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Comprehensive Glare Hazard Analysis of Ethylene
Tetrafluoroethylene (ETFE) Based Frontsheet for

Flexible Photovoltaic Applications
K. P. Sreejith , Vijay Venkatesh, Govind Padmakumar, and Arno H. M. Smets

Abstract—Photovoltaic (PV) panel installations in buildings and
transportation hubs pose additional safety challenges as the glare
from the panels can impose adverse impacts like flash blindness in
human eyes. This study substantiates that polymer encapsulated
thin film modules offer significantly low glare levels that are es-
sential for building integrated and transport hub installations. In
this work, the glare hazard potential associated with matt ethy-
lene tetrafluoroethylene (ETFE)-based polymer sheet used as the
frontsheet for the production of flexible thin amorphous silicon
(a-Si) PV modules is studied and compared with standard PV glass
used in crystalline silicon (c-Si) PV panels. The specular reflectance
extracted from the measured total and diffuse reflectance for an
angle of incidence (AOI) of 8◦ and the angular intensity distribution
(AID) of specular reflectance measured for AOI ranging from 10◦

to 80◦ are utilized for glare assessment of the frontsheets. The
mean value of specular reflectance extracted from the measured
total and diffused reflectance is as low as <0.5% for the polymer
frontsheet and is >4% for glass. The AID measurements suggest
that the reflection from the polymer frontsheet is highly diffusive in
nature in contrast to glass and the measured specular reflectance is
always close to a magnitude lower than that from glass for all AOI.
With the increase in AOI, the specular AID reflectance increases
exponentially for glass to become as high as 40%, which is almost
20 times less than that from the polymer frontsheet for an AOI
of 80◦. Further, the c-Si test structure with glass and thin a-Si
PV module with matt ETFE-based polymer as frontsheet showed
similar specular reflectance trends as that of glass and the polymer
frontsheet, respectively.

Index Terms—Amorphous silicon solar panels, flexible power
foils, glare hazard analysis, reliability of photovoltaic devices,
specular reflectance.

I. INTRODUCTION

THE transition from conventional fossil fuel sources of
energy to low-carbon sources of energy is inevitable to

bring down global warming to pre-industrial levels. As of 2023,
photovoltaic (PV) technology holds the largest share of installed
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capacity in the renewable energy sector with a share of 14% [1].
An impressive growth of up to 22% is projected by 2027, to
become the largest installed power capacity surpassing coal [1].
This translates to 2.7 TW of PV installation by 2027, and such
a tremendous growth demands PV installations such as build-
ing integrated (BIPV), vehicle integrated (VIPV) in urban and
metropolitan areas, transportation hubs such as railway stations
and airports, and their surroundings.

Conventional crystalline silicon PV technology uses rigid low
iron content tempered glass for encapsulating the solar cells.
The typical weight of the glass encapsulated modules lies in the
range of 12–16 kg-m−2 and glass accounts for nearly 60%–70%
of the total module weight [2], [3]. This limits the use of glass
encapsulated panels in portable PV, and BIPV applications. Re-
placement of the glass with a lightweight flexible polymer sheet
can substantially reduce the weight of PV modules. However,
such polymer sheets are required to meet stringent properties
such as high transparency, a similar index of refraction as that of
glass, resilience to harsh environmental conditions, and protect
the cells from contaminants, moisture, water ingress, and dust
particles. Polycarbonate, polyethylene terephthalate (PET), and
ethylene tetrafluoroethylene (ETFE) are some of the commonly
explored polymer frontsheets for the production of light-weight
PV panels [4], [5], [6]. However, in reference to glass, both
polycarbonate and PET sheets have a higher index of refraction
values that leads to higher reflection losses [7]. ETFE sheets
are commonly used in plastic industries due to their desired
properties like flexibility, durability, and high electrical and
chemical resistance [8], [9], [10]. In addition, chemical stability
against extreme weather conditions and UV radiation, high
transmission, and low index of refraction as compared to other
polymer sheets make the ETFE polymer sheet a good choice as
frontsheet material [11], [12], [13], [14]. In this context, a recent
study demonstrated that ETFE sheets are not only resistant to
the IEC 61215 standard protocol-based acceleration tests such
as damp heat, UV exposure, and hail tests, but also have a
hydrophobic surface with higher water contact angle that can
lead to lower soiling losses [15]. These studies suggest the
potential of ETFE sheets as a frontsheet for the production of
flexible PV modules.

