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ARTICLE INFO ABSTRACT
Keywords: This study investigates experimentally the impact of droplets on the performance of solar photovoltaic (PV) cells
Dropwise condensation due to dropwise condensation or rain falling on their cover. Dew formation occurs frequently in various climates

Photovoltaic solar cell including in semi-arid regions suitable to PV cell deployment. Then, droplets present on the cover of solar cells

gzt‘}vectance can negatively affect the cell power generation and efficiency due to optical effects. Here, semi-transparent glass
Rain covers were prepared without or with surface treatments and covered with acrylic droplets with contact angle
Efficiency ranging between 25° and 77° and surface area coverage between 19% and 49%. The current vs. voltage curves of
commercial polycrystalline silicon solar cells with dry and droplet-covered glass covers were measured under
simulated solar irradiation at incidence angle varying between 0° and 85°. For incident angles §; < 30°, the
droplets did not affect the performance of the PV cells. However, for incident angles 6; > 30°, the presence of
droplets caused the maximum power and energy conversion efficiency of the PV cells to decrease significantly,
particularly for large droplet contact angle and/or surface area coverage. Such performance degradation was
attributed to the fact that the incident light was back-scattered through the droplets instead of being trapped by
total internal reflection at the cover/air interface before being eventually absorbed by the solar cell. The study
also shows that the hourly energy production of PV cells can decrease significantly with dew formation, based on
actual weather conditions. These results highlight the importance of selecting durable hydrophilic solar cell
cover.

cells can be reduced by 26% for a dust deposition density of 22 g/m? of
1. Introduction PV cell under normally incident irradiance of 760 W/m? supplied by a
solar simulator. Pavan et al. [10] compared the power output of poly-
Solar PV technology provided 592 TWh of electrical energy world- crystalline silicon PV cells built on either sandy (more dusty) or compact
wide in 2018. It is expected to deliver about 4700 TWh by 2040 rep- (less dusty) soils. The power output losses, compared with clean PV cells,
resenting 13% of the projected global energy consumption [1]. were 6.9% and 1.1% for sandy and compact soil sites, respectively. In
Photovoltaic solar cells can be classified as (1) crystalline silicon-based addition, a few studies considered the effect of rainfall on the
solar cells with efficiency up to 27.6%, (2) thin-film solar cells with ef- dust-covered PV solar cell performance [11-13]. These studies showed
ficiency up to 23.4%, (3) emerging solar cells such as dye-sensitized, that rain helps wash off the dust accumulated on the cells and thus
perovskite, quantum dot, and organic solar cells with an efficiency of improves their performance compared with the dust-covered PV solar

up to 25.2%, and (4) multijunction solar cells with efficiency up to cells [11-13].
39.2% [2]. Among these different types, crystalline silicon-based solar Dew formation refers to water vapor condensing on a surface at a
cells (monocrystalline and polycrystalline) have the highest market temperature below the dew point temperature of the surrounding air or
share representing more than 90% [3,4]. even above due to (i) the presence of hygroscopic dust on the PV module
Outdoor PV solar panels are exposed to the elements including dust, glass cover [14] and/or (ii) capillary effects [15]. It has been shown to
rain, and/or dew that can reduce their efficiency, power output, and occur 15%-95% of the nights in the grasslands of the United States and
lifetime [5-8]. The adverse effect of soiling by dust on solar cell per- last for hours under high relative humidity conditions [16]. Dew for-
formance has been widely documented [9-13]. Jiang et al. [9] showed mation results in droplet accumulation that eventually evaporates dur-

experimentally that the conversion efficiency of amorphous silicon PV ing the day upon warming of the air and direct heating by solar
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Nomenclature

d droplet diameter (um)

d, projected droplet diameter (pm)
fa surface area coverage (%)

G solar irradiation (W/m?)

H height (mm)

i current (mA)

I intensity (W/m?2 sr)

k absorption index

L length (mm)

m complex index of refraction, m = n + ik
n refractive index

Py hourly electrical energy production rate (W/m?)
Prax maximum power (mW)

R reflectance (%)

Te radius of curvature

Sc total radiation flux (kW/m?)

