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ARTICLE INFO ABSTRACT

Deposition of particulate matter (PM) onto solar photovoltaic (PV) panels - known as soiling - has been estimated
to reduce energy production by 10-40% in many regions of the world. Despite this, many key properties in-
cluding soiling rates, PM source contributions, physical and optical properties of the deposited particles, and the
impact of rain and relative humidity (RH) are not well understood. With this in mind we conducted a field study
in Gandhinagar, India. Our approach combines soiling monitoring with a reference station and a low-cost digital
microscopy system, sample collection for mass loading information, glass sample slides for size resolved soiling
impacts, and monitoring of rain, RH, and panel temperature for insight into meteorological impacts on cleaning
and soiling rates. Results indicate soiling reduces PV energy production by 0.37 + 0.09% day~'. The low cost
(< 100$) digital microscope estimated soiling within ~1% of measured losses, confirming the feasibility of this
low-cost alternative to expensive soiling stations. Deposited PM decreased energy production by 5.12 * 0.55%
per PM mass loading (g m™2). Microscopy analyses of field samples revealed that > 90% of deposited mass
loading is from particles > 5 um in diameter, with > 50% of the soiling impacts estimated to be from par-
ticles < 5 pm. While heavy rain cleaned PV panels, light rains and high RH contributed to a 2x soiling rate and
5-10x PM deposition velocities as compared to dry periods.
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1. Introduction

In developing countries, solar photovoltaic (PV) power represented
the largest renewable energy investment at 57.5 billion USD in 2016
(REN21, 2018). India has a projected goal of 100 GW (GW) of PV by
2022. Dust and particulate matter (PM) deposition on solar panels -
known as soiling - has been shown to reduce PV energy production by
as much as 10 — 40% in a matter of weeks (Bergin et al., 2017). With
influence from wind-blown dust in the dry seasons and anthropogenic
PM emissions year-round, India is a region of focus for PV soiling stu-
dies. Gujarat in particular has a high potential for PV installations, and
the soiling in the region represents much of Western India (Mahtta
et al., 2014; Ramachandra et al., 2011).

While India is on the forefront of creating new solar installations,
there is a lack of valuable soiling information available for the de-
termination of performance ratios, maintenance budgeting, and loca-
tion feasibility. Soiling impacts are often inaccurately lumped into
‘losses’ during evaluations (Dobaria et al., 2016; Khan and Rathi, 2014;
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Padmavathi and Daniel, 2013; Shukla et al., 2016; Sundaram et al.,
2015; Sharma and Chandel, 2016). A key reason for the lack of reliable
soiling information is the expensive cost of soiling monitoring equip-
ment. There is a need for low-cost tools that can provide accurate in-
sight into soiling effects. In addition, it would be very advantageous to
combine soiling information with more detailed analysis of the de-
posited PM. Some work has been done in dusty regions regarding
soiling losses per unit mass of deposited PM, with reported values
ranging from 3 to 6% per g m 2 (Boyle et al., 2015; Boyle et al., 2013;
Bergin et al., 2017). This important indicator of deposited particulate
light extinction properties needs to be more carefully studied with
particle size analysis considered. While other studies have looked into
size dependent soiling impacts of deposited PM, both in the field
(Tanesab et al., 2017; Roth and Pettit, 1980; Goossens, 2005) and in
laboratory experiments (Cuddihy, 1980; El-Shobokshy and Hussein,
1992), no studies have combined size distribution analysis of field
samples with theoretical and measured soiling impacts in this region.
This analysis would allow for information on how various sources of PM
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are impacting PV energy production. In addition, there is not a clear
agreement in the field on how meteorological variables, including rain
and relative humidity (RH), impact both soiling rates and post-de-
position processes like natural cleaning and cementation.