The glare induced from the reflective surfaces can cause
ocular impact and hence, reflections from PV panels can be a
serious concern, especially for BIPV, VIPV, and transportation
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hub installations. As per the literature, retinal irradiance in the
range of 0.1–kW-m−2 induces flash blindness or discomfort to
human eyes [16], [17], [18], [19]. However, there are still no well
defined international standards available to evaluate glare hazard
from PV panels for various applications, and the available regu-
lations are mainly for installations in airports and their premises.
Previous studies reported that PV installations in the vicinity of
airports induce glare onto the flight path, consequently jeopar-
dizing pilots’ visibility during takeoff and landing phases [16],
[20], [21], [22]. Airport regulatory authorities of different coun-
tries such as the United States, United Kingdom, Germany, and
Switzerland have set up their own regulations for addressing the
glare hazard from PV installations [23], [24], [25], [26]. Solar
Glare Hazard Analysis Tool (SGHAT) developed by Sandia
National Laboratories in the United States, helicopter flyover
approach using a heliostat, and the usage of software packages in
computational fluid dynamics are some of the reported methods
used for glare assessment of PV installations near the airport
premises [27], [28], [29], [30]. However, most of the above
approaches are either based on computational methods that use
predefined reflectance profiles [31], [32] or are only for certain
PV configurations for a fixed module tilt [21], [33]. In contrast,
a recent study utilized gonioreflectometry measurement-based
bidirectional reflectance distribution function (BRDF) to asses
the glare from PV modules encapsulated with six different glass
for a varied angle of incidence (AOI) of up to 75◦ [19]. The
study demonstrated that glare from glass encapsulated modules
can be a serious concern, especially for higher AOI, and glare
hazards from smooth, textured, and antireflective (AR) coated
glass surfaces are significantly different [19], [34]. The results
also indicate that the glare from PV panels will be different for
different PV materials and installation conditions like module
tilt. Hence, it is extremely important to investigate the glare haz-
ard associated with the frontsheet used in PV modules, especially
for BIPV, VIPV, and transport hub-related installations.

This work compares the glare associated with two frontsheets;
glass and an ETFE-based polymer sheet, which are used for the
encapsulation of crystalline silicon (c-Si) wafer-based and thin
amorphous silicon (a-Si)-based solar panels, respectively. Glare
hazard was evaluated based on the specular reflectance obtained
from the integrating sphere spectrophotometer measurements
for an AOI of 8◦ and from the angular intensity (AID) measure-
ments for a varied AOI of 10◦ to 80◦. The study reveals that
in reference to glass, the reflection from the matt ETFE-based
polymer sheet is diffusive in nature even for shallow AOI. Hence,
ETFE-based polymer encapsulated PV modules do not induce
severe glare as in the case of glass encapsulated modules and
are more suitable for areas of PV installations, where glare can
be a serious concern.

II. EXPERIMENTAL DETAILS

A. Sample Details and Fabrication of Test Structure

A flexible polymer top encapsulant (PTE) sheet and PV-grade
glass used for the encapsulation of flexible a-Si power foils
and c-Si solar panels, respectively, are characterized in this
study for their glare. The PTE sheet consists of two matt ETFE

Fig. 1. Top-down SEM images of matt ETFE surface at at two different
magnifications; (a) low and (b) high resolution..

Fig. 2. Wavelength dependant reflectance and transmittance plots of glass and
PTE sheet.

