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HIGHLIGHTS

Introduce detailed energy

balance model for OSC

integrated greenhouses

Reveal that net-zero energy

greenhouses can be realized with

OSC integration

Show that low-e nature of the OSC

can lead to energy savings

throughout the year

OSCs are found to effectively

replace shade cloths minimizing

sunlight attenuation
A dynamic energy model is used to demonstrate that semitransparent organic

solar cells (OSCs) can be employed on greenhouses to achieve net zero energy

greenhouses in warm and moderate climates. Furthermore, it is shown that the

reduction in sunlight entering the greenhouses is not as significant as the

transmittance of the OSCs would suggest owing in part to the OSCs replacing the

need for shade-cloths. These results demonstrate the significant opportunity of

OSC-greenhouses for high-yield, environmentally friendly agriculture.
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Context & Scale

Current agricultural practices are

putting enormous stresses on the

environment that includes

unsustainable water usage,

deforestation, and pesticide

runoff. These stresses are

expected to get more severe in

the coming years due to the need

to feed an increasing global

population. One promising

approach to reduce

environmental impact is

greenhouse-based agriculture

that can significantly increase land
SUMMARY

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 (OSCs) are particularly attractive given

that their spectral absorption can be tuned to minimize the attenuation of sun-

light over the plants photosynthetically active spectrum. Here, 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. These results demonstrate that OSCs

are an excellent candidate for implementing in greenhouses and provide an

opportunity to diversify sustainable energy generation technology.
use efficiency while reducing

water consumption and

pesticides. However, a major

limitation of greenhouses is the

significantly higher energy

consumption used to condition

the space. Here, we show that

semitransparent organic solar

cells (OSCs) can enable net zero

energy (NZE) greenhouses and

thus provide a significant

opportunity to advance

environmentally sustainable

agriculture. Furthermore, we show

that the unique attributes of

organic solar cells are well suited

for synergistic greenhouse

integration providing a potential

route for broad commercial

adoption of OSCs.
INTRODUCTION

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

increasing scarcity of fresh water are expected to put significant stress on conven-

tional agriculture.1,2 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 per-

centage of a greenhouse’s environmental impact.4 For greenhouses to become a

viable solution for sustainable agriculture, a means to offset the large energy con-

sumption is needed, ideally with minimal environmental impact. At the same time,

solar power has made considerable progress in terms of utility scale adoption,5 as

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

(OSCs).6,7 These agricultural needs and technology developments have led to

recent interest in integrating solar power with greenhouses.8,9

Approaches to integrate solar power with greenhouses can be categorized as (1)

adjacent, (2) shared structure, and (3) shared structure and sunlight systems.9 Given

that land use efficiency is becoming increasingly important environmentally, along

with a desire for co-locating agriculture and population centers, strategies that share
Joule 4, 1–17, February 19, 2020 ª 2019 Elsevier Inc. 1
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the same land are preferred. By sharing the structure, there are also potential eco-

nomic advantages, including balance of system savings associated with using the

greenhouse structure to support the solar modules.10 One approach in sharing

the structure is employing opaque solar modules on the greenhouse roof.11–14 How-

ever, these solar modules compete with the plants for sunlight resulting in crop yield

loss, which has limited broad adoption.9,14 To overcome this weakness, strategies

where sunlight over the photosynthetically active radiation (PAR) spectrum

(400–700 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 op-

tics to direct sunlight toward opaque photovoltaic modules,15 luminescent solar

concentrators,16 and the use of semitransparent wavelength-selective photovol-

taics.17 Wavelength-selective focusing lenses face several challenges including:

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

structures that can be cost prohibitive.15,18 Luminescent solar concentrators provide

a simpler system but to date suffer from low power conversion efficiency.16 A prom-

ising alternative is to use semitransparent photovoltaics. In this case, organic solar

cells (OSCs) are particularly attractive given that the active layer absorption spec-

trum 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.19–22

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 efficiency, with many reports of 14%–16% devices bringing the

technology closer to commercial relevance.22–25 Yet, the cost of silicon based solar

power continues to drop making alternative solar energy technologies difficult to

penetrate the market.5 To achieve widespread adoption, OSCs must find applica-

tions that take advantage of its unique properties. Organic solar powered green-

houses 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 pro-

vide a significant portion of the energy demand of the greenhouse. A feasibility anal-

ysis 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.17 As OSC efficiencies continue to improve so does the economic