With all of this in mind, we have developed a field-based approach
that took place in Gandhinagar, Gujarat, India. We have combined
traditional soiling monitoring using a Campbell Scientific Soiling
Station with a low-cost digital microscope system which, to our
knowledge, is a method that has never been validated. Soiling mon-
itoring has been combined with two types of sample collection.
Deposited PM has been collected from the surface of panels to de-
termine mass loadings. To address the lack of size dependent soiling
information, glass slide samples (on which PM naturally deposited),
have been analyzed for the impact of particle size distribution on
soiling. Finally, the influence of rain, RH, and ambient PM concentra-
tions is considered. This comprehensive study looks to address gaps in
regional soiling knowledge to allow energy producers to make more
informed management decisions regarding mitigation of soiling
(Tanesab et al., 2018; Baras et al., 2016; Abu-Naser, 2017; Dolan et al.,
2015; Jones et al., 2016).

2. Material and methods
2.1. Study location

This study took place on the campus of the India Institute of
Technology Gandhinagar (IITGN) in Gandhinagar, the capital of
Gujarat, India. On an unobstructed rooftop of a building on the campus,
monitoring and sample collection equipment was set up, maintained
and run from September 1st 2018 to January 9th 2019. This period is
split into 6 3-week sampling periods referred to as A (September 1 -
September 26), B (September 27 - October 17), C (October 18 -
November 7), D (November 8 - November 30), E (November 31 -
December 19) and F (December 20 - January 9).

2.2. Soiling measurements

Data for determination of soiling loss were obtained by a Campbell
Scientific SMP100 soiling station. This soiling station used two, 50 Watt
polycrystalline solar panels facing due south at a tilt angle of 23° (la-
titude of Gandhinagar). The reference panel was cleaned nightly with a
microfiber cleaning towel and deionized (DI) water, while PM naturally
deposited on the soiled panel. A data logger (Campbell CR-PVS1) re-
corded short-circuit current (I;.) output and module temperature of
both at a five minute interval. I, was then multiplied by the open
circuit voltage (V) of the panel and the recording time interval (300 s)
to obtain an estimated energy output in Joules. It should be noted this
method is not the same as the IEC standard for soiling (IEC 61724).
Although the fill factor (maximum power over the product of I, and
Vo) will be influenced by soiling, we assume a constant value that will
be canceled out in the soiling loss calculation. This is defined by Eq. (1):

Esoiled

SL=|1-
-

reference

) % 100%
@

where SL is the soiling loss (%) for a given day, Ey;eq is daily energy
production of the soiled panel (J), and Ereference is the daily energy
production of the reference (cleaned) panel (J). It should be noted that
temperature differences due to soiling are not accounted for in the
soiling loss calculation, and are discussed later. The sensitivity of the
temperature probe used is 0.15 °C.

Deposited PM was collected from the soiled panel surface (0.37 m?)
every 3 weeks. A corner of the solar panel frame was cut away to allow
for deposited dust to be scraped off the panel with a Thomas Scientific
Steriplast Scraper and into a sterile glass jar below the panel. All at-
tempts were made to ensure that wind did not carry away dust as it was
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being collected, including delaying collection until winds were low
(< 1ms™') and using an umbrella to block any remaining breeze. This
dust collection method is similar to that described by Javed et al.
(2017). The panel was then cleaned with DI water and a microfiber
cloth to remove any remaining particles. The mass of the deposited PM
was measured with a Mettler Toledo AG 245 balance (with a precision
of = 0.2 mg), with PM mass values ranging from 40 to 700 mg (mg).

2.3. Meteorological data

Meteorological data were recorded at five-minute intervals using a
Campbell Scientific CR1000 datalogger. Meteorological data were
needed for assessment of natural cleaning by rain and to assess the
impact of humidity on soiling rates. Attached instrumentation included
temperature and relative humidity (Campbell Scientific EE181-L
probe), and a rain gauge (Texas Electronics TR-525I). To assess the
impact of ambient PM on soiling, an inexpensive PM monitor (Zheng
et al., 2018) was deployed. The monitor uses a low cost light scattering
sensor (Plantower PMS3003) along with custom hardware and software
for data collection and calibration. The sensor is accurate to ~ 10% of
ambient concentrations (Zheng et al., 2018).