sheets of ∼ 40 μm thick sandwiched using silicone glue. This
configuration of the PTE sheet is used to enhance mechanical
strength and is a proprietary item of HyET Solar B.V., a man-
ufacturer of thin flexible a-Si PV modules. The top-down SEM
images of the matt ETFE surface are shown in Fig. 1. Several
micron-sized craters are seen all over the ETFE surface, which
can enhance the light scattering compared to flat surface. The
selected reference glass is a PV grade, low iron content, front
side flat, and rear side textured type, which is designed for a
balanced soiling and cell-to-module loss. The measured total
reflectance and transmittance curves of the glass and the PTE
sheet are shown in Fig. 2. The transmittance of both glass and
the PTE sheet is as high as 90%–95% for the wavelength range
of 400 to 700 nm. Glass samples showed marginally higher
transmittance for lower wavelength ranges and the PTE sheet
exhibited better response for higher wavelength ranges. The
reflectance curves of both the frontsheets are discussed in detail
in the upcoming sections. Further, the glare hazard from the glass
encapsulated c-Si and ETFE-based polymer encapsulated thin
film a-Si panels are studied by fabricating a 5 cm × 5 cm sized
representative c-Si PV module test structure and by cutting a
slice of 5 cm× 5 cm from a flexible single junction a-Si module,
respectively. The schematic representation of the cross-sectional
view of the glass encapsulated c-Si test structure and a thin a-Si
PV module are shown in Fig. 3. The c-Si test structure consists
of a random pyramid alkaline textured mono-crystalline wafer
with 75–80 nm thick plasma enhanced chemical vapor deposited
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Fig. 3. Cross-sectional schematics of PV modules: (a) Glass-encapsulated c-Si
test structure and (b) ETFE-encapsulated a-Si thin film flexible module. Visuals:
(c) c-Si test structure and (d) a-Si thin film flexible module.

silicon nitride (SiNX :H) AR coating at the front and screen
printed aluminium (Al) contact at the rear. Further, the wafer was
encapsulated with glass (at the front side) and a white back sheet
(at the rear side) using an ethylene vinyl acetate (EVA) sheet
as the cross-linking layer to complete the fabrication of glass
encapsulated c-Si test structure. The exact process parameters
and optical properties of the encapsulant materials used are
available in [35], [36], and [37]. In contrast, as indicated in
Fig. 3(b), a-Si power foil panels are encapsulated with flexible
polymer sheets on both sides; PTE at the front and a carrier
foil at the rear. The a-Si solar cell structure includes a p-i-n
single junction structure with fluorine-doped tin oxide as the
front contact, zinc oxide (ZnO) as a buffer layer between the
front contact and the p layer, and a combination of ZnO and Al
as back contact.

B. Characterization

The total transmittance, total reflectance, and diffuse re-
flectance are measured using an integrating sphere spectropho-
tometer; Lambda 1050 from Perkin Elmer. The schematic repre-
sentation of the integrating sphere spectrophotometer is shown in
Fig. 4(a) . The sample holder position is fixed and the light beam
is always incident on the sample surface at an angle of 8◦. The
detector is in the shape of a sphere to integrate the light scattered
in all directions (except the opening area through which the light
is incident on the sample). During the diffused reflectance mea-
surements, a removable slot present in the detector is removed
to exclude the specular component of reflection. Further, the
AID measurement was employed for analyzing the reflection
from sample surfaces for varied AOI. Schematic representation
of the absolute reflectance transmittance accessory (ARTA)
tool from OMT Solutions BV used for AID measurements is
shown in Fig. 4(b). Here, the sample stage can move from the
vertical position (θs=0◦) to the horizontal position (θs=90◦)
corresponding an AOI of 0◦ to 90◦, respectively. In addition,
for a fixed AOI, the detector moves along the 180◦ covering
the entire plane of reflection (i.e., θd changes from −90◦ + θs
to 90◦ + θs) from the sample surface. However, the detector
possesses a miniintegrating sphere arrangement that records the
reflectance only in the direction of the plane of incidence. Also,
as indicated in Fig. 4(b), the detector movement in the direction
ranging from −10◦ to 10◦ is restricted as it corresponds to the

Fig. 4. Schematic representation of the (a) integrating-sphere spectrophotome-
ter and (b) AID measurement systems. (a) Integrating-sphere spectrophotometer
measurement setup (b) Angular intensity distribution measurement setup.

Fig. 5. Measured total, diffused, and extracted specular reflectance curves of
top encapsulation layers; glass and ETFE-based PTE sheet.

slit through which the light beam is incident on to the sample
surface.

