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Abstract: Soiling significantly impacts PV systems’ performance, but this can be mitigated through
optimized frequency and timing of cleaning. This experimental study focused on the conditions
leading to soiling. It utilized a novel method to evaluate the effectiveness of different cleaning
frequencies. The transmittance of horizontally mounted glass coupons exposed outdoors in a warm
and humid location was measured weekly and these measurements were used (i) to evaluate the
variability of soiling and its seasonal correlations with environmental factors using linear regression
models and (ii) to assess the effectiveness of the different cleaning cycles using statistical (F- and
t-test) analysis. The minimum transmittance loss occurred during the season with the most frequent
rainfall, which acted as the dominant natural cleaning agent. The experimental campaign showed that
rainfalls do not completely clean soiling; a minimum intensity threshold has to be achieved to have a
cleaning effect. The threshold rainfall was the highest for the weekly cleaned glass coupon and lowest
for a coupon that was never cleaned. Based on the statistical analysis, it is suggested that weekly
cleanings during winter and post-monsoon seasons and monthly cleanings during pre-monsoon and
southwest monsoon seasons are optimal for areas in the Képpen-Geiger Cwa climate classification
category. The correlation between soiling and environmental parameters was found to be highly
dependent on the season. It may therefore not be possible to develop a simple, universal predictive
relationship for soiling losses. The presented methodology is applicable to additional locations, even
outside of the study area of India, to contribute to the understanding and mitigation of soiling.

Keywords: soiling; photovoltaic; transmittance loss; environmental parameters; linear regression;
statistical analysis

1. Introduction

In 2018, renewable energy sources generated 25.4% of the electricity consumed world-
wide [1]. Target 7.2 of the United Nations Sustainable Development Goals aims to further
increase their share in the global energy mix by 2030. Solar photovoltaics (PV) is the
third largest renewable source of electricity globally [1] with 758.9 GW total cumulative
installed capacity in 2020 [2]. The performance of PV systems is affected by parameters
such as irradiance, shading conditions [3], temperature, and additional conditions, such
as soiling [4]. Soiling consists of dust deposition on the surface of PV modules and is a
natural phenomenon due to local environmental and meteorological conditions, as well as
each system’s configuration and design. Studies have been carried out across the globe to
understand the impact of soiling on PV technologies, either by considering glass samples
(which can act as a proxy of the glass surface of a PV module) [5,6] or PV modules [7,8].
Al Shehri et al. [9] studied the effect of dust accumulation on the transmittance of glass by
exposing glass samples to the outdoor environment in Thuwal, Saudi Arabia, for one week
to obtain a maximum reduction of 2% on the first day compared to a clean glass sample.
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Boyle et al. [10] observed a reduction in light transmission of 11% through the cover glass
due to natural dust deposition while preventing natural cleaning by rainfall during 5 weeks
in a rural and mixed industrial and residential area of Colorado, USA. Overall, soiling has
been estimated to cause significant losses worldwide to photovoltaic [11], building-applied
photovoltaic (BAPV) [12], and concentrating solar power (CSP) systems [13].

Because of its substantial impact on the energy and economics of the global energy
scenario, soiling has received significant attention from the research and industrial commu-
nities [14]. Therefore, it is essential to understand and maintain high conversion efficiency
of PV systems under varying environmental conditions [15]. There is a complex relation-
ship between the environmental parameters and the soiling of a PV surface. Investigations
on their impact on soiling were reported [16], and some investigations have examined the
interdependency of environmental parameters on soiling [17]. It is important to highlight
that the environmental parameters influencing soiling typically also have seasonal trends
that are also reflected in the loss profile. These seasonal trends were studied in arid, dry,
and dusty locations of the United Arab Emirates (UAE) [18] and Indonesia [19]. Recently; it
was reported that in Qatar, the highest soiling deposition rates occur in the colder season,
followed by summer [20]. They were lowest in the rainy season.

Ideally, if the correlations between soiling and the significant environmental parame-
ters were known, these could be used to predict the soiling loss based on the environmental
parameters of a location. A regression model is a useful statistical tool to explore the rela-
tionships between the independent variables (such as the environmental parameters) and
the dependent variables (i.e., indices representing soiling loss). Regression models have
been used to investigate the impact of rainfall and particulate matter (PM) concentration
on the soiling ratio [21], PM10, relative humidity, and wind speed on deposition and re-
moval rates [17] and on the clearness index [22]. All these studies assumed that immutable
correlations would exist between soiling and environmental parameters. In reality, it is not
possible to exclude the idea that the correlations could change throughout the year, as the
dominant parameters and their magnitude change with the seasons. Therefore, this work
aims to investigate this seasonal behavior, making use of data collected over a year-long
experimental campaign conducted in a location characterized by markedly seasonal soiling,
which leads to non-negligible losses on the yield of PV systems.

In contrast with many other reliability issues that can affect PV systems, soiling is fully
reversible. This means that it can be removed through either natural or artificial cleanings.
Recently it has been reported that anti-soiling coatings can be used as an efficient strategy
for reducing the effect of soiling on the performance of PV modules [23]. Artificial cleanings
are performed either manually or by employing robots, with associated monetary costs.
Recently, a case study in a semi-arid location in Morocco reported 3 weeks of cleaning
frequency to achieve high financial gain [24]. Therefore, optimizing the cleaning frequency
is important in minimizing expenses and energy losses [25]. Cleaning optimization should
not neglect the most common natural cleaning agent, rain, whose pattern is strongly
seasonal. In addition, not all rainfall has a cleaning effect: in some cases, it has been
reported that soiling might not be removed from low-intensity rain events [26]. A recent
study [20] has proposed that the cleaning effect of rainfalls increases proportionally to their
intensities, following a logistic fit.

