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This study examines the feasibility of using semi-transparent, flexible organic photovoltaic
(OPV) modules as greenhouse shading material. By using such modules, it may be possible
to utilise existing greenhouse-based agricultural areas for electricity production. Using OPV
modules to shade greenhouses and reduce excess solar energy may result in reduced heat
load on the crop on the one hand, and use of renewable energy on the other. We examined
the radiometric and thermal properties of an OPV module. Module transmissivity was
measured under outdoor conditions at four different angles of radiation incidence: 0, 21, 41
and 46°. Simultaneously, the open-circuit voltage, and short-circuit current of the module
were recorded for power and efficiency calculations. Supplementary laboratory measure-
ments of transmissivity, reflectivity and absorptivity were performed with a spectroradi-
ometer. To further characterise the OPV module, its overall heat-transfer coefficient (U
value) was determined. The examined module had about 20% transmissivity, 15% reflec-
tivity and 65% absorptance in the photosynthetically active radiation (PAR) range. The
mean daily power conversion efficiency of the module was about 0.8% and the overall heat
transfer coefficient U, was about 6.0 Wm 2 K. The temperature of a module placed on the
polyethylene cover of a greenhouse high tunnel was about 50—55 °C at midday. Thermal
images of the module revealed non-uniform heat distribution, with temperature differ-
ences between regions reaching up to 7.5 °C. OPV modules appear to be suitable for
greenhouse shading and electricity generation but currently they are too expensive and
their life duration is relatively short.
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Nomenclature

Ay PV module area, m?

Ay, Area of the insulated walls, m?

E Efficiency, %

FF Fill factor

G Mean global incident solar radiation, W m?

Isc Short-circuit current, A

ky Thermal conductivity coefficient of
polyurethane, Wm ' K*

[k Thermal conductivity coefficient of wood,
WmtK?

B Boundary of power production per OPV module
area, W m 2

Q Heat loss through the OPV module, W

Qu Heat supplied by the electric heater, W

Qw Heat loss through the insulated walls, W

R? Coefficient of determination

T Air temperature, K

U Global heat-transfer coefficient, W m 2 K ?

Voc Open-circuit voltage, V

Greek letters

o Absorptance, %

Axp Polyurethane thickness, m

AXy, Wooden wall thickness, m

n Power conversion efficiency, %

A Wavelength, nm

p Reflectance, %

T Transmittance, %

Abbreviations

AC Alternating current

BHJ Bulk-heterojunction

CPM Conventional planar multi-crystalline silicon
module

CPV Concentrated photovoltaic

DC Direct current

HOMO Highest occupied molecular orbital

LUMO Lowest unoccupied molecular orbital

NIR Near infrared radiation

OGGH  Off grid greenhouse

OPV Organic photovoltaic
PAR Photosynthetically active radiation

PV Photovoltaic
STM Semi-transparent PV module
uv Ultraviolet

1. Introduction

A change in the energy supply to greenhouse farms is needed
due to increasing energy prices in the last decade, a scarcity of
resources, the steady increase in greenhouse area around the
world, and recent policies and regulations in many countries
aimed at increasing the use of renewable energy.

Crop yields depend strongly on the availability of light.
However, in high-irradiation regions or during the summer,
for some crop species, solar radiation can be excessive.

Therefore, shading screens and coating applications are used
to reduce radiation intensity, making the light level tolerable
for crops and reducing energy demand for greenhouse cooling
(Lépez-Marin, Galvez, Gonzalez, Egea-Gilabert, & Fernandez,
2012). The implication is that the excess sunlight irradiating
greenhouses can serve to power the operation of environ-
mental control equipment using photovoltaic (PV) films and
panels. The use of PV panels in conjunction with agricultural
crops has become a popular topic because both are very
important in resolving food and energy issues (Marucci,
Zambon, Colantoni, & Monarca, 2018).

In recent years, conventional PV panels have become far
cheaper, with prices dropping each year. Reported system
prices of residential and commercial PV systems declined 6%—
7% per year, on average, from 1998 to 2013, and by 12%—15%
from 2012 to 2013, depending on system size (Feldman et al.,
2014). The price of a module as of October 2018 is in the
range of $0.218—0.395 per watt for multi-Si modules producing
270—300 W peak value. The cost of an installed solar PV sys-
tem as of the first quarter of 2017 was US$2.80 W DC or
US$3.22 W~ AC for residential systems. For larger commercial
systems, it was US$1.85 W~ DC or US$2.13 W' AC (Fu,
Feldman, Margolis, Woodhouse, & Ardani, 2017). In the first
half of 2018, the cost of a solar PV system (2.5-10 kW) was
US$3.5-4.2 W~ (Feldman & Margolis, 2018).

Greenhouse- and screenhouse-based production systems
offer the potential to accommodate PV panels and films as
cover materials or integrated into shading screens. However,
such technologies need to be studied and evaluated for their
ability to generate and transfer energy to the greenhouse
systems; their effect on crop growth and yield; and resource-
use efficiency, to provide recommendations for growers, sys-
tem manufactures and greenhouse designers, and to make
this integrated technology effective and commercially viable.

