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ARTICLE INFO ABSTRACT

Keywords: Increasing the diffusivity of transmitted light at crop canopies in agrivoltaic (AV) systems remains a desired
Agrivoltaics objective. This is because diffuse light increases the uniformity of light distribution and penetrates deeper into
Diffuse Hglft . compact crop canopies thereby enhancing the photosynthesis rate and crop yields. Current approaches in
Photovoltaic materials greenhouses and open horticultural systems involve the use of diffusing films, diffuse glass, and light diffusing
coatings. While these methods are effective, their combination with photovoltaic (PV) modules in AV green-
houses and other AV farming practices remain relatively unknown. However, little to no work has been done to
assess the light scattering properties of the existing PV module structural materials such as the glass, encapsulants
and the transparent backsheet. This work therefore investigates the light scattering behaviour of c-Si PV module
materials through haze and Hortiscatter measurements. 18 samples with the structural layout of glass/encap-
sulant/encapsulant/back cover (glass or transparent polymer backsheet), applying different commercial
encapsulants, were manufactured and tested experimentally. Light in the photosynthetic spectrum was used in
the optical characterization of the samples. Furthermore, the impact of UV degradation on the haziness was also
tested and the uniformity of the light distribution was further assessed to obtain the Hortiscatter. The findings
indicated that (i) Transparent backsheets increased the light diffusivity. (ii) UV degradation reduced the light
scattering of most of the PV materials. (iii) For the haziest transparent backsheet sample, the distribution of the
transmitted light increased with the incidence light angle and reduced with increasing wavelength in the visible
spectrum (iv) Highest haze and Hortiscatter values of up to 80% and 84% respectively were obtained for a
sample with glass/TPO/TPO/transparent backsheet layout. (v) Haze and Hortiscatter values could help in
optimising the PV module bill of materials for AV applications.

Haze
Hortiscatter

1. Introduction and background competition between photovoltaic installations and agriculture, by
enabling the colocation of PV modules and crops on the same land for
Agrivoltaics is considered a suitable solution to alleviate land-use the simultaneous production of food and green energy. The cumulative

List of abbreviations including units and nomenclature: AOI, Angle of incidence; AV, Agrivoltaics; BRDF, Bidirectional reflectance distribution function; BSDF,
Bidirectional scattering distribution function; BTDF, Bidirectional transmittance distribution function; CO,, Carbon dioxide; c-Si, Crystalline silicon; EVA, Ethylene
vinyl acetate; GG, Glass-glass; GTB, Glass-transparent backsheet; HS, Hortiscatter; kWh/m?, kilowatt-hour per square meter; PAR, Photosynthetically active radi-
ation; POE, Polyolefin elastomer; PV, Photovoltaic; Sr, Steradian; TPO, Thermoplastic polyolefin; UV, Ultraviolet.
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global AV installed capacity has exceeded 14 GWp [1] and wafer-based
c-Si solar cells account for over 95% of the global market [1]. However,
standard c-Si PV modules are opaque in the visible wavelength range
which is needed for crop production. Semitransparency can only be
achieved by increasing the spaces between the cells in a module coupled
with a non-opaque back cover (i.e., glass or transparent polymer back-
sheet). Nevertheless, the implementation of PV modules above crops
inevitably leads to shading which could negatively impact crop growth
and crop yields. However, this shading could be (partly) compensated
for by increasing the light diffusivity at the crop canopies.

The impact of diffuse light on crop response has been investigated in
literature [2]. Crop light use efficiency, water use efficiency and net
carbon uptake was higher for cloudy days compared to clear sky days
[2]. Plants use diffuse light more efficiently compared to direct light [3].
This is because diffuse light penetrates further into crop canopies
resulting in a higher light intensity and photosynthesis capacity on the
lower leaves [4]. Diffuse light also results in a more uniform temporal
and horizontal light distribution at crop canopies, enhancing crop
photosynthesis and crop growth [4]. Short and compact crop canopies
induce self-shading [5] which could be compensated for by diffuse light.
Light diffusing plastic films with 20% and 29% light diffuseness were
tested in Chinese solar greenhouses with tomatoes [6]. The plastic films
continuously increased the horizontal and vertical light distribution and
enhanced the photosynthesis rate due to lower air and leaf temperature
in the summer. Yields of high stem and low stem tomato plants were
respectively 5.5% and 12.9% higher under the 29% haze roof compared
to the 20% [6]. Studies showed that the middle leaf layers of cucumbers
absorbed diffuse light better than direct light which enhanced the
photosynthesis rate and yields [7]. Roses grown under diffuse green-
house glass cover had 5.2% and 6.1% higher number of flowers and
fresh weight respectively compared to a reference (clear glass) green-
house [8]. Tomatoes grown in greenhouses with three levels of light
diffuseness (0%, 45% and 71%) showed a 7.2% increase in photosyn-
thesis rate for the 71% scenario [9] for the growing period (April —
October). This was attributed to a more uniform horizontal and vertical
photosynthetic photon flux density (PPFD; number of photons in the
wavelength range 400-700 nm incident per unit time on a given unit
surface). Simulations in Dutch horticultural greenhouses with diffuse
cover predicted a 5-6% increase in sweet pepper growth [10]. Simula-
tion of tomatoes in greenhouses reported 5.3% and 4.58% increase in
carbon uptake and light use efficiency respectively under increasing film
diffuseness [11]. Lettuces grown under PV modules with light diffusion
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films showed high dry weight and high relative growth rate under
diffuse light compared to direct light [12]. Light diffusion films under-
neath semi-transparent PV modules in a greenhouse improved crop
yields due to deeper light penetration to the lower leaves and increased
total CO assimilation [13]. c-Si PV modules with increased cell spacing
and a diffuse cover also increased the photosynthesis rate of blueberries
[14].