T temperature (°C)

t time (hr)

U, wind velocity (m/s)

A% voltage (V)

w width (mm)

Greek Symbols

O3 Brewster angle (°)

0. contact angle (°)

Ocr critical angle (°)

0; incident angle (°)

0, reflection angle (°)

Or tilt angle (°)

A transmission angle (°)
n solar cell energy conversion efficiency (%)
Subscription

a air

ac air/solar cell interface
ag air/glass interface

c solar cell

d droplet

dew dew point

g glass

ga glass/air interface

gd glass/droplet interface
gc glass/solar cell interface
P p-polarized light

r ratio

s s-polarized light

Fig. 1. Photograph of a PV solar cell covered with water droplets from dew
or rain.

radiation. Dew formation is also significant in semi-arid coastal regions
such as in the province of Almeria in southeast Spain where dew forms
more than 75% of the nights [17] and where deployment of large
photovoltaic systems are envisioned to power the largest concentration
of greenhouses in Europe and reduce greenhouse gas emissions [18]. In
general, water droplets due to dropwise condensation (as well as rain)
can be frequently observed at the surface of PV solar cells, as illustrated
in Fig. 1. Dew formed at night can remain during the day until it
evaporates while solar cells generate power. For example, Guo et al. [19]
reported the presence of dew for up to 7-h during the day in the
desert-shrub ecosystem of northwestern China in July. To the best of our
knowledge, only a few studies have investigated the effect of dropwise
condensation on the performance of PV cells [14,20-22]. Ilse et al. [14]
reported frequent dew formation on the surface of outdoor PV modules
in arid regions with high concentrations of airborne dust. The presence
of dew was found to increase dust and particle adhesion onto the surface
of the PV cells and thus reduce their performance and increase

maintenance costs. Figgis et al. [21] also demonstrated experimentally
that dew formed on soiled PV modules even when the PV module surface
temperature was higher than the dew point temperature. This was
attributed to the fact that hygroscopic materials such as salt, nitrate, and
sulfate found in the dust particles serve as nucleation sites for dropwise
condensation of atmospheric water vapor. The power output of the PV
solar cells was also shown to decrease under high relative humidity
weather conditions due to the scattering of solar radiation by the water
vapor in the atmosphere and by condensed droplets formed on the solar
cell surface [23].

Hosseini et al. [24] investigated experimentally the effect of dew
formation on the performance of monocrystalline and polycrystalline
silicon solar cells. LEDs were used to provide radiation between 400 and
1100 nm with total irradiation up to 309 W/m? under normal incidence
onto horizontal solar cells. Humidifier and heater/cooler units were
used to regulate the humidity and temperature of the air in the test
chamber. The relative humidity was varied from 45 to 75%. The
chamber temperature was imposed above the dew point temperature of
25 °C to study dry solar cells and (ii) below 25 °C to investigate solar cell
covered with droplets with surface area coverage ranging between 45
and 84%. The maximum power output of the module was found to in-
crease by 3.5% and 7% in the presence of droplets at a relative humidity
of 75% for monocrystalline and polycrystalline cells, respectively. This
was attributed to the increase in the number of photons reaching the
solar cell since the scattering of the incident radiation by water vapor in
the ambient air decreased with dew formation. Finally, the maximum
power decreased by about 9% for a polycrystalline solar cell as the
droplet surface area coverage increased from 45% to 84% by increasing
the relative humidity from 45% to 75%, respectively. Unfortunately,
despite the valuable insights, the contact angle and size distribution of
the droplets were not reported in this study. Also, the droplet surface
area coverage could vary during the experiments due to the evaporation
and/or condensation. In addition, the droplet contact angle and/or
surface area coverage might have been different for the monocrystalline
and polycrystalline solar cells. This could explain why the percentage
increase in the maximum power output of the polycrystalline solar cells
was greater than the monocrystalline solar cells under the same relative
humidity. Finally, all the performance metrics reported corresponded to
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Fig. 2. (a) Schematic of a solar cell with a semi-transparent glass cover supporting transparent polydisperse droplets, (b) side view photograph of acrylic droplets
with mean contact angle 6. = 76.2°, (c) photograph, and (d) microscope image of the Teflon AF-2400 coated semi-transparent glass cover with acrylic droplets with

droplet mean contact angle . = 76.2° and surface area coverage fa = 45%.

normal incidence radiation when the effect of droplets on the trans-
mittance of the glass cover has been shown to be relatively limited [25].

Overall, most of the previous studies reported in the literature have
not considered systematically the effect of incident angle, droplet con-
tact angle, and/or droplet surface area coverage on the solar cell per-
formance. However, in the absence of a sun tracking system, the angle of
incidence of solar radiation on stationary solar cells varies during the
course of the days and seasons. In particular, at incident angles larger
than 30° with respect to the normal direction of the PV cell surface, the
transmittance of droplet-covered glass cover decreases drastically for
most droplet contact angles [25]. In addition, the surface of the glass
cover may be affected by the environmental conditions (e.g., dirt
accumulation, damages, rain, and/or dew). Then, under these different
conditions, a wide range of droplet contact angle and surface area
coverage may be observed in practice. Therefore, the present study in-
vestigates experimentally the effect of droplet surface coverage and
contact angle on the performance of solar cells under simulated colli-
mated solar radiation with a wide range of incident angles. To do so,
bare polycrystalline silicon solar cells with different glass covers sup-
porting droplets with various contact angles and surface area coverage
were tested.

