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Organic solar powered greenhouse performance
optimization and global economic opportunity†
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Greenhouses conserve land and water while increasing crop production, making them an attractive

system for low environmental impact agriculture. Yet, to achieve this goal, there is a need to reduce

their large energy demand. Employing semitransparent organic solar cells (OSCs) on greenhouse

structures provide an opportunity to offset the greenhouse energy needs while maintaining the lighting

needs of the plants. However, the design trade-off involved in optimizing solar power generation and

crop productivity to maximize greenhouse economic value is yet to be studied in detail. Here, a

functional plant growth model is integrated with a dynamic energy model that includes supplemental

lighting to optimize the economics of growing lettuce and tomato. The greenhouse optimization

considers 64 different OSC active layers with varying roof coverage for 25 distinct climates providing a

global perspective. We find that crop yield is the primary economic driver, and that crop yield can be

maintained in OSC-greenhouses across diverse climates. The crop productivity along with the energy

produced by the OSCs results in improved net present value of the OSC-greenhouses relative to

conventional systems in most climates for both lettuce and tomato. In addition, we find common solar

cell active layers that maximize greenhouse economic value resulting in guidelines for scaling up OSC-

greenhouse design. Through this model framework, we highlight the opportunity for OSCs in

greenhouses, uncover designs and locations that provide the most value, and provide a basis for further

development of OSC-greenhouses to achieve a sustainable means of food production.

Broader context
Conventional agricultural practices over long periods of time can cause significant negative impact on the environment through inefficient use of water,
application of pesticides, carbon emissions and large land requirements. Barring the high energy requirements, greenhouse offers numerous advantages such
as higher yield, water efficiency and provide the option to grow various specialty crops suited for local market demand. This high energy demand comes from
heating, cooling and supplemental lighting energy requirements needed for conditioning the greenhouse space year around for optimal plant growth. Hence,
employing wavelength-selective semitransparent organic solar cells on greenhouse structures provide an opportunity to offset the greenhouse energy needs
while balancing the lighting needs of the plants. However, till date there remains a need to map device design to solar energy generation, greenhouse energy
demand and plant growth across various climates for large scale implementation. This work utilizes the net present value of the integrated ST-OSC-greenhouse
as a figure of merit and screens multiple climate, plants and solar cell active layer materials to identify design criteria and gauge the overall viability and
economic opportunity for such systems.

1 Introduction

Agriculture has far sweeping impacts on the environment that
include ecosystem degradation, freshwater stress, biodiversity
loss, and is a large contributor to greenhouse gas emissions.
For example food systems are responsible for a third of global
anthropogenic greenhouse gas emissions, in which land-use
and land-use change were a major contributing factor.1 One
approach to alleviate agriculture’s environmental impact is
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through controlled environmental food production, and in
particular greenhouses. Greenhouse agriculture is an intensive
food production approach that can significantly reduce agri-
cultural land use, while also being productive across diverse
climates. In addition, greenhouses can operate year around,
significantly reduce water consumption, and offer protection
against extreme weather events. However, greenhouses can be
energy intensive relative to conventional farming.2,3 This
energy consumption is largely related to controlling the green-
house climate and the use of supplemental lighting. For green-
houses to contribute to a more ecologically responsible
agri-food industry there is a need for them to reduce external
energy demand. Incorporating solar power onto greenhouse
structures has recently attracted attention as an approach to
minimize, or even completely eliminate greenhouse external
energy demand.4 Semitransparent organic solar cells (ST-OSCs)
are particularly promising for greenhouse integration with
attributes that include spectrally tunable transparency,5 and
compatibility with thin flexible form factors for simple module
integration.6–8 OSCs have also been making significant strides
in power conversion efficiency, which now approach 20%.6,9

These improvements in efficiency have largely been due to the
arrival of non-fullerene electron acceptors with complimentary
absorption to that of high-performance polymer donors.10

At the same time, non-fullerene acceptors can shift light
absorption into the near infrared thereby reducing absorption
overlap with the photosynthetically active radiation (PAR) spec-
trum (400 nm – 700 nm) essential to plant growth.11–18 Finally,
recent demonstrations of large-area non-fullerene based OSCs
are improving the commercial outlook of the technology.19

The potential of OSC-integrated greenhouses has been high-
lighted through several studies that focus on the impact of
semitransparent OSCs on plant growth. This includes demon-
stration of the growth of mung bean sprouts, pepper, tomatoes,
lettuce, and medicinal plants under functional ST-OSCs or
mock OSC-filters.15,20–23 While some studies were for only short
durations, many of the longer duration studies showed promis-
ing plant performance. Pepper and lettuce showed plant growth
with minimal impact on crop yield.20,21 Tomatoes grown under
ST-OSC occupying nearly 50% of the total greenhouse roof area
showed a 10% drop in yield with respect to the control.23

However, during the period where the control experiments
were shaded in the summer, tomatoes grown under the ST-
OSC had comparable yield. In addition to plant productivity,
we recently reported an analysis of the energy demand of
OSC-greenhouses for diverse climate locations across the
United States.24 We demonstrated that net zero energy (NZE)
greenhouse systems can be realized in warm and moderate
climates with the addition of moderately efficient ST-OSCs of
the order of 10%.24 While these studies show tremendous
promise for OSC-integrated greenhouses, they have focused
solely on plant growth under OSCs,15,20–23 or have looked
at energy demand in OSC-greenhouses.24 There remains a
need to consider the system holistically, considering the
trade-offs in energy demand and crop productivity to maxi-
mize economic value.