outlook of employing them in greenhouses.10 In addition, there have been studies

showing that semitransparent solar cells,26 and LSCs27 can be employed in green-

houses and achieve similar plant growth. While further research is needed to estab-

lish 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 signifi-

cantly improve the energy outlook of greenhouse-based agriculture. Through

detailed energy balance analysis, the environmental impact of OSC-greenhouses

can be established providing a clear view of the opportunity to achievemore sustain-

able 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 en-

ergy 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 perfor-

mance and varying spectral absorption characteristics.25,28 A key factor impacting

greenhouse energy demand is its geographical location and thus three distinct loca-

tions are considered across the United States: Phoenix, AZ, Raleigh, NC, and Antigo,
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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.29 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 infrared (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 semi-

transparent 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 entering through the greenhouse wall, and during the sum-

mer 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) charac-

teristics 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 ther-

mal 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 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.

Model

Greenhouse Energy Balance

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

by Sethi et al.30 Models range from simple static models to size the heating and venti-

lation systems31 to dynamic models that make use of mass and energy balances to

model various systems in the greenhouse environment. Dynamicmodels are typically

preferred over static models because of improved precision in predicting the energy

demand (G10% error) as well as the interior climate of the greenhouse.32–35 There

are commercial software packages (e.g., ESP-r and Energy Plus) that can dynamically

model greenhouse environments.36 However, these programs are incapable of

integrating semitransparent solar cells, particularly with unique spectral characteris-

tics. 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.36 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 Supplemental

Information.

Heating and cooling demand for the greenhouse was calculated based on the en-

ergy flux between the greenhouse and its environment. These fluxes are formulated

based on known ambient conditions, solar insolation, and physical elements of the

greenhouse.34,37 The components of the greenhouse considered are broadly
Joule 4, 1–17, February 19, 2020 3



Figure 1. Schematic of the Energy Fluxes for OSC-Greenhouse with Shades Deployed

The energy balance terms are defined in the Supplemental Information and include the

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

heat transfer terms (q).
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divided into the inner layer of soil, surface soil layer, vegetation layer, air inside the

greenhouse, and roof.34,37 The energy fluxes associated with each component for

the OSC-greenhouse with shades deployed are provided in Figure 1, whereas the

case without shades is provided in Figure S1. Parameters used for the greenhouse

energy model are given in Table S1. The outdoor temperature and humidity condi-

tions for each location were taken hourly from typical meteorological year 3 (TMY3)

data set.38 To visualize the different climate for each location, the average monthly

ambient temperature and relative humidity for each location is given in Figure S2.

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.39 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 andmodels

found in the literature,31,40,41 which is discussed further in the Supplemental Infor-

mation. All simulations were conducted in MATLAB executed on a high-perfor-

mance 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.42While we do not explicitly consider the impact of themodified lighting
4 Joule 4, 1–17, February 19, 2020
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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 addi-

tion to absorption over the PAR spectrum by chlorophyll, plants also have photore-

ceptors that include carotenoids that absorb in the UV (320–400 nm) and phyto-

chromes that absorb in the far red (650–730 nm).42 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�C–
28�C during the day and 17�C–18�C during the night.40,43 This also dictates the

greenhouse relative humidity set point of 60%–80%.40,43 Tomatoes are chosen

here as a guide, since they represent one of the largest greenhouse crops globally.44

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

Description of the Greenhouse

A 29.4 3 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.45 The

greenhouse is schematically shown in Figure 2A. 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 cho-

sen,46 and here we consider the roof to have a tilt angle of 27� independent of loca-
tion. 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 in-

terfaces with a building used for storage or offices (i.e., head house). The green-

houses 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.47 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.46 Infiltration was set at 1 ACH and indoor air velocity was

assumed to be 0.15 m/s.46 To provide further cooling evaporative pads were em-

ployed.48 Heating was supplied by a forced hot air furnace and radiant root heating

system. The radiant heating was used to provide high efficiency thermal manage-

ment 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.49 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 S1. A commonly used shade cloth with

50% transmittance was used here and placed at gutter height as illustrated in Fig-

ure 1.50 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,51 it was not considered here.