To understand the impact of diffuse light on the crop photosynthesis
rate, an understanding of crops’ light response is essential. Fig. 1 shows
the photosynthetic light response curve of tomato leaves in the top and
middle canopy under non-diffuse (0%) and 71% light diffuseness [9,15].
Based on the crop type, the photosynthesis rate is proportional to the
light intensity, and the process increases on the steep part of the curve.
The photosynthesis efficiency then plateaus, at which point an increase
in light intensity has little effect on the rate of photosynthesis. Beyond
this point, an increase in light intensity could lead to a reduction in
photosynthesis rate based on the crop type. In Fig. 1, the top leaves
showed similar photosynthetic behaviour irrespective of the light
diffuseness [9,15]. However, for the tomato leaves in the middle crop
canopy, the photosynthetic capacity increased with the light diffuseness
[9,15] as indicated by the purple arrow. This is because more light
reaches the lower leaves of the crop canopy as the light diffuseness in-
creases, thereby enhancing the overall photosynthesis capacity and the
crop growth and yields [15].

Overall, the use of diffuse covers or films has been shown to increase
the homogeneity of light distribution at crop canopies, which enhances
crop growth. Therefore, application of this concept in AV systems could
help alleviate PV-induced shading and enhance agricultural yields. To
increase the diffusivity of photosynthetically active radiation (PAR) at
the crop canopy in AV systems, very hazy or light diffusing c-Si PV
module materials should be used. In current greenhouses and open
horticultural systems, diffuse films or covering materials [12,16,17] and
coatings [18,19] are currently being used. When combined with PV
modules, the impacts of these films on the PV module performance are
still relatively unknown. Also, when these coatings are applied on PV
modules, their potential thermal impact on the PV module temperature,
energy yield and the overall performance of AV systems are not well
defined. Furthermore, while the lifetime of PV systems is around 25
years, the lifetime and time-dependent performance of these coatings
and films are shorter. Also, spatial light transmission measurements
showed that many structured diffusing glasses only result in narrow
light scattering [17]. Therefore, materials or solutions which align with

50

| T e-m T 1
F':I)
_E 30
[}
1S
=
2
4 20 —e— Middle leaves with non-diffuse light
<
3 - @ — Middle leaves with diffuse light
Z’ —e— Top leaves with non-diffuse light
] - @ - Top leaves with diffuse light
2 1 p g

0
(( 200 400 600 800 1000 1200 1400 1600
10 Absorbed PPFD [pumol m2s]

Fig. 1. Photosynthesis response curves of tomato leaves at the top and middle of the canopy under non-diffuse and diffuse (71%) light. Modified from [9,15].
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the durability and performance of PV modules while providing
increased light diffusivity to crops need to be tested and implemented in
AV systems. Little to no work has been done to investigate the PAR
scattering properties of c-Si PV module materials such as the glass,
encapsulants and transparent backsheet for AV applications.

In this work, we assess the light scattering properties of c-Si PV
module materials for AV. In an experimental test of materials, 18 PV
material stacks consisting of a front glass, different encapsulants and a
rear glass, or transparent backsheet, are manufactured and tested for
their haziness according to the ASTM D1003 standard. Each sample
stack is representative of the transparent area of a semi-transparent c-Si
PV module. The impact of UV degradation on each sample’s haziness
was also analysed. Next, the incident light angle dependence of the light
diffusivity was studied through bidirectional transmittance distribution
function measurements for the haziest sample. Lastly, the bidirectional
transmittance distribution function measurements were used to calcu-
late the Hortiscatter value in accordance with the NEN 2675+C1:2018
standard. The Hortiscatter represents the extent to which or how uni-
formly incoming light is diffused by the material. To the best of the
authors’ knowledge, this is the first work analysing the light scattering
and the uniformity of scattered light by such c-Si PV samples for AV
applications.