2. Materials and methods
2.1. Materials preparation and characterization

Bare polycrystalline silicon solar cells (Aoshike, China) with a sur-
face area of 3.8 x 3 cm? and a maximum power of 175 W/m? were used
as representative of commercially available solar cells deployed in the
field. Three types of solar cell assembly were tested including (1) the
bare solar cell as received, (2) the solar cell covered with a clear soda-
lime glass cover, and (3) the bare solar cell with a clear soda-lime
glass cover without or with surface treatment and covered with acrylic
droplets.

Commercial 3 mm thick plane-parallel slabs of soda-lime architec-
tural glass with a surface area of 2.5 x 2.5 cm? were used as cover. The
glass covers were placed on top of the bare solar cell and the rest of the
solar cell was covered with opaque black tape to match the glass size.
Three different surface-treatment conditions were investigated to ach-
ieve different droplet contact angles including (A) clean soda-lime glass
cover, (B) soda-lime glass cover coated with a silane-treated monolayer
of silica nanoparticles, and (C) soda-lime glass cover coated with Teflon
AF-2400 (Chemours, USA). First, all glass covers were cleaned with
isopropyl alcohol (IPA) prior to any surface treatment or droplet depo-
sition. Before coating the glass covers with a monolayer of silane-treated
silica nanoparticles, the covers were placed on a hot plate at 450 °C for
30 min to remove any oil, dirt, and organic residues. Silica nanoparticles
with 307 + 20 nm diameter were synthesized by the Stober process [26,
27]. The details of the silica nanoparticle synthesis are given in Sup-
plementary Material. The ethanol/water-based silica nanoparticle sus-
pension was sonicated to break down any nanoparticle aggregate. Then,
the suspension was drop-casted onto the glass covers [28] to obtain a
monolayer of silica nanoparticles with an arithmetic average surface
roughness of 35 nm measured with Atomic Force Microscope (Bruker,
Dimension FastScan). The coated glass covers were heat-treated on a hot
plate at 450 °C for 1 h to bond the nanoparticles onto the glass surface
and make the coating mechanically robust. Finally, silane was deposited
on top of the monolayer of silica nanoparticles by placing the glass
covers inside a closed container filled with silane vapor. The silane
reacted with the available hydroxyl group (OH) and permanently graf-
ted perfluorocarbon chains on the surface of the nanoparticles and glass
substrate to form a hydrophobic monolayer [29]. The third type of glass
covers were spin-coated with Teflon AF-2400 followed by
heat-treatment on a hot plate at 250 °C for an hour. Finally, the sample
was baked in a furnace at 340 °C for 3.5 h to achieve a 50 nm thick
Teflon film [30].

Following the preparation of the glass covers without or with
surface-treatment, thousands of transparent acrylic droplets made of
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Fig. 3. (a) Photograph of the experimental setup with the solar simulator (TriSol TS-300, OAI, USA) and the sample holder, (b) goniometer supporting a poly-
crystalline silicon solar cell assembly, and (c) detailed schematic of the goniometer stage. (For interpretation of the references to color in this figure legend, the reader

is referred to the Web version of this article.)

ultraviolet (UV) curable acrylic polymer (Loctite AA 349) were depos-
ited onto the glass covers with a syringe and cured with a UV lamp at
365 nm (Blak-Ray B-100 A, Thermo Scientific Fisher, USA). The use of
polymer droplets instead of water droplets facilitated the handling of the
solar cell assemblies and eliminated the challenges caused by the dy-
namic nature of dropwise condensation and water evaporation. In
addition, when handling the solar cell or when tilting it to simulate non-
normal incidence, the water droplets would merge and/or roll-off from
the glass surface. Acrylic presented the benefit of being relatively
viscous to avoid excessive spreading and merging among droplets dur-
ing deposition over the glass substrate and was easily UV-curable
without any color change. Overall, by using acrylic droplets, the sur-
face area coverage and size distribution could be carefully characterized
for each sample and remained the same throughout the experiments.