1.1. Literature review

Several studies have been performed in last decade to test the
application of PV panels in greenhouses. Yano et al. (2009)
studied flexible lightweight PV panels mounted on the inside
of a north—south oriented greenhouse roof, concluding that
the panels with a smaller tilt angle generate more power.
Although the amount of solar radiation was decreased due
to the partial shading by PV panels, some crops were found to
be morphologically adapted to the conditions, such as lettuce,
cucumber, durum wheat and French bean crops (Marrou,
Wery, Dufour, & Dupraz, 2012). Furthermore, in crops that
generally need high amounts of solar radiation, Klaring and
Krumbein (2013), modelling tomato crops subjected to par-
tial shading of PV panels with 57% reduced amount of
photosynthetic photon flux density, reported a 50% decrease
in plant dry matter. However, their research showed that the
dry matter actually decreased by only 31%. In addition to PV
panels generating power for greenhouse components, many
studies have investigated a hybrid power-generating system.
In fact, Quaschning (2004) stated that in areas with high solar
irradiation, using a PV-thermal system provides the best value
based on initial costs and power-sustaining features.
Sonneveld et al. (2010a) designed and evaluated a green-
house with linear Fresnel lenses in the cover, acting as a
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concentrated PV (CPV) system for power generation. The CPV
system retained all direct solar radiation, while diffuse solar
radiation passed through into the greenhouse cultivation
system. A peak power of 38 W m~2 electrical output was ob-
tained at 792 W m~2 incoming radiation, and a peak power of
170 W m~2 thermal output was obtained at 630 W m™2
incoming radiation. Thus, they indicated that incoming direct
radiation results in a thermal yield of 56% and an electrical
yield of 11%, with a combined efficiency of 67%.

The system dynamics of an off-grid greenhouse (OGGH)
production system (140 m? greenhouse area) powered by a
solar PV power-generation system installed on the side of the
greenhouse was evaluated by juang and Kacira (2014). The
study focused on documenting and analysing the resource
inputs (water, fertiliser, energy, labour) required for crop
production, as well as resource outputs (energy produced,
yield) obtained from the integrated production system, and
evaluated the system capabilities and limitations. The OGGH
was capable of controlling the greenhouse environment at
acceptable limits for crop growth. The cherry tomato yield
from the OGGH was 0.96 kg m~2 week %, and the integrated
OGGH produced 19.8 MJ m~2 while demanding 18.3 MJ m 2 of
energy. The water-use efficiency was 0.72 kg 1! and the en-
ergy productivity of the greenhouse production system was
269.3 kg MJ L.

A prototype greenhouse that combines reflection of near-
infrared (NIR) radiation with electrical power generation
using hybrid PV cell-thermal collector modules was described
by Sonneveld, Swinkels, Bot, and Flamand (2010b, c). The re-
flected NIR radiation was focused with a circular trough by a
factor of 30. Besides the generation of electrical and thermal
energy, the reflection of the NIR radiation resulted in
improved climate conditions in the greenhouse. Under Dutch
weather conditions, the yearly produced electrical energy by
the prototype was 20 kW h m 2 and the yearly thermal yield
was 161 kW h m~2 The authors indicated that although the
overall efficiency of such a system is relatively low, it can still
be attractive due to the large greenhouse areas available in
regions with high solar radiation.

In addition to the attempts to use concentrated solar ra-
diation on PV cells, others have also investigated non-
concentrated solar radiation with PV systems (Al-Ibrahim,
Al-Abbadi, & Al-Helal, 2006; Yano et al., 2009). Al-Ibrahim
et al. (2006) examined the potential of using a PV system to
power a greenhouse in an arid region in Saudi Arabia. They
illustrated the potential harmony between the solar radiation
availability and the demand for electricity. Furthermore, they
showed that performances of the PV subsystem, battery sub-
system and greenhouse cooling system were satisfactory. In
particular, the battery system was able to exclusively supply
sufficient electrical power to meet the load requirement for
over 100 h. Finally, they proved that PV power is a technically
viable and adequate option for supplying electrical power to
greenhouses in remote areas where electricity from a national
electrical grid may not exist.

In a recent study by Yano, Onoe, and Nakata (2014), two
prototypes of semi-transparent bifacial PV modules intended
for greenhouse roof applications were developed. A module
(PV1) using 1500 spherical solar microcells (1.8 mm diameter,
crystalline silicon) with 15.4 cell cm~2 density in an area of

108 x 90 mm? was produced; 39% of the area was covered with
the cells. The remaining 61% was transparent to allow sun-
light to enter the greenhouse to guarantee plant photosyn-
thesis. Similarly, a module (PV2) was made using 500 cells
with 5.1 cell cm 2 density; 13% of the area of this module was
covered with the cells. The conversion efficiencies from sun-
light energy to electrical energy were 4.5% for the PV1 module
and 1.6% for the PV2 module. Calculations of the annual
electrical energy production per unit greenhouse land area
indicated that these modules are potentially suitable for
greenhouses in high-irradiation regions where electricity
production may be high.

In another study, Cossu et al. (2016) used a semi-
transparent PV module (STM) that was composed of 4800
spherical silicon microcells (1.2 mm diameter) sandwiched
between glass plates and integrated into a greenhouse roof
with 26.5° slope. The characteristics of the prototype were
compared with those of a conventional planar multi-
crystalline silicon module (CPM). The module conversion ef-
ficiency was steady at around 0.2% over a wide incident angle
of sunlight. The yield factor of the STM was slightly higher
than that of the CPM because of the isotropic properties of the
spherical cells, which were able to use both the sky-incident
and ground-reflected irradiation for energy production, irre-
spective of the module slope.

Variation of shading inside a tunnel prototype greenhouse
was analysed (Marucci et al., 2018), by installing PV panelsin a
checkerboard arrangement. In tunnel greenhouses, due to
their curved shape, it is more difficult than in regular multi-
span greenhouses to install PV panels on an even part of the
cover. The transparent flexible PV panels were manufactured
using monocrystalline silicon cells, with an efficiency of 18%,
incorporated into polymers with high resistance. The differ-
ence and distribution of the shading percentages were
examined with respect to the surface area affected by the PV
roof, the total area, and the section of the greenhouse. In
particular, variations were observed in the percentage of
shading and the size of the shaded area. The percentage of
shading with the adopted PV arrangement never exceeded
40% during the year.