2. Materials and methodology
2.1. PV material sample fabrication and haze measurement

The structural layout of the transparent (inactive) region of a semi-
transparent c-Si PV module consists of glass/encapsulant/encapsulant/
back cover (glass or transparent backsheet). To investigate the diffu-
sivity of the light incident on such regions, samples of 5x5 cm in size
were manufactured using a PV module laminator, applying different
commercial encapsulants including ethylene vinyl acetate (EVA), ther-
moplastic polyolefin (TPO) and polyolefin elastomers (POEs). Fig. 2
shows an example of the sample stack, along with the structural layers.

Each sample stack was laminated based on the optimal lamination
conditions defined by the manufacturers and tested with the different
encapsulants for both glass-glass (GG) and glass-transparent backsheet
(GTB). Table 1 lists the commercial encapsulants, their properties and
the layouts of the 18 laminates fabricated in this work.

The haze measurements were carried out using an integrating sphere
according to the ASTM D1003 standard and based on the three mea-
surement steps shown in Fig. 3 and similarly described by [20]. In
Fig. 3A, the sample is placed at the entrance of the integrating sphere
while a white reflecting plate at the rear ensures that the total sample
transmitted light (T;) is recorded by the sensor. In Fig. 3B, the exit of the
integrating sphere is opened such that only the light scattered by the
sample (T) at the entrance is recorded. In Fig. 3C, the light scattered by
the equipment (T.) is measured, which is subtracted from T; in the
calculation of haze as shown in equation (1). The reflected light at the
sample surface is neglected in this work. Nevertheless, the reflected light
is expected to be very low due to the smooth surfaces and transparent
nature of the samples. This study is focused on the diffusivity of light in
the PAR spectrum (400-700 nm). The haze measurements were there-
fore carried out in 5 nm wavelength steps for light in the UV-VIS/NIR
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spectrum of 375-800 nm.
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2.2. Sample UV reliability testing

After the haze measurements, accelerated UV preconditioning tests
based on the IEC 61215 standard [21] were carried out to characterize
the impact of potential optical degradation on the light scattering
properties of the samples. The samples were placed in the UV chamber
with the incident light intensity of 100 W/m? on the front glass. The
Osram Supratec HTC 2000-349 KX10s UV lamps radiate power of 490 W
in the wavelength range 315-400 nm (UVA) and 60 W in the range
280-315 nm (UVB). The haze measurements were repeated after the UV
reliability tests, and the best (haziest) GG and GTB samples were used for
the bidirectional transmittance distribution function measurements.

2.3. Angle dependence measurements of scattered light

Haze measurements give no information on the angular dependence
of the scattered light. To determine the angular light profile of the
sample in transmission, reflection or both, bidirectional scattering dis-
tribution function (BSDF) measurements are needed. BSDF measure-
ments can be separated into reflected and transmitted components
respectively known as bidirectional reflectance distribution (BRDF) and
bidirectional transmittance distribution (BTDF) measurements. BRDF
was first introduced to faithfully characterize diffusely scattered light
[22,23]. It was later extended for transmission measurements and
known as BTDF [24]. BRDF and BTDF measurements represent how
light is angularly reflected or transmitted respectively by a sample for a
given wavelength and light angle of incidence (AOI).

2.3.1. BRDF and BTDF measurements

The BRDF is a physical property of a material and defines the pattern
of light reflected from the surface of that material to all directions above
the surface for all incident angles of light. In the setup for measuring the
BRDF, each PV material sample with a surface element dA; is uniformly
irradiated by an incident differential flux (monochromatic light)
element dE; from a direction defined by (6;, ¢;) and reflected in another
direction (6, ¢,) per unit solid angle defined by dL.. The BRDF is
calculated as shown in equation (2).

o dLr(gm @r)

BRDF(6:, 1,0r. @) = 5.9 @

Where 6 is the polar angle with respect to the normal of the sample top
surface, @ is the azimuth angle within the plane of the sample surface
and the subscripts “i” and “r” respectively denote the incident and re-
flected radiations. The BRDF is also dependent on the wavelength and
the polarization of the incident radiation. It has a unit of inverse stera-
dians (sr'!) and takes positive values.

