those locations, a year-around operating greenhouse is 

simulated assuming integration of ST-OSC with various active layer materials with variable ST-

OSC coverage ratio. 

            A standard commercial single span gable-roof greenhouse of dimensions 29.4 x 7.3 m 

with a gutter height of 3 m was chosen for simulation.86 The greenhouse is oriented north-south 

and a roof tilt angle of 27o is assumed.11 The roof and walls excluding the north-facing wall were 

constructed with 4 mm thick single pane glass. The north wall was considered an adiabatic 

surface to reduce heat loss, which is often the location of a head house or storage area. Other 

specifications for ventilation, heating and shading operation is as described by the previous work 

done by Ravishankar et al. Details of the shade deployment schedule are provided in the 

Appendix F in Table E4.  

            For modelling lettuce production, the night temperature is set to 15-18 oC and the day 

temperature is set to 21-25 oC.170 Relative humidity across the entire day is controlled to ensure a 

minimum of 60 %. A lettuce planting density of 18 plants/m2 greenhouse floor area is 

assumed.151 The plant growth model does not consider the growth phase of lettuce from seeding 

to germination. Across the entire year, we consider multiple cycles of lettuce growth with the 

start of the cycle marked by the germination phase and the conclusion of the cycle demarcated by 

harvest. Here, we consider a harvest every month in the simulated greenhouse across all the 
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considered climate conditions as well as for all the integrated ST-OSCs coupled with different 

roof coverage ratios. This harvest frequency seems to be an acceptable norm for greenhouse 

production.170  The yield at the time of harvest is kept track of and summed up to result in total 

annual greenhouse yield.  

            For modelling tomato, the night temperature is set to 17-22 oC and day temperature is set 

to 24-30 oC. Relative humidity across the entire day is controlled between 60 %-80 %85 Two 

harvest cycles are considered for year around tomato production. In the first cycle, the plants are 

seeded around January and are harvested by June. The second cycle starts in July and harvest 

continues until the end of year. A 300 W LED lamp is considered to provide a light intensity of 

180 µmoles m-2 s-1 across a 10 x 10 ft2 area.171 Supplemental lighting is considered to be active 

only at the onset of flowering and a maximum lighting duration of only 20 hours is allowed. An 

optimal DLI of 22 moles m-2 day-1 is maintained during this stage.85  Most supplemental lighting 

is utilized during night time. 

All simulations were conducted in MATLAB and executed on a high-performance 

computing system cluster with a total of 16,000 simulations conducted considering both lettuce 

and tomato. Hence, the greenhouse energy demand and annual yield of simulated lettuce and 

tomato is documented. The climate parameters for each location are taken on an hourly basis 

from Typical Meteorological Year 3 (TMY3) data set.81 The monthly average beam and total 

solar radiation data incident on a horizontal surface are obtained from NSRDB database172 which 

is then utilized to determine the hourly direct, diffuse, and reflected solar radiation on a 

horizontal surface.90 Detailed solar power and light modelling is explained in previous work 

done in Ravishankar et al.28 
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6.2.4. Economic analysis 

To make feasibility decisions towards the integration of ST-OSCs to greenhouses and 

understand the magnitude of acceptable yield loss, factors like capital costs of a new greenhouse, 

OSCs, associated energy and operations cost along with revenue generated from annual crop 

yield must be taken into consideration. This is done by computing a Net Present Value factor 

(NPV) using the annual net revenue streams and a discount rate of 10% assuming a greenhouse 

lifetime of 30 years.173 Revenue streams are inclusive of annual income, annualized cost of loan 

payments and annual variable cost. The income is assumed to come solely from crop production. 

The annualized investment cost includes the cost ST-OSCs when applicable along with the cost 

of greenhouse structure, each calculated using a capital recovery factor specific to the lifetime of 

that investment. Finally, the variable costs include energy incurred from heating and cooling, 

fertilizer, water, and labor costs. Depending on the extent of power generation in a ST-OSC 

greenhouse, the energy costs are offset.32 However, it is assumed that surplus energy generation 

available after greenhouse energy offset across the entire year does not necessarily translate into 

additional profit for the greenhouse. Lifetime of ST-OSCs modelled are assumed to be 5 years 

and a module cost of $7.85/m2 is considered.75 Given that, a lot of these costs have the potential 

to vary, we present the NPV for ST-OSC greenhouses relative to the corresponding conventional 

greenhouse system. Inputs for greenhouse costs and revenue is shown in Table E5 in the 

supplemental information. 

 

6.3. Results and Discussion 

Results of maximum gain in NPV for ST-OSC greenhouse and indications for achieving 

energy neutral greenhouses without drop in annual plant yield are reviewed here for a total of 25 
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different climates selected from the Köppen-Geiger climate classification. We also provide 

results of relative change in NPV (relative NPV) for ST-OSC integrated greenhouse with all the 

selected active layer blends as a function of annual energy offset and plant yield for nine climates 

selected to range from tropical monsoon to tundra. Through this analysis, we provide an insight 

into optimal ST-OSC device configurations for growing both low and high-light requiring plants 

like lettuce and tomato. Results of relative NPV as a function of annual plant yield and energy 

offset for the remaining 16 climates are provided in the Appendix F in Figure F1-F8. This 

includes both lettuce and tomato. 

 

6.3.1. Climate description 

            The extent to which ST-OSC greenhouses can maximize annual energy offset while 

minimizing plant yield determines its economic viability. This largely depends on the existing 

climate conditions and a brief overview is provided here.30 Tropical climates are categorized by 

constant high temperatures and high relative humidity exceeding 75%. Based on annual 

precipitation received, these climates are further sub-categorized into rainforest, monsoon and 

savanna climates. Dry climates are characterized by low annual precipitation and the various 

regions are classified into arid or semi-arid conditions accordingly. Hot desert arid and semi-arid 

climates have an average annual temperature above 18 oC (64 oF). Cold arid and semi-arid desert 

climates have winter temperatures that fall below -3 oC (27 oF). Temperate climates have an 

average temperature above -3 oC (27 oF) in their coldest month but below 18 oC (64 oF) fall 

under the broad category of temperate climates. This climate is further divided into sub-

categories based on the amount of precipitation received and the degree of summer heat into 

subtropics, mediterranean, highland, highland-oceanic and subpolar oceanic climates.  Snow 
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climates have an average temperature of above 10 oC (50 oF) in the warmest months and below -

3 oC (27 oF) in the coldest months. Snow climates are sub-categorized into humid and 

mediterranean climates that range from hot summer to extremely cold subarctic climate. While 

some of the hot summer climates have temperatures exceeding 22 oC (72 oF), the subarctic 

climates have winter temperatures as low as -38 oC (-36 oF). Finally, the polar climates are 

defined by the warmest temperature of any month not exceeding 10 oC (50 oF). This is 

subcategorized into tundra and icecap climates with the latter having no months in the year 

where temperature exceeds 0 oC (32 oF).  

 

 

6.3.2. Global economic outlook for lettuce 

            At the broad level, an solar powered greenhouse using semitransparent organic solar cells 

can achieve both energy neutrality with a negligible annual plant yield loss . It can also achieve 

one of the two objectives or fail to achieve both. This is shown in Figure 6.3(a) for lettuce and 

the corresponding maximum relative NPV for ST-OSC greenhouse is shown in Figure 6.3(b). 

The tropical climate has the potential for achieving energy neutral greenhouses with minimal 

drop in yield. These locations also provide the maximum gain in relative NPV with respect to the 

conventional greenhouse with gain in NPV between $5000-$8000 across various subcategories 

within the tropical climate. Similarly, locations categorized within the dry climate such as hot 

and cold arid climates and hot semi-arid climates also show the potential to achieve energy 

neutral greenhouses with minimal drop in yield with a gain in NPV of $3000-$5000 relative to 

the conventional greenhouse. A cold semi-arid climate tends to have relatively long and cold 
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winters, thereby achieving only a partial energy offset without yield loss. However, this still 

provides a maximum gain in NPV of about $2000-$3000 relative to the reference greenhouse.   

 

Figure 6.3. World map that highlights (a) tradeoffs between power generation and annual lettuce 

yield in a ST-OSC greenhouse and (b) Maximum NPV value for ST-OSC greenhouse relative to 

a conventional greenhouse operating in different climates classified based on the Köppen-Geiger 

classification system. Indications in the figure depict simulated locations in this work 
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            Within locations categorized under the temperate climate, the subtropics comfortably 

offset all the greenhouse energy demand with negligible drop in yield providing high gains in 

relative NPV of the order of $6000-$7000. While marginal drop in yield is seen in some of the 

subtropic climate locations at latitudes above 30o, overall, this climate has a maximum relative 

NPV value in the range of $3000-$4000 which is comparable to mediterranean climates where 

again a potential for energy neutral greenhouses is seen with minimal drop in yield. Temperate 

highland climates have the potential to achieve energy neutral greenhouses with minimal drop in 

annual yield and a gain in NPV of $4000-$5000 is seen in these locations. On, the other hand, 

temperate oceanic climates are characterized by low solar insolation leading to a drop in power 

generation potential while also resulting in a drop in lettuce yield. These locations partially offset 

greenhouse energy but result in a drop in yield and offer only a marginal gain in NPV with 

values being between $0-$500 higher than that of conventional greenhouses. Finally, subpolar 

climates only partially offset greenhouse energy demand while also experiencing a loss in annual 

crop yield. A marginal gain or loss in NPV for a ST-OSC greenhouse is seen with respect to the 

reference greenhouse. Given the harsh nature of winter in snow climates and high energy 

demand for greenhouse operation, only the mediterranean climate shows potential for achieving 

energy neutral greenhouses with minimal impact on annual crop yield. Furthermore, barring 

climates that have a hot or warm climate during summer, every other location within this climate 

category impacts annual crop yield while only partially offsetting greenhouse energy. Overall, 

we see a relative loss in NPV across most of the snow climate categories barring hot and warm 

summer mediterranean climates. A maximum NPV gain of $3000-$4000 is seen in these 

mediterranean climates. This is followed by hot and humid summer climates which has a NPV 

gain of $2000-$3000 and warm and humid summer climate with a NPV gain of $1000-$2000. 
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Transitioning, into polar climates we again see a negligible gain in NPV with respect to a 

reference greenhouse.  