Trypanagnostopoulos, Kavga, Souliotis, and
Tripanagnostopoulos (2017) presented results of energy
production and crop performance in a greenhouse with
installed PVs. The results were obtained with a lettuce crop.
Regarding electrical output, the PV panels produced
50.83 kW h m~2 for the characteristic cultivation period of
February—April, also creating 20% greenhouse shading. The
plant growing results under shading effect were satisfactory,
as they were at same level with those of reference green-
house without PV covered roof.

A study that introduced a novel algorithm to estimate
accumulated global radiation inside PV greenhouses was re-
ported by Cossu et al. (2017a). The direct and diffuse radiation
were calculated for several observation points inside a PV
greenhouse. The algorithm was tested in a greenhouse with
50% PV cover ratio on the roof. The results were presented as
the percentage ratio of the accumulated yearly global radia-
tion with and without PV array on the roof, and used to draw
maps of light distribution on different canopy heights (from
0.0 to 2.0 m).
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The light distribution in a PV greenhouse where the entire
roof area was covered with PV panels was reported by Cossu
et al. (2017b). The calculation of the incident radiation was
estimated under clear sky conditions at several observation
points located inside the greenhouse at 1.5 m above ground
level. The simulated data were validated through measure-
ments inside a PV greenhouse complex. The global radiation
on the greenhouse area was 33% on a yearly basis, compared
to the potential value with no PV panels on the roof. The zones
close to the gable walls and the south side wall were less
shaded than the central region of the greenhouse area.

Colantoni et al. (2018) evaluated climatic conditions inside
a greenhouse, in which 20% of the roof surface was replaced
with mobile PV panels. The PV system implemented in that
study could vary the light energy-collection surface in relation
to the degree of insolation. The aim was to observe the
shading effects of the PV system on the growth of several
varieties of flowers. Results described the distribution of solar
radiation, variability of temperature, humidity and lighting,
and the observed outcomes on floristic production.

The approaches summarised in this section evaluated
PV—greenhouse systems using rigid crystalline silicon and
thin-film PV modules. The literature shows that when
greenhouse roofs are not completely covered with the PV
system, there is nearly no effect on crop yields. Ideally, the
target should be to allow maximum usage of the photosyn-
thetically relevant light reaching the plants, while harnessing
unused wavelengths for electricity generation.

In photosynthesis, the sun's energy is converted by the
plants to chemical energy. However, the various wavelengths
in sunlight are not all used equally. Instead, photosynthetic
organisms contain light-absorbing molecules called pigments
that absorb only specific wavelengths of visible light, while
reflecting others. The three key pigments in photosynthesis
are chlorophyll a, chlorophyll b, and B-carotene. Chlorophyll
molecules absorb blue and red wavelengths (roughly in the
range of 400—470 and 630—680 nm); carotenoids are another
key group of pigments that absorb violet and blue-green light.

Organic PV technology (OPV) has advanced in recent years
and it appears that it can now be tuned to absorb light that is
not required for photosynthesis/growth for power generation,
and transmit a spectrum that is beneficial to the crop. The
working principle of these PV cells is briefly described in sec-
tion 1.2.

1.2 Working principle of organic solar cells

The working principle of OPV modules and the materials used
to manufacture them have been detailed in numerous studies
(e.g. Jorgensen et al., 2013; Katz, Gevorgyan, Orynbayev, &
Krebs, 2007; Norrman, Larsen, & Krebs, 2006). Here, we pro-
vide a brief introduction and report on basic materials used in
this technology, for the convenience of the reader.

PV cells work by using the energy of absorbed photons to
generate free charge carriers (holes and electrons) which
deliver electrical power at the contacts. In OPV cells, this
conversion of energy is accomplished using organic materials
(Dennler, Scharber, & Brabec, 2009).

The main difference between the working principles of
organic and inorganic solar cells is the direct generation of

free charge carriers in the latter. In organic materials, the light
absorption generates excitons, which become separated at the
interface between two different organic layers (hetero-
junction) (Cornaro & Di Carlo, 2016; Gregg & Hanna, 2003). The
material that donates an electron when separating the exciton
is called the donor, characterised by a high LUMO (lowest
unoccupied molecular orbital), while the material receiving an
electron is called the acceptor, and is characterised by a low
HOMO (highest occupied molecular orbital). The energy
alignment of these two materials is optimised to, on the one
hand, efficiently separate the excitons and on the other, pre-
vent energy losses in this process (Kim et al., 2013).

Figure 1 shows the main working principle of OPVs, sum-
marised as follows (Chiechi, Havenith, Hummelen, Koster, &
Loi, 2013; Cornaro & Di Carlo, 2016):

1. The absorption of a photon creates an exciton.

2. The exciton migrates to the donor/acceptor interface
(heterojunction).

3. A charge-transfer is created between the two materials
creating free carriers (positive and negative polarons).

4. The charges diffuse into the bulk materials and are
collected at the electrodes (anode and cathode).

The most promising OPV solar cells, in terms of com-
mercial viability, are polymer solar cells, in which the active
layer consists of a conjugated polymer as the donor and a
fullerene derivative as the acceptor (He et al., 2012). The most
common materials used for the active layer are poly (3-
hexylthiophene) (P3HT) and phenyl-C61-butyric acid methyl
ester (PCBM) (Kalonga, Chinyama, Munyati, & Maaza, 2013).
These materials, classified as organic semiconductors, are
known for their outstanding optical absorption properties
and charge transport characteristics (Heeger, Sariciftci, &
Namdas, 2010).