Due to all these reasons, the present study aims at (i) proposing a novel model to
evaluate the effectiveness of different cleaning cycles for various seasons, (ii) experimen-
tally investigating the seasonal correlations between soiling and various environmental
parameters, and (iii) determining the rainfall threshold required to clean the glass surface.
The methodology and the structure of the present experimental work are summarized in
Figure 1. Overall, this study addresses the need of the PV community for methods to better
model and predict the soiling losses and to recommend adequate mitigation solutions based
on the technical aspects. It also contributes to the study of the seasonality of soiling and
provides novel information that can help improve its modeling. The study was conducted
in a region of India that is humid and has a dry winter. In light of this, novel experimental
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data presented in this work can significantly benefit the PV deployment and maintenance in
the region and in additional locations which share similar weather conditions and seasonal
patterns (which are many). Since the proposed methodology can be applied to any site, the
work described here is not simply of regional importance.
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2. Weekly cleaned G2
3. Monthly cleaned G3
4. Never cleaned G4

Transmittance of
glass coupons
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Figure 1. Flowchart of the novel methodology that can (i) evaluate the variability of soiling and its
seasonal correlations with environmental factors using the linear regression models and (ii) assess
the effectiveness of the different cleaning cycles using the statistical (F- and -test analysis. The results
are presented in the indicated sections.

2. Materials and Methods
2.1. Location Description

The methodology presented in this work was validated with outdoor data collected
in Tezpur, Assam (latitude 26.62° N and longitude 92.79° E), on the northern bank of
the river Brahmaputra in Northeast India. The location has a warm, humid, temperate
climate with a dry winter and a hot summer; it falls under the Cwa category as per the
Ko6ppen-Geiger climate classification [27]. This designation applies to locations as diverse
as Busan, South Korea; Lucknow, India; Zhengzhou, China; Hong Kong; Lilongwe, Malawi;
Mackay, Queensland; Santiago del Estero, Argentina; and Guadalajara, Jalisco, Mexico. The
experiments were conducted within the Tezpur University campus around 10 km from
Tezpur. The characteristics of particles deposited due to soiling in Tezpur during a typical
month, April, are given in Supplemental Materials” Table S1 and Figures S1 and S2.

This part of the country experiences four distinct seasons: winter (January and Febru-
ary), pre-monsoon (March to May), southwest (SW) monsoon (June to October), and
post-monsoon (November and December) [28,29].

2.2. Environmental Parameters

The seasonal change in the environmental parameters that could be observed through-
out the year is depicted in Figure 2 (also refer to the left side of Figure 1). The week number
in this study starts from the week in which the experiment was initiated and it is not related
to the week of the year. The environmental parameters such as rainfall intensity, wind
speed, relative humidity, and ambient air temperature were measured at 1-minute intervals
by a weather station (Station: Tezpur University, under the National Institute of Wind
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Energy, India) installed near the experimental site. The values of environmental parameters
in Figure 2, rainfall intensity, relative humidity (RH), wind speed (Ws), and air temperature
(Tamp), are the weekly average of the data collected every minute. There are many ways to
sum and analyze the basic mm/minute data for rain. The average weekly rainfall intensity
(Rain) in Figure 2 is the direct average of rainfall in mm/minute registered over the week X
60 min x 24 h. The highest value for Rain occurred during the SW monsoon (19.7 mm/day),
with pre-monsoon (13.0 mm/day), post-monsoon (3.0 mm/day), and winter (1.9 mm/day)
being the lowest. The maximum hourly rainfall intensity (Ryqy) is the maximum of the
cumulative rainfall over an hour. The rainfall value recorded in mm/minute was summed
for each hour of the week and the maximum value among them is the maximum weekly
rainfall. The frequency of rainfall is denoted by Ry, which is the number of days with
rainfall each week. The Ry fluctuates between 0 and 7 days per week during the SW mon-
soon while there are just 0 to 3 days per week during the winter. In winter, an extended
dry period of up to 28 days has been recorded (i.e., the weeks between 35 and 38). Ry is
extremely high during SW monsoon, gradually falls during the post-monsoon and winter,
then rises again during pre-monsoon; this cycle is typical for the area under study. Weekly
mean particulate matter concentrations were obtained from the Pollution Control Board,
Department of Environment and Forest, Government of Assam (Station: Tezpur- 536). The
average weekly particulate matter (PM10) is the direct average over the week. The PM10
concentration recorded was 135 pg/m? during winter and 128.5 pg/m?, 107.8 pg/m?3, and
95.3 pg/m? during post-monsoon, pre-monsoon, and SW monsoon, respectively. The RH
for a year lies in the range of 70-98%, depending on the intensity and frequency of the
rainfall. It is relatively low during the winter (84.4%) and during the SW monsoon, it is at
its maximum (93.2%). The average weekly air temperature (T,,,;) during the SW monsoon
and pre-monsoon is high, ranging from 9 °C to 21 °C, whereas the T,,,, gradually decreases
from post-monsoon to winter in the range of 6 °C to 13 °C.

The dew formation on the PV surface is one of the parameters that can influence
soiling [30]. Dew point temperature is dependent on the RH and T,,,;, and was calculated
using the August-Roche-Magnus equation [31]:

RH bT
—In( 22 _Zlamb 1
v n<100)+d+Tmb @

where b = 17.67 and d = 243.5 °C. The dew point temperature is given by:

dy
Ta= h—n @

The average weekly dew point temperature (T;) during the SW monsoon, post-monsoon,
winter, and pre-monsoon seasons are 16.7 °C, 8.1 °C, 4.9 °C, and 11.2 °C, respectively.

Higher wind speed values have been observed during the pre-monsoon season with
maximum instantaneous wind speed values up to 12 m/s, resulting in a 2.2 m/s weekly
average wind speed (Ws) during the season. The maximum percentage of the wind (22.8%)
within the range of 2-4 m/s irrespective of direction is also experienced in this season, one
that has a higher tendency of depositing dust onto a surface [32]. Ws higher than 6 m/s
was extremely rare, i.e., <0.1% of the occurrences in all the seasons. For the total percentage
contribution for different ranges of Ws, summed from all directions during the various
seasons, see Table S2 and Figure S3.
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Figure 2. The average weekly value of the environmental parameters (a) particulate matter, PM10
(ng/ m?); (b) wind speed, Ws (m/s); (c) dew point temperature, T; (°C); (d) ambient air temperature,

Tymp (°C); (e) relative humidity, RH (%); (f) rainfall intensity, Rain (mm/day), which is equal to
the direct average, over a given week, of the rainfall recorded in mm per minute multiplied by
60 min x 24 h; and (g) weekly frequency of rainfall Ry (days).