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
Joule 4, 1–17, February 19, 2020 5



Figure 2. Schematic of the OSC-Greenhouse and Details of the Solar Cells Considered

(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.52
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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.53,54 Effective incident angles for diffuse and

reflected solar radiation incident on the surface of the greenhouse was computed

assuming isotropic light scattering conditions.55 Inputs of this model include the

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

which was obtained for each location fromNASA-SSE.56 From the incident radiation,

the transmittance of light into the greenhouse and the absorption of light by the

solar cells was determined by employing a transfer matrix model.57,58 See

Supplemental Information 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 mo-

lecular structure provided in Figure 2B. These active layers were considered as they

have both been demonstrated with similar high efficiencies of 11% and 12% in opa-

que devices,25,28 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.25,59 This

active layer has also been used to demonstrate successful mung bean growth under
6 Joule 4, 1–17, February 19, 2020
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semitransparent OSCs.26 The FTAZ:IT-M has a similar efficiency but with greater ab-

sorption 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 radia-

tion over PAR entering the greenhouse. The solar cell structure is illustrated in Fig-

ure 2A 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 opa-

que solar cell performance and were 105 nm for FTAZ:ITM and 126 nm for PTB7-

TH:IEICO-4F.25,28 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 encapsula-

tion with extremely low permeability to oxygen and water maximizing device life-

time.60 The optical constants used in the model of the OSCs are given in Figures

S3A and S3B. ITO inherently has a high IR reflectivity and acts as an effective

low-emissivity (low-e) coating.61 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.62 This consists of alter-

nating LiF and MoO3 layers with thickness optimized based on maximizing transmit-

tance of the OSC from 400–700 nm and maximizing reflectance from 900–2,000 nm.

The coating was limited to 4-layers to maintain cost-effective solar cells. The thick-

ness 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 was obtained by simulating

all possible combinations from 1–200 nm layer thickness in 1 nm increments. Given

the large number of permutations, the program was run in parallel on a high-perfor-

mance computer cluster. The resulting transmittance of the solar cells are given in

Figure 2D 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 transmit-

tance averaged over the short wavelength IR (1,000–2,000 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 basedOSCs, respec-

tively. 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 in-

ternal quantum efficiency (IQE) the external quantum efficiency (EQE) was deter-

mined. The EQE of opaque OSCs from previous experimental reports were

compared to the model with results given in Figure 2C, showing good agreement.

Here the IQE was estimated based on reports of high performance OSCs,25 and

then adjusted slightly to improve the EQE model fit. The estimated IQE of the

OSCs is given in Figure S3C and was used throughout themodeling of the semitrans-

parent 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 re-

ported experimental results well.25,28 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.17 The VOC of

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

nation, respectively. The Voc was then varied depending on the photocurrent using a
Joule 4, 1–17, February 19, 2020 7
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photodiode equation.63 A FF of 0.7 was assumed for both OSCs based on experi-

mental results.17 The modelled efficiency for opaque devices (i.e., with a Ag reflec-

tive 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 struc-

tures.25,28 The modelled efficiency for the semitransparent OSCs was approximately

9.5% and 10%, respectively. Note that a temperature dependence of the OSC per-

formance was not considered. Finally, a derating factor is an important parameter

when considering system performance, to account for losses associated with in-

verters, 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.64 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%,23 resulting in a

conservative estimate of power produced.
RESULTS

The results of the modelling for the three diverse climates are reviewed in this sec-

tion. 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 the Supplemental Information.
Heating and Cooling Load

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

greenhouse is shown in Figure 3 (with FTAZ:IT-M given in Figure S4). 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 so-

lar 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 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 conven-

tional 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 so-

lar 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 na-

ture of the OSCs that assists in reducing the thermal gains from the IR portion of

sunlight.

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

pad cooling system is shown in Figure S5. The reduction in cooling load in the

OSC-greenhouse in AZ results in lower water consumption compared to the conven-

tional greenhouse. However, in both NC and WI water consumption by fan and pad

cooling system in the OSC-greenhouse is comparable to the conventional green-

house. 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.
8 Joule 4, 1–17, February 19, 2020



Figure 3. Monthly Average Energy Demand and Generation for Conventional and PTB7-

TH:IEICO-4F OSC Integrated Greenhouse

(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.
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Meeting the Load with Solar Power

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

ure 3A–3D. 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 cool-

ing load. 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 producing 10%more energy than needed, while inWI the solar cells

meet 46% of the total greenhouse energy demand.
DISCUSSION

Differences in Plant Irradiation

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 4 for PTB7-TH:IEICO-4F OSCs and in Figure S6 for FTA-

Z: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
Joule 4, 1–17, February 19, 2020 9