Improvements in OPV performance have been achieved by
using different OPV architectures, such as bulk heterojunction
(BHJ) and inverted device structures, and by developing low-
bandgap conjugated polymers and innovative small organic
molecules as donor materials (Cornaro & Di Carlo, 2016).

The main advantages and drawbacks of OPV technology in
comparison to silicon PV technology are presented in Table 1.
The table considers mainly commercial production and not
laboratory production or testing.

exciton

Energy

Anode Homg Cathode

Fig. 1 — A photon with energy hr generates an exciton that
separates into a positive and negative polaron. The
charges are then collected at the electrodes.
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Table 1 — Main advantages and drawbacks of OPV in
comparison to silicon PV technology.

Silicon PV technology OPV technology

Expensive manufacturing Potential for low manufacturing
cost cost (roll-to-roll process)

High temperature during Low-temperature manufacture
fabrication, requires enables thin transparent plastic
metal or glass support film to be used as support layer
layer

Solar cells are usually
rigid, heavy and fragile

Solar cells are
generally black or blue

Application mostly
limited to planar surfaces

Present efficiency of Present efficiency of commercial
commercial panels is in panels is in the range of about 2
the range of about 15—-20% —4%

Cost of US$0.4—0.8 W Cost of US$15—30 W~ (only panel)
(only panel)

Have 25 years power
performance warranties
Have negative temperature

coefficients: output
decreases with increasing
temperature

Solar cells are light, flexible and
rugged

Solar cells can be virtually any
colour and semi-transparent
Can be applied to non-planar
surfaces

Degradation of OPVs varies from
few weeks to about 2 years.
Positive as well as negative values
of temperature coefficients are
reported in literature (Belhocine-
Nemmar, Belkaid, Hatem, &
Boughias, 2010; Bristow & Kettle,
2015; Mehmood et al., 2018;
Potscavage, 2011).

1.3. Recent studies related to OPV application in the
rural environment

Eight different research groups contributed state-of-the-art
OPV cells to a study at Pomona College (Owens et al,
2016). Power-conversion efficiency and fill factor (FF) were
determined from I-V curves collected at regular intervals
over 6—8 months. Similarly, prepared devices were
measured indoors, outdoors, and after dark storage. Device
architectures were compared. Cells kept indoors performed
better than those kept outdoors due to the absence of tem-
perature and humidity extremes. Encapsulated cells per-
formed better due to the minimal oxidation. Some devices
showed steady ageing, but many failed due to corrosion of
electrodes. Degradation of cells kept in dark storage was
minimal over periods of up to 1 year.

Fourteen large-area, flexible, indium tin oxide-free, roll-to-
roll processed OPV modules, encapsulated with low-cost
materials, were installed on corrugated steel roofs at two
sites in a rural village in Southern Rwanda and were contin-
uously monitored (Emmott et al., 2016). This field trial exposed
modules to very high levels of insolation, in particular in the
ultraviolet (UV) region, with high temperatures and heavy
rainfall. The modules exhibited practical life times (to degra-
dation of 20% of their initial capacity) of between 2! and 5
months, a value 5—6 times lower than control modules kept
both in the dark and outdoors in Roskilde, Denmark. Degra-
dation was primarily the result of extensive delamination
caused by failure of the non-UV-stable encapsulation, which
led to decay in the FF, open-circuit voltage (Vo) and short-
circuit current (Iyc) of the module.

In a brief review, Yu, Zheng, and Huang (2014) summarised
the advances and state-of-the-art performance of OPVs in
very recent years. Based on several of the latest developed
approaches to accurately detecting the separation of
electron—hole pairs in the femtosecond regime, the theoret-
ical interpretation to exploit the comprehensive mechanistic
picture of energy harvesting and charge carrier generation
was discussed, especially for OPV modules with bulk and
multiple heterojunctions. In addition, some approaches to
further increasing the efficiency of OPVs were described,
including thermotic and dynamic modification methods.
Finally, the review highlighted the challenges and prospects of
OPVs, with the aim of providing a better understanding to-
ward their high efficiency.

2. Materials and methods

Two types of OPV module (supplied by different manufac-
turers) were tested in this study, namely module A and B.
Module A was manufactured by OPVIUS (Kitzingen,
Germany). It was tested in all hereafter described experi-
ments. It was made of few foils assembled into one module
using a support material in a lamination process, according to
our request. According to the manufacturers' data sheet its
efficiency is n = 2.3%. Module B was manufactured by Infinity
(yllinge, Denmark). Due to its smaller size and lower trans-
missivity compared to module A in the photosynthetically
active radiation (PAR) range, it was only tested for its spectral
radiometric characteristics. Module B is commercially avail-
able and has an efficiency n of about 4% according to the
manufacturers’ data sheet. The active areas (without the
edges of the encapsulating material) of modules A and B were
0.560 m? and 0.238 m?, respectively, and their dimensions
were 0.655 m x 0.855 m and 1 m x 0.238 m, respectively.

2.1. Spectral radiometric characteristics

Solar radiation is characterised by a wide range of wave-
lengths that can be divided into defined ranges: UV (<400 nm),
PAR (400—700 nm), NIR (700—2500 nm) and IR (>2500 nm). The
most important range for agricultural purposes is the PAR
range, used by plants for photosynthesis. However, the other
ranges may also be important through their influence on
pollinating bees and beneficial insects that are often used in
greenhouse cultivation, on plant morphogenesis and on other
plant— and canopy—environment interactions.