2.3. Measurement of Transmittance

Four low iron glass coupons of dimension 4 cm X 4 cm with 3 mm thickness were
mounted horizontally in an open rack at a 1.5 m height (Figure 3). The use of a horizontal
orientation for glass coupons is standard practice in the study of soiling and was employed
in our previous study, which compared soiling at several sites worldwide [33]. Horizontal
orientation can allow for more facile and direct comparisons across different sites and
often provides the maximum possible rate of soiling for the fundamental studies that are
the focus of this work. The deposition velocity utilized in the first principle (ab initio)
soiling models is parallel to the force of gravity and normal to the horizontal plane [13]. In
addition, solar panels installed on many flat roofs for commercial systems are tilted at less
than 5° to maximize power density per unit area and minimize shading losses between
the rows.

In this work, glass coupons are used in place of PV modules. This approach has
been frequently used as a standard method in PV soiling studies, as it makes it possible to
characterize the accumulated particles more. In 2015, Burton et al. [34] employed indoor
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and outdoor mounted coupons to investigate the correlation between the mass density of
soiling and the transmittance loss. Boyle et al. [35] used the same outdoor setup deployed
in two sites to study the correlation between suspended and deposited particulate matter.
Conceigao et al. [36] measured the dust accumulated on glass coupons every week to
evaluate the impact of Saharan desert dust storms in Portugal. Nayshevsky et al. [37]
investigated the effectiveness of hydrophobic-hydrophilic coatings in facilitating dew
collection and, therefore, natural cleanings using glass coupons. It should be noted that
coupons are nowadays used not only for research purposes but also in commercial soiling
sensors. DustlIQ, a sensor developed by Kipp & Zonen, estimates soiling by measuring
the reflectance of soiling accumulated on its front glass. A first validation was presented
by Korevaar et al. [38], who compared the DustlQ measurements with those of a soiling
station in Morocco. The Mars optical sensor, developed by Atonometrics, estimates soiling
by determining the transmittance loss that occurred through its front glass. A team from
QEERI [39] found a strong correlation between the losses measured by Mars and estimated
from a PV array in Qatar. The glass coupons were numbered as follows: G1 (reference
glass, kept clean inside a sealed box), G2 (cleaned weekly), G3 (cleaned monthly), and
G4 (never cleaned). The cleaning cycles (or frequencies) were chosen arbitrarily and for
illustrative purposes to capture the different magnitudes of time scales for possible cleaning
frequencies in actual PV power plants. Cleanings were performed using water and a
microfiber cloth. The coupons were exposed to outdoor conditions from May 2018 to May
2019. The direct spectral transmittance of these glass coupons was measured weekly in the
350-1000 nm wavelength range with a 1 nm increment using a UV-Vis spectrophotometer
(UV-10).

Figure 3. Photographs of the glass coupons placed outdoors having different cleaning cycles, weekly
cleaned (G2), monthly cleaned (G3), and never cleaned (G4) (above), and an example of the non-
uniform distribution of soiling observed, for example, at week 45 (below).

The measured direct transmittance of each glass coupon was normalized to the direct
transmittance of the clean glass [33]. In this way, the impact of the transmittance of the
glass was eliminated. The relative direct spectral transmittance 7,(A) is expressed as:

o Tsoiled()L)
Tr()\) B Tcleun()\) ©)

where Tgieq(A) and Tgjeq,,(A) are the measured direct spectral transmittance of the soiled and
clean glass coupons, respectively. As one of several quality checks for the transmittance data,
the weekly T, versus wavelength was checked against the modified Angstrém turbidity
equation (Equation (S1)) from an earlier publication [33]; a few examples are shown in
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Figures 54 and S5. The soiling transmittance loss of exposure was calculated for each week
as [33]:
Toss = (1— 1) )

The average relative direct transmittance, 7, is the simple average over the wavelength
range 350-1000 nm of the spectral transmittance averaged using three spots on the glass
coupon. The broadband direct spectral transmittance of the clean glass is 0.91. This work
uses T, and Ty, Of soiled glass to investigate cleaning strategies and the correlation between
the transmittance due to soiling and several key environmental parameters.

Depending on the incident solar irradiance and the PV technology, their power out-
put changes with soiling. This can be estimated given the experiments conducted and
the resulting measurements. The energy yield loss from a PV panel due to soiling is
calculated as:

Eloss = Eclelm - Esoiled (5)

where Ej,;, is the energy yield from a PV panel with no soiling and E,;j.4 is the energy
yield from a PV panel with soiling. Equation (5) is analogous to Equation (4). Further,

Ecleun = Leclean Hs (6)

Esoiled = Psoiled Hs (7)

where P is the power output and subscripts clean and soiled are for PV modules with no
soiling and with soiling, respectively. Hs is the number of sunshine hours. The location
of the study site has on average 9 sunshine hours in the pre-monsoon and SW monsoon
seasons, and 8 h for the post-monsoon and winter seasons [40]. The power output is
expressed as:

P = Jsc1rs Voo FF (8)

where [, is the short-circuit current density, V. is the open-circuit voltage, and FF is the
fill factor. Here, 75 is 1 for a clean PV module and decreases while the losses increase (in
Equation (8)). Indeed, the soiling loss (power loss due to soiling) can be calculated as
(1 — r5), where r; is the soiling ratio, as defined in [41,42]. Under the assumption of
uniformly distributed soiling, the instantaneous soiling ratio at a time ¢ can be expressed as:

_ ]scfsoiled(t)
Isc_clean (t)

where [5. 5i04(t) is the short-circuit current density of the module under natural soiling and
Jsc_clean(t) is the short-circuit current density of the clean module. Equation (9) can also be
expressed as:

rs(t) 9)

M
J Ep(A,£) 7(A, ) SR(A)dA
o) = iy = w0

M

J Ep(A,t) SR(A)dA

Az

where A; and A, are the upper and lower limit of the absorption band of the PV material,
respectively. Ep(A,t) is the direct spectral distribution of the solar irradiance as defined by
the ASTM G173-03 Standard [43]. SR(A) is the spectral response of the PV material. Here,
the spectral response of a monocrystalline silicon solar cell of the Saturn series from BP
Solar was utilized (Figure S9). Equations (9) and (10) can be compared to Equation (3) to
justify the utilization of relative transmittance in this study.