Modeling plant growth under OSCs provides a means to
estimate plant yield along with greenhouse energy demand and
OSC power generation, guiding ST-OSC design. Previously, to
account for plant productivity under OSCs, a crop growth factor
(CGF) was introduced which assumed plant growth is linearly
proportional to the incident solar radiation over the PAR
spectrum.5 While the CGF provides a path to quantify the
trade-off between crop productivity and power generation, the
model is oversimplified. For example, the linear dependence of
crop production with illumination is not applicable for low-
light requiring crops such as lettuce, spinach and basil.21,25

In addition, the model does not take into account greenhouse
operating practices such as the use of shade-cloths, or the
impact of other greenhouse environmental factors such as
temperature.26 Here, we perform an OSC-greenhouse optimiza-
tion with the economic value being the figure of merit that
includes a detailed accounting of lighting, energy demand,
greenhouse climate, and plant productivity, as illustrated in
Fig. 1. We combine our previous work on energy balance of
OSC-greenhouses,24 with a functional plant growth model.
The plant model accounts for plant specific lighting needs
including intensity and spectra, local greenhouse temperature,
and carbon dioxide.27,28 The system optimization considers 64
unique OSC active layers in combination with varying green-
house roof area coverage. The plants considered are lettuce
(cv. berlo27) and tomato (cv. trust variety28), which are chosen as
they are popular greenhouse crops, and represent a low-light
tolerant and high-light requiring crop.29,30 Given the high light
demands of tomato, supplemental lighting through LED light
sources is considered in the system optimization for tomato
production. The model is then applied to greenhouses in 25
locations across the globe that have distinct climates following

Fig. 1 Flowchart relating greenhouse economics (in the form of NPV) to
net plant yield, energy demand and solar energy generation from inte-
grated semitransparent organic solar cells. The complete greenhouse
performance is characterized based on climate.
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the Köppen–Geiger classification system.31 For each location,
the net present value (NPV) of the OSC-greenhouse is deter-
mined relative to a conventional greenhouse. While popular
greenhouse crops will vary with location, lettuce and tomato
provide model systems that span the lighting demands of a
broad range of popular greenhouse crops, as listed in Table S1
(ESI†). Through this optimization, we find that OSC-greenhouses
growing lettuce can achieve NZE with a minimal drop in yield
in 11 of the 25 climates considered. Similarly, we find potential
for achieving NZE in 10 climates when growing tomatoes. In
most of the other climates, crop production could be largely
maintained while the OSCs contribute to the majority of the
greenhouse energy needs. Overall, there was an increase in NPV
in the OSC-greenhouses in comparison to a conventional green-
house for both lettuce and tomato in all but 9 climates. The
maximum NPV was found to be 870$ m�2 for lettuce and 610$
m�2 for tomato, given on a per unit greenhouse floor area.
A maximum gain in NPV of 305$ m�2 and 390$ m�2 was seen
for lettuce and tomato production respectively for ST-OSC
greenhouses across various climates. These gains are substan-
tial relatively to the NPV range obtained for the conventional
system, which includes cases where the economic outlook
shifts from a negative NPV for a conventional system to a
positive NPV with the addition of OSCs. These results provide
support that ST-OSC integration will improve the economic
potential of greenhouses while significantly offsetting their
energy demand, providing an opportunity for high intensity
low environment footprint agriculture.

2 Methods
2.1 Plant growth model

A brief overview of the processes involved in modelling the growth
of lettuce and tomato is provided here with additional details
provided in the ESI.† The daily light integral (DLI) is the photon
flux in the PAR spectrum received over the entire day. While lettuce
has an optimal DLI of around 13–17 moles m�2 day�1, tomato
often requires a higher DLI of 22–30molesm�2 day�1 typically met
through the use of supplemental lighting.30 The functional plant
growth model tracks the rate of change of dry matter of the
selected crop, which can include leaves, stem, root, flowers, and
fruit (as appropriate for the plant). The dry matter addition
considers the rate of photosynthesis and plant leaf area while
accounting for associated biological losses. The rate of photosynth-
esis in turn is determined by the greenhouse environmental
conditions including light, temperature, humidity, and CO2.

32

Supplemental lighting was included in the tomato modeling to
meet the minimumDLI requirements as needed for various stages
of the plant development from germination to flowering and fruit
harvest,33 as provided in Table S7 (ESI†). The impact of light
spectrum on plant growth was included for lettuce and validated
with experimental results, as shown in Fig. S2 (ESI†).21 The model
assumes that there is sufficient spacing between plants to ensure
no self-shading caused by overlap in leaves. Light spectrum was
not considered for tomato due the strong cultivar dependence and