The spectral characteristics (transmittance (r), reflec-
tance (p) and absorptance (a)) of the OPV module were
determined using a spectroradiometer (LI-1800, LiCOR,
Nebraska, USA) with an integrating sphere in the wave-
length range of 390—1100 nm at 2 nm resolution. Trans-
mittance and reflectance as a function of wavelength were
measured with the spectroradiometer and absorptance, was
calculated using Eq. (1).

() =1—[r(2) + p(4)] (1)
Three repetitions in each of the different regions (see Fig. 2)

of the OPV module were used to determine its average spectral
transmittance and reflectance. The average spectral
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transmittance and reflectance were calculated using a
weighted average, considering the percent area of each region
out of the total area of the module.

2.2. Determination of mean transmittance at different
radiation-incidence angles

The transmissivity of module A was also measured under field
conditions using a transmittance-measuring box (partially
based on ASTM E 424-71 (2015)) (Fig. 3). The 1.2 m x 0.6 m base
and 0.2 m high side walls of the box were made of treated
wood, painted matte black and divided into two equal cells.
One cell was covered by an OPV module and the other was left
open and served as a reference for the measurements of
incident radiation. Incident solar radiation was measured by a
pyranometer (Li-200R, LiCOR, Lincoln, NB, USA). Trans-
missivity of the OPV was calculated from radiation values
measured below the module divided by values of incident
radiation. The OPV module is a heterogeneous material that
has regions of different spectral characteristics. To obtain an
average value that takes into account the different regions in
the module (see Fig. 2), nine Li-200R pyranometers (a grid of
3 x 3, see Fig. 3) each with a wavelength range of 400—1100 nm
were organised in the middle of the cell at the bottom of the
box. The distance between adjacent sensors in a line of the
grid was 0.075 m.

Greenhouse roofs in the Mediterranean region are gener-
ally convex, due to the extensive use of flexible films as cover
material. Thus, at a given time during the day, different angles
of incident solar radiation are expected at different points on
the greenhouse cover. Therefore, transmissivity of the flat
OPV module was examined at different sun incident angles: 0,
22,41 and 46°, by rotating the box about a horizontal axis. Zero
degrees indicated sun rays perpendicular to the OPV module.
Three repetitions were done for each incident angle. To

Region 1

Region 2
Region 3

Fig. 2 — Sample of OPV module A with its different regions.
The dashed line on the circumference indicates the edges
of the transparent lamination material. The 10 black
module strips are vertical. Region 1 is 6.2% of the total area,
region 2 is 73.8%, and region 3 is 20%.

Pyranometer

Specimen under test

Nine Pyranometers

Fig. 3 — Schematic diagram of transmittance measuring
box.

examine whether the orientation of the module strips relative
to solar rays affects the results, several sets of measurements
were performed with module strips perpendicular to the
rotation axis (see Fig. 3) and in other sets, the strips were
parallel; these are hereafter referred to as lengthwise and
widthwise orientation of the module, respectively.

The output of each pyranometer was recorded at a rate of
1 Hz using a CR1000 data logger (Campbell Scientific, Logan,
UT, USA) to which an AM25T multiplexer (Campbell Scientific,
Logan, UT, USA) was connected. Averages of all nine sensors
were calculated for periods of 30 s and used for data analysis.
All measurements were taken under clear sky conditions at
midday. Air temperature, relative humidity and wind speed
were measured by a standard meteorological station and
during the experiment, their values were 25.5 °C, 28—47% and
2.5-4.5 m s~ ! respectively.

2.3. Electricity production of the OPV module

Electricity production and efficiency of the OPV module were
measured at the same four angles of sun incidence (0, 22, 41
and 46°). Similar to the experiments in which the average
transmittance was determined, several sets of measurements
were performed, in which the module strips were parallel or
perpendicular to the rotation axis. For each angle of sun
incidence, V,. and I;. were measured by a multimeter and the
boundary of power production per OPV module area (Pyyp) and,
efficiency (E) were calculated as:

Pryp = V< [wim ] @)
m
E— Pl’% 100 [%] (3)

where A, is the OPV module area and G [W m~?] is the mean
global incident solar radiation at the time when voltage and
current were measured.
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2.4. Fill factor and power conversion efficiency

While the product of Voc and I mark the boundaries of power
production in a solar cell, the maximum power produced
Pmax occurs at the voltage Vmax and current-density Imax
where the product of I and V is at maximum absolute value.
Because of resistance and losses, [Imax| and Vmax are always
less than |Isc| and Vo, respectively. The fill factor FF describes
these differences and is defined as (Potscavage, 2011):

Imax Vimax

FF = Ve 4)

FF is an indication of how close Imax and Vmax come to
the boundaries of power production of Isc and Vpc. Since
higher FF is related to higher maximum power, high FF is
desired.

The power conversion efficiency 7 is defined as the per-
centage of incident solar radiation that is converted into
output power when the solar cell is connected to a load.

Isc Vo FF

n =E-FF =2 = ()

To evaluate the electrical output of the OPV panel that was
placed on a greenhouse tunnel roof, the electrical behaviour of
a module was monitored throughout the day.
Current—voltage (I-V) curves were recorded every 10 min
using a Keithley 2460 Source-meter (Tektronix, Inc. Beaverton,
OR, USA) and the irradiance in the respective plane of the
panel was measured at the same time using EKO ML-02 pyr-
anometers (EKO Instruments Co., Tokyo, Japan). From the I-V
curves, open circuit voltage Vo, and short-circuit current I,
were found, as well as the maximum power point Py, fill
factor FF, and efficiency 7.