Figure 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

(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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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% transmit-

tance during the day following the schedule given in Table S1 to reduce greenhouse

overheating. As shown in Figure 4, in months where the shades are deployed, the

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

house 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 implications for not only en-

ergy 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.
10 Joule 4, 1–17, February 19, 2020
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To this point the analysis has been for active layer thicknesses that lead to the best

performanceOSCs for opaque devices, but this may not be the optimal case for inte-

grating 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 Figures 4D and S7. Also plotted is the relative drop in the annual radi-

ation 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 green-

house. 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 green-

house, which is close to the optimal thickness found for opaque devices.25,28 At this

thickness, the PTB7-TH:IEICO-4F integrated greenhouse had a 25% reduction in

annual radiation over the PAR spectrum.

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 character-

istic 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 conven-

tional greenhouse and the PTB7-TH:IEICO-4F OSC-greenhouse for AZ is given in

Figure 5, and the cases for NC and WI is given in Figures S8 and S9.

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 theOSC-

integrated greenhouse due primarily to the low-e OSC. During the day the ventila-

tion 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 green-

house. 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 5D the fan and pad cooling system is operating nearly the entire

day in July in AZ. The inability to meet the temperature set-point is a common chal-

lenge in warm climates, and typical practice is to continue operations while cooling

to the full possible extent. When 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 impor-

tant to note that in Figure 5 there is a discontinuity in the temperature and energy

consumption data from 24 to 0 h. This is due the analysis using typical
Joule 4, 1–17, February 19, 2020 11



Figure 5. Greenhouse Air Temperature below Shades and Energy Consumption in Arizona for

Conventional and PTB7-TH:IEICO-4F OSC Integrated Greenhouse

(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.
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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.
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 conven-

tional greenhouse. The low-e nature of the OSCs reduce the radiation heat loss from

inside the greenhouse lowering the heating demand as shown in Figures 3 and 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
12 Joule 4, 1–17, February 19, 2020
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gain is from the high reflectivity of the OSC in the infrared region of the solar spec-

trum and the lower net transmittance of the OSC stack in comparison to the conven-

tional greenhouse. The reduction in total radiation entering the OSC-greenhouse

during the summer lowers the cooling load and removes the need for commonly

employed shade cloths that are used in conventional greenhouses in the summer

to avoid overheating. Hence, the OSCs employed provide better temperature con-

trol 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.

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 de-

mand 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 anOSC-greenhouse leading to a large annual surplus energy generation. In addi-

tion, 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 po-

tential 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.

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.65,66 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 semicon-

ductors.66 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.65 Once the

extinction coefficient was estimated the refractive index was determined via

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

imate the donor and acceptor of the active layer and set to have complimentary ab-

sorption bands resulting in an approximate 400 nm bandwidth, as shown in Figures 6

and S10. The donor and acceptor material are assumed to be blended 1:1 by vol-

ume. 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 2A but without the 4-layer dielectric coating. For each

bandgap considered, the thickness of the active layer was varied to ensure an
Joule 4, 1–17, February 19, 2020 13



Figure 6. Modelling Conceptualized Organic Solar Cell

(A) Idealized optical constants for an organic solar cell absorbing with an absorption bandwidth of

400 nm and an absorption edge at 1,100 nm (or 1.13 eV).

(B) Surplus energy generation as a function of solar cell band gap (defined by the solar cell

absorption edge) for a greenhouse in Arizona (AZ), North Carolina (NC), and Wisconsin (WI).
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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.

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).25 While OSCs with voltage losses less than 0.1 V have been

demonstrated,67 we choose a conservative 0.3 V loss similar to that observed in

PTB7-TH:IEICO-4F OSCs.25 The VOC was then varied depending on the photocur-

rent 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 1D), there is a reduction in the

ability of the solar cell to meet the energy needs of the greenhouse, as shown in Fig-

ure 6B. However, we find that the conceptualized solar 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 green-

houses 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.
Conclusions

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

the opportunity for semitransparent organic solar cells to be integrated onto green-

house 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 en-

ergy 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 opportu-

nities to support supplemental lighting or feed electricity into the grid. However, this
14 Joule 4, 1–17, February 19, 2020
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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 inte-

grating 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 over-

heating, 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, 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 differ-

ence in the cooling demand between the conventional and OSC-greenhouses

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

addition of OSCs resulting in a similar sunlight transmittance reduction as the de-

ployed 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 model-

ling 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 bal-

ance 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

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, orien-

tation, 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 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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