Like BRDF, the BTDF is the ratio of the scattered transmitted radi-
ance dL, in a specific direction (6;, ¢,) in the transmittance hemisphere
of the sample to the incident differential flux element. The subscript “t”
designates the transmitted radiation. The BTDF characterizes the
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Fig. 2. Schematic view of the structural layers of the samples used in the haze and Hortiscatter measurements. Each sample represents the transparent region of a

semi-transparent c-Si PV module.
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Table 1
List of different samples with the different encapsulants, their properties and the structural layouts. Each encapsulant was tested for both GG and GTB giving a total of
18 samples.
Sample No. Encapsulants Sample layout
Type D Transmittance (380-1100 nm) [%] UV-cut off wavelength [nm] Thickness [mm] Density [g/cms]
1 TPO TPO-1 >90 360 0.55 0.88 GG and GTB
2 TPO TPO-2 >91 - 0.53 0.88 GG and GTB
3 TPO TPO-3 87 360 0.57 0.89 GG and GTB
4 POE POE-1 90 — 0.68 0.88 GG and GTB
5 EVA EVA >91 - 0.50 0.95 GG and GTB
6 POE POE-2 >91 310 0.71 0.88 GG and GTB
7 TPO TPO-4 >91 — 0.51 0.86 GG and GTB
8 TPO TPO-5 85 375 0.59 0.88 GG and GTB
9 TPO TPO-6 89 <300 0.51 0.89 GG and GTB
Incident light Incident light Incident light
A) (B) ©)
Sample Sample
Sensor Sensor Sensor
Integrating . .
Integrating Integrating
sphere
sphere sphere

White reflecting plate

Fig. 3. Illustration of different configurations used to measure the haziness of the PV material samples. (A) Shows the measurement of sample total transmittance, (B)
measurement of sample diffuse transmittance and (C) measurement of the equipment diffuse transmittance.

transmitting properties of one point on the PV samples and in a specific
direction, with contributions from the entire incident radiation within a
given solid angle. Like the BRDF, the BTDF is wavelength dependent and
is calculated as shown in equation (3). Fig. 4 shows the geometry of the
BRDF and BTDF measurements, indicating the different angles which
describe the pattern of incident, reflected and transmitted light. The
BTDF also has a unit of st and takes positive numbers. For both BRDF
and BTDF measurements, four angles of incidence; 0°, 20°, 40°, and 60°
were used.

dL,
BTDF(6;, @4, 01, @) = > — = 3

2.3.2. Description of the Mini-Diff V2 and method to calculate the
Hortiscatter

The BTDF and BRDF were obtained via an image-based scattering
measurement approach using the Mini-Diff V2 from Synopsys [25]. The
Mini-Diff V2 measures the forward scatter and reflection of diffuse
materials [26]. The method is based on measuring the lateral distribu-
tion of reflected or transmitted luminance using an imaging detector
with 640 x 480 pixels to convert the observed point-spread function to a
surface’s BRDF (or BTDF) at an AOI of 0°. The detector has a dynamic

-
dy ¢ oo

Fig. 4. Geometry of light pathway for (A) BRDF and (B) BTDF measurements.

range of five orders of magnitude and allows measurements in the
visible range by using, as light sources, monochromatic LEDs with
emission centres at 465, 525, and 630 nm. Fig. 5 shows a picture and a
schematic of its working principle alongside a description of its most
relevant components. The BTDF data collected at 0° AOI is converted to
Hortiscatter (HS) following the steps described by the norm NEN
2675-+C1 from 2018 where specific data normalization procedures are
described [27].

To calculate the Hortiscatter value, BTDF data generated from a
scattering sample is compared to BTDF data generated from the in-
strument’s inherent scattering response. As the samples are isotropic,
both BTDFs are averaged out on the azimuth range for a better signal-to-
noise ratio. The instrument’s response average is Iz () whereas I(0)
represents the sample’s average scattering distribution. The processed
transmittance distribution function of the sample (TDFs) based on the
scattering angle for each wavelength is then calculated using equation
4.

Is(6=0,2
70 oIr (6, 2) s( 2 ) sing
R(0=0,4) Fo—o
S5 S0 IR (6 A)Mﬂ'ng’
6=0 L46=0"R\Y> IR(Q: 007/1)
TDFs(6,4) = O=0 1) ()]
(Is(0,2) — Iz (0. 4) 18(6,;70;/1))3i”
R 150 70° p , otherwise
75 5(0=0, .
I — Ix(0, 0
o-0(Is (0, 2) — Ir( 'l)IR(€:0°,l) )sin

The processed transmittance distribution function of the baseline mea-
surement (TDFg) for each scattering angle and wavelength is obtained
using equation (5).

RO, M)sing
75 76 . 7lf 0=0
2 02020-0Ir (8, 1)sind %)

0, otherwise

TDFy(0,1) =
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Fig. 5. Picture of the Mini-Diff V2 from Synopsys and its schematics. The handheld device has 4 collimated LEDs, one for each AOI, namely 0°, 20°, 40°, and 60°.
Three of the LEDs each has a single emission peak at wavelengths of 465 nm, 525 nm, and 630 nm and are focused on the lower part of it. The diffusely reflected light
of the probed surface at its bottom is collected and detected by a camera situated on top allowing for BRDF measurements. For transmission measurements, a
transmission module with 4 other LEDs allows the camera to capture the BTDF for the same configuration as with the handheld device.