The contact angle of acrylic droplets on the glass cover was measured
using a Drop Shape Analyzer (DSA100, Kruss Scientific, Germany). For
each type of glass substrate, the contact angle measurements were
repeated for 9 different droplets and the mean contact angle 6, was
calculated. The projected diameter d, and surface area coverage f of the
droplets were measured using microscope images captured by a Leica
LMIL microscope (Leica Microsystems, USA) connected to a CCD camera
(Spot Insight model 4.2, USA). The image analysis software ImageJ was
used in manual mode to measure the location and projected diameter of
a large number of droplets.

Fig. 2(a) schematically shows a solar cell with a semi-transparent
glass cover supporting droplets along with the geometric parameters

characterizing the droplets. The acrylic droplets had a refractive index
ng of about 1.49 in the visible [31] falling between that of air (n, = 1)
and that of soda-lime glass (ny ~ 1.53) [32]. Thus, the optical effects
caused by the presence of the acrylic droplets are expected to be qual-
itatively similar to that of water droplets despite the difference in their
refractive indices (1.49 vs. 1.33). Indeed, our previous study [25]
established that the directional-hemispherical transmittance of glass
cover supporting droplets with contact angle 6, = 90° and surface area
coverage fa = 50% followed the same trends and was quantitatively
similar for droplets with refractive index ng equal to 1.33 or 1.5, as
illustrated in Fig. S1. The polycrystalline silicon solar cells had a
refractive index n. of about 3.90 and absorption index k. of about 0.03 in
the visible [33]. Fig. 2(b) shows a side view of the acrylic droplets with
droplet mean contact angle 6. = 76.2°. Finally, Figs. 2(c) and 2(d) pre-
sent the photograph and microscope image of the Teflon-coated semi--
transparent glass cover with acrylic droplets with droplet mean contact
angle 0. = 76.2° and surface area coverage f4 = 45%.

2.2. Solar cell performance characterization

Figs. 3(a) and 3(b) show the experimental setup consisting of (i) a
polycrystalline silicon solar cell assembly mounted on (ii) a goniometer
(OptoSigma, USA) with a custom made sample holder, (iii) a solar
simulator (TriSol TS-300, OAI, USA) providing collimated simulated
solar radiation in the wavelength range between 400 and 1100 nm with
total radiation flux incident on a surface perpendicular to the collimated
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Table 1
Summary of the solar cell assemblies tested in this study.

Sample Sample Incident Droplet
# details angle contact surface area
0; (°) angle 8, coverage fa diameter d,

©) (%) (pm)

Droplet Droplet

projected

1 Cell 0-85 N/A N/A N/A
without
glass

2 Cell with 0-85 N/A 0 N/A
dry glass

3 Cell with 0-85 76.2 45 312
droplet-
covered
glass

4 Cell with 0-85 76.2 34 271
droplet-
covered
glass

5 Cell with 0-85 76.2 19 428
droplet-
covered
glass

6 Cell with 0-85 66.6 47 250
droplet-
covered
glass

7 Cell with 0-85 25.8 49 614
droplet-
covered
glass

simulated radiation of S, = 1 kW/mZ, and (iv) a potentiostat (BioLogic
VSP-300, France) used to collect the current vs. voltage curves (i-V
curves) of the different solar cell assemblies investigated under different
angles of incidence. Fig. 3(c) shows the detailed schematic of the goni-
ometer stage and of the sample holder used to vary the incident angle 6;
of the simulated solar radiation. Before any measurement, each solar cell
assembly was securely taped flat onto the sample holder.

Finally, two metrics were considered to assess the performance of
any given solar cell assembly namely (a) the maximum power Pp,,x and
(ii) the energy conversion efficiency 7 defined as [34]

P =Max(iV) and n = Iz;"‘”~ (@))
s

Here, G; is the solar irradiation incident on the PV cell at incident angle
0; and expressed as G; = S.cosf;. The solar cell temperature remained
constant at near room temperature (~22 °C) throughout the experi-
ments. In fact, the i-V curve for the bare solar cell was recorded regularly
to verify that the solar cell temperature and incident simulated solar
irradiation remained constant throughout the experiment, as docu-
mented in Fig. S2 in Supplementary Material.