the inability to validate the results.34 For lettuce, the rate of
photosynthesis is dependent on the ratio of light intensity in the
red (600–700 nm) and blue (400–500 nm) (R:B) wavelength range
incident on the plant as given in Fig. S2(A) (ESI†).35 R:B ratio also
influences the change in leaf area and fractional biomass partition
to root and shoot. In addition to carbon fixation, plants experience
loss in assimilated carbon content due to respiration and growth-
related losses.32,36 The rate of losses in lettuce is influenced by the
fraction of biomass partitioned to root and shoot which is shown
in Fig. S2(B) (ESI†). Leaf area of the plant increases as a fraction of
the available biomass generated.37 The fraction is determined by a
parameter called specific leaf area (SLA). The SLA is influenced by
both light intensity and % blue (400–500 nm) light over the PAR
spectrum, as shown in Fig. S2(C) (ESI†).37 Finally, we assess total
yield based on the harvested dry mass. The dry mass was parti-
tioned into various components of the plant including root, stem
and in case of tomato – flowers and fruit. Input parameters for
modelling lettuce and tomato are provided in Table S2 (ESI†) and
Table S3 (ESI†) respectively. The model results were validated by
comparing to experimental studies and other models as shown in
Fig. S3 (ESI†).21,27,28 The plant model assumes that plant growth is
not impacted by factors such as genetics or epigenetics. For lettuce,
the parameters used in the plant model were calibrated using
averaged experimental data for lettuce growth measured under
three different OSC filters across three different replications.21

This to a certain extent accounts for variability in plant growth as
shown in Fig. S2 (ESI†). However, for tomatoes experimental study
under OSCs was not performed and hence we directly adapt the
parameters provided in literature which does not account for any
variability.28

2.2 OSC performance modeling

The solar cell structure utilized for modelling is shown in inset
Fig. 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 (ETL) and then the active layer. After
the active layer, there is a 5 nmMoO3 hole transport layer (HTL)
followed by another 100 nm thick ITO electrode. This solar cell
structure is sandwiched between 2 mm thick layers of glass that
acts as encapsulation. In considering the transmittance of the
solar cells, the ITO, HTL and ETL reduce transmittance over the
PAR spectrum uniformly. Thus, the bulk heterojunction (BHJ),
or active layer comprising of a blend of organic semiconduc-
tors, plays the primary role in dictating the transmission
spectrum of the OSC. The key parameters for the ST-OSCs are
power conversion efficiency (PCE) and transmittance over PAR.
These parameters compete with each other in the greenhouse
system optimization. It is often considered ideal to have a ST-
OSC with absorption spectra that is minimized over PAR
spectrum to reduce impact on plant growth. In this case,
materials that absorb light primarily in the IR may be preferred
but this comes at the cost of losing open circuit voltage (VOC)
and potentially PCE. Thus, we consider 64 high performance
OSC active layer blends comprised of electron donors and
acceptors with unique spectral absorption characteristics, as
shown in Fig. 2(B) and (C). These active layer blends comprise
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of a broad array of polymer donors and small molecule acceptors
(SMAs), a ternary and an all-polymer active layer system. The
absorption spectra of materials have been categorized based on
the long wavelength absorption edge, which varies from 700 –
1100 nm.

The transmittance, absorptance, and short circuit current
through the ST-OSC stack were determined through a transfer
matrix model.38,39 The modeled external quantum efficiency
(EQE) was compared to the reported EQE of the OSCs to ensure
accurate predictions of short circuit current. To estimate power
generation, we use the reported VOC at 1 sun illumination for
the reference opaque device, which was then varied based on an
equivalent circuit photodiode model using the modeled short
circuit current.24 The power generation corresponds to the maxi-
mum power point of the solar cells under all conditions.24 The
complete list of active layers with modelled OSC efficiency,
transmittance and corresponding opaque device efficiency are
given in Table S4 (ESI†). The OSCs were modelled with active layer
thicknesses that correspond to the best performing reference
opaque device. There is potential for further OSC optimization
through varying the active layer thickness, and through the use of
external optical coatings such as Bragg reflectors.21,24 We did not
consider these OSC optimization schemes here and may further
improve the modeled outlook. The fill factor of the cells was also
taken from reference reports and were considered a constant.
We observe a range in PCE from 5% to just under 16% while the
transmittance varies from 20% to nearly 60%. The relationship
between PCE and transmittance over PAR for the solar cells
considered is shown in Fig. 2(A). There is a linear trade-off
between transmittance and PCE indicating the importance of
mapping crop growth and OSC power generation to better estab-
lish this performance trade-off.

2.3 Climate selection and greenhouse operation

To classify greenhouse energy demand and plant yield as a
function of global climates, we utilize the Köppen–Geiger
climate classification system.31 This system includes a total of
30 different climates categorized based on temperature pat-
terns and precipitation. Here, we consider 25 of these climates
by modeling a representative city for each climate with details
provided in Table S4 (ESI†). The omitted 5 climates are rare
and represent a negligible fraction of geographical land.40

A detailed description of each climate category is provided in
Section 3 in the ESI.† In each location, a year-around operating
greenhouse was simulated with the OSCs placed on the roof.
Five solar module roof area coverages were considered that
varied from 20–100%. A standard commercial single span
gable-roof greenhouse of dimensions 29.4 � 7.3 m with a gutter
height of 3 m was chosen for simulation across all the
climates.41 The greenhouse is oriented north–south and a tilt
angle of 271 is assumed for the east–west facing roof.42 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, which is often the location of a head house or
storage area. All other walls were modeled with solar and
thermal transmission. A 25% loss in transmittance of light
entering the greenhouse was considered.42 Other specifications
for ventilation, heating and shading operation followed our
previous reported work.24 Shade cloths with 50% transmittance
were deployed based on standard operating practices to main-
tain greenhouse temperature. Details of the shade deployment
schedule for both ST-OSC and reference greenhouses are
provided in Table S5 (ESI†).