Finally, the Lambertian transmittance distribution function (TDF;) as a
function of the scattering angle is represented by equation (6).
cos(0) x sin(0)

TDF,(0) = ————= 6

10) 26.85 ©)
The next step is to determine the standard deviation, o5 or ox for scat-
tering by the sample or the instrument respectively, from the Lambertian
transmittance distribution function as described by equation (7).

osr(A)= \/ % 3" ((TDFS,R(M) — TDF,(0)) — TDFsx(,1) — TDF, (6) ) 2
@]

where n is the number of scattering angles (n = 76). Finally, the spectral
HS is defined by equation (8).

Og (l)
or(4)

2
HS(2) = (1 - ) x 100% ®

The average HS value from the three wavelengths (465, 525 and 630
nm) is calculated by a linear interpolation between each available
wavelength weighted by Planck’s law at 3200 K.

3. Theory
3.1. Concepts of haze and Hortiscatter

Fig. 6 illustrates the concepts of both haze and Hortiscatter. Fig. 6A
shows the haze as only a measure of how much of the total transmitted
light is scattered by more than 2.5°. Haze only describes which portion
of the light changes in direction and not about the distribution of the
transmitted light. For example, given two materials with the same haze
value of 40%, if the first material scatters 40% of the light by 15° and the
second material by 35°, the haze method tells us that both materials

" Q " O

l\ \
\
~
\ y 25° ! 1
v/ \ ’
25° \ )
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Fig. 6. Illustration of the concepts of haze (A) and Hortiscatter (B) used to
characterize the light scattering properties of materials.

create the same light scattering scenarios. This is however not an ac-
curate representation of the light distribution and diffusivity. Also, haze
measurements were originally used to assess the level of light diffusion
or the transparency of plastics, and not intended for glass [28].
Furthermore, haze is not considered suitable for materials with haze
values above 30% [28]. However, a high haze value indicates high light
scattering of the sample.

Fig. 6B, illustrates the Hortiscatter which considers all the directions
in which the light is scattered. Hortiscatter describes how evenly the
incoming light is distributed in all directions. That is, how close the
distribution of the transmitted light is to perfect light diffusivity. HS
value is expressed as a percentage and ranges between 0% and 100%. A
HS value of 100% represents perfect light distribution in all directions
according to the Lambertian light scattering, while 0% represents clear
glass or a material which does not scatter light. The NEN 2675+C1:2018
standard describes the Hortiscatter of materials and is being used to
characterize the light transmittance and scatter of the covering mate-
rials, screens and coatings of greenhouses and other horticultural sys-
tems [29]. In addition to measuring PAR transmission, the NEN
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2675-+C1:2018 also involves the UV/VIS/NIR spectrum. Materials with
a high Hortiscatter provide better light distribution and contribute to
better light utilization of crops as more leaves receive light. This enables
the plants to absorb more CO; which boosts crop growth, production,
and quality [29]. Using materials with a high HS value can therefore
increase the uniformity of natural light distribution in crop canopies and
ensure uniform and timely crop growth and fruit ripening. This has the
potential to reduce the dependence on full-LED lighting in greenhouses
for optimizing crop growth and yields. This could contribute to fossil
fuel-free and sustainable greenhouse horticultural systems [30]. The
NEN 2675+C1:2018 standard requires manufacturers of glasses, coat-
ings and coverings for greenhouses and other open horticultural systems
to provide Hortiscatter values. When implemented in AV greenhouses
and open AV systems, HS values could therefore enable farmers and
growers to choose materials which increase the light distribution in crop
canopies. A rule of thumb for tomatoes has been defined: a 1% increase
in Hortiscatter can increase yield by 0.3% [31]. Therefore, PV module
materials with high HS values can enhance the crop yields in AV systems
while producing energy, resulting in higher dual land use productivity.

4. Results and discussion
4.1. Haze and UV reliability testing

The haze values presented here are spectrally averaged (equal
weight) for the wavelength range 375-800 nm, which covers the PAR
spectrum. Fig. 7 shows the haze values of the 18 samples during the
different stages of the UV reliability testing. The results show that the
GTB samples (dash lines in Fig. 7) offered higher light diffusivity
compared to the GG ones. The backsheet was the main contributor to the
haziness. Also, samples with the cross-linking encapsulants (POE and
EVA) were less hazy compared to TPO. This is because TPO is a high
density polyethylene with shorter or no side chains compared to POE
and does not use crosslinking [32]. These features create a more orga-
nized and crystalline structure in TPO which enhances its light scat-
tering compared to POE. Also, EVA has no organized stacking of polymer
chains (due to the presence of the vinyl acetate group [33] and its
crosslinking behavior) which results in a polymer with low light scat-
tering behavior. UV degradation tests with different EVA, TPO and POE
materials showed that the EVAs and POEs had similar crystallinity
which was lower than that of TPO [32]. While a low degree of crystal-
linity results in lower haziness, the optical transmittance is expected to
be higher [32].