2.5.  Value of the overall heat-transfer coefficient U of the
OPV module

The overall heat-transfer coefficient of the OPV module, U,
was determined by using a standard hot box. The U value
takes into account the heat transfer through the module by
radiation, convection and conduction and can be calculated
from:

Q

U=— >~
Am (Tin - Tout)

[Wm K] (6)
where Q is the amount of heat loss through the OPV module
and Ti, and T, are the air temperatures in the hot box and
outside of it, respectively (T > Tout)-

The hot box was a cube with dimensions of 1 x 1 x 1 m?
with five walls made of 0.01-m thick wood and the sixth face
left open. The five walls were insulated with 0.1-m thick
polyurethane to minimise heat loss. The OPV module was
installed on the open face of the cube so that heat could be
transferred mainly through this face. To generate a tempera-
ture difference between the inner space of the cube and the
environment, an electric heater was placed at the bottom of
the box and used to heat the air. The heating power of the
electric heater was adjusted between 30 and 300 W with a
voltage regulator, and the respective input power was
measured with a wattmeter. The temperatures inside and

outside the box were measured by thermocouples of 0.51-mm
diameter wires.

Experiments were performed at night only under clear sky
conditions, for 2 weeks. Every night, a different temperature
difference was set by changing the power supply to the heater.
For each test, steady-state conditions prevailed from
04:00—05:00 h. Calculations were performed using only data of
steady-state heat transfer through the OPV module. Losses
through the insulated box walls were taken into account by
subtracting heat loss through the five insulated walls from the
heat supplied by the electric heater:

Qu —Qu

U= Aw(Ti - Tout)

[Wm?K™] 7)
where Qy is the heating power and Q, is the heat loss through
the five insulated walls. The heat loss through the walls was
calculated from:

ke Ky

W . .
Qu w(Axw+Axp

>(Tin - Tout) (8)
where ky, = 0.055 [W m™" K~'] at 300 K and k, = 0.022 [W m™*
K~'] at 300K are the thermal conductivity coefficients of wood
and polyurethane, respectively, A,, [m?] is the area of the five
insulated walls and Ax, and Ax,, [m] are the thicknesses of the
polyurethane and wood, respectively.

Temperatures, input power of the electric heater, wind
velocity and ambient relative humidity were recorded every
minute by the CR1000 data logger. During the tests, the mean
wind velocity above the OPV module was about 1 m s~ and
the mean ambient temperature and mean relative humidity
were about 12 °C and 85%, respectively.

In addition to the above described experiments, the tem-
perature of module A which was placed on a polyethylene
cover of a greenhouse high tunnel was recorded over several
days (7—9 July 2018) simultaneously with the temperature of
the polyethylene sheet adjacent to the module. Tomato plants
were grown in the tunnel when the measurements were
performed. The temperatures were measured by very fine
thermocouple wires (0.127 mm) attached to the OPV module
and polyethylene from below. In addition, thermal photos of
the module were taken by a thermal camera (I5, FLIR” Systems
Inc., OR, USA) on 25 Sep 2018 at about 08:45 h local time.

3. Results and discussion

All presented results refer to module A, unless otherwise
stated. Figure 4 shows the solar radiation transmittance of the
OPV module for different incidence angles and the two
different orientations of the module strips: lengthwise and
widthwise. Transmissivity decreased as the incidence angle
increased, as expected. With solar radiation perpendicular to
the module (0° incident angle), transmissivity in the wave-
length range 400—1100 nm was slightly higher than 27%. Atan
incident angle of 46°, the transmissivity decreased to about
22%. Transmissivity was higher with widthwise vs. length-
wise orientation. The difference in transmissivity between the
two orientations increased systematically as the incident
angle increased (Fig. 4).
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Fig. 4 — Solar radiation transmission of OPV module at
different angles of sun incidence. A, Lengthwise; o,
Widthwise.

The spectral transmittance of region 2 of four A modules is
presented in Fig. 5. The measurements were performed on
samples taken from four randomly chosen modules. There
were differences in the spectral transmittance, which were
pronounced at wavelengths higher than 700 nm. Up to
700 nm, the shape of the transmittance curves were very
similar in all samples and only the absolute value of trans-
mittance at a given wavelength changed among the samples.
Above 700 nm, the shape of the curves changed and trans-
mittance peaks were observed at different wavelengths,
apparently due to inherent differences in the manufacturing
process of the modules. Modules 1 and 2 had very similar
transmittance above 700 nm, whereas in modules 3 and 4, the
transmittance and the wavelength at which a peak was
observed differed from those in modules 1 and 2 (Fig. 5).

Figure 6 shows the transmittance, reflectance and
absorptance spectra of OPV modules A and B obtained from
measurements with the LI-1800 spectroradiometer. Note that
the figure shows the weighted average of all three regions of
the module. OPV module A had a high absorptance with low
reflectance. The highest absorptance values were observed in

35.0
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Wavelength (nm)
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Fig. 5 — Radiation transmission of region 2 of module A, at
different wavelengths. The figure shows data obtained
from different modules from the same manufacturer. The
first number in the sample name represents the module
number and the second number represents the repeat
number.
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Fig. 6 — Transmittance, reflectance and absorption spectra
of OPV modules A and B. Values are weighted averages of
all three regions in module A (similar weighted averages
were done with module B).

the range of 400—650 nm. At about 660 nm, there was a sharp
decrease in absorptance from 66 to 45%. Between 700 and
900 nm, the absorptance values were roughly constant
(45—48%) (Fig. 6). Transmittance values changed between 5
and 40% with two peaks: a broad peak at a wavelength of
460—470 nm where transmittance was about 25%, and another
peak at 730 nm where transmittance was about 40% (Fig. 6).
Reflectance values were roughly constant and equal to about
15% over the range of 400—700 nm. At wavelengths higher
than 700 nm, the reflectance increased and reached a peak of
value 21% at about 870 nm, then began to decrease (Fig. 6).