 

6.3.3. Global economic outlook for tomato 

            For modelling tomato growth, apart from greenhouse heating and cooling demand, we 

also consider the electric energy needed for supplemental lighting as part of the overall 

greenhouse energy expenditure to ensure against drop in fruit yield. Comparing reference 

greenhouses for growing lettuce vs tomato, we will see subsequently that this attributes to 

between 15-50 percent of total greenhouse energy demand seen for lettuce production.  This 

further increases the challenge of achieving energy neutral greenhouses without loss in yield. 

The trade-off between energy offset and yield loss is shown in Figure 6.4(a) while the maximum 

relative NPV for growing tomatoes in a ST-OSC greenhouse across the world is shown in 

Figure 6.4(b). The tropical climate indicates that annual tomato production is possible without 

drop in fruit yield while achieving energy neutral greenhouses. Like lettuce, these locations also 

provide the maximum gain in relative NPV with respect to the reference greenhouse with 

maximum relative NPV being between $9000-$20000 across various subcategories within the 

tropical climate. Within the dry climate, except for cold semi-arid climate condition, all other 

categories show the potential to achieve energy neutral greenhouses with minimal drop in yield 

with a maximum relative NPV of $7000-$17000 relative to the reference greenhouse. The cold 

semi-arid climates experience a higher energy demand. While complete energy offset is possible, 

the relatively low solar insolation implies that despite the presence of supplemental lighting, 

there is a drop in fruit yield. However, with substantial energy savings, the maximum relative 

NPV is still moderately high at about $8000-$9000 for ST-OSC greenhouses in this climate.   
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Figure 6.4. World map that highlights (a) tradeoffs between power generation and annual tomato 

yield in a ST-OSC greenhouse and (b) Maximum NPV value for ST-OSC greenhouse relative to 

a conventional greenhouse operating in different climates classified based on the Köppen-Geiger 

classification system. Indications in the figure depict simulated locations in this work 
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Figure 6.5. Net Present Value as a function of fresh weight of lettuce and annual energy offset in 

(a) tropical monsoon (Miami), (b) tropical savanna (Sao-Luis), (c) dry hot desert (Phoenix), (d) 

temperate highland (Johannesburg), (e) temperate hot summer mediterranean (Sacramento) (f) 

snow hot summer mediterranean (Salt lake city) (g) temperate oceanic (London) (h) snow 

subarctic (Anchorage) (i) polar tundra (Mount Washington) climates 
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Figure 6.6. Net Present Value as a function of fresh weight of tomato and annual energy offset 

in (a) tropical monsoon (Miami), (b) tropical savannah (Sao-Luis), (c) dry hot desert (Phoenix), 

(d) temperate highland (Johannesburg), (e) temperate hot summer mediterranean (Sacramento) 

(f) snow hot summer mediterranean (Salt lake city) (g) temperate oceanic (London) (h) snow 

subarctic (Anchorage) (i) polar tundra (Mount Washington) climates 

 

Within locations categorized under the temperate climate, the subtropics and 

mediterranean offset all the greenhouse energy demand with negligible drop in tomato fruit yield 

providing high gains in relative NPV of the order of $8000-$14000. Temperate highland climates 

with and without the exposure to ocean currents and subpolar climates can only partially offset 
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the energy demand of the greenhouse without experiencing a drop in annual tomato yield. 

Despite this, given substantial energy savings from the ST-OSCs minimal drop in yield due to 

the presence of supplemental lighting, these locations provide significant improvements in NPV 

over reference greenhouse with a maximum relative NPV of $5000-$17000 being obtained. The 

combination of long cold winter coupled with supplemental lighting energy in snow climates 

results in no selected location showing potential to achieve both energy neutral greenhouse and 

negligible loss in tomato yield. Hot and warm summer mediterranean climates and warm 

summer humid climates at latitudes lower than 40o show potential for achieving energy neutral 

greenhouses with drop in annual crop yield while subarctic climates induce both loss in yield and 

only partial energy offset. Contrary to lettuce production in greenhouses, the supplemental 

lighting protects against drop in tomato yield that is higher than 12% while still offsetting 

significant energy demand through power generation and energy savings through low emissivity 

coating provided the ITO electrodes. Hence a positive relative NPV is seen in all the sub-

categories within the snow climate with values ranging from $5000-$17000. Polar climates 

provide a similar outlook to snow climates. However, while this analysis shows promise, we 

acknowledge that these locations possess other terrain related challenges for greenhouse food 

production, the results for both lettuce and tomato growth under ST-OSCs offer plenty of scope 

for climates across the world. 

 

6.3.4. Identifying optimal ST-OSCs for greenhouse integration 

            In this work, we consider the greenhouse revenue to come predominantly from annual 

plant yield. Hence, a drop in yield results in a linear drop in NPV and it is not ideal to generate 

surplus solar power at the cost of losing plant yield. At the same time, offsetting maximum 
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possible portion of the greenhouse energy demand without diminishing the yield provides 

promising NPV gains. In this regard, a ST-OSC greenhouse operation must be optimized all the 

way from optimizing ST-OSC transmittance, PCE and coverage ratio to managing greenhouse 

climate such as light and temperature leading eventually to its total energy requirement.  

It is often considered ideal to have a ST-OSC stack absorption spectra that is complimentary to 

the PAR wavelength region. Hence, extending absorption into IR is preferable but this comes at 

the cost of losing open circuit voltage and hence PCE. Therefore, identifying suitable donor and 

acceptor blends for active layers that can balance absorption in the PAR and IR to guard against 

significant drop in PCE to under 5 percent is preferable. At the same time, plants sense spectral 

changes in the PAR and far-red and hence absorption in PAR should create spectral changes that 

can produce healthy plants with the required nutritional quality. Plants are also sensitive to 

temperature impacting final yield quantity, time of flowering and fruit quality. It is important to 

ensure ST-OSCs are capable of sufficient heat rejection to ensure temperature is kept within the 

required set-point. In the previous work done by Ravishankar et al., we show nearly 70 % 

improvement in temperature control for ST-OSC greenhouses with year around 100% ST-OSC 

coverage ratio in comparison to the reference greenhouse. This is in addition to providing energy 

savings through IR rejection. While 100% coverage provides energy and temperature control 

benefits, year around shading at full coverage ratio has its disadvantages as well. This reduces 

the total transmitted sunlight through the ST-OSC in the PAR wavelength region while also 

increasing supplemental lighting and solar cell installation costs in the process. In this section, 

we attempt to highlight the factors involved in optimizing these parameters for lettuce and 

tomato growth in a greenhouse and its climate-based benefits and limitations for nine distinct and 
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major climates ranging from tropical to tundra selected from Köppen-Geiger climate 

classification system. 

 

6.3.5. Optimal ST-OSCs for lettuce growth 

            The lettuce production in greenhouse modelled in this work is considered year around 

with a harvest roughly every month. The growth model does not include supplemental lighting 

and energy demand comprises of annual heating and cooling demand for the greenhouse. The 

combination of obtained annual yield and greenhouse energy offset results in a certain NPV 

which is measured relative to a reference greenhouse. This is shown in Figure 6.5 for climates 

ranging from tropical to tundra. The climate dictates greenhouse energy demand. The reference 

greenhouses have total energy demand ranging from about 100 kWh/m2-year to 500 kWh/m2-

year for lettuce across the selectedclimates. Tropical and dry climates barely require heating and 

require cooling year around. This is shown in Figure 6.5(a)-(c). Despite constant ventilation, and 

year around shading in the reference greenhouse, the tropical monsoon and savanna climates 

exhibit temperature-induced growth inhibition for lettuce production (Figure 6.5(a)-(b)). A 

100% ST-OSC coverage ratio of DPP2T:IEICO-4F and 40% ST-OSC coverage ratio of D18:Y6 

active layer achieves energy neutral greenhouses with about 7% and 15% improvement in annual 

lettuce yield in tropical monsoon and savanna climates respectively. 40% coverage of D18:Y6 

active layer also produces energy neutral greenhouse with comparable yield in the hot desert dry 

climate as shown in Figure 6.5(c). However, dry climate indicates a drop in yield at coverage 

ratios of 20% for ST-OSCs indicating a  yield drop due to excess light causing photoinhibition.  