3. Results and discussion
3.1. Droplet characterization

The different glass covers were characterized in our previous study
[35]. Table 1 summarizes the mean contact angle . and surface area
coverage fa for the seven different solar cell assemblies tested under
simulated solar irradiation Gy with incident angle 6; varying between
0 (normal incidence) and 85° corresponding to Gs varying between 1
kW/m? and 0.087 kW/m?, respectively. The droplet mean contact angle
on (A) clean, (B) silane-treated silica nanoparticle-coated, and (C)
Teflon-coated glass covers were 6, = 25.8°, 66.6°, and 76.2°, respec-
tively. The droplet mean projected diameter d, on different glass covers
varied between 250 pm and 614 pm while the surface area coverage fa
ranged between 19% and 49% [35].
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3.2. Solar cell performance

3.2.1. i-V curves

Fig. 4 compares the i-V curves obtained from (i) a bare solar cell, (ii)
a solar cell with dry glass cover, and (iii) a solar cell with glass covers
supporting droplets with mean contact angle 6, = 25.8°, 66.6°, and
76.2° for (a) incident angle §; = 0° and irradiation G; = 1 kW/mz, (b) 6;
= 30° and G; = 0.86 kW/m?, (c) §; = 50° and G, = 0.64 kW/m?, and (d)
0;=70° and G, = 0.34 kW/m?. Here, the droplet surface area coverage fa
of the glass covers was around fy = 47 + 2% for all solar cell assemblies
considered to isolate the effects of §; and 6, on the solar cell performance.

First, for all incident angles, the bare solar cell systematically
featured the largest current i for any potential V. Thus, it can serve as a
reference to assess the effects of the glass cover and droplets on the solar
cell performance. Figs. 4(a) and 4(b) indicate that the glass cover re-
duces the generated current across the potential window of the solar cell
by about 15%. This relatively large decrease was due to the iron content
of the conventional soda-lime glass used and can be considered as an
upper bound. In fact, thinner and/or ultra-clear glass cover would
reduce significantly the effect of the dry glass cover. In addition, the
presence of droplets did not affect the i-V curve of the solar cells under
near-normal incident radiation (6; < 30°). This can be explained by the
fact that most of the collimated light incident at angle 6; < 30° was
transmitted through the glass cover supporting droplets, as established
numerically by Zhu et al. [25]. These experimental results also corrob-
orate the experimental observations reported in the literature indicating
that the droplets did not significantly affect the performance of solar
cells under normal incidence [36,37]. By contrast, Figs. 4(c) and 4(d)
establish that, for incident angles §; = 50° and 70°, the generated current
i decreased significantly due to the presence of droplets, particularly as
the droplet contact angle 6. increased from 25.8° to 76.2°. This obser-
vation can be attributed to the decrease in the number of photons
reaching the photovoltaic solar cell surface due to the increase in
reflectance caused by the presence of droplets [34,38]. Additional ex-
periments were performed by spraying water droplets, using a push
spray bottle, on the glass cover of the same solar cell used throughout the
study (see Supplementary Materials). The results established that the i-V
curves of the solar cell with glass cover sprayed with water droplets were
quantitatively similar to those obtained when the glass cover supported
acrylic droplets, as illustrated in Fig. S3. However, the droplet surface
area coverage fa and projected diameter d, could not be determined as
they varied due to rapid droplet evaporation at near-normal incident
angles and/or droplet merger and roll-off for larger incident angles.

Fig. 5 schematically illustrates light transfer through the solar cell
assembly with (a) dry glass cover and (b) droplet-covered glass cover
under normal collimated incident radiation. Photons that reached the
air/glass interface with incident angle 6; were refracted through the air/
glass interface with the transmission angle 6, ; before reaching the glass/
solar cell interface. The latter has a reflectivity to unpolarized light
expressed as [39]

Re=(R,+R,)/2 (2

where R; and R, are the reflectivities of the interface for s-polarized and
p-polarized light predicted by Fresnel equations considering the glass to
be non-absorbing and the solar cell to be absorbing [39]. The reflectivity
R of the glass/solar cell interface remained nearly constant around
19% for incident angle ¢; ranging from 0 to 85° (see Supplementary
Materials). In absence of droplets, the photons reflected by the glass/solar
cell interface traveled through the glass window and were reflected back
towards to solar cell due to internal reflection at the glass/air interface
with critical angle 6.4 = sin_l(na/ng) ~ 41° [39] [Fig. 5(a)]. The
multiple reflections through the glass cover increase the probability of
the photons to eventually be absorbed by the solar cells. By contrast, in
presence of droplets, the reflected photons were transmitted into the
droplets through the glass/droplet interface because of the small index



E. Simsek et al.

(a) 68;=0°G, =1kW/m?
200 —r—r—T—1
— AT P,
< L ]
£
N’
~
-
=
b ’
= L
; = =Solar cell without glass
&) [ —Solar cell with dry glass
50l _f,}" =258°%f,=49% i
[ —0 =66.6°f,=47%
[ —0,=762%1,=45%

0 1 1
0 0.2 0.4 0.6

Voltage, V (V)

(€) 8; =50° G, = 0.64 kKW/m?
120 T T

ANcunenc e banaa,
o
‘N

Current, i (mA)

0 1 1
0 0.2 0.4 0.6

Voltage, V (V)

Solar Energy Materials and Solar Cells 222 (2021) 110908

(b) 6; = 30° G, = 0.86 KW/m?