Overall, the behaviour of OPV module B was similar to that
of module A (Fig. 6). Module B had higher absorptance at
400—650 nm and lower absorptance in 700-1100 nm
compared to module A. The reflectance of module B was fairly
constant over the range 400—1100 nm, at about 20—25%, which
is 7% higher than that of module A. In the wavelength range of
400—700 nm, module B had a much lower transmittance than
module A and at wavelengths above 800 nm, both modules
had almost the same transmittance (Fig. 6).

The average transmittance, reflectance and absorptance of
both modules A and B in the wavelength range of
390—-1100 nm and 400—700 nm (PAR range) are presented in
Table 2.

In hot climates with high radiation levels, greenhouses are
often equipped with a shading screen to reduce internal solar
radiation levels. From Table 2, it can be seen that in the
wavelength range of 390—1100 nm, the transmittance of
modules A and B was equivalent to 72.9% and 79.1% shading.
Therefore, it can be concluded that partial coverage of a
greenhouse by OPV modules can reduce the entry of excess
solar energy and thus reduce the heat load on the crop
without the use of shading screens. Although this is an
advantage in the summer time, during the winter, when solar
radiation is much lower, this could be a drawback, since suf-
ficient solar radiation, especially in the PAR range which is
important for plant growth, might not enter the greenhouse.

The current commercially available modules seem to have
high radiation absorptance in the wavelength range of
400—700 nm, capturing the energetic photons in this range to
generate electricity; this, in turn, reduces the amount of light
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Table 2 — Average transmittance, reflectance and absorptance of the OPV modules A and B.

Wavelength range (nm) Transmittance (%)

Reflectance (%) Absorptance (%)

Modules Modules Modules
A B A B A B
390—-1100 27.1 20.9 16.3 23.0 56.6 56.1
400—700 21.4 7.1 14.4 20.7 64.2 72.2

reaching the canopy. It is thus suggested that future modules
be designed to use more of the IR range of the spectrum
(>700 nm) to generate electricity, thereby improving trans-
mittance in the PAR range which is critical for plant growth.

The boundary of power production per OPV module area of
OPV module A at four angles of sun incidence 0, 22, 41 and 46°
is presented in Table 3. For all angles of sun incidence and
module orientations, the voltage remained quite constant at
about 28.0—28.6 V. The boundary of power production per OPV
module area decreased as the sun incidence angle increased;
this decrease was mainly observed when the incident angle
changed from 22 to 41° (Table 3).

Negligible changes were observed when the incident angle
changed from 0 to 22° and from 41 to 46°. The efficiency E
remained relatively constant, in the range of 1.9-2.2%. There
was practically no difference in power output or efficiency
between lengthwise and widthwise orientations (Table 3).

The values of the measured overall heat-transfer coeffi-
cient, U, as a function of 4t = Ty, — T,y of module A, are pre-
sented in Fig. 7. All U values had standard deviations of less
than 0.1 W m~2 K. The U value remained fairly constantin a
4t range of about 10-35 °C, with an average value of
6 W m~2 K% The U value for glass greenhouses (Papadakis
et al., 2000) is 4—8 W m 2 K ! and for polyethylene green-
houses, 4—16 W m~2 K~* (Papadakis et al., 2000; Feuilloley &
Issanchou, 1996; Geoola, Kashti, Levi, & Brickman, 2009,
2011). It should be noted that the wind speed in present
tests was relatively low, 1 ms™". At higher wind speeds, the
value of U is expected to increase.

In polyethylene-covered greenhouses, costly moveable
shading and thermal screens are often used to either reduce
heat load on the greenhouse or heat loss from it. The screens
reduce the overall U value of the greenhouse cover (Geoola
et al., 2009, 2011). The OPV module had a U value similar to
that of glass with good thermal properties. Therefore, the use
of OPV modules as part of a polyethylene greenhouse cover
may result in energy-saving with respect to greenhouse
heating during the winter, possibly eliminating the need to
use thermal screens.

The diurnal change in Py, generated by a module placed at
the apex of a greenhouse high tunnel is shown in Fig. 8,
together with the incident solar radiation. The incident solar
radiation and Py, were well correlated. In the early hours,
when solar radiation was low, Py, was low as well. The value
of Py, increased toward noon with the increase in solar ra-
diation. At 06:30 h, the solar radiation was about
70—100 W m~2 and Py,p,p, was about 2 W m™2; at noon, the solar
radiation increased to 950—1000 W m~2 and the module pro-
duced 12.5-13.5 W m % After noon radiation and Pypp
decreased simultaneously. It appears that at 18:00 h, when the

solar intensity was similar to that at 06:30 h, the value of Pypp
was higher than at 06:30 h.

The change in Py, of the module that was placed on the
roof of the tunnel, as function of the incident solar radiation is
shown in Fig. 9. A linear curve was fitted to the data points and
it was forced to pass through zero. The equation of the curve
was y = 0.0147x and the value of the coefficient of determi-
nation, R> = 0.612. The mean daily module efficiency E
(calculated from the value of the slope of the best—fit curve)
was equal to 2.6%. It is noted that the experimental data (not
shown) indicated that E decreased towards midday and
increased towards the afternoon.