The UV ageing on average reduced the haziness of the GG PV sam-
ples. For the GTB samples, there was an observed discoloration of the
polymer backsheet. Although no clear trend can be observed, most of the

—+—TPO-1_GG
- -TPO-1_GTB
——TPO-2_GG
-e-TPO-2_GTB
—e—TP0-3_GG
- -TPO-3_GTB
POE-1_GG
POE-1_GTB
EVA_GG
EVA_GTB
—e—POE-2_GG
- -POE-2_GTB
—e—TPO-4_GG
- -TPO-4_GTB
TPO-5_GG
TPO-5_GTB
TPO-6_GG
TPO-6_GTB

) 10 20

30 40 50 60 70
UV dose [kWh/m?]
Fig. 7. Haze values for different PV material stacks during the UV reliability

tests. The full lines represent the GG samples and dotted lines represent the
GTB samples.
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samples showed an initial and continuous decrease in haze with UV
exposure, except for TPO-1, TPO-3 and TPO-4 samples which had a
strong increase in haze from 40-65 kWh/m?. In general, the UV degra-
dation of the different encapsulants is dependent on their formulation, i.
e., the amount and kind of additive (e.g., stabilizers, antioxidants, curing
agents, and adhesion promoters) used [34]. The haziest sample (dash
purple line of Fig. 7) was the glass/TPO-4/TPO-4/transparent backsheet
sample with a haze value of 81.4% before UV ageing and 80% after UV
degradation tests. A haze value of 80% means 80% of the unscattered
incident light is scattered by more than 2.5° from the angle at which it
strikes the sample surface. It should also be noted that transparent
backsheets can vary in their light scattering behavior and not all are
expected to have such high haze values. Nevertheless, results from this
work show that they increase the scattering of transmitted light
compared to a rear glass. The corresponding GG sample with the same
TPO encapsulant had the highest haze value for the GG samples, with
42.4% before UV ageing and 34.3% after UV degradation.

Therefore, in AV greenhouse and horticultural systems where high
light diffusivity is desired (e.g., crop mutual shading in close planting),
semi-transparent c-Si PV modules with a transparent backsheet and TPO
encapsulants could be used. Although TPO has a higher cost than EVA,
an optimal balance between crop yield and the cost of PV module ma-
terial can be achieved by using TPO in AV farming practices with high
value crops including soft fruits such as berries and specialty greens (e.
g., kale, Swiss chard). The potentially higher marketable yields due to
enhanced light distribution and photosynthesis rates can override the
cost of the TPO. Also, greenhouse crops such as fruit vegetables (egg-
plants, cucumbers, tomatoes, sweet peppers) with a high plant canopy
[7]1 would also benefit from increased diffuse light as it penetrates
deeper into the middle layers enhancing overall canopy photosynthesis
rate. Nevertheless, in AV systems, the substructures are the main
contributing factor to the high investment costs [1]. Hence the cost of
the encapsulant in such applications is not expected to be significant.

By using GTB c-Si PV modules, there are added benefits of reduced
mass and associated cost reductions in transportation and installation,
better heat dissipation and no alteration to the manufacturing process
[35]. Replacing the widely used EVA with TPO encapsulant could also
prevent disadvantages such as peroxide-induced crosslinking and the
potential formation of corrosive acetic acid which could result in lower
reliability of PV modules with EVA [36,37]. The use of EVA in GG
modules has also been associated with corrosion and discoloration of PV
modules [37]. Nevertheless, GG semi-transparent PV modules continue
to dominate the market due to the higher lifespan owing to higher
resistance to extreme weather conditions, abrasion, high wind, and
dynamic loads [35]. An added benefit to GG modules is their better
recyclability [37].

4.2. Polar plots of the BTDF

This work is focused on the scattering of transmitted light for AV
applications. Hence, only the results from the BTDF measurements are
presented in this paper. To fully characterize the angular distribution of
the diffusely transmitted light for different AOIs, the BTDF measure-
ments were carried out for the haziest GG (straight purple line) and GTB
(dotted purple line) samples from Fig. 7. The BTDF polar plots for these
two samples for 0°, 20°, 40°, and 60° light AOI are presented in Fig. 8.
The GG sample (Fig. 8A-D) shows very low diffusivity of the transmitted
light, with little to no variation in the light diffusivity with increasing
AOIL. The transmittance is mostly specular. However, for the hazier GTB
sample, the BTDF plots (Fig. 8E-H) show an increase in light scattering
with the AOI, indicating an increase in the distribution of transmitted
light when the light AOI increases. The BTDF is still non-Lambertian:
shows anisotropy which varies with the AOL



S.-N. Asa’a et al.