2.4. Linear Regression Model

Both the single-variable linear regression (SLR) and multi-variable linear regression
(MLR) models have been used to correlate the environmental parameters to the transmit-
tance of the glass coupon. In this model, the dependence of the transmittance of the glass
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coupon on the considered (individual) environmental parameters was investigated. The
Microsoft Excel regression analysis tool was used for linear curve fitting. The transmittance
of the glass coupon is considered a linear function of the environmental parameter(s) and
is expressed as:

T = &g +av (11)

where « is the intercept, v is the environmental parameter’s value, and « is its coefficient.
Similarly, MLR is expressed as:

T = &g + 0107 + ap0p + w303 + ... + 2,0, (12)

where «g, a1, 2y, a3, ... , &y are the intercept and the variables’ coefficients and vy, v, v3,
..., Uy are the input environmental parameters.

The p-value and R? are used to quantify the quality of the regression. The p-value
describes the significance of the relationship and the R? value indicates the degree to
which the dependent variable is explained by the model [44]. The input parameters of the
correlation are considered significant if the p-value < 0.05. The model used combinations of
the environmental parameters to estimate the weekly transmittance of glass coupon G2
(cleaned weekly).

2.5. Statistical Analysis

The statistical F-test and t-test should be carried out to determine the statistically
meaningful differences in net soiling on a seasonal basis. These tests are based on hypo-
thetical assumptions: the F-test null hypothesis states that the two samples have the same
variance and the ¢-test null hypothesis states that the difference between the means of
the two samples is equal. The null hypothesis for the F- or t-test cannot be rejected when
the absolute F- or t-statistic is less than the absolute F- or t-critical two-tail value and the
p-value is greater than 0.05. Initially, the F-test analysis was analyzed to determine the
equality or inequality of the variance of two samples. Following that, a ¢-test with equal
variance was performed if the p-value > 0.05, and a t-test with unequal variance analysis
was been performed if the p-value < 0.05.

The statistical errors provide the accuracy level of the predicted data from the model [45],
such errors as the mean squared error, MSE in Equation (54), and the root-mean-square error,
RMSE in Equation (S5). Here, these errors were calculated between the predicted and mea-
sured average relative direct transmittance of the glass coupon, G2. These predicted values
were obtained while correlating the measured relative direct transmittance and the various
environmental parameters for various seasons.

3. Results
3.1. Transmittance Loss

Figure 4 shows the drop in the weekly 7, of the glass coupons G2, G3, and G4 relative
to G1 (clean glass), and also the total rain intensity during the week. The transmittance losses
(calculated using Equation (4)) due to soiling in the various seasons can be ranked in this order:
winter > post-monsoon > pre-monsoon > SW monsoon. The maximum average transmittance
loss (Tjp55) Was 24.4% for G4 (never cleaned), 18.4% for G3 (monthly cleaned), and 16.6% for G2
(weekly cleaned), all of which were recorded during the winter season. Our method utilizes a
frequency distribution plot as shown in Figure 5 to aggregate and analyze the data in Figure 4
for each of the three cleaning cycles. A glass coupon when cleaned weekly maintains a high
frequency of 7, values above 96%, as opposed to the never cleaned coupon for which the 7, can
decrease to 63.6% over the year (Figure 5). Based on the cleaning cycle, the maximum decrease
was found for G4, followed by G3 and G2. The seasonal and annual average Tj,ss, uncertainty,
and standard deviation of all the glass coupons are listed in Table 1 (For the standard deviation
and uncertainty calculation, refer to Equations (52) and (S3)). This forms the input shown in the
top and middle boxes at the left in Figure 1. To understand the seasonal net soiling given the
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high uncertainty and variability in the data, a statistical t-test analysis was performed.

be described in the next section.
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Figure 4. The average relative direct transmittance of glass coupons with different cleaning cycles
(G2, G3, and G4) and total rainfall intensity (in mm/week) in consecutive weeks of the year.
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Figure 5. Frequency distribution of the average relative direct transmittance of the weekly cleaned
(G2), monthly cleaned (G3), and never cleaned (G4) glass coupons over the year.

Table 1. The seasonal and annual average (Avg) transmittance loss (7} in %), seasonal average
uncertainty (%), and seasonal average standard deviation (SD in %) in the average relative direct

transmittance (7,) of different glass coupons. The average relative direct transmittance is the average
for measurements taken at three spots of the glass coupon over the wavelength 350-1000 nm.

G2 G3 G4
Season Avg [%] Unc;f/t:]nnty SD [%] Avg [%] Unc?;t:]nnty SD [%] Avg [%] Unc[e;t]aunty SD [%]
Pre-monsoon 8.5 +1.8 +53 9.6 +19 +6.2 14.5 +£2.7 +6.9
SW monsoon 34 +0.9 +22 5.8 +0.9 +3.1 6.6 +0.8 +2.3
Post-monsoon 11.9 +2.2 +8.3 15.1 +2.3 +6.2 17.5 +3.4 +8.8
Winter 16.6 £3.1 £7.2 18.4 £33 +9.1 244 +0.7 +8.3
Annually 7.9 +2.0 +5.8 10 +21 +6.1 13 +19 +6.6
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3.2. Statistical F-Test and t-Test Analysis

For the site under study, where the method was tested, the seasonal F- and ¢-test
statistical analysis for combinations of cleaning cycles are shown in Table 2. It was observed
that there was no statistical difference in the net soiling when the glass coupons were
either monthly or never cleaned irrespective of whether it was analyzed on a seasonal basis
or annual basis. During the SW monsoon season, the statistical difference in net soiling
could be seen when the glass coupon was cleaned weekly or left uncleaned. However,
the difference was insignificant for other seasons. The net soiling during winter and post-
monsoon seasons were statistically the same irrespective of different cleaning cycles. A
week-long exposure during post-monsoon and winter can decrease the transmittance of
glass coupons to values as low as those for a coupon that is never cleaned. Therefore,
frequent cleaning (once a week) during post-monsoon and winter seasons is recommended
to maintain high transmittance. However, cleaning once a month during pre-monsoon and
SW monsoon season is found to be enough to maintain high transmittance, because a week
of exposure does not reduce the transmittance of glass coupons by much when compared
to a month’s exposure or when the coupon is never cleaned.