For modelling lettuce, the night temperature was set to
15–18 1C and the day temperature is set to 21–25 1C.43 Relative
humidity across the entire day was controlled to be between
60–80%. A lettuce planting density of 18 plants m�2 greenhouse
floor area was assumed.32 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 considered
climates.43 For modelling tomato, the night temperature was
set to 17–22 1C and day temperature was set to 24–30 1C.
Relative humidity across was controlled to be between 60–80%.30

Two harvest cycles were considered for tomato production. In
the first cycle, the plants were seeded around January and were
harvested through June after fruit development begins. The
second cycle started in July and were harvested through the end
of year, again upon the onset of fruiting period. A planting
density of 4 plants m�2 greenhouse floor area was assumed.28

Supplemental lighting was considered to be active from the
onset of plant germination till fruit production. A 300 W LED
lamp was modeled providing a photosynthetic photon flux

Fig. 2 (A) Trade-off between transmittance over PAR and PCE; inset: device stack of modelled ST-OSC systems. Normalized absorption of select (B)
donor and (C) acceptor organic semiconductors.
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density (PPFD) of 180 mmoles m�2 s�1 across a 10 � 10 ft2 area.44

Prior to the onset of flowering (determined by the number of
nodes or side stems formed), supplemental lighting was turned on
to ensure minimum DLI does not fall under 7 moles m�2 day�1.
From the flowering stage, supplemental lighting was turned on to
ensure a minimum DLI of 22 moles m�2 day�1.30 A maximum
lighting duration of 20 hours was imposed.45 The LEDs utilized for
supplemental lighting was assumed to have a conversion rate from
electrical input to PAR output of approximately 60% with a
spectrum that matches sunlight. The remaining 40% of electrical
input was converted to heat inside the greenhouse space.46 The
climate parameters for each location were taken on an hourly basis
from Typical meteorological year 3 (TMY3) data set.47 The monthly
average beam and total solar radiation data incident on a hori-
zontal surface were obtained from national solar database
(NSRDB)48 which is then utilized to determine the hourly direct,
diffuse, and reflected solar radiation on the greenhouse walls and
roof.49 All simulations were conducted in MATLAB, and executed
on a high-performance computing system cluster, which included
over 16,000 simulations. The high-performance computing is not
a mandatory requirement for running the program. However,
considering the extent of case scenarios computed in this work,
we employed parallel computing to conserve time through the
NCSU Henry2 Linux high performance computing cluster. Each
simulation was completed on a pair of eight core Intel Xeon
processor and took approximately 200 minutes to complete.

2.4 Economic framework

To assess the economic opportunity of the OSC-greenhouses
the NPV of the system was determined considering system
capital costs, operating costs including energy costs, and crop
revenue. The NPV used a discount rate of 10% assuming
a greenhouse lifetime of 30 years. The cost of OSCs include
cost of material, fabrication, degradation rate, labor, taxes,
depreciation, and balance of system equipment.51,52 Three sets
of OSC cost parameters termed ‘‘base case’’, ‘‘optimistic’’ and
‘‘conservative’’ values were used to determine the impact on
NPV. The base case parameters considered an OSC lifetime of
10 years, with a geometric fill factor of 85%.24,50 The optimistic
parameters represent aspirational performance and considered
an OSC lifetime of 20 years, with a geometric fill factor of 90%.
On the other hand, the conservative values consider the maxi-
mum possible cost for OSC manufacturing, and balance of
system equipment. An OSC lifetime of 5 years was considered
and a geometric fill factor of 80% was assumed. Furthermore, a
25% loss in performance due to device scale-up was factored in.
The inputs for computing LCOE for all three cases are provided
in Table S6 (ESI†). Across all three cases, the present cost of the
OSCs over the period of the greenhouse lifetime was normal-
ized with respect to the corresponding solar power generated to
create a levelized cost of energy (LCOE). Given that a 30 year
greenhouse lifetime is considered, the analysis includes repla-
cement of the OSCs at the end of their lifetime. The value of the
modules to be replaced were assumed to be priced at a value
that is half of its original manufacturing cost.48 The LCOE was
then used to compute cost of generating solar energy for

offsetting greenhouse energy demand. The LCOE for each
selected climate is provided in Table S5 (ESI†). Revenue streams
are inclusive of annual income, annualized cost of loan pay-
ments associated with capital costs, and annual variable cost
that comprised of heating, cooling, and supplemental lighting.
When annual greenhouse energy demand exceeded solar
energy generated, the energy deficit was assumed to be offset
by energy from the grid. While net metering was employed on
an annual basis, there is no assumed economic value included
for an annual surplus of electricity generation.51 For conven-
tional greenhouses, the complete greenhouse energy demand
was assumed to come from the grid. To simplify calculations,
the crop revenue was based on $ kg�1, net metering was
considered for electricity consumption and generation, and
capital costs were assumed to be constant independent of
location. The annualized investment cost includes the cost of
the OSCs and greenhouse structure, each calculated using a
capital recovery factor which gives a measure of the annual
payment on a capital investment. Fertilizer, water, and labor
costs were assumed to be constant across all considered loca-
tions and for the greenhouse lifetime. Inputs for greenhouse
costs and revenue is shown in Table S5 (ESI†). Importantly,
many of the costs of the system will be location-specific.
Establishing specific economic analysis for each geographic
location is beyond the scope of this work. Here, we use costs
that are commensurate with expected costs for systems
installed in the United States, and focus specifically on NPV
differences between an OSC-greenhouse and a conventional
greenhouse. This approach is expected to provide a reasonable
outlook on the relative opportunity to install OSCs on a green-
house system.