(A) GG_BT]g(E_O" AOI (8) GG_BTDF_20° AOI
90

270.00 225.00
240.00 200.00
210.00 175.00
180.00 150.00
150.00 125.00
120.00 100.00
90.00 75.00
60.00 50.00
30.00 25.00
0.00 0.00
(E)
3.24
2.88 2.03
252 1.80
e
1.80 113
1.44 0.90
1.08 0.68
0.72 0.45
0.36 0.23
0.00 0.00

©)

©)

Solar Energy 276 (2024) 112690

GG_BTDF 40 ¢
90

(D) GG_BTDF_60° AOI
90

270.00 270.00
240.00 240.00
210.00 210.00
180.00 180.00
150.00 150.00
120.00 120.00
90.00 90.00
60.00 60.00
30.00 30.00
0.00 0.00

GTB_BTDF_60° AOI
90°

2.03

1.08
1.80 0.94
2
1:13 0.67
0.90 0.54
0.68 0.40
0.45 0.27
0.23 0.14
0.00 0.00

Fig. 8. Polar plots of BTDF (sr'}) for the GG sample (A to D) and the GTB sample (E to H) for four AOIs.

4.3. Hortiscatter values

The BTDF plots for the three wavelengths of 465, 525 and 630 nm for
the haziest GG and GTB sample are shown in Fig. 9. For the GG sample,
(Fig. 9A-C), the BTDF behaviour is similar for all three wavelengths and
is mostly specular, while the GTB sample shows an increase in light
diffusivity with decreasing wavelength as seen in Fig. 9D-E.

During the measurement by the Mini-Diff at each of the three
wavelengths, a distribution function of the sample is obtained for each
wavelength and for 0° AOL Fig. 10 shows the linear plot of the trans-
mittance distribution function for the selected GG (Fig. 10A) and GTB
(Fig. 10B) samples at 630 nm wavelength. The distribution function of
the GG and GTB sample is plotted against that of a perfectly diffusing
material (Lambertian light scattering) and the light distribution of the
measurement equipment which is defined as the reference. By averaging
the HS at each of the three wavelengths of 465, 525 and 630 nm, HS

values of 27.27% and 83.83% were obtained for the GG and GTB sample
respectively. A summary of the Haze and HS values for these two sam-
ples is plotted in Fig. 11.

Commercially available greenhouse light diffusing materials have a
Hortiscatter of about 45% [38], while some medium haze glasses in
greenhouses have haze and Hortiscatter values of about 50% and 39%
respectively with transmittance of about 91.5% [39], compared to
90.2% and 75.7% transmittance for the haziest GG and GTB samples
respectively. Findings from this research therefore suggest that semi-
transparent c-Si PV modules with transparent backsheets could have
haze and HS values comparable to or higher than those used in com-
mercial greenhouses. It has also been reported that the inner side of
some greenhouse glasses have HS values in the range 15-63% [31].
Hence the GG sample with a HS of 27.27% lies in the range of such
greenhouse glasses and could therefore be a suitable option in these
farming systems.
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90 90° 90°
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200.00 240.00
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Fig. 9. The BTDF (sr'H) polar plots for the GG (A to C) and GTB (D to F) sample at 0° AOI for 3 wavelengths of 465, 525 and 630 nm. The BTDF data is used to
calculate the HS for the two samples based on the NEN 2675+C1:2018 standard.
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Fig. 11. Summary of the highest haze and HS values for the best GG and GTB

samples in this work. The encapsulant in each sample is TPO based, represented
as sample 7 in Table 1.

From this work, there is an apparent trade-off in transmittance and
haziness. While the GTB has a higher haze and Hortiscatter than the GG
sample, its total transmittance is about 16.1% lower than that of the GG.
This reduction in light intensity could have a negative impact on the
crop growth and yields. Hence, the choice and suitability of GG or GTB is
also dependent on many factors such as the crop light requirements,
crop canopy, weather, and location. For some shade tolerant crops, the
reduction in light intensity might have little to no negative impact on the
plant growth and yield due to their lower light requirements and ability
to adapt to lower light intensity [40]. The crop canopy type would also
influence the choice of GG or GTB materials. For example, cucumbers