Optimizing for yield, the tropical monsoon climate shows up to 15% improvement in yield at 

20% ST-OSC coverage of PTB7-Th:IEICO-4F active layer, but this comes at the cost of not 
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being able to offset the greenhouse energy demand. Across Figure 6.5(a)-(c), we see that in hot 

climates, ST-OSCs at optimal ST-OSC coverage ratios have the potential to improve temperature 

control in comparison to the reference greenhouse through increased IR reflection.  

The highland and mediterranean climates have a higher heating demand than tropical and dry 

climates and their overall energy demand ranges from 150 kWh/m2-year to 250 kWh/m2-year for 

reference greenhouses as shown in Figure 6.5(d)-(f). These climates have mild and moderate 

summers and show the highest annual yield for lettuce among all the selected climates indicating 

optimal light and temperature control. The highland and temperate mediterranean climates 

achieve energy neutral greenhouses with comparable yield compared to the reference greenhouse 

as shown in Figure 6.5(d)-(e). Optimal devices to achieve this is a 40% and 80% ST-OSC 

coverage ratio of D18:Y6 and DPP2T:IEICO-4F respectively. The cold mediterranean climate 

experiences a 5% drop in annual lettuce yield when achieving energy neutral greenhouses using 

a 100% ST-OSC coverage ratio of PTB7-Th:IEICO-4F active layer. While this yield drop is 

marginal, Figure 6.5 (f) possibly highlights the limitation faced by the current set of available 

ST-OSCs in offsetting the maximum possible annual greenhouse energy demand completely 

with minimal drop in yield without supplemental lighting.     

Finally temperate oceanic and subarctic snow and tundra climates have prolonged winter, low 

solar insolation, high heating demand and hence have energy demand from 250 kWh/m2-year - 

500 kWh/m2-year. This is shown in Figure 6.5(g)-(i). Photoinhibition in these climates is almost 

entirely absent indicating optimal available light for plant growth. The models show that 20-40% 

ST-OSC coverage ratio of DPP2T:IEICO-4F is possible to offset partial energy demand without 

yield loss. If we prioritize surplus power generation where possible for complete off grid 

greenhouses (Figure 6.5(a)-(f)), we see that even without any additional incentive for power 
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generation, a comparable NPV to reference greenhouses are seen allowing for a yield drop 

ranging from 10%-30%.  

 

6.3.6. Optimal ST-OSCs for tomato 

            In contrast to modelling lettuce growth, year around tomato production in a greenhouse 

considers supplemental lighting to ensure DLI in the greenhouse does not fall below the optimal 

light set points over the plant’s growth from seeding to fruit production. NPV as a function of 

annual tomato yield and greenhouse energy offset for the same nine climates selected previously 

for lettuce is shown in Figure 6.6 for tomato. With the addition of supplemental lighting, 

greenhouse energy demand for reference greenhouses ranges from about 220 kWh/m2-year to 

about 620 kWh/m2-year for tomatoes for tropical to tundra climates. Overall supplemental 

lighting adds to 15-50% to the annual greenhouse energy demand seen for lettuce production. At 

the same time, supplemental lighting helps minimize differences in the DLI for tomatoes over its 

growth cycle between the different selected ST-OSCs and reference greenhouse systems. 

However, since the supplemental lighting ensures only that the minimum required DLI is 

provided, this does not completely offset the differences in hourly solar insolation and the 

corresponding differences in greenhouse temperature, thereby creating moderate to low 

differences in the annual yield across all the ST-OSC and reference greenhouses.  

            We observe that running energy neutral greenhouses is possible without drop in yield 

across the tropical, desert and temperate mediterranean climates while temperate highland and 

snow mediterranean climates achieve energy neutral greenhouses with a yield loss of 3.5% and 

12% respectively. This is shown in Figure 6.6(a)-(f). Coupled with supplemental lighting, 

temperate oceanic and subarctic snow and tundra climates have high greenhouse energy demand 
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and hence ST-OSCs only partially offset greenhouses with a maximum drop in yield of 6 percent 

as shown in Figure 6.6(g)-(i). With the addition of supplemental lighting, maximum energy 

offsets from ST-OSCs come from a higher coverage ratio and PCE than needed for lettuce 

growth. While the dry climate shows a requirement of 60% coverage ratio of PM6:Y6, all 

remaining eight climates, achieve energy neutral greenhouses or a maximum energy offset at 

100% coverage ratio. Hence, a PCE range of 9%-15% is essential to achieve the energy neutral 

greenhouses seen in tropical, desert, temperate highland and mediterranean climates. Finally, like 

lettuce, through better temperature control, about 10%-30% improvement in annual tomato fruit 

yield is seen across the tropical and desert climates as shown in Figure 6.6(a)-(c). 

 

6.3.7. Pathway to scale up global food production  

            Currently, only 37.5% of available global land is suitable for field agriculture. Proof of 

global economic viability for ST-OSC greenhouses will go a long way in scaling up food 

production for the increasing global population thereby providing a clear pathway to sustainable 

food production. Through modelling, we infer that both lettuce and tomato production can 

happen in ST-OSC greenhouses in most climates with marginal to significant gains in NPV 

relative to the reference greenhouse. Here, we take these results and extrapolate to the available 

land area associated with each climate that can be utilized for scaling up its greenhouse footprint. 

Tropical climates are concentrated in the land area from the equator to north and south latitudinal 

ranges of up to 20o and make up 16% of the total earth’s landmass. Dry climates include 

locations around and beyond the equator in the northern and southern hemisphere. Regions 

between approximately 20o-33o north and south latitude fall under a hot desert arid and semi-arid 

climate while cold arid and semi-arid climates occur much higher up to a latitude of 50o north 
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and south. Dry climate zones cover nearly 30% of the earth’s land surface and it is here that 

greenhouses if made energy neutral combined with potential savings in water can significantly 

improve food production across non-arable conditions.174 Temperate climate s are made up of 

locations between 23o to 66o north and south of the equator. Subtropical and mediterranean 

climates are typically located between 23.5o and 35o north or south. Highland climates are 

characterized by high altitudes. Subpolar climates and highland climates influenced by oceanic 

currents are closer to the polar regions and experience a much colder winter than the other 

temperate sub-categories. Overall, temperate climates occupy 21% of the total world’s land area. 

Snow climate occurs between latitudes of 40o to 65o north with land area influenced by this 

climate making up 29% of global land area. Over temperate and snow climates, even if we 

exclude half the land area as adverse and comprising of subpolar, subarctic, and polar climates, 

nearly 75% of total available land area can be utilized for greenhouse production. This is a 

significant increase in comparison to just 37.5% of land being suitable for field agriculture.   

            Throughout all the climates considered, we see that in the absence of supplemental 

lighting, the maximum gain in NPV for ST-OSC greenhouses is obtained through low ST-OSC 

coverage ratio for high PCE ST-OSCs or high ST-OSC coverage ratio for moderately high PCE 

ST-OSCs with relatively higher transmittance in the PAR wavelength region. On the other hand, 

maximum coverage ratio for high PCE ST-OSC devices is preferable with supplemental lighting. 

Despite considering 64 different ST-OSC active layer blends, we see that the model constantly 

selected IEICO-4F and Y6 acceptor-based blends. IEICO-4F acceptor molecule has 

demonstrated over 12% efficiencies in blends. Y6 on the other hand while extending absorption 

in IR also provides high efficiencies of the order of 16-18 % when paired with a suitable donor 

material. While IEICO-4F based blends have transmittances of the order of 45-60% in the PAR 
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wavelength region, Y6 based blends have a transmittance under 20% and hence these two 

materials provide a clear indication of the limitation that current ST-OSCs face. It is believed 

that such a plant-energy-greenhouse systems model can continue to screen and identify material 

systems that improve current economic outlook. 

 

6.4. Conclusions 

Employing semitransparent organic solar cells (ST-OSCs) on greenhouse structures can 

significantly reduce the energy needs with the ability to tune spectral transmittance to meet the 

plants lighting needs. While the concept shows promise, all relevant studies so far have focused 

on the singular objective of improving device performance or transparency without identifying 

limitations and factors involved in identifying the ideal ST-OSC design to achieve energy 

neutrality in a greenhouse with negligible drop in crop yield. In this work, we model the growth 

of lettuce and tomato as a function of changes in greenhouse environments that include light 

intensity, spectra, temperature, and carbon dioxide. 64 different ST-OSCs with different spectral 

character and performance are considered. 25 global climates based on Köppen-Geiger 

classification have been assumed for year around greenhouse operation to study the feasibility of 

establishing a global footprint for ST-OSC greenhouses. The feasibility and trade-offs between 

annual energy offset and yield is studied for ST-OSC greenhouses through a relative Net Present 

Value (NPV) with respect to reference greenhouses. We demonstrate significant improvement in 

NPV for ST-OSC greenhouses in comparison to a reference greenhouse. This is of the order of 

$8000 for lettuce and $20000 for tomato production. We observe NPV is extremely sensitive to 

changes in plant yield and maximum gains in NPV were observed at maximum possible energy 

offset without impact on plant yield. Hence, in the absence of supplemental lighting, the 
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maximum gain in NPV for ST-OSC greenhouses is obtained through low ST-OSC coverage ratio 

for high PCE ST-OSCs or high ST-OSC coverage ratio for moderately high PCE ST-OSCs with 

relatively higher transmittance in the PAR wavelength region. With supplemental lighting, a 

relatively high PCE range of 9%-15% is essential to achieve the energy neutral greenhouses or 

offset the required supplemental lighting energy and part of the greenhouse heating and cooling 

demand. Preferred active layer blends for both lettuce and tomato production include PM6:Y6, 

D18:Y6, PTB7-Th:IEICO-4F and DPP2T:IEICO-4F.  Simulations also demonstrate that based 

on positive gains in NPV, nearly 75% of total available land area can be utilized for greenhouse 

production. This is in stark contrast to just 37.5% of land being suitable for field agriculture 

providing substantial scope and a clear pathway for ST-OSC greenhouses to achieve sustainable 

food production.  
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Appendix A 
 

 

Figure A1 Representation of the Köppen-Geiger Climate classification. Climate classification 

definition is provided in Table E4. 
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Table A1 Tabulation of performance of inorganic PV and luminescent solar cells for greenhouse 

integration. 