150 preeremrsrmrmen T

.
J

100

Current, i (mA)

4
(=]

0.6

Voltage, V (V)

—
(="
~

0; = 70°, G, = 0.34 KW/m?

60 ] .
~ S0F .
E \
\
= 40 ]
<
5 30 ]
=
B
S 2 .
10 ]
0 1 1
0 0.2 0.4 0.6
Voltage, V (V)

Fig. 4. Current as a function of voltage for (a) incident angle §; = 0° and irradiation G; = 1 kW/m?, (b) 6; = 30°and G, = 0.86 kW/m?, (c) §; = 50°and G = 0.64 kW/

m?, and (d) 6; = 70° and G, = 0.34 kW/m?.

mismatch between the glass and the droplets corresponding to a large
critical angle Or,gqg = sin’l(nd/ng) ~ 77° [39] [Fig. 5(b)]. Then, due to
the droplet curvature, the photon reached the droplet/air interface at an
angle smaller than the critical angle of that interface 0,44 =
sin"!(ng/ng) ~ 39° and were transmitted through the interface. Note
that reflection losses were very similar at the air/glass and air/droplet
interface so the number of photons entering the solar cell assembly was
not significantly affected by the presence of droplets. In addition,
reflection loss at the droplet/glass interface was negligible due to the
very small index mismatch. Overall, the presence of droplets resulted in
back-scattering of incident photons instead of trapping and photovoltaic
conversion.

Furthermore, Figs. 4(c) and 4(d) indicate that, for surface coverage
fa = 47% and large incident angle ¢; > 50°, the generated current
decreased with increasing droplet mean contact angle .. Figs. 5(c) and 5
(d) schematically illustrate the effect of the droplet contact angle on the
number of photons reaching the solar cell surface. The number of pho-
tons transmitted through the droplet/air interface increased with
increasing droplet contact angle due to the fact that the photon incident
angle on the droplet/air interface decreased with decreasing droplet
radius of curvature defined as r. = d/2 sinf,. As a result, less photons
were reflected back towards the solar cell and the generated cell current
decreased. Note that, only for droplet contact angles 6, > 76.2°, the
photons that were incident at large angles could experience total in-
ternal reflection at the droplet/air interface and then reached the solar
cell. Zhu et al. [25] numerically showed that, for water droplets

condensed at the frontside of windows, total internal reflection at the
droplet/air interface occurred for droplet contact angles 6, > 70° and
large incident angles, i.e. for . = 70° total internal reflection occurred
for incident angles 6; > 80°.

3.2.2. Maximum power

Fig. 6(a) shows the maximum power Pp,,x generated by the solar cell
as a function of the incident angle ; for the three different assemblies
considered. Here also, the droplet mean contact angles considered were
0. = 25.8°, 66.6°, or 76.2° while the surface area coverage f4 was
maintained around 47 + 2%. Fig. 6(a) indicates that, for a solar cell, bare
or with a dry glass cover, the maximum power Pp,,x decreased with
increasing incident angle 6; [40]. In fact, the maximum power generated
by the solar cell closely follows the same trend as the incident solar
irradiation Gs; = S; cost; and has been expressed as [41]

Pmax (91) = Pmax (91 = O)COS gi' (3)

Fig. 6(a) establishes that the measured maximum power of bare solar
cell Ppox was in excellent agreement with the predictions of Equation
(3). However, the measured maximum power of solar cells with a dry
glass cover slightly deviated from Equation (3) for incident angles 6; >
50°. This can be attributed to the increase in the reflection losses for
incident angle 6; larger than the Brewster angle ¢p. Indeed, the reflec-
tivity of the air/glass interface to incident unpolarized light remained
nearly constant for 6; < g and then increased sharply for §; > 05 where
the Brewster angle is equal to 6p 4, = tan~! (ng/ng) =~ 57° [39]. On the
other hand, the Brewster angle for the bare solar cell was 0pq =
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Fig. 5. Schematic of a solar cell with (a) dry glass cover and (b) droplet-covered glass cover to explain the effect of droplets on the light transmittance and a solar cell
with droplet-covered glass cover having (c) small droplet contact angle and (d) large droplet contact angle to demonstrate the effect of droplet contact angle on the

light transmittance under collimated incident radiation at angle 6;.

tan~!(n./ng) ~ 74°. In addition, the maximum power Pp,.x of the solar
cells was unchanged for dry and droplet-covered glass covers under
normal incidence (6; = 0°). These results corroborate the observations of
Hosseini et al. [24] for monocrystalline solar cells. Fig. 6(a) also estab-
lishes that, in the presence of droplets, the maximum power Pp.x
decreased with increasing droplet contact angle 6. for incident angles 6;
> 30° because of the optical phenomena invoked previously (Fig. 5).