Table 2. The F-test and t-test statistical analysis comparing the weekly cleaned (G2), monthly cleaned
(G3), and never cleaned (G4) glass coupons. This represents the topmost rectangle for the data
collection and methodology section in the flowchart of Figure 1.

Combination of Glass Coupons

Season G2-G3 G2-G4 G3-G4
F-Test t-Test F-Test t-Test F-Test t-Test

Pre-monsoon X X X v X X
SW monsoon X v X v X X
Post-monsoon X X X X X X
Winter X X X X X X
1 Year X X X v X X
Non-monsoon X X X v X X
High-soiling X X X v X X
Low-soiling X v v v v X

V1 F/t-test null hypothesis is rejected (significant difference in the variance/means). x: F/f-test null hypothesis
cannot be rejected (no significant difference in the variance/means). Non-monsoon season includes winter,
pre-monsoon, and post-monsoon seasons. High-soiling season includes week 24 until week 46. Low-soiling
season includes weeks 1-23 and weeks 47-52. The low-soiling and high-soiling seasons are classified based on the
rainfall intensity received. The weeks with high rainfall are in the low-soiling season and weeks with low or no
rainfall are in the high-soiling season.

The F- and t-test statistical analysis for all cleaning cycles showed that both winter and
post-monsoon seasons have a significant difference in net soiling compared to the SW mon-
soon season. However, the difference is insignificant between winter and post-monsoon
seasons and between post-monsoon and pre-monsoon seasons. Weekly cleaning and no
cleaning during the pre-monsoon and SW monsoon seasons showed clear differences in
the mean values, whereas monthly cleaning showed no significant difference in their mean
values. (For the t-test analysis between different seasons for different cleaning cycles, see
Figure S6.) Therefore, the seasons are divided into two categories: monsoon (SW monsoon)
versus non-monsoon (includes post-monsoon, winter, and pre-monsoon) and low-soiling
versus high-soiling seasons to analyze the difference between the cleaning cycles. As
shown in Figure 6, weekly cleaned and never cleaned glass coupons are statistically dif-
ferent. Similar statistical results were observed during the low-soiling and high-soiling
seasons, as is summarized in Figure 7. These results are also summarized in Table 2. Had
this statistical approach not been employed, erroneous conclusions might have been made,
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and conclusions that are on more solid footing might have been overlooked. This highlights
one strength of our methodology (see Figure 1).

Monsoon season Non-monsoon season

G2 (weekly
cleaned)

88.7+7%

G2 (weekly
cleaned)

96.6 £2.2%

G3 (monthly
cleaned)

86.8+7%

G3 (monthly
cleaned)

94.2 £ 3%

G4 (never

cleaned)

93.4+£23%

G4 (never
cleaned)

822+ 8%

Figure 6. The -test analysis between different cleaning cycles: weekly cleaned (G2), monthly cleaned
(G83), and never cleaned (G4) glass coupons for the monsoon (left) and non-monsoon (right) seasons.
The p-value is given, as well as the average and standard deviation (refer to Table 1).

Low-soiling season High-soiling season

G2 (weekly
cleaned)
87+7.1%

G2 (weekly
cleaned)
95.9+2.6%

G3 (monthly
cleaned)
84.6+7.4%

G3 (monthly
cleaned)
94 £3.2%

G4 (never
cleaned)
80.6 + 7.6%

Figure 7. The t-test analysis between different cleaning cycles: weekly cleaned (G2), monthly cleaned
(G3), and never cleaned (G4) glass coupons for the low-soiling (left) and high-soiling (right) seasons.
The p-value is given, as well as the average and standard deviation (refer to Table 1).

3.3. Correlation between the Transmittance and the Environmental Parameters

The effect of the environmental parameters on the 7, value of the glass coupons has
been analyzed to understand the impact of these environmental parameters on PV soiling
at the location under study. This part of the recommended methodology is outlined in the
bottom half of the flowchart given in Figure 1. The individual effect of each environmental
parameter on the 7, value of the glass coupons exposed to natural soiling has been analyzed
using data from the whole year of exposure. Figure 8a—c show the correlation between
the T, value for the G2, G3, and G4 glass coupons, respectively, and the maximum hourly
rainfall intensity for each week (Ryx). Following the previous finding of a study conducted
in Qatar by Javed et al. [20], a nonlinear function of the logistic type was modeled to fit the
correlation between average weekly 7, and Ry,x. However, the correlation did not achieve
high R? values (0.42 for G2, 0.40 for G3, and 0.39 for G4), attributed to the simultaneous
effect of other environmental parameters on soiling. The winter season being ‘dry” and
hardly receiving any rainfall shows the lowest Rf compared to other seasons. As shown in
Figure 8d, it could be observed that the slope of the logistic fit in the case of G2 and G3 is
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not as steep as in G4. Moreover, the maximum limit of 7, is highest for G2, followed by
G3 and G4. The threshold rainfall was calculated from the logistic fit of the transmittance
of a glass coupon versus the maximum rainfall (Figure 8a—c). The threshold value is the
maximum rainfall at 95% of the limit of 7, and was found to be 2.1 mm/h, 3.1 mm/h,
and 3.4 mm/h for G4, G3, and G2, respectively. There exists a minimum threshold, and
it depends on the cleaning strategy. The results suggest that the loose dirt is knocked off
the glass surface with even less rainfall. In addition, even with the hardest rainfall, we do
not achieve a relative transmittance for a never cleaned coupon equal to that of weekly
or monthly cleaned coupons. This is a general conclusion that can be applied to other
locations and other cleaning frequencies.
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Figure 8. The average relative direct transmittance versus the weekly maximum rainfall (Ry,x) for
the (a) weekly cleaned glass (G2), R? = 0.42; (b) monthly cleaned glass (G3), R? = 0.40; (c) never
cleaned glass (G4), R2 =0.39; and (d) the threshold rainfall required to clean the glass coupon under
various cleaning schedule. (The values of the parameters are provided in Table S3.)