3 Results and discussion

We report here the ‘‘base case’’ annual performance of the OSC-
greenhouses with a focus on nine distinct climates selected
from the above mentioned 25 climates that highlight the role of
climate on the design optimization and system performance.
The base case OSC-greenhouse optimization results for growing
lettuce and tomato for the remaining 16 climates are provided
in Fig. S5–S8 and S9–S12 (ESI†). Results of the optimistic and
conservative NPV in comparison to the base case NPV of the
OSC-greenhouses for lettuce and tomato is provided in Fig. S13
(ESI†). Below, we first consider system performance when
growing lettuce, then consider tomato.

3.1 OSC-greenhouse optimization for lettuce

The annual OSC-greenhouse performance metrics including
net greenhouse energy demand, lettuce yield, and NPV gain
with respect to conventional greenhouses for the different OSC
configurations is given in Fig. 3. The yield is provided relative to
the conventional greenhouse and the energy demand is
reported against the total solar power generation. We find that
crop yield is the primary economic driver, and that OSC systems
that reduce yield loss while providing substantial energy offset
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relative to a conventional greenhouse have the best economic
potential. While yield drives the economic potential, the addi-
tion of the OSCs resulted in the ability to achieve NZE green-
houses in seven of the nine climates, as shown in Fig. 3.
However, there is a clear trade-off in energy demand and
annual lettuce production, which is climate specific.

Climates with latitudes lower than 351 (tropical, hot and
temperate highland) are warm year around, and thus have a
relatively low energy demand of under 150 kW h m�2 year
associated mainly with cooling. In these climates, there is a
broad range of OSC systems that result in crop yield that is
similar or better than the conventional system while the solar
cells completely meet the greenhouse energy needs, as shown
in Fig. 3(A–C). The addition of the OSCs resulted in an
improvement in lettuce yield of up to 4.5 kg m�2 year for the
tropical savanna climate. This improvement in yield over the
conventional systems is attributed to improved thermal man-
agement of the greenhouse space as discussed below in Section 3.3.
The OSC cells that maximize NPV in the warmer climates were

found to consist of either DPP2T:IEICO-4F (absorption edge of
950 nm) or D18:Y6 (absorption edge of 910 nm) active layers. The
DPP2T:IEICO-4F OSC has a PCE of 6% and PAR transmittance of
60%. Optimized performance was achieved with 80–100% roof area
coverage. The D18:Y6 has a PCE of 15% and transmittance of only
20%. The lower transmittance of the cells requires a lower roof
coverage fraction (20–40%) to ensure crop production is main-
tained. Optimizing for NPV, these climates provide a maximum
NPV of up to 705$ m�2 of greenhouse floor area, which amounts to
a gain in NPV of 310$ m�2 in comparison to conventional green-
houses, nearly doubling the greenhouse economic potential.

At latitudes between 351 to 401, hot summer mediterranean
(temperate and snow) climates have lower solar insolation and
the greenhouses experience up to a 2 kg m�2 year drop in
annual lettuce yield when achieving net zero energy (Fig. 3(E)
and (F)). However, the temperate highland climate (Fig. 3(D))
shows potential to achieve net zero energy greenhouses while
also improving annual lettuce yield by 1 kg m�2 year. Alterna-
tively, OSC-greenhouses in these climates can be designed to

Fig. 3 The relative gain in base case NPV per unit greenhouse floor area when adding OSCs as a function of relative annual lettuce yield and difference
between solar energy and greenhouse demand across nine distinct climates. The data includes modeling 64 OSC active layers organized by the cells
absorption edge. The specific location modeled for a given climate classification is listed above the plots. Lettuce yield and NPV gain is measured relative
to the conventional greenhouse system for each climate. The performance of the conventional system is given by a star symbol for each climate.
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maintain crop yield while meeting over half of the annual
energy demand of the greenhouse. Given the large impact of
yield on economic outlook, minimizing yield loss resulted in
the greatest gains in NPV. Furthermore, these climates are
more conducive to maintaining the greenhouse set-point tem-
perature year around leading to higher lettuce yield than
tropical or hot climates. Hence a higher nominal NPV is seen
in these climates for conventional greenhouses. The OSCs that
maximize NPV in these climate consisted of PTB7-TH:IEICO-4F
(absorption edge of 950 nm) active layer with 60% roof coverage
and a D18:Y6 active layer with 40% coverage. The OSC with
PTB7-TH:IEICO-4F active layer had a PCE of 11% and PAR
transmittance of 43%. The higher transmittance of this OSC
allowed for greater roof coverage without crop loss. These
climates provide a maximum NPV of up to 780$ m�2 of green-
house floor area for the OSC-greenhouses, which equates to an
increase of 85$ m�2 in NPV in comparison to the conventional
greenhouses.