Author  Inorganic PV type % 

coverage 

ratio 

PCE Power 

generation 

(kWh/m2-

year) 

Pattern % 

change 

in yield 

Urena Sanchez 

et al46 

a-Si thin film 10 6 14 Checkerbo

ard 

-5 

Cossu et al8 Poly-Si 50 14 112 Straight 

line 

-22 

Hassanien and 

Ming et al40 

Semi-transparent 

mono Si 

20 8 24 Straight 

line 

Compar

able 

Cossu et al41 Micro-spherical 

solar cells 

10 0.2 6 Straight 

line 

-6 

Trypanagnosto

poulos et al42 

Poly Si 50 12 51 Straight 

line 

Compar

able 

Hassanien et 

al31 

Semi-transparent 

mono Si 

20 8 24 Straight 

line 

Compar

able 

Marucci and 

Cappuccini43 

Poly-Si 78 14 123 Straight 

line 

-8 

Kadowaki et 

al37 

a-Si thin film 13 7 13 Straight 

line 

Comp. 
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Table A1 (continued) Tabulation of performance of inorganic PV and luminescent solar cells 

for greenhouse integration. 

Buttaro et al48 Poly-Si 14 7 161 Straight  

line 

-30 

Kavga et al47  Poly-Si 14 14 42 Straight 

line 

-40 

Loik et al44 Luminescent 4 4 57 Straight 

line 

-12 

 
 

Table A2 Tabulation of performance of semitransparent organic solar cells for greenhouse 

integration. 

Author  Organic solar 

cell active layer 

% coverage ratio % 

Transmittance 

(PAR) 

PCE 

(%) 

% 

change 

in yield 

Zorz et al PTQ10:PDI 100 40 5.7 Not 

specified 
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Table A2 (continued) Tabulation of performance of semitransparent organic solar cells for 

greenhouse integration. 

Okada et al Opvius company 

fabrication 

varied - (a) 25% 

coverage for 

cultivation and 

100% coverage 

for no cultivation, 

(b) 25% OPV 

coverage for 

cultivation and 

50% coverage 

with cultivation in 

summer, (c) 25% 

coverage with 

cultivation and 

100% coverage 

with cultivation. 

(Summer - June 1 

to September 15) 

 

Not specified 3.3 No 

referenc

e 

greenho

use 

specified 

Wang et al PM6:A-4Cl q-

BHJ active layer 

100 25 13.08 Not 

specified 
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Table A2 (continued) Tabulation of performance of semitransparent organic solar cells for 

greenhouse integration. 

 
Peretz et al Opvius company 

solar cell 

37 Not specified 3.3 Compara

ble yield 

Liu et al PTB7-

Th:IEICO-4F 

100 34 10 Compara

ble plant 

height. 

No yield 

specified 

Peretz et al Opvius company 

solar cell 

Small area device 

– not placed on 

greenhouse 

20 3.3 Not 

specified 

Zisis et al P3HT:PCBM 22 Not specified 2.1 No loss 

in yield 

of 

peppers 

Hui Shi et al J51:IEICO-

4F:PCBM 

100 20 9 Not 

specified 

Zhu et al PCE10:ICBA:Y

8 

100 27 10.5 Not 

specified 
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Appendix B 
 

 

Figure B1 Air temperature below shades and energy consumption in North Carolina (NC) for 

conventional and organic solar cell (OSC) – FTAZ:IT-M integrated greenhouse for (a) Air 

temperature for a typical day in January, including setpoint temperature, (b) Fan and pad cooling 

energy consumption and total energy consumption for a typical day in January, (c)Air 

temperature for a typical day in July, including setpoint temperature, (d) Fan and pad cooling 

energy consumption and total energy consumption for a typical day in July.  
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Figure B2 Air temperature below shades and energy consumption in Wisconsin (WI) for 

conventional and organic solar cell (OSC) – FTAZ:IT-M integrated greenhouse for  (a) Air 

temperature for a typical day in January, including setpoint temperature, (b) Fan and pad cooling 

energy consumption and total energy consumption for a typical day in January, (c) Air 

temperature for a typical day in July, including setpoint temperature, (d) Fan and pad cooling 

energy consumption and total energy consumption for a typical day in July. 

 



   

189 
 

 

Figure B3. Extinction coefficiency of the donor and acceptor materials used in the conceptual 

solar cell.  
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Appendix C 

 

Table C1. List of constants used in the simulations. 

Parameters Value 

Dimensions of the greenhouse Length – 29.26 m 

Width – 7.32 m 

Wall height – 3.05 m 

Tilt angle of roof (β) 27° 

Air changes by ventilation fans (Nvent) 1st speed setting: 2 ACH 

2nd speed setting: 60 ACH 

Air changes caused by infiltration (Ninf) 1 ACH 

Density of air (ρair) 1.225 kg/m3 

Dynamic viscosity of air (µ) 1.81 x 10-5 kg/m-s 

Thermal conductivity of air (ka) 0.03 W/m-K 

Thermal conductivity of glass pane (kr) 1.05 W/m-K 

Thermal conductivity of soil (ks)  1.40 W/m-K 

Specific heat of air (cpa) 1003 J/kg-K 

Specific heat of water (cp,w) 4180 J/kg-K 

Specific heat of plant (cpw)  4180 J/kg-K 

Volumetric heat capacity of soil (Cg) 1255200 J/m3-K 

Emissivity of greenhouse glass 0.93 

Latent heat of vaporization of water (L) 2,450,000 J/kg 

Perimeter heat loss factor (Fp) 0.85 W/m-K 
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Table C1 (continued) List of constants used in the simulations. 

Solar constant (Esc) 1357 W/m2 

Temperature of ground water (Tgw) Arizona: 22°C 

North Carolina: 19°C 

Wisconsin: 8°C 

Efficiency of evaporative cooling pad (ηcp) 0.8 

Transmittance of shade (Tshade) 0.5 

Shade schedule: Shade rolled out at night: 

AZ: Dec. 1 – Jan. 31 

NC: Nov. 1 – March 31 

WI: Oct. 1 – May 31  

Shade rolled out during day: 

AZ: May 1 – Sept. 31 

NC: June 1 – Aug. 31 

WI: July 1 – July 31 

Plant characteristics  

LAI  2 

Mass density of plant (Mp)  5 kg/m2 

Emissivity of plant (ϵv)  0.96 

Solar cell characteristics  

Fill factor (FF) FTAZ:ITM = 0.70  

PTB7TH:IEICO-4F = 0.70  
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Table C1 (continued) List of constants used in the simulations. 

Band gap (Eg) FTAZ:ITM = 1.38 eV 

PTB7-Th:IEICO-4F = 1.05 eV 

Non ideality factor (N) 1.52 

Modified ideality factor (N’) 1.50 

Ventilation fan pad cooling system   

Voltage of fans (V) 115 V 

Amperage of fans (A) 15.20 A 

Phase factor and RMS value 0.80 
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Table C2. Nomenclature for parameters in model 

Ac, Aground, Awall – Area of roof, ground and wall of the greenhouse (m2) 

Aj – Absorptance of layer j in organic solar cell 

a – Parameter denoting the influence of LAI on solar insolation’s impact towards 

transpiration 

as, aw – Solar and wall azimuth angle (0) 

Cg – Volumetric soil heat capacity (J/m3-K) 

c1 – c6 – Empirical coefficients for calculating heat transfer through transpiration. 

cf – Cloud cover factor 

cpa – Specific heat of air (J/kg-K) 

cpw – Specific heat of water (J/kg-K) 

D – Distance between the sun and earth (m) 

D0 – Yearly mean earth-sun distance (m) 

dj – Thickness of layer j in a considered OSC stack (m) 

 – Rate of energy stored in the air beneath the shades (W/m2) 

 – Rate of energy stored in the air above the shades (W/m2) 

 – Rate of energy stored in the inner soil layer (W/m2) 

 – Band-gap (eV) 

 – Electric field propagating in the forward and backward direction through layer j 

with thickness dj calculated with a step of z and integer increment ϒ 

 – Rate of energy stored in the vegetation (W/m2) 

Esc – Solar constant (W/m2) 

eai1,new – Humidity ratio of air beneath the shades in the new time step (kg water/kg air) 

eai1,old – Humidity ratio of air beneath the shades in the previous time step (kg water/kg air) 