The location of this study has remarkably high RH; always >70% throughout the year,
which may lead to increased soiling. Previous studies [31,46] reported that for RH > 80%
the dust particle removal rate is low because of the water capillary bridges formed between
the particles and the glass surface due to the presence of condensed water. While the impact
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of RH on soiling may be significant at the location under study, another factor defining the
severity of soiling is the PM10 concentration in the atmosphere. At the investigated site,
where RH ranged between 72-98%, having a PM10 < 80 pg/m? resulted in no significant
soiling. For PM10 in the range 80-120 j1g/m3, maximum T, was observed for all the
glass coupons. For PM10 values above 120 pg/m?, the severity of soiling increases when
the glass coupons are never cleaned, as shown in Figure 9. (The plots for the weekly and
monthly cleaned glass coupons are provided in Figure S7.) A year-long analysis showed
no significant correlation between 7, and RH and PM10 simultaneously.
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Figure 9. Correlation between the average relative direct transmittance (7,), the average weekly
PM10, and relative humidity (RH) for the never cleaned (G4) glass coupon. The figure on the right
shows the scatter plot for data on the left.

Another parameter influencing soiling that is related to RH is dew formation, which is
a result of condensation. (For the correlation of 7, with T,,,;, and T, see Tables S4 and S5.)
Dew forms on a surface having a temperature lower than that of the atmosphere, especially
during the night with a clear sky having suitable conditions for radiative cooling [30,31].
Over the year, the experiment recorded the average weekly AT < 6 °C, suggesting that
dew can occur frequently at the site. The average weekly AT is the difference between the
average weekly ambient air temperature, T,,,,;, and average weekly dew point temperature,
T4. (For the impact of AT and PM10 on T, for the glass coupon G2, see Figure S8a.) The
interplay between AT, PM10, and 7, was found to be similar to that of between the RH,
PM10, and t,. It was observed empirically that condensation occurred on glass surfaces
while the combined conditions such as high RH and T; > (T}, — 2.5 °C) were met (For
details, see Figure S8b.). This is given by the number of hours in a week. It was observed
that all the days of the week met the condition at least for a few hours. This was taken
into consideration to explore the process of dew formation which could increase soiling by
various mechanisms such as particle adhesion, cementation, and particle caking [30].

The yearly analysis carried out using the SLR model showed p < 0.05 but with a very
low R? value for the correlation between T, for different glass coupons and the individual
environmental parameters (Table S6). However, the R? value was very low, signifying poor
correlation. Therefore, the MLR method was utilized to analyze the combined impact of
different environmental parameters on a seasonal and yearly basis on the average relative
transmittance (7,) of the weekly cleaned (G2) glass coupon, which is presented in the next
section. The analysis for the monthly cleaned (G3) and never cleaned (G4) glass coupons
are not analyzed in this way because the statistical ¢-test analysis showed that there existed
no statistically significant difference in the mean of the 7, of different cleaning cycles on
seasonal basis except for the SW monsoon season.
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3.4. Seasonal Analysis Using Multi-Variable Linear Regression (MLR)

Previous studies revealed the combined effect of PM10 and Ry [47], rainfall and Ws [48],
and Ws and RH [22] to significantly affect soiling at the investigated locations. In this work,
the significant correlation between the 7, and various environmental parameters deter-
mined seasonally and annually is presented in Table 3. (For orientation, refer to the lower
right side of Figure 1.) Based on the relation obtained between the input environmental
parameters and the 7, for different seasons of the year, the predicted and measured datasets
were plotted to obtain a linear relation using the linear regression method as shown in Fig-
ures 10-12 (for the correlation values obtained between the predicted and measured 7, see
Table S7) and the statistical errors such as mean square error (MSE) and root-mean-square
error (RMSE) were calculated using Equations (13) and (14) and are listed in Table 3.

Table 3. The seasonal analysis result of the MLR model in correlating the average relative direct
transmittance of the weekly cleaned glass (G2) and the environmental parameters with a p-value <
0.05 along with the statistical errors mean square error (MSE) and root mean square error (RMSE)
between the predicted and measured average relative direct transmittance.

Input Environmental MSE RMSE

Standard

2 .
Season Parameters (%) (%) R Error Relation
Pre-monsoon Rrand Ws 0.08 278 0.70 0.03 7, =0.019 Ry — 0.12 Ws + 1.02
Rain and PM10 0.08 2.90 0.67 0.03 T, = 0.0085 Rain — 0.00066 PM10 + 0.95
Post-monsoon Ry 0.11 3.31 0.81 0.04 T, =0.083 Ry + 0.81
Ws 0.07 2.66 0.88 0.03 7, =0.33 Ws + 0.53
Winter Rain and Ws 0.01 1.17 0.97 0.02 T, = 0.087 Rain + 0.82 Ws + 0.11
Rypay and Ws 0.01 1.15 0.97 0.02 Tr = 0.015 Ryax + 0.82 Ws + 0.11
1-year Rrand Typ 0.22 4.63 0.53 0.05 Ty = 0.0043 Ry + 0.010 Tpyppp + 0.76
1.05 LS
m T "o
Linear fit: R?=0.70 Linear fit: R?=0.67
1.00 |[pre-monsoon: 1,=0.019R;-0.12 Ws + 1.02] 1.00 A |pre-monscon: 1, = 0.0085 Rain - 0.00066 PM10 + 0.95)
.+ 0.95 - 0.95-
o —— h o]
g 0.90 3 0.90
[&) o 0. -
S — S
2 2
O 0.85 —a—t B 0.85-
0.80 0.80 4
0.75 T T T T T 0.75 T T T T T
0.75 0.80 0.85 0.90 0.95 1.00 1.05 0.75 0.80 0.85 0.90 0.95 1.00 1.05
Measured t, Measured T,
(@) (b)

Figure 10. Regression plot of predicted transmittance and measured transmittance of weekly cleaned
glass (G2) using the MLR model during pre-monsoon season for various environmental parameters:
(a) Ry and Ws and (b) Rain and PM10. The uncertainty associated with the average relative direct
transmittance of the weekly cleaned glass coupon during pre-monsoon is £+0.018.