Finally, temperate climates composed of oceanic and sub-
arctic climates as well as snow and tundra climates at latitudes
higher than 401 have prolonged winter combined with low
insolation resulting in higher energy demand from 250 kW h m�2

year to 500 kW h m�2 year, as shown in Fig. 3(G)–(I). The low
insolation results in a very low tolerance to utilize solar energy
from OSCs without impacting plant growth. This is depicted by
the variation in annual lettuce yield as a function of average
annual DLI in snow climate in Fig. S4(B) (ESI†). The model
show that 20–40% ST-OSC roof area coverage of DPP2T:IEICO-
4F is possible to offset partial energy demand without yield
loss. These systems showed little benefit from both an eco-
nomic and energy offset perspective in comparison to a con-
ventional greenhouse. The OSC-greenhouses in these climates
provide a maximum NPV of about 675$ m�2 equating to a
marginal gain in NPV of less than 10$ m�2 in compared to a
conventional greenhouse.

In comparison to the base case scenario, the change in NPV
for the optimistic case considering a 20 year OSC lifetime and
90% geometric fill factor was observed to be negligible as
shown in Fig. S13(A) (ESI†). This is attributed to the annual
plant yield having a significant impact on NPV and the pre-
ference for low roof area coverage of OSCs in multiple climates
for lettuce growth. However, for the conservative values, factor-
ing for a lower geometric fill factor, manufacturing and opera-
tion costs as well as efficiency loss from scale-up, we observe a
significant drop in NPV (Fig. S13(A), ESI†).

3.2 OSC-greenhouse optimization for tomato

The OSC-greenhouse optimization for tomato was considered
for the same nine climates selected for lettuce, with the results
given Fig. 4. The results for the remaining 16 climates are
provided in Fig. S9–S12 (ESI†). In contrast to growing lettuce,
we consider supplemental lighting for tomato production to
ensure the DLI does not fall below a desired set point over the
plant’s growth. The target DLI over this growth cycle is given in
Table S7 (ESI†). With the addition of supplemental lighting,
greenhouse energy demand for the conventional greenhouses

ranges from 220 kW h m�2 year to about 620 kW h m�2 year
when operating in climates ranging from tropical to tundra.
Overall supplemental lighting adds 15–50% to the annual
greenhouse energy demand compared to lettuce production.53

At the same time, supplemental lighting helps minimize differ-
ences in the DLI incident on the tomatoes when considering
the different OSCs. However, since the supplemental lighting
ensures only that a minimum DLI was provided, this does not
result in the same DLI between the conventional and OSC
greenhouses. The differences in hourly solar insolation continue
which also results in differences in greenhouse temperature.
These temperature changes result in moderate differences in
the annual yield across the different OSC systems considered.

Across the tropical and dry climate at latitudes lower than
351 we find net zero energy greenhouses with a maximum gain
in fruit yield of 2 kg m�2 year with respect to the conventional
greenhouse, as shown in Fig. 4(A)–(C). These climates provide a
maximum NPV of up to 300$ m�2 of greenhouse floor area,
which is an increase of approximately 320$ m�2 of greenhouse
floor area in comparison to conventional greenhouses. The low
NPV of conventional greenhouses in these climates is attri-
buted to additional energy demand caused by supplemental
lighting. Furthermore, in the absence of significant drop in
light due to supplemental lighting, greenhouses in tropical and
dry climates suffer from insufficient heat regulation in the
summer even after shading leading to reduced fruit yield in
comparison to greenhouses operating in cooler climates. This
causes a negative revenue stream and hence a negative NPV.
Better IR sunlight management in OSC-greenhouses leads to
improved yield and coupled with energy offset results in
significant gain in NPV.

Locations at latitudes between 351 to 401 can achieve near
to complete energy neutrality with a minor drop in annual
tomato fruit yield of 1 kg m�2 year relative to the conventional
greenhouse, as shown in Fig. 4(D)–(F). Alternatively, optimizing
for maximum NPV, the OSC-greenhouses can largely main-
tain tomato yield while meeting a large fraction of the green-
house energy needs resulting in a maximum NPV of around
290$ m�2 of greenhouse floor area providing a gain in NPV of
about 75$ m�2 in comparison to conventional greenhouses. At
higher latitudes above 401, temperate oceanic and subarctic
climates as well as snow and tundra climates have high energy
demand and hence the OSCs only partially offset greenhouse
energy demand with a maximum drop in fruit yield of 1 kg m�2

year relative to the conventional greenhouse as shown in
Fig. 4(G)–(I). Contrary to lettuce growth at comparable climates,
the minimal change in annual fruit yield coupled with a 20–65%
offset in greenhouse energy demand, results in substantial gains
in NPV with respect to the conventional greenhouse. A maximum
NPV of about 610$ m�2 is seen for these climates, which amounts
to a gain in NPV of about 390$ m�2 with respect to conventional
greenhouses.

All nine climates had a 60–100% OSC roof area coverage of
PM6:Y6 based OSCs to maximum energy offset. The OSC stack
with PM6:Y6 as the active layer has the lowest PAR transmit-
tance among the selected active layers at 20% and has the
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highest PCE at 15%. While the transmittance is low, there
remains significant lighting that enters through the walls of
the greenhouse particularly in the winter, as previously
discussed.24 A 100% OSC roof area coverage of PM6:Y6 OSC
stack increases the supplemental lighting energy need by an
average of only about 45 kW h m�2 year across the considered
climates. This is more than offset by the energy generated from
the ST-OSC. Through better temperature control provided by
the OSCs, improvement in annual tomato fruit yield was found
across tropical and dry climates as shown in Fig. 4(A)–(C) and
temperate mediterranean climate as shown in Fig. 4(E).