 – Perimeter heat loss factor (W/m-K) 

f – Fraction of greenhouse ground area uncovered by the shade cloth 

fp – Fraction of air flowing through the evaporative cooling air when active 

Fv-r – View factor for radiation from vegetation layer to the roof of the greenhouse 

FF – Fill factor 

h – Planck’s constant (m2kg/s) 
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Table C2 (continued). Nomenclature for parameters in model 

h0 – Daily average solar elevation outside of the atmosphere (0) 

hi, ho – Inner and outer convective heat transfer coefficient (W/m2K) 

 – Internal convective heat transfer coefficient between air beneath and above the 

shades (W/m2-K)  – Internal convective heat transfer coefficient between air above the 

shades and roof (W/m2-K) 

 – Internal convective heat transfer coefficient between top soil surface layer and air 

beneath the shades (W/m2-K) 

– Internal convective heat transfer coefficient between vegetation layer and air beneath 

the shades (W/m2-K) 

 – External convective heat transfer coefficient between roof and ambient air (W/m2-K) 

hs – Hour angle of the sun (0) 

hss – Hour angle at sunrise (0) 

ht – Internal convective heat transfer coefficient that drives transpiration through vapor 

pressure 

deficit between vegetation and air beneath the shades (W/m2-K) 

I0 – Extra-terrestrial solar insolation (W/m2) 

Ib,i, Id,i, Ir,i – Hourly beam, diffuse and reflected radiation on an inclined surface (W/m2) 

Ii,j – Wave propagation formed at the interface between the film i and j 

 – Sunlight incident on the roof of the greenhouse (W/m2) 

 – Sunlight transmitted to through surface i into the greenhouse (W/m2)  

IT,roof – Solar insolation transmitted through the roof of the greenhouse (W/m2) 

IT,walls – Solar insolation transmitted through the walls of the greenhouse (W/m2) 

 – Average total solar insolation on a horizontal surface (W/m2) 

J0 – Reverse saturation current in the considered OSC stack (A/m2) 

 – Short circuit current generated in the considered OSC stack (A/m2) 

Kt – Clearness index of sky 

ka – Thermal conductivity of air (W/m-K) 

kB – Boltzmann’s constant (m2 kg s-2 K-1) 

kc, ks  – Thermal conductivity of roof and soil (W/m-K) 
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Table C2 (continued). Nomenclature for parameters in model 

Lv – Latent heat of vaporization (J/kg-K) 

LAI – Leaf area index  

l – Latitude (0) 

Mp – Vegetation density (kg/m2) 

mdryair – Mass of dry air inside the greenhouse (kg) 

Ninf, Nvent – Air changes per hour from infiltration and ventilation 

Nj – Complex index of refraction 

nj – Refractive index 

N – Non ideality factor 

P – Atmospheric pressure (Pa) 

Pai1,new – Vapor pressure of air beneath the shades at current time step (Pa) 

Pai1,old – Vapor pressure of air beneath the shades at previous time step (Pa) 

Pai1, Pai2, Pv – Vapor pressure of vegetation layer, air beneath and above the shade (Pa) 

Pao – Vapor pressure of ambient air (Pa) 

Paosat – Vapor pressure of ambient air at saturated state (Pa) 

Paosat,act – Actual vapor pressure of ambient air at saturated state (Pa) 

Pelec – Power generated from the OSC stack (W/m2) 

Pm – Perimeter of greenhouse (m) 

Pm – Perimeter of the greenhouse (m) 

Pr – Prandtl number 

,  – Absorbed energy over the entire thickness of layer j  

q – Charge of an electron (coulombs) 

qc,s1-s2 – Conduction heat transfer from top to the inner layer of soil (W/m2) 

 – Conduction heat transfer from inner layer to temperature invariant soil layer 

(W/m2) 

qheat – Space heating system to maintain temperature of air beneath the shades (W/m2) 

 – Internal convective heat transfer between air beneath and above the shades 

(W/m2) 

 – Heat exchange between air beneath the shades and ambient air through 

infiltration (W/m2) 

 – Internal convective heat transfer between air above the shades and roof (W/m2) 
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Table C2 (continued). Nomenclature for parameters in model 

 – Internal convective heat transfer between vegetation and the air beneath the 

shades (W/m2) 

ql,inf,ai1 – Latent energy exchange between air beneath the shades and ambient environment 

through infiltration (W/m2) 

 – Perimeter heat loss through the vertical area under the greenhouse perimeter (W/m2) 

 – Thermal radiation exchange between the top layer of the soil and vegetation 

(W/m2) 

 – Radiation heat transfer between roof and sky (W/m2) 

 – Thermal radiation exchange between the vegetation and roof (W/m2) 

 – Thermal radiation exchange between vegetation and the outside environment 

transmitted through the roof (W/m2) 

qrootheat – Root zone heating system to maintain temperature of vegetative layer (W/m2) 

 – Heat exchange due to transpiration between vegetation and air beneath the shade in 

the greenhouse (W/m2) 

qvent – Heat exchange between air beneath the greenhouse and ambient air through ventilation 

(W/m2) 

Rair – Gas constant for air (J/kg-K) 

Rbb – Blackbody radiation from soil (W/m2) 

r – Fresnel reflection coefficient 

Rij – Radiation flux from the sky 

RHai1, RHai2 – Relative humidity of air beneath and above the shade in the greenhouse 

RHao – Relative humidity of air inside the greenhouse 

RHai1,new – Relative humidity of air beneath the shades at current time step 

RHai1,old – Relative humidity of air beneath the shades at previous time step 

Rti – Total thermal radiation impinging on the roof of the greenhouse (W/m2) 

Re – Reynolds number 

Sai1 – Sunlight absorbed by air beneath the shades, leading to sensible heat gain (W/m2) 

Sai2 – Sunlight absorbed by air above the shades, leading to sensible heat gain (W/m2) 

Sabs,roof – Sunlight absorbed by the roof of a greenhouse that leads to sensible heat gain 
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Table C2 (continued). Nomenclature for parameters in model 

TA – Tilt angle of roof (0) 

, , – Temperature of air beneath the shades, inner surface of soil and vegetation at 

current time step i (°C) 

 – Solar radiation absorbed by vegetation (W/m2) 

t – Fresnel transmission coefficient 

T– Thickness of active layer (m) 

 – Transmittance associated with angle of incidence of sunlight on surface i  

, ,  – Temperature of air beneath the shades, inner surface of soil, 

vegetation at time step i-  (0C) 

Tai1, Tai2,Tv – Temperature of air beneath 

and above the shades and vegetation layer (°C) 

Tao – Temperature of ambient air (°C) 

Tdp,Twb  – Temperature of dew point and wet bulb temperature of ambient air (°C) 

Tdp,act – Actual dew-point temperature (°C) 

Tgw, Ts1, Ts2 – Temperature of underground soil, top and inner layer of soil (°C) 

Tr – Temperature of roof (°C) 

Trm – Room temperature (K) 

Tsky – Sky temperature (°C) 

, – Front transmittance coefficient of p and s polarized light 

ts1, ts2, tr – Thickness of top, inner layer of soil and roof (m) 

Uc – Overall heat transfer coefficient of wall and roof in greenhouse (W/m2K)  

Vai1 – Volume of air beneath the shades (m3) 

Vai2 – Volume of air above the shades (m3) 

Voc – Open circuit voltage (V) 

v – Velocity of air outside the greenhouse (m/s) 

Wai1,new – Mass of moisture content in the current time step (kg) 

Wai1,old – Mass of moisture content in the previous time step (kg) 

Zs1 – Thickness of top soil surface layer (m) 

 – Thickness of inner layer of soil (m) 
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Appendix D 

 

D1. Filter stability  

Through spectral and PAR intensity changes measured across each round, we study the 

stability of the three selected OSC filters. Figure D8 shows the change in fractional PAR relative 

to the control measured at plant level before and after the completion of Round-2 (R2) and 

Round-3 (R3) under the three selected OSC stacks. Comparing fractional PAR across R2, we 

observe that while both PTB7-TH:IEICO-4F and FTAZ:PC71BM filters show negligible change 

in PAR intensity reaching the plants, FTAZ:IT-M showed notable degradation that resulted in an 

increase in PAR intensity reaching the plants by about 10%. Visual inspection of FTAZ:PC71BM 

filters further indicated signs of edge degradation and hence before the start of R3, both 

FTAZ:IT-M and FTAZ:PC71BM were replaced with new sets of filters. PTB7-TH:IEICO-4F 

while stable over R2, shows an increase in transmittance over the course R3 indicating signs of 

light induced degradation in the final round. This resulted in an increase in PAR intensity of 

15%. This also results in spectral change in light intensity transmitted through the filters which is 

shown in Figure D8(a)-(c) indicating a relative change in spectral intensity of light after each 

round at the plant level with respect to the spectral intensity before the start of the round for each 

selected OSC treatment. This is defined as relative transmittance. Furthermore, changes in the 

ratio of red (600-700 nm) to blue (400-500 nm) (R:B) and red (600-700 nm) to far-red (700-850 

nm) (R:FR) at plant level before and after the completion of R3 is provided in Figure 4.2(e) and 

Figure D8(d) respectively. Hence, while we acknowledge filter degradation as an issue, it results 

in under 15% change in light intensity across all the OSC filters. Given the positional variance in 
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light intensity reaching the plant pots due to scattering effect of light in the boxes, we believe this 

to have a negligible impact on the experimental process.  