have a high leaf area index resulting in higher light interception of the
upper leaves and lower light reaching the lower leaves [7]. Hence, high
light diffuseness with GTB would be desired in such farming systems.
Nevertheless, the total light loss must be assessed for an optimal
photosynthesis rate. The choice of a high light transmitting, or hazy
material is also dependent on the season, as photosynthesis of the upper
leaves is far from light saturation in the winter [4] and hence, increased
light diffuseness will have a lower effect on the photosynthesis [41].
However, in summer periods with high light intensities, high light
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diffuseness is desired as the photosynthesis rate of the upper canopy
leaves is close to saturation while that of the lower leaves is unsaturated
[41]. It was reported that diffuse light is less beneficial in winter
compared to late spring, summer, and early autumn where most of the
light is direct [7]. Therefore, in regions characterized by frequent low
light intensities and cloudy days, high haze PV materials might not be
beneficial for crop growth while crops in regions with frequent sunny
days or high light intensities might achieve higher photosynthesis rate
under high light diffuseness. Crops in semi-arid and hot regions with
high sun intensities might also benefit from high light diffuseness [42]
compared to high transmittance due to lower plant stress owing to the
lower air and leaf temperature [6,7]. Cucumbers in a greenhouse with
diffuse glass had higher productivity compared to clear glass in Saudi
Arabia [43]. The water consumption was also 16% lower while elec-
tricity consumption was lower (due to a lower cooling load) under the
diffuse light. Therefore, the choice of GG or GTB material for AV
greenhouses and open AV systems must be optimized and implemented
based on crop needs, crop type and could vary from one location to
another. It was suggested that materials with a minimum haze of 50%
should be used for greenhouses while transmittance (hemispherical)
should be above 82% in winter when light is the limiting factor [7].
Nevertheless, at the PV module level, optimizations through higher
inter-cell spacings and the use of anti-reflective (AR) coatings could
further enhance the intensity of transmitted light for GTB modules.

5. Conclusion and outlook

The installation of PV modules above crops in AV systems inherently
leads to shading which could be (partly) compensated for by increasing
the light diffusivity at the crop canopy. This is because plants use diffuse
light more efficiently compared to direct light as diffuse light results in a
more uniform horizontal and temporal light distribution and enhances
the photosynthesis rate. In this work, the diffusivity of light in the PAR
range by semi-transparent c-Si PV module materials is investigated.
Based on an experimental material characterization, different samples
consisting of different commercial encapsulants (EVA, TPO, POE)
coupled with a transparent front glass and back cover (glass or trans-
parent backsheet) were manufactured, and the haziness analysed. The
samples with transparent backsheet showed higher light scattering than
the GG samples while the non-cross linking encapsulant (TPO) improved
the haziness compared to EVA and POE. Furthermore, the light diffu-
sivity of most samples generally reduced with UV degradation.

The Hortiscatter for the haziest GG and GTB samples was also ob-
tained based on the NEN 2675+C1:2018 standard. The BTDF mea-
surements for the GG sample showed very low angular distribution
while the hazier GTB sample showed increasing scattering of the
transmitted light as the AOI increased from 0° to 60°. The GTB sample
also showed a reduction in the scattering of transmitted light with
increasing wavelength in the visible range. Finally, the GTB sample with
a haze value of 80% (after UV ageing) had a Hortiscatter of 84%, while
the GG sample had haze and Hortiscatter values of 34.3% and 27.3%
respectively.

The results from this work indicate that semi-transparent c-Si mod-
ules with a TPO encapsulant and a transparent backsheet could be
suitable for increasing the light diffusivity in AV greenhouses and open
horticultural systems. TPO could therefore be a suitable alternative to
EVA for increasing the light diffusivity in AV systems while preventing
the potential formation of corrosive acetic acid associated with the po-
tential degradation of PV modules with EVA.

Nevertheless, there was an observed trade-off between haze (and
Hortiscatter) and the total transmittance. Therefore, the choice of GG or
GTB modules for AV systems will also be influenced by the crop light
requirements, the crop canopy structure, location, and the season. Other
PV module design optimizations such as lower cell densities and the use
of AR coatings could also enhance the total light transmittance in ap-
plications with GTB PV modules.
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While the impact of diffuse light on the crop light distribution and
growth is well known, an in-depth understanding of the impact of high
light-scattering PV materials on the PV energy yield is relatively un-
known. Research via simulations or experimental measurements on the
energy yield of PV modules with different light-diffusing materials is
needed to fully understand their impact on PV energy yield. Neverthe-
less, the haze and Hortiscatter data from this work could be invaluable
input for the modelling and simulation of irradiance distribution at crop
canopies and for predicting potential increase in the crop yields in AV
systems. Finally, the haze and Hortiscatter values can provide desired
guidelines for PV module and PV material developers, AV system de-
velopers and farmers in optimising the bill of materials of PV modules
for AV greenhouses and open AV systems. Through this, the light dis-
tribution in crop canopies can be enhanced, and crop yields and quality
increased.
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