2.4. Low cost digital microscope system

In order to fulfil the need for a low-cost system to estimate soiling, a
digital microscope (Celestron Handheld Digital Microscope Pro 5MP)
was used to capture daily images of deposited PM. The microscope had
a low-iron glass slide (VWR Vistavision Unimark 75 X 25 X 1 mm)
secured directly above the digital camera mounted on the camera stand,
which was exposed to the air pointed due south at 23°tilt. Image ana-
lyses were done on images taken at 11PM when the microscope’s in-
ternal LED lights illuminated particles against the dark night sky (see
Supplemental Information for description of the system layout). Images
taken with this microscope are ~2750 X 2070 pum. The setup was si-
milar to that described by Figgis et al. (2016). The system was cleaned
simultaneously to the Campbell Scientific station (every 3 weeks) with
DI water and a microfiber cloth. Parameters described in subsequent
sections with a ‘dm’ subscript will be used to indicate they were derived
from this digital microscope method.

2.5. Optical microscope analyses

To determine size distribution and size dependent impacts of
soiling, low iron, glass cover slips (VWR 22 x 22 mm No 1.5 - 0.16 to
0.19 mm in thickness) were used as sample slides for imaging deposited
PM. These slides were secured to a custom 3D printed mount via a small
rubber band. This mount and slide piece were then attached to another
3D printed bracket bolted to the side of a solar panel (See
Supplementary Information for an image of the setup in the field). The
glass slides were left out for a 3-week sampling period before being
collected.

A Ziess Axio Observer microscope with a Hamamatsu Orca ER di-
gital camera (1344 x 1024 pixels) was used to acquire micrographs of
the field samples. Images to be used for determination of size dis-
tribution, mass loading estimations, and soiling loss estimations were
taken with 20x and 100x objective lenses. The microscope eyepiece
adds 10x magnification as well. Throughout this manuscript, ‘20x’ and
‘100x’ will be used to refer to the images taken through the 20x and
100x objective microscope lens. The dimension of the 20x images
are ~ 420 x 320 um (1 pixel = 0.311 pm) and the 100x images are
84 x 64 pm (1 pixel = 0.063 pum). 20x images were taken at a 5x5
image grid, while 100x images were taken in a 3x3 grid. Analysis of the
100x images were used for particle diameters from 0.25 to 3 um, while
the 20x images were used for all larger particle sizes. Parameters de-
scribed with an ‘om’ subscript indicate they were obtained from this
optical microscopy method. See Supplementary Information for a more



M. Valerino, et al.

Solar Energy 204 (2020) 307-315

104 -4 r10
= E
A \ S L
8 *9 . Py 8
L o \\ = ~
= - R . 3
n 64 g . | o —6%
3 / n = _Zg £
o S =
= A= . / U ] _4\._(9
g y e
I /\\ T om - \ / = [1'd
. / - / \ / _11“3
- ] ¥ BB
] *1 /’ ‘\ / [ ] i~
/ | - .// o\ / & o
ept 1-Sept 26 / s
0 T |I ! T T = -0 -0
9/1/2018 9/6/2018 9/11/2018 9/16/2018 9/21/2018

Fig. 1. The filled tan trace is the soiling measurement as recorded by the Campbell Scientific soiling station (SL). The square black points are the mass loading
estimations acquired by the digital microscope (MLgy,). Vertical blue bars are rain amounts during events. For the two asterisked days (on September 2nd and
September 21st) the corresponding processed image from the digital microscope is shown to the right where particles are black against a white background.

detailed image analysis procedure and examples of images taken with
this microscope. To more closely analyze deposited PM, a scanning
electron microscope (FEI XL30 SEM-FEG) was used with a 5 kV beam.

2.6. Mass loading estimations from microscopy images

Mass loadings were estimated from micrographs obtained from both
the digital microscope system, and the optical microscope images of the
sample slides. Mass, rather than another metric (i.e. surface area), was
estimated to allow to comparison with literature values of mass load-
ings and soiling loss per unit mass. Mass estimations also allows for
comparison with measured mass loadings in this study. To estimate
mass loadings, particle size was determined through image analysis by
the ImageJ software (Schindelin et al., 2012). Particles were then
counted and separated by bin size. Bin sizing was determined with a
balance between size resolution and statistical power in mind (See
supplementary information for the bin sizing used). The mass loading of
each bin size was found by the number of particles in that bin size, an
assumed density of 1.6 g cm 3 - based on a study by Hu et al. (2012) -
and an assumption of spherical particles. The mass loading of all bins
was summed to determine total mass loading.