3.2.3. Solar cell energy conversion efficiency

Fig. 6(b) shows the solar cell energy conversion efficiency # [Equa-
tion (1)] as a function of the incident angle ¢; for the same three con-
figurations considered previously with similar surface area coverage fs
around 47% but different droplet contact angles 6, between 25.8° and
76.2°. Fig. 6(b) indicates that for 0° < §; < 30°, the energy conversion
efficiency # remained constant and identical for all solar cell assemblies
with a glass cover with or without droplets. However, for 6; > 30°, the
energy conversion efficiency  decreased with increasing incident angle
0; and droplet contact angle 6. For example, for ¢; = 60°, the energy
conversion efficiency decreased from 7 = 10% for a dry glass cover to 9%
and 5% for droplet mean contact angle 8. of 25.8° and 76.2°, respec-
tively. This decrease in the energy conversion efficiency can be attrib-
uted to the decrease in the maximum power output of the PV solar cell,
as previously discussed [Fig. 6(a)].

Moreover, it is interesting to note that, for . = 76.2° and f4 = 45%,
the solar cell energy conversion efficiency 5 decreased with increasing
incident angle 6; until it reached a minimum at 6; = 80° beyond which it
increased. This was due to the fact that transmittance of the solar

irradiance through the glass cover supporting droplets increased at large
incident angles (6; > 80°), thus improving the energy conversion effi-
ciency. In fact, this behavior was also observed by Zhu et al. [25] in the
numerically predicted directional hemispherical transmittance through
a 3 mm thick glass slab supporting water droplets with contact angle 6,
> 70°. The authors attributed this behavior to the decrease in total in-
ternal reflection at the back window/air interface and to the increase in
internal reflection at the droplet/air interfaces for glazing incident an-
gles 6; [25].

To isolate the effect of droplet surface area coverage f4 on the solar
cell efficiency #, we define the efficiency ratio #,(6; 0., fa) as the ratio of
the energy conversion efficiency of the solar cell with droplet-covered
glass 7(6;, 0., fa) to that of the dry glass cover (0,4 = 0) under the
same incident angle 6, i.e.,

0,(610es 1) =1(6: 0s 13) /061, f1 = 0)- @

Fig. 7 plots the energy conversion efficiency ratio 5.(6; 6. fa) as a
function of incident angle 6; for a solar cell with a droplet-covered glass
cover with mean contact angle 6. = 76.2° and fa = 19, 34, and 45%.
Fig. 7 indicates that the efficiency ratio 5, decreased significantly due to
the presence of droplets for incident angle 6; > 30°. The decrease was
more significant for larger surface area coverage f4. In fact, the presence
of droplets caused the solar cell efficiency to decrease by up to 50-70%
compared to a dry glass cover, for the range of f4 considered. This was
due to the fact that an increasingly large fraction of the incident light
was back-scattered as the droplet surface coverage fs increased, as
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Fig. 6. (a) Maximum power P, and (b) energy conversion efficiency 5 as
functions of incident angle 6; for the solar cell without glass cover, with dry
glass cover, and with droplet-covered glass cover droplet mean contact angle 6,
= 25.8°, 66.6°, and 76.2° and surface area coverages f4 = 45, 47, and 49%,
respectively.

previously explained. Note that for 0; > 80°, the solar cell with a droplet-
covered glass cover with fy = 45% featured a slightly higher efficiency
than the solar cell with a dry glass cover as droplets scattered the light
back towards the solar cell.