While, encapsulation is a valid concern for long term stability and it may indeed impact 

the transmittance of functional devices. We did not focus on dedicated encapsulation and 

degradation study and possible modifications this may have on transparency. Having said that, 

glass provides an excellent barrier to gas transmission and should be a reasonable encapsulation 

approach. While large OSC modules will have patterned cells resulting in differences in 

transmission over the module area, it is important to note that in a functioning greenhouse the 

solar modules may not cover all surfaces of the greenhouse and unmodified solar light may enter 

the greenhouse over the course of the day (e.g. uncovered side-walls). Thus, there will be design 

considerations for commercial implementation that may depend on crop and location. The goal 

of the plant growth experiments provided was to have a very well controlled system with well-

defined spectral character. Thus, the growth chambers had reflective side-walls and the filters 

completely covered the top surface of the chamber. This provides a well-defined light spectrum 

between the different OPV cells to determine the spectral impact on plant growth. Any natural 

light reaching the plant would then reduce differences observed.  
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Figure D1. Picture of the three active OSC filters used in the plant experiments.  

 

 

Figure D2. 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. The opaque device 

performance is also provided for comparison.  
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Figure D3 Modelled device stack of ST-OSC with FTAZ:IEICO-4F:PC71BM as the active layer.  

 

 

Figure D4 Modelled device |E|2 as a function of thickness with FTAZ:IEICO-4F:PC71BM as the 

active layer and integrated DBR for IR reflection for (a) |E|2 as a function of thickness at a 

wavelength of 450 nm (b) |E|2 as a function of thickness at a wavelength of 900 nm. 
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Figure D5. Picture of the plant growth chamber with growth boxes.  

 

 

Figure D6. (a) Spectrum of ceramic metal halide (CMH) and incandescent light bulbs utilized in 

the controlled environment growth chamber superimposed over the AM 1.5 solar spectrum, (b) 

Fractional PAR, defined as fraction of the PAR flux incident on the growth box that reaches the 

plant, for PTB7-TH:IEICO-4F, FTAZ:PC71BM and FTAZ:IT-M for round-2 and 3.  
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Figure D7. Molecular structure of the three active layer systems utilized for growing red leaf 

lettuce.  
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Figure D8. 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  (a) PTB7-TH:IEICO-4F,  (b) FTAZ:PC71BM, (c) FTAZ:IT-M, (d) Red:far-red (R:FR) ratio 

measured before and after R3 for control (C), FTAZ:IT-M (FI), PTB7-TH:IEICO-4F (PI), 

FTAZ:PC71BM (FP) treatments. Data is given before (B) and after (A) the experiment.  
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Figure D9.  Results depicting plant growth at transplant harvest stage for (a) Normalized fresh 

weight averaged over the three rounds, (b) Normalized dry weight averaged over the three 

rounds, (c) Normalized leaf area averaged over the three rounds, (d) Normalized leaf number at 

final harvest averaged over the three rounds. 
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Figure D10.  Overhead view of lettuce at transplant harvest in Round 1 for (a) Control, (b) 

FTAZ:IT-M,  (c) PTB7-TH:IEICO-4F.  
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Figure D11 Overhead view of lettuce at transplant harvest in Round 2 for (a) Control, (b) 

FTAZ:IT-M, (c) PTB7-TH:IEICO-4F, (d) FTAZ:PC71BM. 
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Figure D12 Overhead view of lettuce at transplant harvest in Round 3 for (a) Control, (b) 

FTAZ:IT-M, (c) PTB7-TH:IEICO-4F, (d) FTAZ:PC71BM.   
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Figure D13 Results depicting plant growth at final harvest stage for (a) Normalized fresh weight 

across all three rounds, (b) Normalized dry weight across all three rounds, (c) Normalized leaf 

area averaged over the three rounds, (d) Normalized leaf number at final harvest averaged over 

the three rounds.  
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Figure D14 Overhead view of lettuce at final harvest in Round 2 for (a) Control, (b) FTAZ:IT-

M, (c) PTB7-TH:IEICO-4F,  (d) FTAZ:PC71BM.   
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Figure D15 Overhead view of lettuce at final harvest in Round 3 for (a) Control, (b) FTAZ:IT-

M, (c) PTB7-TH:IEICO-4F, (d) FTAZ:PC71BM. 
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Figure D16 Chlorophyll b at final harvest for plants grown as part of Control, FTAZ:IT-M, 

PTB7-TH:IEICO-4F and FTAZ:PC71BM.   

 

 

Figure D17 DBR stack configuration for increasing reflectance in the visible (500 nm -600 nm) 

and NIR (700-800 nm) wavelength region for (a) Visible and near-IR transmission spectra of 

DBRs fabricated with titanium oxide hydrate:poly(vinyl alcohol) hybrid and PMMA, glass 

baseline reference is also shown. (Top) DBR-A has a stopband centered at 560 nm with 87% 

rejection of light in good agreement with TMM calculations (dotted line). (Bottom) DBR-B has a 
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stopband centered at 745 nm with 81% rejection of light which is somewhat lower than the 

TMM model predicts (dotted line), (b) Device stack of ST-OSC with FTAZ:IEICO-4F:PC71BM 

as the active layer to which either DBR A/B is integrated.   

 

Table D1 Solution and coating parameters for the fabrication of OSC filters utilized for plant 

growth experiment.  

 

Active layer Solvent 
Weight 

ratio 

Polymer 

concentration 

(mg/ml)  

Substrate 

Temperature 

(°C) 

Wire-

bar 

speed 

(mm/s) 

FTAZ:IT-M Toluene 1:1 5 35 35 

FTAZ:PC71BM Trichlorobenzene 1:2 6 40 20 

PTB7-TH: 

IEICO-4F 
Chlorobenzene 1:1.5 10 40 30 

 

 

Table D2 Semi-transparent device performance details corresponding to the OSC filters utilized 

for the plant growth experiment.  

Semitransparent devices 

Active layer 
Jsc  

(mA/cm2) 

Voc 

(mV)  

FF 

(%) 

PCE 

(%) 

FTAZ:IT-M 
11.4 ± 0.3 

(11.8) 

0.953 ± 0.004 

(0.955) 

67.6 ± 1.4 

(68.8) 

7.34 ± 0.27 

(7.73)  
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Table D2 (continued) Semi-transparent device performance details corresponding to the OSC 

filters utilized for the plant growth experiment.  

FTAZ:PC71BM 
4.24 ± 0.31 

(4.54) 

0.797 ± 0.011 

(0.794) 

66.9 ± 2 

(69.4) 

2.26 ± 0.19 

(2.50)  

PTB7-TH: 

IEICO-4F 

17.7 ± 0.2 

(17.7) 

0.694 ± 0.007 

(0.705) 

61.7 ± 0.7 

(62.4) 

7.58 ± 0.13 

(7.78)  

Opaque device comparison 

FTAZ:IT-M 
15.2 ± 0.3 

(15.5) 

0.956 ± 0.006 

(0.957) 

63.7 ± 1.8 

(65.9) 

9.26 ± 0.41 

(9.74)  

PTB7-TH: 

IEICO-4F 

22.5 ± 0.4 

(22.7) 

0.697 ± 0.003 

(0.700) 

58.5 ± 0.8 

(59.0) 

9.16 ± 0.12 

(9.36)  

 

 

 

 

 

 

 

 

 

 

 

 



   

215 
 

Appendix E 

 

Table E1. Input parameters used in the lettuce growth model simulation. 

Parameter Value 

σ PAR (400-700 nm): 0.2,  

IR (700-2000 nm): 0.8 

τ25 40 µg CO2 m-2s-1 at 25oC 

cα 0.68 

cβ 0.8 

cτ 0.15 

cϒ 1 

ФPSII DLI (moles m-2 hr-1) ФPSII 

5 0.56 

10 1.00 

20 0.93 

30 0.89 

40 0.75 
 

 5 x 10-6 

CQ10,τ 2 
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Table E1 (continued). Input parameters used in the lettuce growth model simulation. 

cQ10,gr 1.6 

cQ10,resp 2 

cresp,rt 1.16 x 10-7 s-1 

cresp,sht 3.47 x 10-7 s-1 

gbnd 0.007 

gm 0 for 0<=T>=2, 0.005 for T=25; 0 for T>=39 

plantingdensity 18/m2 

rbv 20 s m-1 

Rd 40 µg CO2 m-2 s-1 

rs 100 s m-1 

spectral-factor Red (600-700 nm): 

Blue (400-500 nm) 

Spectral-

factor 

0 2.15 

1 2.25 

4 2.06 

8 1.68 

12 1,60 

>12 1.29 
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Table E1 (continued). Input parameters used in the lettuce growth model simulation. 

wgauss 0.1184635,0.2393144,0.284444444, 

0.2393144, 0.1184635 

xgauss 0.0469101,0.2307534,0.5,0.7692465, 

0.9530899 

Xsdw,initial 2.025 g/m2 

Xnsdw,initial 0.675 g/m2 

 

Table E2. Input parameters used in the tomato growth model simulation. 