During the pre-monsoon season (Figure 10), two combinations were found to be
significant: (a) Ry and Ws (Ry showed a positive correlation and Ws showed a negative
correlation with 7,) and (b) Rain and PM10 (Rain showed a positive correlation and PM10
showed a negative correlation). In the first case, an increase in Ry cleans and an increase in
Ws leads to the soiling of the glass surface. This may be rationalized by considering that
frequent rainfall cleans the surface and Ws in the range of <4 m/s tends to deposit dust onto
the surface [49]. In the second case, increases in Rain and reductions in PM10 also increase
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Predicted T,

-

Predicted 1

T, (reduces soiling) during the pre-monsoon season. Comparatively speaking, during this
season, PM10 concentration fluctuates the most with the maximum and minimum values
of 169.5 pg/m? and 50.5 pg/m?, respectively.
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Figure 11. Regression plot of predicted transmittance and measured transmittance of weekly cleaned
glass (G2) using the MLR model during the post-monsoon season for the environmental parameters:
(a) Rrand (b) Ws. The uncertainty associated with the average relative direct transmittance of the
weekly cleaned glass coupon during post-monsoon is +0.022.
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v T v T,
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Figure 12. Regression plot of predicted transmittance and measured transmittance of weekly cleaned
glass (G2) using the MLR model during the winter season for various environmental parameters:
(a) Rain and Ws and (b) Ry and Ws. The uncertainty associated with the average relative direct
transmittance of the weekly cleaned glass coupon during winter is £0.031.

The analysis during the post-monsoon season (Figure 11) showed that Ws and Ry have
a positive correlation with 7,, but these two parameters affect the transmittance of G2
individually. They do not have interdependency with one another. The Ws attributed to
cleaning the surface may be because the Ws during this season is mostly in the range of
0-2 m/s, which was not sufficient enough to blow the surrounding dust particle to deposit
it onto the surface, and lower wind speed leads to less accumulation [50].
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During the winter season (Figure 12), we have the following: (a) Rain and Ws and (b)
Rinay and Ws showed a significant correlation. All the environmental parameters in both of the
relationships that were determined showed a positive correlation. Increases in both Rain and
Ws simultaneously increased 7, during the winter season. Ws can have two effects on soiling, as
reported by Sayyah et al. [48]. During post-monsoon and winter seasons, Ws showed a positive
correlation, but a negative correlation was observed during pre-monsoon.

No significant relationship between the transmittance and any of the environmental
parameters was obtained during the SW monsoon season. Comparably higher Rain and
Ry during that season lowers the chance of soiling and minimizes the impact of other
environmental parameters.

An analysis over the whole year (Figure 13), showed a positive correlation of 7, with Ry
and T, having a low R? value of 0.53; thus, the correlation was not strong. Due to the high
seasonality variance of the site under study, the significance of the correlations between
the soiling (quantified by the average transmittance) and environmental parameters was
highly dependent on the season. Moreover, these correlations are for the considered year
of analysis; they may change when more data from two or more years are considered.

1.05

1.00+

Predicted 1,
©c o o o
(o] o (e} (e}
o (&) o (&)

Predicted G2
—— Linear fit: R?=0.53

0.751 - Exponential fit: R? = 0.60

1year: 7, =0.0043 R;+ 0.010 T, + 0.76)

amb

0.70 1
0.70 0.75 0.80 085 090 095 1.00 1.05

Measured T,

Figure 13. Regression plot of predicted transmittance and measured transmittance of weekly cleaned
glass (G2) using the MLR model for a year. The uncertainty associated with the average relative
direct transmittance of the weekly cleaned glass coupon is +0.02. The solid line represents the linear
fit and the dashed line represents an exponential fit with an offset to guide the eye. For the values of
parameters of the linear and exponential fits refer to Tables S8 and S9.

3.5. Cleaning Cycle and Seasonal Analysis

As part of the comprehensive analysis outlined in Figure 1, the seasonal 7y, of the
glass coupons G2, G3, and G4 during various seasons over the year is shown in Figure 14.
These average values are also presented in Table 1. The annual average transmittance loss
due to soiling was 7.9%, 10%, and 12.9% for weekly (G2), monthly (G3), and never (G4)
cleaning cycles, respectively. As discussed in the earlier section for the statistical t-test
analysis, recommendations are made regarding the cleaning cycle on a seasonal basis. In
a location like Tezpur with high RH, a warm and wet monsoon season, and a dry winter,
weekly cleaning can maintain a high weekly 7, above 80% during post-monsoon and winter
seasons and monthly cleaning can maintain the weekly 7, above 90% during pre-monsoon
and SW monsoon seasons.

To evaluate the potential effect of soiling on PV energy production in the various
seasons, the loss in energy generation of PV modules was calculated using Equation (5) on
a seasonal and annual basis under standard test conditions (STC). The results are shown in
Figure 15 (the electrical specifications of the considered PV panel are tabulated in Table S10);
it was found that the annual average Ej,s; due to soiling was 116.6 Wh/m?/day (7.9%),
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147.5 Wh/m?/day (9.9%), and 190 Wh/m? /day (12.7%) for weekly (G2), monthly (G3),
and never (G4) cleaning cycles, respectively. On a seasonal basis, the Ej,;; observed from
high to low was in the order: winter > post-monsoon > pre-monsoon > SW monsoon. (For a
detailed weekly Ej,s, see Figure S10.) In addition, the variation in Hs within each season led
to the variation in the overall Ej, for a particular season. It could be observed that the Ty,
and Ej,s; were almost identical, with a slight difference during high-soiling conditions. As
these energy losses are calculated for the ideal conditions (Standard AM1.5D), a complete
description should include the actual spectral irradiance distribution for the season. This is
because in actual outdoor conditions, the spectral distribution, Ep(A,t) in Equation (10), of
the solar irradiance levels will vary, and so too will the Ejg.
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Figure 14. Seasonal average transmittance loss (Tjss) and the respective standard deviation (in %)
of weekly cleaned (G2), monthly cleaned (G3), and never cleaned (G4) glass coupons during the

four seasons.