2.7. Soiling loss estimation

To determine soiling loss from images obtained via optical micro-
scopy (SLom), an optical model based on one developed by Bergin et al.
(2017) was used. This is described by Eq. (2) which describes estimated
losses by:

n
SLom = (=100%) ), (Eabsi + BBscar.)MLom,i»

i=1

(2

where SL,, is the estimated soiling loss estimated from images obtained
via optical microscopy, n the number of size bins from 0.25 to
100 um particle diameter, Eg;; is the mass absorption efficiency of size
bin i, Egq,; is the scattering efficiency of size bin i, §; is the backscatter
fraction of bin i, and ML, is the mass loading of size bin i which is
estimated from image analysis of the sample slides.

For the scattering and absorption efficiencies, Mie Theory (Mie,
1908) calculations were carried out at 550 nm wavelength (the peak of
the solar spectrum) by the software MiePlot (Laven, 2018). In the Mie
Theory calculations, the real part of the refractive index was assumed to
be 1.5 and the imaginary part was 0.02, consistent with measured re-
sults from the region (Pandithurai et al., 2008). Particles above 5 um
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were assumed to be primarily mineral dust with an assumed absorption
efficiency of 0.02 m* g ™!, consistent with wind-blown dust field mea-
surements (Yang et al., 2009; Xu et al., 2002). The backscatter fraction
was approximated from Wiscombe and Grams (1976). Though particles
may not be spherical, this assumption should not influence Mie Theory
calculations by more than 10% (Mishchenko et al., 1997). See the
Supplementary Information for more detail on the soiling loss estima-
tions and the development of the model given in Eq. (2).

3. Results and discussion

We first compare mass loading estimations from our novel digital
microscopy method with the soiling results from a Campbell Scientific
soiling reference station. We evaluate the low-cost microscopy method’s
ability to estimate daily soiling losses. We then provide size-resolved
soiling estimations for insight into sources and removal strategies
through the analysis of micrographs combined with an optical trans-
mittance model. The threshold of natural cleaning by rain and the
impact of RH and ambient PM on soiling rate and deposition velocity is
then quantified. Finally, the effect of the difference in soiled versus
unsoiled module temperature on panel efficiency is reported.

3.1. Observed soiling losses and mass loading estimations

Estimations of surface PM mass loadings were obtained using
images recorded by the digital microscope system. Fig. 1 shows the
processed images with the associated mass loading estimation, together
with measured soiling loss and rainfall for sampling period A (Sep-
tember 1st to 26th, 2018). Mass loading estimations from the digital
microscope system are referred to as MLy, where the ‘dm’ subscript
stands for digital microscopy and measured soiling loss as recorded by
the Campbell Scientific soiling station is SL.

The heavy (> 8mm h™1) rain events on September 8th and
September 22nd restored panels to less than 0.1% soiling loss. Despite
the rain, soiling loss (filled tan trace of Fig. 1) increased continuously
during dry periods. This suggests continued mass accumulation, which
is confirmed by the digital microscope images and associated mass
loading estimations. The light coating of particles (that appear black on
the images) seen on September 2nd (*1) yielded a MLy, estimation of
0.02 g m~2, several orders of magnitude less than the 3.14 g m ™2 es-
timated from the September 21st image (*2), which is seen to have a
thick coating of particles present. This highlights the ability of the ap-
proach to estimate a broad range of mass loadings.
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Fig. 2 shows the extension of this plot for all 6 sampling periods (A-
F). Throughout the six sampling periods, the Pearson Correlation Ng 4 .
Coefficient between MLy, and SL was found to be 0.83. This significant, > 4 PR
positive relationship between MLy, and SL, despite variable soiling due g ". T
to rain events, indicates the ability of the digital microscopy system to 3’ R0 %
. . . . . . 34 &
estimate mass loadings that are statistically correlated with soiling loss. & ’,
PM continued to accumulate on the PV panels throughout the study £ + k3 b2 ’, o ©
(MLyy,) and the soiling loss (SL) response was 8.0 + 1.6% over 3 weeks § ©0 ¢ R 4
(0.37% day 1), with the relatively small coefficient of variation (20%). o 24 %o o ® P had
This indicates that the soiling rate remained similar over the time < ¢ ¢ ° o
periods of sampling. Information on soiling rate is necessary to de- 3 ° .,”0 e
termine cleaning schedules and generate performance models, both of ‘g 14 o ® % o
which are crucial to maximizing energy production and economic 5 *e o0 N .
feasibility of a PV system (Jones et al., 2016). The observed soiling rate - _i € R=0.86
is consistent with previous studies in dry environments, which found 0 ® o ; ; T .
rates between 0.1% and 1% day ! (Caron and Littmann, 2013; Guo 0 2 4 6 8 10