Similar to lettuce, the change in NPV for the optimistic case
for tomato was observed to be negligible as shown in Fig. S13(B)
(ESI†). This is once again attributed to the annual plant yield
having a significant impact on NPV. While the conservative
values once again demonstrate significant drop in NPV com-
pared to base case and optimistic values, we observe that the
effect is less pronounced for tomatoes. This is attributed to a
preference for higher OSC roof area coverage as well as a higher

efficiency device due to the need to power supplemental lights
in addition to heating and ventilation energy demand.

3.3 OSC-greenhouse system considerations

Through modelling, we infer that both lettuce and tomato
production can benefit from OSC integration onto greenhouses
in most climates, with marginal to significant gains in NPV
relative to the conventional greenhouse. In considering the
performance optimization across climates there are several
insights that become apparent. In warm climates close to the
equator, integrating the OSCs onto the greenhouse structure
can improve crop production in both lettuce and tomato.
These climates experience both high ambient temperatures
and greater insolation than climates found at higher latitudes.
As a result, the conventional greenhouses require the use of
shade cloths throughout the year to limit overheating and
potential light induced plant stress.21 In the OSC-greenhouses,
the solar cells provide thermal management benefits by reducing
transmittance into the greenhouse space across the visible and

Fig. 4 The relative gain in ‘‘base case’’ NPV per unit greenhouse floor area when adding OSCs as a function of relative annual tomato fruit yield and
difference between solar energy and greenhouse demand across nine distinct climates. The data includes modeling 64 OSC active layers organized by
the cells absorption edge. The specific location modeled for a given climate classification is listed above the plots. Lettuce yield and NPV gain is measured
relative to the conventional greenhouse system for each climate. The performance of the conventional system is given by a star symbol for each climate.
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near IR, and through the low-emissivity of the ITO electrodes
providing improved IR management.24 The improved thermal
management reduces the amount of time the greenhouse
exceeds its high temperature set-point resulting in positive
benefits to plant yield.23 The growth saturation with radiation
is depicted by the variation in annual lettuce yield as a function of
average annual DLI for the arid hot climate in Fig. S4(A) (ESI†).
Here we see that, an average annual DLI of 13–17 moles m�2 year
was optimal for lettuce with a higher DLI resulting in drop in
yield. In addition, the lower operating temperatures reduce heat
stress resulting in improved crop production. This dependence
on temperature is exemplified in Fig. S4(A) (ESI†) where the
OSC-greenhouse shows comparable annual lettuce yield to the
conventional greenhouses at about 5% lower average annual DLI
due to the better temperature control through IR rejection.

Throughout all the climates considered, we see that in the
absence of supplemental lighting, the maximum gain in NPV

for OSC greenhouses is obtained through low OSC roof area
coverage for high PCE OSCs or high roof area coverage for
moderate PCE OSCs with high transmittance over the PAR
spectrum. On the other hand, maximum roof area coverage
for high PCE OSCs was preferable when supplemental lighting
was introduced. Despite considering 64 different OSC active
layer blends, we see that the model consistently showed that
OSCs with IEICO-4F and Y6 acceptors resulted in the best
performance. Both SMAs have absorption that extends into
the near IR. When blended with a suitable polymer donor,
IEICO-4F based OSCs have PCE demonstrated over 12% while
Y6 base OSCS have PCE of 16–18%. While IEICO-4F based
blends have transmittances of the order of 45–60% in the PAR
wavelength region, Y6 based blends have a transmittance under
20%. Hence these two materials demonstrate the flexibility in
OSC designs in balancing PCE, PAR transmittance, and OSC
roof area coverage.

Fig. 5 World map that highlights (A) maximum NPV value for ST-OSC greenhouse relative to a conventional greenhouse operating in different climates
classified based on the Köppen–Geiger classification system, (B) tradeoffs between power generation and annual lettuce yield in a ST-OSC greenhouse.
Indications in the figure depict broadly the simulated locations in this work.
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So far, we limited our discussion to the global economic
gains possible in growing lettuce and tomato. However, from
an economic point of view, it should be noted that choice of
species and cultivar of the plant to be grown in the greenhouse
is dependent on local market opportunities, consumer demand
and even social conditions. Comparing these lighting needs to
other popular greenhouse plants grown worldwide, as shown in
Table S1 (ESI†), we observe lettuce and tomato to provide
reasonable upper and lower light requiring model systems.
Hence, while revenues and production cost can change, the
relative economic improvements should be broadly applicable.