III. RESULTS AND DISCUSSION

A. Integrating Sphere Spectrophotometer Measurements

The measured total and diffused reflectance curves of the
glass and PTE sheet are shown in Fig. 5. Further, the spec-
ular reflectance curve is extracted by subtracting the diffused
reflectance from the total reflectance. Both glass and the PTE
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Fig. 6. AID reflectance plots of glass and PTE sheet samples for an AOI of (a) and (b) 10◦, (c) and (d) 50◦, and (e) and (f) 80◦. (a) Glass with AOI of 10◦ (b)
PTE with AOI of 10◦ (c) Glass with AOI of 50◦ (d) PTE with AOI of 50◦ (e) Glass with AOI of 80◦ (f) PTE with AOI of 80◦.

sheet exhibited comparable total reflection with a mean value of
8.11% and 7.93%, respectively over the wavelength range of 400
to 700 nm. However, the measured diffused reflectance values
are significantly different for the glass and PTE samples, with
the former having a mean value of only 1.16% and the latter with
7.55%. This suggests that the reflection from the PTE surface is
highly diffusive in nature in contrast to glass and the specular
component of reflectance responsible for glare is as low as below
0.5% for an AOI of 8◦. However, for building integrated and
transport hub installations, it is essential to assess the glare for

the entire AOI range to account for the varied module installation
tilt and the movement of the sun during the day.

B. ARTA Measurements

The AID reflectance of glass and PTE sheet for an AOI of
10◦, 50◦, and 80◦ are shown in Fig. 6. Both glass and PTE
samples follow a near-normal scattering distribution for all three
AOI. The peak maximum intensity (marked with a circle and
rectangular box, respectively, for glass and PTE, in Fig. 6) of the
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Fig. 7. Variation in specular AID reflectance for (a) glass and (b) PTE sheet
for different AOI from 10◦ to 80◦. (a) Glass (b) PTE.

normal distribution is obtained at an angle twice that of AOI and
hence, it represents the magnitude of AID specular reflectance.
For both the samples, the specular AID reflectance increases
with increases in AOI, indicating that the glare hazard from
the frontsheets becomes severe for shallow AOI. For all three
AOI, glass displays a compact distribution with a large fraction
of the total reflectance as specular itself. In reference to peak
intensity, the reflectance measured at other scattering angles is
significantly lower for glass. In contrast, the PTE sheet showed a
broader distribution with a lower peak intensity as compared to
glass for all three AOI. This indicates that the reflection from the
PTE sheet is more diffusive than that from glass even for shallow
AOI as high as 80◦. The AID reflectance distribution of the PTE
sheet gets more compact and the peak intensity representing the
AID specular reflectance increases for higher AOI. Even though
the diffusive nature of reflection from the PTE surface reduces
for higher AOI, the overall AID reflectance and magnitude of
specular reflectance from the PTE sheet are still substantially
broader and significantly lower compared to glass.

Fig. 8. Variation of mean specular AID reflectance for glass and PTE for
different AOI.

Further, the wavelength-dependant AID specular reflectance
curves (the AID reflectance measured at an angle twice that of
AOI) of glass and PTE sheet for AOI ranging from 10◦ to 80◦ are
plotted in Fig. 7. The specular reflectance trends, especially for
AOI of 10◦ are in agreement with the specular reflectance curves
shown in Fig. 5, wherein both the cases, the specular reflection
from glass is nearly an order magnitude higher than from the
PTE sheet. Interestingly, the AID specular reflectance from the
PTE sheet at an AOI of 80◦ is still lower than that from the glass
for an AOI of 10◦ . The specular AID reflectance from the PTE
sheet is always below 0.03 for the entire wavelength range from
400 to 700 nm for all AOI ranging from 10◦ to 80◦. In contrast,
for glass, the specular AID reflectance is always higher than 0.06
and exceeds 0.1 for AOI beyond 50◦.

The mean value of AID specular reflectance for both glass
and PTE sheet are plotted for varied AOI from 10◦ to 80◦ in
Fig. 8. The mean value is obtained by averaging the wavelength-
dependent specular AID in Fig. 7. From Fig. 8, it can be seen that
the glass exhibits an exponential increase in specular reflectance
for higher AOI. For an AOI of 80◦, the specular AID from
glass was as high as 0.4. The reflection trends for glass are in
agreement with available literature [38], [39] and such a high
specular reflection can lead to glare levels above the threshold
for ocular discomfort [17], [18], [19]. In contrast, the increase in
specular reflectance for higher AOI is marginal for the PTE sheet.
These specular AID reflectance values indicate that for all AOI,
the glare level from PTE samples will remain below 50 W-m−2

even for a high-intensity incident irradiance of 1000 W-m−2.
These results confirm that the PTE sheets do not induce glare
levels that can result in ocular discomfort as in the case of glass
and hence, are widely used for building integrated applications.