et al., 2015; Bhasker and Arya, 2015; Kazmerski et al., 2014). This
soiling rate signifies the importance of regular cleaning , especially
during the dry season. After sampling period A, there was only 1 minor
rain event on October 29th. The influence of changing meteorological
conditions on soiling is further discussed in a later section.

Gujarat, India has 1344 MW of installed PV as of 2018 (India,
2018). PV systems in this region typically have a capacity factor (actual
energy generation over the installed capacity) of ~ 0.18 (Lab, 2019).
The average cost of PV solar is this region is around 0.07 USD kWh !
(REN21, 2018). Bergin et al. (2017), used a global climate model (GCM)
and estimated that the annual soiling loss was ~ 8% in Gujarat, al-
though this assumed monthly cleaning of the solar panels and no soiling
during monsoon months. For this study, the soiling loss over a one
month period was ~ 11%. This value is higher than the estimate by
Bergin et al. (2017) for reasons including that it is not an annual
average, represents a time of relatively high soiling and low pre-
cipitation removal, and that the Bergin et al. (2017) model estimates
are likely lower limit values. The lower limit estimate of an 8% re-
duction in annual solar power generation equates to a yearly loss
of ~ 12 million USD in Gujarat. Considering the soiling rate observed
here, the magnitude of yearly loss is unavoidable without intervention
by regular cleaning and/or anti-soiling coatings. Determination of the
best practices for soiling prevention and remediation requires further
insight into the relationship between mass loading and soiling loss
(Fig. 3), as well as the size and composition of the deposited particles,
which plays a role in which removal methods are most effective.

In addition to the Pearson Correlation Coefficient, the linear re-
gression in Fig. 3 (R*> = 0.86) also indicates the promising correlation
between MLy, estimations and SL,,. This regression also points out the
linearity between MLy, and SL,, for the mass loadings experienced
during this field study. SL increasing proportionally to ML is consistent
with previous findings (Bergin et al., 2017; Jiang et al., 2011; Boyle

Soiling Loss -SL (%)

Fig. 3. MLdm (mass loading estimation from the digital microscope) and SL
(soiling loss from the Campbell Scientific soiling station) values plotted for each
day of this study from September 1st 2018 to January 9th 2019.

etal., 2015; Javed et al., 2017; Piedra et al., 2018). It has been observed
that only under high mass loadings (> 5 g m~2) will this relationship
begin to show non-linearity, meaning further buildup of surface mass
does not induce a proportional response in soiling loss (Mastekbayeva
and Kumar, 1999).

It is worthwhile to point out that the methodology used in our
image processing can change the estimation of mass loading by an order
of magnitude, as seen in the sensitivity analysis performed (see
Supplemental Information). The auto threshold method for this study
was chosen by first manually adjusting the threshold to highlight all
particles, and then choosing the auto threshold method which most
closely matched the results of the manual method. It is important that
the same ImageJ auto thresholding procedure and density is used
throughout the study in order to create a reliable calibration curve
(Fig. 3). The slope of this regression may change seasonally given the
particle size distribution and composition (and thus mass loading and
the particle’s optical properties) has been shown to shift over seasons
(Tanesab et al., 2017).