3.4 Global economic outlook

Scaling back and considering the global opportunities to
improve the economic outlook of greenhouses while also
offsetting energy demand through the integration of OSCs,
we map the optimized system performances across the globe

based on climate classification. The maximum gain in NPV of
the OSC-greenhouse compared to a conventional greenhouse
for growing lettuce in each climate is given in Fig. 5(A).
Whereas in Fig. 5(B) we broadly categorize climates based on
the OSC-greenhouse net energy demand and yield irrespective
of the systems NPV. We find that greenhouses operating in dry
and tropical climates at latitudes lower than 351 show potential
for NZE greenhouses with minimal drop in yield. These
locations also provide the highest gain in NPV with respect to
the conventional greenhouse (310$ m�2). At latitudes between
351 to 401, temperate, dry and snow climates tend to have a
relatively long and cold winters, thereby achieving only a partial
energy offset without yield loss. Nevertheless, the addition of
OSC to the greenhouse increase the system economic potential
with maximum gain in NPV being approximately 85$ m�2.
Snow and polar climates at latitudes higher than 401 are
characterized by low solar insolation, long winter and high

Fig. 6 World map that highlights (A) maximum NPV value for ST-OSC greenhouse relative to a conventional greenhouse operating in different climates
classified based on the Köppen–Geiger classification system, (B) tradeoffs between power generation and annual tomato yield in a ST-OSC greenhouse.
Indications in the figure depict broadly the simulated locations in this work.
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energy demand leading to a drop in power generation potential
while also resulting in a drop in lettuce yield with respect to
conventional greenhouses. These locations partially offset
greenhouse energy demand but result in a marginal, if any,
gain in NPV. Overall, across all 25 simulated climates a maxi-
mum NPV of about 870$ m�2 is seen for lettuce production in
OSC-greenhouses.

The maximum gain in NPV for an OSC-greenhouse relative
to a conventional greenhouse when growing tomato across
different climates is mapped in Fig. 6(A), while the OSCs’ ability
to balance the trade-off between energy offset and yield loss
irrespective of NPV for a particular climate is shown in Fig. 6(B).
In modeling tomato, the use of supplemental lighting limits
significant drops in fruit yield but results in an increase
challenge in achieving NZE greenhouses. OSC-greenhouses at
latitudes lower than 351 were found to achieve tomato produc-
tion without a drop in fruit yield and achieve net zero energy.
These locations provide a high gain in NPV that can be up to
320$ m�2 higher than that of conventional greenhouses.
At latitudes between 35–401, temperate, dry and snow climates
experience a higher energy demand and while complete energy
offset is possible, the drop in solar insolation results in a slight
drop in fruit yield, despite the presence of supplemental light-
ing. However, the addition of the OSCs results in substantial
energy savings, while the supplemental lighting ensures there
is not a significant drop in fruit yield, leading to a maximum
gain in NPV of up to 75$ m�2 with respect to conventional
greenhouses. At latitudes higher than 401, the combination of
a long winter coupled with additional supplemental lighting
energy demand results in no selected location showing
potential to achieve both net zero energy and negligible loss
in tomato yield. Contrary to lettuce production in greenhouses,
the supplemental lighting protects against significant yield loss
while the OSCs produce power and assist in greenhouse thermal
management through their low emissivity character provided by
the ITO electrodes. Hence a positive NPV gain is still seen in all
the subgroups within the temperate and snow climate. Polar
climates provide a similar outlook to snow climates with the
simulated location showing a high gain in NPV leading to about
390$ m�2 increase with respect to conventional greenhouses
(Fig. 4(I)). While these locations are likely unsuited for green-
house production, the addition of the OSCs does improve their
economic outlook.

4 Conclusions

With increasing world population, there is a need to scale up
food production and ensure local fresh food across seasons in a
sustainable manner. A controlled environment such as green-
houses satisfies the requirement to increase food produc-
tion but consumes significantly higher energy in comparison
to conventional farming techniques. Hence, there has been
immense interest in integrating solar power in greenhouses,
with OSCs providing an opportunity to balance power generation
and light transmission for plant growth. Here, we formulated a

detailed greenhouse system model that combines a detailed
accounting of greenhouse environment (temperature, humidity,
lighting) with a functional plant growth model, solar power
generation from OSCs, and system economics. Through this
holistic model, we can assess the economic opportunity of
adding OSCs to greenhouses. We focused on modelling two
greenhouse crops, lettuce, and tomato, and performed an
OSC-greenhouse system optimization considering 64 different
OSCs with various fractions of roof coverage. We also consi-
dered 25 distinct climates to gain a perspective of the global
opportunity given the climate dependence of system perfor-
mance. Through this optimization process we find that
OSC-greenhouses growing lettuce can achieve net zero energy
with negligible (under 5%) drop in annual yield in 11 of the
considered 25 climates. When growing tomato, the model
results in a similar finding for 10 of the 25 climates. The
modeling also shows that there can be significant increases in
NPV of greenhouses when adding the OSCs. We observe NPV
is extremely sensitive to changes in plant yield and maximum
gains in NPV were observed when the systems operated at the
maximum solar power production without significant impact
on plant yield. Hence, in the absence of supplemental light-
ing, the maximum gain in NPV for OSC-greenhouses was
obtained through low OSC roof area coverage for high effi-
ciency OSCs or high roof area coverage of moderately efficient
but higher transmittance OSCs. With supplemental lighting,
the OSCs with lower transmittance and higher PCE were
favored. Supplemental lighting proved beneficial in minimi-
zing changes in annual fruit yield while OSCs provided up to a
65% offset in greenhouse energy demand in cold climates.
This results in substantial gains in NPV with respect to the
conventional greenhouse. Further experimental research on
all aspects of the system from plant growth under OSCs
to optimized OSC integration can be guided by this model
and provide valuable feedback for further model validation
and refinement. Nevertheless, this positive outlook supports and
fortifies the need for continued research and development of
semitransparent OSCs for greenhouse integration. These results
provide clear support that OSC integration into greenhouses may
be part of the solution for a more sustainable agri-food industry.
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