Parameter Value 

αF 0.8 fraction d-1 

ρ 4.0 plants m-2-ground 

δ 0.038 m2-leaf node-1 

β 0.169 node-1 

ν 0.135 node-1 

λ(tempplant) tempplant 

(oC) 

λ(tempplant) 

0 0 

9 0 

12 0.55 

28 1 

50 0 
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Table E2 (continued). Input parameters used in the tomato growth model simulation. 

CO2 450 ppm 

D 2.593 

E 0.7 g-d.w. g-1 (CH2O) 

FF(tempplant) 0.95  

FR(N) Node number fR(N) 

1 0.2 

12 0.15 

21 0.10 

30 0.07 

50 0.07 

90 0.07 
 

FN(tempplant) tempplant FN(tempplant) 

0 0 

9 0 

12 0.55 

28 1 

50 0 
 

K 0.58 

LAImax 5 

m 0.1 

Nb 16 

NFF 22 
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Table E2 (continued). Input parameters used in the tomato growth model simulation. 

Nm 0.5 

p1 2 g-leaf d-1 

Pg,max 31 µmol CO2 m-2 s-1 

Qe 0.0695 µmol CO2 µmol-1 photons 

Q10 1.4 

rf 0.010 g-CH2O m-2-ground d-1 

rm 0.015 g-CH2O m-2-ground d-1 

temp-factor tempplant temp-factor 

0 0 

9 0.67 

12 1 

15 1 

21 1 

28 1 

35 0 

50 0 
 

tempcrit 24.4 oC 

Vmax 8 g-d.w. node-1 
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Table E3. Donor-Acceptor blends utilized for ST-OSC stack simulation. 

Donor:Acceptora Blend absorption 

edgeb (nm) 

ST-OSC device PCE 

(%) 

PBDB-T:CPDT-4F175 910 7.56 

PBDB-T:CPDT-4Cl175 910 7.15 

D18:Y6144 910 14.96 

PBDB-T:ITIC176 750 10.17 

J60:ITIC177 750 7.36 

J61:ITIC177 750 5.89 

J71:ITIC178 750 9.85 

PTzBI-DT:ITIC179 750 8.42 

PBQ-4F:ITIC180 750 10.15 

PBZ-m-CF3:ITIC181 750 9.51 

PBDT-S-2TC:ITIC182 750 8.60 

PTzBI:ITIC183 750 9.10 

PBPD-Th:ITIC184 750 8.72 

PTBFBz:ITIC185 750 6.86 

PDCBT:ITIC186 750 8.90 

asy-PBDBTN:ITIC187 750 8.33 

PTBTz-2:ITIC188 750 8.76 

HD-PBDT2FT:ITIC189 750 6.60 

HFQx-T:ITIC190 750 7.89 

PBTCl:ITIC191 750 5.82 
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Table E3 (continued). Donor-Acceptor blends utilized for ST-OSC stack simulation. 

PM6:ITIC192 750 8.02 

PαNBDT-T1:ITIC193 750 8.68 

PBDTTz-BP:ITIC194 750 7.09 

PBDTTz-N:ITIC194 750 5.42 

PBDTS-NQx:ITIC195 750 10.82 

PBDTSF-FBT:ITIC196 750 9.77 

PBDTS-TDZ:ITIC197 750 11.57 

3MTB:ITIC198 750 8.14 

PDRCNBDT:ITIC199 750 3.91 

PDTP4TFBT:ITIC200 750 7.11 

PBDTsThPh-

BDD:ITIC201 

750 9.82 

3MTTh:ITIC202 750 9.81 

PTzBI-Ph:ITIC203 750 9.53 

PBDB-T:IT-M204 740 11.77 

PBDTBDD:ITIC-M205 740 12.24 

PDCBT-2F:IT-M206 740 5.63 

PBDB-T:IDT-HN207 660 8.97 

PBDB-T:IT-OM-2208 740 9.88 

PBTIBDTT-S:ITIC-F209 770 8.63 

PBDB-T-SF:IT-4F210 760 11.92 

PBDBT-F:IT-4F211 760 12.21 
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Table E3 (continued). Donor-Acceptor blends utilized for ST-OSC stack simulation 

DRTB-T-C2:IT-4F212 760 9.11 

PM7:IT-4F213 760 11.16 

PDTB-EF-T:IT-4F214 760 12.91 

PBDB-TF:IT-2F:IT-4F215 760 11.67 

PBDB-TF:IDTN216 750 9.80 

PB3T:IT-M217 740 11.30 

FTAZ:INIC3218 780 10.50 

PM6:IT-4F219 760 10.97 

PffBT4T-2DT:SF-

PDI2220 

590 5.15 

PTzBI:N2200221 780 6.22 

PTB7-Th:ITIC-Th222 740 7.95 

PDBT-T1:ITIC-Th222 740 8.46 

PCE10:IDTBR:IDFBR223 750 10.90 

PTB7-Th:ITIC224 740 5.65 

PTB7-Th:CTIC-4F225 910 10.39 

PTB7-Th:CO1-4F225 1020 9.12 

PTB7-Th:COTIC-4F225 1120 5.03 

PBDB-T-2F:IT-4Cl226 790 9.86 

PM6:Y6227 870 15.13 

DPP2T:IEICO-4F228 950 6.62 

FTAZ:IEICO4F:PCBM63 950 5.06 
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Table E3 (continued). Donor-Acceptor blends utilized for ST-OSC stack simulation 

PTB7-Th:IEICO-4F55 950 10.48 

FTAZ:IT-M76 740 8.89 

a: Source of Reference opaque device data for each active layer blend is indicated in the 

superscript. 

 b: Absorption edge is the wavelength of the active layer blend beyond which there is negligible 

absorption. This is marked by the change in slope in the absorption curve. 

 

Table E4. Parameters associated with locations simulated to model ST-OSC greenhouses. 

Climate 

code 

Climate 

description 

Simulated 

location 

Lattitud

e 

Longitud

e 

Night 

shade 

schedule

a  

Day 

shade 

scheduleb 

Af Tropical rainforest Singapore 1.35 -103.82 No  Jan-Dec 

Am Tropical monsoon  Miami 25.76 80.19 No  Apr-Oct 

Aw Tropical savanna 

with dry winter  

Chennai 13.08 -80.27 No Jan-Dec 

As Tropical savanna 

with dry summer  

Sao Luis -2.53 44.26 No Jan-Dec 

BWh Dry hot desert  Phoenix 33.44 112.07 Jan,Dec Apr-Oct 

BWk Dry cold desert El Paso  31.76 106.48 Jan-Mar; 

Nov-Dec 

May-Sep 
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Table E4 (continued). Parameters associated with locations simulated to model ST-OSC 

greenhouses. 

BSh Dry hot semi-arid Jodhpur 26.23 -73.02 Jan-

Feb;Dec 

Apr-Nov 

BSk Dry cold semi-arid  Denver 39.73 104.99 Jan-

May; 

Sep-Dec 

No 

Cfa Temperate humid 

subtropical  

Raleigh 35.78 78.64 Jan-Mar; 

Nov-Dec 

Jun-Aug 

Cfb Temperate oceanic London 51.51 0.12 All No 

Cfc Temperate oceanic 

subpolar 

Unalaska 54.88 166.53 All No 

Cwa Temperate 

monsoon humid 

subtropical 

Guwahati 26.14 -91.73 Jan Apr-Oct 

Cwb Temperate 

highland 

Johannesburg -26.20 -28.04 Apr-Sep No 

Csa Temperate hot 

summer 

mediterranean 

Sacramento 38.58 121.50 Jan,Dec Apr-Oct 

Csb Temperate warm 

summer 

mediterranean  

Seattle 47.60 122.33 Jan-Jun; 

Sep-Dec 

No 
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Table E4 (continued). Parameters associated with locations simulated to model ST-OSC 

greenhouses. 

Dfa Snow hot summer 

humid 

Chicago 41.87 87.62 Jan-

May; 

Oct-Dec 

No 

Dfb Snow warm 

summer humid  

Antigo 45.14 89.15 Jan-

May; 

Oct-Dec 

No 

Dfc Snow subarctic Leadville  39.25 106.29 All No 

Dwa Snow monsoon 

hot summer humid  

Pyongyang 39.03 -125.76 Jan-

May; 

Oct-Dec 

Jul-Aug 

Dwb Snow monsoon 

influenced warm 

summer humid  

Calgary 51.04 114.07 All No 

Dwc Snow monsoon 

influenced 

subarctic 

Yushu city 33.01 -97.09 All No 

Dsa Snow hot summer 

mediterranean  

Salt lake city 40.76 111.89 Jan-

May; 

Oct-Dec 

Jul-Aug 
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Table E4 (continued). Parameters associated with locations simulated to model ST-OSC 

greenhouses. 

Dsb Snow warm 

summer 

mediterranean 

South Lake 

Tahoe 

38.94 119.97 All No 

Dsc Snow subarctic 

mediterranean  

Anchorage 61.21 149.90 All No 

ET Tundra Mount 

Washington 

44.27 71.30 All No 

a: Night shading is applicable to both ST-OSC and reference greenhouses. 

b: Day shading is applicable to only reference greenhouses. 