Using the linear regression equation acquired by the calibration
curve (Fig. 3), we predict SLg,, (where the ‘dm’ stands for digital mi-
croscopy) from the estimated MLy, values. Upon doing this, the Root-
Mean-Square Deviation for the estimated versus actual soiling loss
(SLgm vs. SL) is found to be 1.08% soiling, equating to around = 10%
error in the upper range of observed soiling losses for this study. The
system’s promising accuracy shows that this tool is an excellent and low
cost alternative to estimate soiling loss. There is value for using this
system in both research and in industry, where soiling can vary
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Soiling loss (SL — from the Campbell Soiling Station), and measured mass loading (ML — determined from the mass of collected PM) are used to quantify the soiling
loss per unit deposited mass (SL/ML). The mass loading estimated from the digital microscope (MLgy,) is shown along with the estimated soiling per unit deposited
mass (SL/MLgy, — found by dividing measured soiling loss by estimated mass loading). The average SI/ML does not include sampling period A. The average SL/MLgy,

is the inverse slope of the linear fit of Fig. 3.

Sampling Period Soiling Loss SL Measured Mass Loading

Estimated Mass Loading

Soiling per Unit Deposited Mass Estimated Soiling per Unit Deposited

(%) ML (g m~?) MLy, (g m™2) SL/ML (% / g m™?) Mass SL/MLgr, (% / g m™?)
A: Sept 1-Sept 26 4.84 0.11 0.50 43 9.67
B: Sept 26-Oct 17 9.86 2.02 4.03 4.9 2.45
C: Oct17-Nov7  8.95 1.84 3.76 4.8 2.37
D: Nov 7-Nov 30 9.15 1.46 3.82 6.2 2.15
E: Nov 30-Dec 19 7.50 1.56 3.61 4.8 2.07
F: Dec 19-Jan9  7.52 1.54 2.24 4.9 3.24
Average 8.00 1.42 3.00 5.12 2.39

significantly (> 6%) across a single PV site (Gostein et al., 2013), and a
network of expensive monitoring systems is not economically feasible.

Soiling loss per mass loading is an important indicator of how ef-
fectively the deposited particles can reduce PV energy production. This
‘potency’ of the deposited PM to soiling can vary regionally and sea-
sonally (Bergin et al., 2017; Sayyah et al., 2014). The inverse slope of
the fitted line in Fig. 3 represents the estimated soiling per mass loading
(SL/MLygy,), which is estimated to be 2.39 + 1.1%/g m™ 2. This value is
underestimated, likely attributed to overestimation of the mass loading
by either the image analysis technique, the deposition surface area of
the system, or subtle differences in the surface properties between the
digital microscope system and the soiling station panels. This value can
be corrected by calibrating MLy, to a measured mass loading value,
ML. Measured mass loadings were determined by collecting surface PM
from the soiled panel of the Campbell Scientific soiling station, which
was done at the end of each of the six sampling periods. Table 1 in-
troduces the measured ML and SL/ML values.

The method for MLy, determination consistently overestimates
loadings, as is evident by comparison with the measured mass loading
(ML) values. The average overestimation is 1.6 = 0.74 g m~ 2 and is
likely the result of two factors: the LED lights shining up through the
particles cause the image analysis software to overestimate the particle
size, and/or groups of adjacent particles being interpreted as 1 large
particle by the ImageJ software. While the mass loading is over-
estimated, there is a high correlation between MLy, and ML (Pearson
Correlation Coefficient 0.91). This overestimation in the mass
loadings creates an underestimated SL/MLgy,. It should be noted that
the underestimation of SL/MLqy, by using the digital microscopy images
is not surprising given the overestimation of ML by the imaging
method. Given the proper comparative data (Fig. 3), MLy, can be ca-
librated at a given location which will yield more accurate estimates of
soiling loss per unit mass.

All sampling periods after the last rain event of September 22nd (B-
F) have similar SL/ML values of 5.12 + 0.55%/g m ™2, consistent with
findings from other studies (Boyle et al., 2015; Boyle et al., 2013; Piedra
et al., 2018). This is significantly lower than SL/ML values found in
Bergin et al. (2017) which found SL/ML values of 17 and 12% / g m~2
The reason for this difference may be that the samples in this study and
the Bergin et al. (2017) study were from a different time period which
may have had a higher abundance of smaller pollution particles relative
to dust. More data is needed to confirm this. The first sampling period
(A) has an order-of-magnitude higher SL/ML due to the low mass
loading (0.11 g m™~2). This can be attributed to a heavy rain just a few
days prior to the end of the sampling period. The significance of rain to
soiling and mass flux to the panel surface will be discussed in a later
section. To better understand the impacts of deposited PM on soiling
beyond soiling per unit deposited mass, the size distribution of the
deposited PM is needed.