The change in FF as function of incident solar radiation is
shown in Fig. 10. The figure shows that the values of FF
changed in the range of 0.24—0.38. The value of the FF
decreased with solar radiation, except in the range G < 100
where it increased with radiation. Figure 10 shows that there
is a hysteresis in the change of FF during the day, apparently
due to an hysteresis in the module temperature. Temperature
data of an OPV module (not shown) indicated a clear diurnal
hysteresis. For a given incident solar radiation, with an in-
crease in radiation towards midday, the values of FF were
lower than with a decrease in radiation towards evening. The
values of FF in this study are much lower than those obtained
with small OPV cells, 0.72—0.76 (Jao, Liao, & Su, 2016), since the
modules in this study were much larger than laboratory scale
cells. It is known from literature that an increase in the size of
the module reduces the value of the FF and hence the value of
n. The mean daily power conversion efficiency  was equal to
about 0.8%. This value is much lower than the one reported for
small scale laboratory OPV cells, 17.3% (Meng et al., 2018).

It is anticipated that under OPV efficiencies of 1-2%, for
an area of 1 ha, it is possible to get in Israel, on a yearly
basis, about 2.4 x 10° kW h. A1 ha greenhouse will need 40
fans each consuming about 1.3 kW h for about 6 ha dayona
yearly basis (1.12 x 10° kW h). Thus, the energy produced by
the OPV modules is more than twice required by the fans.
Hence, the roof can only partially be covered by OPV mod-
ules to allow higher light penetration into the greenhouse
and still have electricity to operate fans, pumps, electric
motors and other actuators that use much less energy than
fans. Alternatively, electricity can be sold by feeding the
electric grid.

Figure 11 shows, for 3 consecutive days, the temperatures
of the greenhouse polyethylene 150 pm film directly under-
neath an OPV module (we assume it adequately represents
the temperature of the module) and the polyethylene cover
adjacent to an OPV module without an OPV module on top of
it. It also shows ambient air temperature and incident solar
radiation. The OPV module was much warmer than the
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night, the temperature of the OPV module was nearly the
same as that of the polyethylene, in the range of 19-24 °C.
The very high temperature of the OPV module during the
day was apparently the main reason for the reduction in
efficiency observed towards midday. Mehmood et al. (2018)
and Belhocine-Nemmar et al. (2010) indicated that the
decrease in efficiency due to an increase in temperature, can
be attributed to a decrease in the V, of the cells. In present
study, however, V,. remained nearly constant throughout
the day.

Figure 12 shows a thermal image of module A on the apex
outside of a high tunnel greenhouse. The module temperature
was not uniform, with differences of up to 7.4 °C between
different points. This value was recorded under a solar radi-
ation of about 700 W m™2 Larger differences might be ex-
pected under higher solar radiation intensity. The minimum
and maximum temperatures of the module were 40.9 and
48.3 °C, respectively, and the average temperature of the
entire module area was 45.3 °C. Note that the laminating
material of the module was at a lower temperature (purple
colour) and the polyethylene cover on which the module was
placed was much cooler (deep purple/black) than the module.
We notice that the fact that the polyethylene was partially
transparent to IR in the range of 7—15 pm did not significantly
affect the measured polyethylene temperature. It was
assumed that the non-uniformity in the temperature distri-
bution could be due to either non-homogeneous fabrication
and assembly of the module materials or differences in con-
tact between different regions of the module with the poly-
ethylene sheet on which it was placed. Another possible cause
might be module deterioration owing to fluctuations of the
polyethylene due to wind forces, which result in slight
repeating twists of the module.

4. Summary and conclusions

The currently available dimensions of semi-transparent flex-
ible OPV modules are too small to serve as greenhouse cover

Fig. 12 — OPV module. (a) Image of module on cover of greenhouse high tunnel. (b) Thermal image of module on cover of
greenhouse high tunnel. Yellow colour represents OPV module area. Purple/black colour on top and bottom of the photo
represents the polyethylene cover of the tunnel on which the module was placed. Purple colour on right side of the module

represents the laminating material of the OPV module.
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material. Furthermore, the average value of solar radiation
transmittance in the PAR region of the spectrum of the pre-
sent OPV modules, 22—26%, is relatively low for greenhouse
applications. However, they can be used as shading elements
when placed on conventional greenhouse cover materials and
cover only part of the roof, to prevent a too high shading.
Radiation transmittance in the IR range is relatively high
(about 30%) for greenhouse applications in warm climates,
where the desire is generally to reduce the penetration of IR
radiation into the greenhouse and thus reduce greenhouse
overheating. Attempts should be made to produce modules
that convert a larger percentage of the IR spectrum into elec-
tricity. The overall heat-transfer coefficient, U, of the module
was about 6 W m~2 K™, similar to 4-mm thick greenhouse
glass (about 6 W m~2 K™% and lower than that of a poly-
ethylene sheet (7—10 W m~2 K~ 7). The electrical efficiency of
the module calculated using the boundary of power produc-
tion (Voc * Isc) per OPV module area, under field conditions was
about 2.0—2.6%. The fill factor changed during the day in the
range of 0.24—0.38. Thus, the mean daily power conversion
efficiency n was equal to about 0.8%, much lower than with
commercial silicon modules (15—20%). Absorption of solar
radiation by the OPV module resulted in its heating to a
temperature of 50—55 °C at midday. Furthermore, the tem-
perature of the module was not uniform, with differences of
about 7.5 °C between different points on the module area. The
high temperature reached by the OPV module presumably
affected its electricity production and reduced its efficiency, E.
The effects of OPV shading on plant performance and green-
house microclimate warrant further study.
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