C. Glare Hazard From Glass and PTE Encapsulated Samples

Further, the glare hazard from the glass encapsulated test
structure and PTE encapsulated a-Si flexible module are ana-
lyzed and compared with glass and the PTE sheet. The total,
diffused, and extracted specular reflectance of glass encapsu-
lated test structure and a-Si flexible module is shown in Fig. 9.
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Fig. 9. Measured total, diffused, and extracted specular reflectance curves of
glass encapsulated c-Si test structure and polymer encapsulated a-Si thin-film
module.

Fig. 10. Variation of mean specular AID reflectance of glass encapsulated
module test structure and PTE encapsulated a-Si module for different AOI.
Curves with dotted lines represent the specular AID reflectance for reference
glass and PTE sheet.

The total reflection from the a-Si panel is higher than the c-Si
module. The mean value of total reflectance corresponding to
glass encapsulated c-Si test structure and polymer encapsulated
a-Si modules are 5.19% and 9.31%, respectively. The mean value
of measured diffused reflectance was only 1.04% and as high as
8.74%, respectively, for glass encapsulated c-Si test structure
and thin a-Si flexible module. This suggests that the reflection
from the glass encapsulated module and PS encapsulated a-Si
module, respectively, are specular and diffusive, in accordance
with the reflectance trends seen in the case of glass and the
PTE sheet. Further, it can also be concluded that the frontsheet
determines the nature of reflection from the PV panels. Similar
to glass and PTE samples, the specular component of reflection
from a thin a-Si module is nearly an order magnitude lower than
from glass encapsulated c-Si test structure for an AOI of 8◦.

The mean specular AID reflectance from glass encapsulated
and polymer encapsulated samples are shown in Fig. 10. The
dashed line represents the specular AID trends for glass and the
PTE sheet, discussed in Fig. 8. The variation in the magnitude
of AID specular reflectance between the frontsheet materials

and encapsulated structures can be attributed to the complex
interplay of light coupling at various interfaces. However, it
can be clearly seen that glass encapsulated c-Si test structure
and polymer encapsulated a-Si module, respectively, follow the
trends of glass and the PTE sheet. This suggests that the top
layer used in encapsulation determines the glare hazard from
PV panels for all AOI. As discussed earlier, a retinal irradiance
of > 100 W-m−2 (i.e., 10% of one sun illumination intensity)
induces discomfort to human eyes and hence, AID specular
reflectance of 0.1 is considered here as the threshold for glare
from PV panels. For AOI beyond 60◦, the glare levels from
glass and glass encapsulated modules (region marked with a
red rectangular box in Fig. 10) are severe enough to cause
ocular discomfort. The results obtained for reference glass are
in agreement with the BRDF measurements shown in a previ-
ous study [19]. Importantly, the specular reflection from PTE
and polymer encapsulated samples are comfortably below the
threshold required to cause discomfort to human eyes. Hence,
thin film PV panels with PTE as the frontsheet are a favorable
choice for BIPV and transport hub installation considering their
low glare hazard along with their flexibility and lightweight.

IV. CONCLUSION

This work demonstrates that the matt ETFE-based frontsheet
instead of glass significantly lowers the glare hazard from PV
panels below the threshold levels for ocular discomfort. The
specular component of reflection obtained from the integrating
sphere spectrophotometer and AID measurements were utilized
for assessing the glare from the glass and the PTE sheet. For a
fixed AOI of 8◦, the mean value of specular reflection obtained
from integrating sphere measurements was less than 0.5% for the
PTE sheet and was close to 7% for glass. The AID measurements
further confirm that the reflection from PTE is diffusive in nature
for all AOI ranging from 10◦ to 80◦ and the specular AID
reflectance is consistently an order magnitude lower for PTE
than glass. Moreover, both glass encapsulated c-Si test structure
and PTE a-Si panels follow similar specular reflectance trends
as that of glass and the PTE sheet, respectively, suggesting
that the top layer of the encapsulated module determines the
scattering nature of reflection from the PV panels. Further,
in contrast to glass encapsulated PV module structures, PTE
encapsulated a-Si panels produce glare comfortably below the
threshold levels mentioned in the available literature. Hence,
thin-film PV panels with a matt ETFE-based polymer sheet as
the frontsheet fulfil both flexibility and low glare, which are
essential for transportation hubs and BIPV installations.
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