3.2. Size dependent soiling loss estimation

Particle size and refractive index, both related to particle sources,
are key factors needed to estimate the influence of light extinction (both
scattering and absorption) by deposited particles and their subsequent
impact on light available to solar PVs (Waggoner et al., 1981). Fur-
thermore, size distribution of deposited PM combined with theoretical
light extinction calculations allows for size dependent transmission loss,
and determination of which size ranges most influence soiling (Fig. 4).
Mass and soiling loss estimations resulting from sample slide analyses
with optical microscopy will be referred to as MLy, and SL,,, respec-
tively (where the ‘om’ subscript stands for optical microscopy). For a
complete description of the methods to obtain Fig. 4, refer to the
Supplemental Information.

In India, ambient PM is influenced by anthropogenic sources (i.e.
trash and refuse burning/biomass burning/mobile sources/industrial
emissions/construction) and natural sources (i.e. wind-blown dust)
(Ram et al., 2010; Villalobos et al., 2015; Vreeland et al., 2016). The bi-
modal mass loading size distributions (peaks at 0.25-1 pm and
15-25 pm) seen in Fig. 4 are consistent with the expected size of most
anthropogenically and most naturally sourced PM, respectively, al-
though there are examples of large anthropogenically source and small
naturally source PM particles. Larger PM particles dominate mass, with
more than 90% of the deposited mass present in particles more than
10 um, the largest of which are near 50 pm in diameter. This result
points out the importance of large particles to mass loadings on panels.
While larger particles dominate mass, this is not true for the estimated
soiling impacts where more than 50% of the soiling is from particles
less than 5 um in diameter. This is consistently observed across the
study as seen in the top parts of each plot in Fig. 4, where small par-
ticles dominate soiling losses. Mass and soiling distributions appear to
remain similar throughout the study. We confirm this by using a two
sample Kolmogorov-Smirnov test (a = 0.01) to test if the distributions
are statistically similar throughout the study. This test was performed
between each of the mass distributions (i.e. each sampling period’s
mass distribution was tested against every other sampling period’s mass
distribution). This same procedure is done for particle size distribution
of the soiling. We find that there is no significant difference between
any of the distributions for both mass and soiling loss. Further analysis
into how distributions change over seasons (i.e. comparing the summer
month distributions with monsoon season distributions) should be
considered in future studies.

These results highlight that mass loading alone cannot be used as a
measure of soiling, and particle size needs to be considered. In regards
to cleaning considerations, these small particles have been shown to be
difficult to remove by dry cleaning alone (Ilse et al., 2018). With water
scarcity a concern for many areas in India, the difficulty in cleaning
small particles without water represents another challenge to the re-
newable energy goals of the country. If these goals are to be met, it is
important to consider the sources of the PM that most influence soiling.
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Fig. 4. Mass loading (filled tan bars) is shown as a function of particle size for each sampling period. The plots have been normalized to bin size. SLom as a function of
size (shown in the upper part of each graph in grey) highlight the importance of small particles to soiling loss.

Reducing deposition of wind-blown dust which is capable of traveling
over hundreds of kilometers (Ram et al., 2010; Valerino et al., 2017) is
extremely difficult, however decreases in emissions of anthropogenic
aerosols (typically < 5 um in diameter) can have positive impacts to
achieving India’s renewable energy goals. The results also suggest that
any surface technology designed to mitigate soiling needs to be able to
influence a wide range of particle sizes and chemical properties.
Similarly to MLy, discussed earlier, ML,,, overestimates measured
loadings by 80% + 31% (1.36 * 0.55 g/m~2), although this may be
corrected using measured values. The normalized root mean square
error between ML and ML,,,, was found to be 27%. The overestimation
is likely a result of the aggressive nature of the image analysis technique
which can interpret some aggregated smaller particles as larger ones
(see Supplemental Information for error and estimation analysis).
Another possible reason for mass loading overestimation is due to dif-
ferences in soiling properties of the glass slide and the soiling station
panels. Finally, the assumptions used for theoretical soiling loss calcu-
lations may not be accurate. As discussed in the methods section, the
inputs to the theoretical soiling calculations (spherical particle as-
sumption, refractive index, density, absorption efficiency) are from past
findings in the region (Pandithurai et al., 2008; Hu et al., 2012; Yang
et al., 2009; Xu et al., 2002). More work is needed to determine the
validity of these assumptions with respect to particles with non-uniform
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compositions.