3.3. Impact of dew formation on hourly energy generation

Dew formation occurs at night [16,17] and is frequently observed on
PV modules in the morning hours [42-44]. For certain locations/sea-
sons, dew formation can persist during daytime depending on weather
conditions such as high humidity and wind speed [19,45], and field
conditions such as the presence of hygroscopic dust [21]. To assess the
impact of droplets on the power generation of solar cells deployed in the
field, let us consider a field of PV solar cells located in San Francisco, CA
(latitude: 37°N; longitude: 122°W) in December. San Francisco was
selected for the widespread deployment of residential solar PV power
generation in California [46] and the frequent dew formation [47]. In
order to predict the energy generated per unit surface area of PV solar
cells, the following assumptions were made: (i) PV solar cells were
facing South with the optimum tilt angle of 97 = 30° [48,49]. (ii) the PV
solar cell temperature T, (in °C) was predicted according to [50]
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Fig. 7. Energy conversion efficiency ratio 7, as a function of incident angle 6;
for solar cell with droplet-covered glass cover having a droplet contact angle 6,
= 76.2° and surface area coverages fy = 19, 34, 45%.
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energy production rate on December 3 as functions of the hour in San Fran-
cisco, CA.
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T, (1) = 0.943T, (1) + 0.028G, () — 1.528u,,(1) + 4.3- 5)

Here, T, is the ambient air temperature (in °C) and u,, is the wind
velocity (in m/s). The average hourly solar irradiation and incident
angle for a 30° tilted PV solar cell in San Francisco were taken from
Ref. [51] and Ref. [52], respectively. The hourly weather hygrometric
and wind speed data for San Francisco averaged over several years were
taken from Ref. [53].

Moreover, the average hourly electrical energy production rate Py, (in
W/m?) can be expressed as

Pu(0:0)) = G.(0n(0,0:, 1) ©)

where the incident angle 6;(t) depends on the time of the day and #(6;, 0.,
fa) is the energy conversion efficiency previously measured for the
different solar cell assembly configurations.

Fig. 8 shows the hourly (a) ambient air T,(t), dew point, and PV cell
T.(t) temperatures (in °C) and (b) average hourly electrical energy
production rate (W/m?) predicted by Equation (6) for a solar cell with (i)
dry glass cover and (ii) droplet-covered glass cover with droplet mean
contact angle §, = 76.2° and surface area coverage fa = 19, 34, and 45%
on December 3. The use of hydrophobic coatings has been recommended
for PV module glass covers [54-58] as a practical way to reduce dust
adhesion [56-59] and remove soiling during droplet roll-off [60-62]. In
addition, hydrophobic coatings inhibit condensation [21] and can be
designed to reduce light reflection [60]. Therefore, the droplet contact
angle @, = 76.2° was taken as a baseline for our calculations. Figs. 8(a)
and 8(b) indicate that the dew formation resulted in a drop in the
average hourly electrical energy production rate in the morning and
afternoon. For example, the energy generation at 9:00 a.m. decreased by
14%, 38%, and 53% for droplet mean contact angle 6, = 76.2° and
surface area coverage fy = 19, 34, and 45% compared with the solar cells
with dry glass covers, respectively. Note that cleaning of the dust
accumulated on hydrophobic PV modules thanks to dew roll-off and/or
rain was not considered. In addition, the temporal changes in the droplet
surface area coverage due to the evaporation and/or condensation and
tilting the PV module was not considered. Finally, differences in the
droplet surface area coverage for hydrophilic and hydrophobic glass
covers was not accounted for.

Overall, these results suggest that dew or rain can significantly affect
the performance of solar cell particularly in the morning or afternoon
when the solar radiation is incident at angle 6; > 30°. Hydrophilic covers
or coatings can limit the negative effect of droplets provided their hy-
drophilicity can be maintained throughout the lifetime of the solar cells.

4. Conclusion

This study investigated experimentally the effect of droplets on the
performance of PV solar cells due to dropwise condensation or rain
falling on their glass cover. Polydisperse acrylic droplets were deposited
on glass covers subjected to different surface treatments. The droplet
contact angle was varied between 25° and 77° and their surface area
coverage between 19% and 49%. The photovoltaic solar cells with a dry
or droplet-covered glass cover were exposed to collimated simulated
solar radiation with radiation flux up to 1 kW/m? with incident angle 6;
ranging between 0 and 85°. For incident angle 6; < 30°, the droplets had
no effect on the generated current, the maximum power, and the energy
conversion efficiency of the solar cells. However, for incident angle 6; >
30°, the droplet significantly decreased the solar cell performance,
particularly for large droplet contact angle and/or the surface area
coverage. This was attributed to the fact that the incident light was back-
scattered through the droplets instead of being trapped due to total in-
ternal reflection at the cover/air interface before being eventually
absorbed by the solar cell. In addition, the study showed that the hourly
energy production may decrease significantly with dew formation on the
solar cell cover, based on actual weather conditions. These results
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highlight the importance of selecting durable hydrophilic solar cell
cover.
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