400 M

Weekly cleaned (G2) 5 o

Monthly cleaned (G3) L300 S

. Never cleaned (G4) + i + <

= o5 ] N + + F200 @

4 + ¥ * - e

8 i + * -100 o

= 2
ke]

L 3

>. -

- o
=
)
c

w =5

S~

<

o

)

=

Pre-monsoon SW monsoon Post-monsoon Winter Annually

Figure 15. Energy yield loss percentage due to soiling for different cleaning cycles during the
four seasons and annually at STC. The “+” symbol denotes the (predicted) energy yield loss in
Wh/m?/day for the right side of the y-axis.
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4. Discussion

Our novel method, shown in Figure 1, can be used to evaluate the effectiveness of
different cleaning cycles (frequencies) and to explore the seasonality of soiling. It allows for
a systematic organization and analysis of fundamental soiling data.

Soiling is a site-specific issue, which can vary from installation to installation. The
elemental composition of the soiling experienced at the investigated site is described in
the Supplemental Material and has been sourced from previous literature [51-54]. How-
ever, there are some general trends that can be learned from this study, as well as some
recommendations for improvements in subsequent studies. For example, for the whole
year, more frequent cleaning cycles tend to result in lower transmittance losses, while less
frequent cleaning cycles are not as effective. Although somewhat intuitive, this is not the
case for some weeks. The reason is the non-uniform distribution of the soiling [55,56]. This
non-uniformity generates high uncertainty, especially during seasons with high-soiling
conditions (winter and post-monsoon). Future studies should therefore consider multiple
transmittance measurements per coupon, and more coupons, to minimize the uncertainty
in relative direct transmittance.

For the statistical F-test and t-test analysis, since our data do not have replicates for the
coupons, there is also some uncertainty. Two average values (means) that are statistically
different or statistically the same might not always be that way. This can be due to the high
standard deviation and uncertainty in the measurements [57], which are in part caused by
the non-uniformity of the soiling and the nature of the soiling itself. Our results suggest
that more replicates of glass coupons with similar cleaning cycles need to be exposed
outdoors to reduce measurement errors (for example, from stochastic events). Still, our
methodology, emphasizing the use of simple and reliable F- and t-test statistics can be
employed for a variety of conditions at sites worldwide to recommend likely best practices
for cleaning strategies. There exist some other statistical techniques, such as MANOVA
and MANCOVA, that could also be used in future work with the possibility to achieve
better results.

Our results suggest that water (in the form of rain or dew) does not provide a complete
cleaning method. Dew can act as both a cleaning agent and a soiling agent. For a tilted
surface, as the surface approaches the dew point temperature, T, it may have a cleaning
effect. In the present study, it may not have had a cleaning effect since the glass coupons
were placed horizontally. Therefore, for both rain and dew, results may be different for
glass (or PV modules) that are tilted (10°, 30°, 45°, 60°, and 90°). Future studies can include
this topic.

A preliminary correlation between soiling loss (in terms of average relative direct
transmittance) and a few environmental parameters, for the site under study, was deter-
mined using the linear regression models (SLR and MLR). Our methodology shows that
with high seasonality for a site, even the significance of correlations between the trans-
mittance and environmental parameters changes with each season. Some parameters that
show significance during one season may not have any significance in a different season.
Soiling loss is very much dependent on the season and even the impact of the dominant
environmental parameters changes with each season. Therefore, it may not be possible
to develop a universal or general correlation of soiling losses with all the environmental
parameters over the year.

The methodology allows for the study of the seasonality of the correlations between
soiling (in terms of transmittance) and the environmental parameters for a given location.
The results reported in this work can not only significantly benefit the PV deployment and
maintenance in the region of study, but the results are also applicable to many additional
locations with similar environmental conditions. It may not be applicable throughout the
entire year, but the results, and certainly the methodology, can be applied for a specific
season of the year at another location. The general results can likely be applied to other
areas with a Koppen-Geiger [27] Cwa climate classification; that is, a humid subtropical
climate with a dry winter. This would require further tests and validation.
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5. Conclusions

A novel method has been utilized to analyze the difference in the net soiling for
different cleaning cycles during seasons exhibiting a variety of environmental conditions.
Such methods can be beneficial to establish best practices for the cleaning strategy of
PV modules for diverse conditions worldwide. The transmittance loss (7},,) due to the
soiling of horizontally mounted glass coupons installed at a humid subtropical location
with a dry winter was found to be (in order from high to low): winter > post-monsoon >
pre-monsoon > SW monsoon seasons. Based on the statistical (F- and ¢-test) analysis, the
present study recommends weekly cleaning during winter and post-monsoon to maintain
high transmittance above 80%, as well as an optimal cleaning cycle of once a month during
the pre-monsoon and SW monsoon seasons to maintain high transmittance above 90%.
It was observed that rain was not a complete or sufficient way of cleaning; a minimum
rainfall threshold is required, depending on the cleaning strategy. The threshold rainfall
required to clean the weekly cleaned glass coupon, was the highest, followed by that of
the monthly and never cleaned glass coupons. Linear regression analysis suggests that
environmental parameters which show significance during one season do not necessarily
have a strong correlation to soiling in another season. It may thus prove difficult to develop
a simple empirical relationship for soiling losses. In general, the findings of this study
demonstrate the usefulness of statistical analysis of experimental data in outdoor conditions
to elucidate the effect of environmental factors and seasonality on the soiling of solar energy
conversion systems.
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