 

Table E5. Input parameters for calculating Net Present Value. 

Parameter  Value 

OPVc 7.87 $/W 

N 5 years 

CE 0.07 $/kWh 

CH 6.2 $/MMBtu 

CL 17000 $/acre 

CGH 25 $/ft2 

VM 4.4 
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Table E5 (continued). Input parameters for calculating Net Present Value. 

Planting density 18*greenhouse area 

(plant/greenhouse) 

NGH 30 years 
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Table E6. Nomenclature for parameters in model 

 

Lettuce growth model 

 – Light use efficiency at very high CO2 concentration. (µmol CO2/J) 

– Light flux leaving layer n within the plant canopy in the downward direction. (W/m2) 

 – Light flux leaving layer n+1 within the plant canopy in the downward direction. 

(W/m2) 

 – Light flux incident through a leaf. (W/m2) 

 – Light flux transmitted through a leaf. (W/m2) 

– Light flux leaving layer n within the plant canopy in the upward direction. (W/m2) 

 – Light flux leaving layer n+1 within the plant canopy in the upward direction. 

(W/m2) 

 – CO2 compensation point (µmol CO2 mol-1) 

 – CO2 compensation at 250C (µmol CO2 mol-1) 

 –  scattering coefficient. 

 – Plant canopy reflection coefficient.  

ФPSII – Quantum yield of PSII 

ΔL – Assumed gap between leaves. 

cα – Factor converting CO2 assimilated into CH2O. 

cβ – Respiratory and synthesis losses of non-structural material due to growth. 

cϵ – Slope of the linear part of the photosynthesis-light curve. (µmol CO2/J). 

cτ – Ratio of root dry weight as a function of total dry weight. 

Ca – Greenhouse CO2 concentration (µmol CO2 mol-1). 

cresp,sht – Maintenance respiration coefficient for the shoot at 250C 

cresp,rt  – Maintenance respiration coefficient for the root at 250C 

CQ10,resp – Q10 factor for maintenance respiration. 

fphot,inst – The photosynthetic assimilation at a particular depth. (µmoles CO2/m2-s) 

fphot,local – Local assimilation rate at a considered depth in a plant canopy. (µmoles CO2/m2-s) 
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Table E6 (continued). Nomenclature for parameters in model 

fphot,gros – Plant canopy assimilation rate. (µmoles CO2/m2-s) 

 – Light use efficiency at very high CO2 concentration. (µmol CO2/J) 

– Light flux leaving layer n within the plant canopy in the downward direction. (W/m2) 

 – Light flux leaving layer n+1 within the plant canopy in the downward direction. 

(W/m2) 

 – Light flux incident through a leaf. (W/m2) 

 – Light flux transmitted through a leaf. (W/m2) 

– Light flux leaving layer n within the plant canopy in the upward direction. (W/m2) 

 – Light flux leaving layer n+1 within the plant canopy in the upward direction. 

(W/m2) 

 – CO2 compensation point (µmol CO2 mol-1) 

 – CO2 compensation at 250C (µmol CO2 mol-1) 

 –  scattering coefficient. 

 – Plant canopy reflection coefficient.  

ФPSII – Quantum yield of PSII 

ΔL – Assumed gap between leaves. 

cα – Factor converting CO2 assimilated into CH2O. 

cβ – Respiratory and synthesis losses of non-structural material due to growth. 

cϵ – Slope of the linear part of the photosynthesis-light curve. (µmol CO2/J). 

cτ – Ratio of root dry weight as a function of total dry weight. 

Ca – Greenhouse CO2 concentration (µmol CO2 mol-1). 

cresp,sht – Maintenance respiration coefficient for the shoot at 250C 

cresp,rt  – Maintenance respiration coefficient for the root at 250C 

CQ10,resp – Q10 factor for maintenance respiration. 

fphot,inst – The photosynthetic assimilation at a particular depth. (µmoles CO2/m2-s) 

fphot,local – Local assimilation rate at a considered depth in a plant canopy. (µmoles CO2/m2-s) 
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Table E6 (continued). Nomenclature for parameters in model 

tempplant – Greenhouse plant temperature (oC) 

xgauss – Gaussian integration values to compute fraction of leaf area at different depths. 

wgauss – Gaussian integration values to compute weight of assimilated photosynthesis at 

different depths. 

Xnsdw – Non-structural dry weight (g/m2) 

Xsdw – Structural dry weight (g/m2) 

y – A dimensionless function of absorbed sunlight (PAR). 

 

Tomato growth model 

αF – Maximum partitioning of new growth to fruit (fraction d-1) 

ρ – Plant density (no. plants m-2-ground) 

δ – Maximum leaf area expansion per node (m2-leaf node-1) 

β – Coefficient (node-1)   

ν – Transition coefficient between vegetative and full fruit growth (node-1) 

λ(tempplant) – Temperature function to reduce rate of leaf area expansion  

CO2 – Available CO2 (ppm) 

D – Conversion factor from µmol CO2 m-2 s-1 to g CO2 m-2 day-1 

E – Growth efficiency, ratio of biomass to photosynthate available for growth (g-d.w. g-1 

(CH2O)) 

FF(tempplant) – Function to modify partitioning to fruit vs average daily temperature. 

FR(N) – Fraction of partitioning of biomass to roots as a function of development (node). 

FN(tempplant) - Function to modify node development rate as a function of hourly temperature. 

K – Extinction coefficient. 

LAImax – Maximum Leaf Area Index. 

m – Leaf light transmission coefficient . 

Nb – Coefficient relating node to leaf area index. 

NFF – Nodes per plant when first fruit appears. 

Nm – Maximum rate of node appearance at normal temperature. 

p1 – Loss of leaf d.w. per node after LAImax is achieved. (g-leaf d-1) 
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Table E6 (continued). Nomenclature for parameters 

 

 

 

 

 

 

 

 

 

Qe – Leaf Quantum efficiency (µmol CO2 µmol-1 photons) 

Q10 – Coefficient in maintenance respiration equation 

rf – Respiration coefficient for growing mass (g-CH2O m-2-ground d-1) 

rm - – Respiration coefficient for fruit (g-CH2O m-2-ground d-1) 

temp-factor – Factor accounting for the effect of ambient temperature on gross assimilation. 

tempcrit – Mean daytime temperature above which fruit abortion starts. 

Vmax – Maximum increase in vegetative tissue d.w. growth per node. (g-d.w. node-1). 

 

Economics modelling 

OSCc – Cost of OSC module. ($/W) 

N – OSC lifetime. (years) 

CE – Cost of electricity. ($/kWh) 

CH – Cost of natural gas. ($/MMBtu) 

CL – Cost of land. ($/acre) 

CGH – Greenhouse cost. ($/ft2) 

VM – Market value of crops. ($/kg) 

NGH  Greenhouse lifetime  (years)  
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Appendix F 

 

 

Figure F1. Net Present Value as a function of fresh weight of lettuce and annual energy offset in 

(a) Tropical rainforest (Singapore), (b) Tropical savanna – dry winter (Chennai), (c) Dry cold 

arid (El Paso) and (d) Dry hot semi-arid (Jodhpur).  
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Figure F2. Net Present Value as a function of fresh weight of lettuce and annual energy offset in 

(a) Dry cold semi-arid (Denver), (b) Temperate humid subtropical (Raleigh), (c) Temperate 

subpolar oceanic (Unalaska) and (d) Temperate monsoon humid subtropical (Guwahati). 
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Figure F3. Net Present Value as a function of fresh weight of lettuce and annual energy offset in 

(a) Temperate warm summer mediterranean (Seattle), (b) Snow hot summer humid (Chicago), 

(c) Snow warm summer humid (Antigo) and (d) Snow subarctic (Leadville). 
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Figure F4. Net Present Value as a function of fresh weight of lettuce and annual energy offset in 

(a) Snow monsoon hot summer humid (Pyongyang), (b) Snow monsoon warm summer humid 

(Calgary), (c) Snow monsoon subarctic (Yushu City) and (d) Snow warm summer humid 

mediterranean (South Lake Tahoe). 
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Figure F5. Net Present Value as a function of fruit yield of tomato and annual energy offset in 

(a) Tropical rainforest (Singapore), (b) Tropical savanna – dry winter (Chennai), (c) Dry cold 

arid (El Paso) and (d) Dry hot semi-arid (Jodhpur)  
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Figure F6. Net Present Value as a function of fruit yield of tomato and annual energy offset in 

(a) Dry cold semi-arid (Denver), (b) Temperate humid subtropical (Raleigh), (c) Temperate 

subpolar oceanic (Unalaska) and (d) Temperate monsoon humid subtropical (Guwahati). 
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Figure F7. Net Present Value as a function of fruit yield of tomato and annual energy offset in 

(a) Temperate warm summer mediterranean (Seattle), (b) Snow hot summer humid (Chicago), 

(c) Snow warm summer humid (Antigo) and (d) Snow subarctic (Leadville). 
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Figure F8. Net Present Value as a function of fruit yield of tomato and annual energy offset in 

(a) Snow monsoon hot summer humid (Pyongyang), (b) Snow monsoon warm summer humid 

(Calgary), (c) Snow monsoon subarctic (Yushu City) and (d) Snow warm summer humid 

mediterranean (South Lake Tahoe). 
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