While there may be error associated with the theoretical soiling loss
calculations, the theoretical soiling loss per unit mass (SLym/MLoy,) is
within 1% g~ m~2 of the measured SL/ML (4.23 * 0.51% / g m™?2
and 5.26 + 0.54% / g m~ 2, respectively). The overestimation in the
ML, is not reflected in the estimated SL,n/ML,n because the esti-
mated SL,, is calculated from ML, (Eq. (2)), thus the overestimation
is canceled out. This indicates that the image analysis procedure com-
bined with the optical model can accurately predict soiling loss per unit
deposited mass. It should be noted that the magnification used to ac-
quire images can significantly impact the mass and soiling estimations
and distributions. This method should only be applied to images with
similar magnification and resolution (um per pixel) as this study. More
information on error due to using lower magnifications can be seen in
the Supplementary Information. The precision of the mass estimations
and accuracy of SLyy, /MLy, indicate the value of optical microscopy for
soiling analyses.

3.3. Influence of meteorology on soiling

Western India’s monsoon season is typically from July to September.
The first sampling period (A: September 1st to September 26th) fell
within the monsoon season and there was 10 separate rain events over
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this period. Rain events over 8 mm per hour restored the soiled panel to
less than 1% soiling which is consistent with soiling restoration by rain
observed in previous studies (Hammond et al., 1997; Appels et al.,
2012; Haeberlin and Graf, 1998; Ryan et al., 1989). Light rain events
(< 5 mm hour?) did not fully restore soiled panels, as is evident in
Fig. 1. More data is needed in this region to confirm the threshold for
panel cleaning by rain.

The rain events in sampling period A were accompanied by an
average relative humidity (RH) ~ 50% higher than the other sampling
periods (74% vs. 50%). This light rain and high humidity in sampling
period A lead to a soiling rate twice as high as the following sampling
periods B-F (0.83 = 0.22% day ' and 0.41 = 0.04% day ' respec-
tively). It is likely that the high RH increases PM adherence to the panel
surface (Mekhilef et al., 2012; Touati et al., 2012; Hoffman and Maag,
1980). Particle swelling and water absorption due to high RH have also
been shown to increase soiling (Mekhilef et al., 2012). These results
point out the significance that light rain and high RH can have to soiling
rates, though more work should be done to confirm these results given
the limited data. Another effect of rain and RH observed during sam-
pling period A is surface cementation.

Microscopy images of slide samples present during rain events
(Fig. 5A-D) shows evidence of cementation. The formation of water
spots, the edge of which can be seen in Fig. 5A, and crystalline struc-
tures (Fig. 5B-D) have been observed as a result of cementation in other
studies (Ilse et al., 2016; Ilse et al., 2018). Other evidence of ce-
mentation includes the presence of needle like structures (Fig. 5B,C)
which are likely clay minerals (Ilse et al., 2016), as well as precipitated
salts (Fig. 5B,D).

Cementation made cleaning difficult, which is a documented effect
(Mekhilef et al., 2012; Bethea et al., 1981; Sayyah et al., 2014). Another
impact of cementation is seen in the soiling per unit deposited mass
(SL/ML) observed during the first sampling period (~40%,/g m~2). This
SL/ML is an order of magitude higher than the rest of the study. Al-
though more work needs to be done on the impacts of light rain to size
distribution, it may be that rain preferentially cleans off larger
(> 10 pum) particles, which has been seen in previous studies (Roth and
Anaya, 1980; Appels et al., 2012). The smaller particles remaining on
the surface (which are capable of greater SL/ML), explain why the SL/
ML was larger during sampling period A. Assumptions of PM removal
by rain need to be more carefully considered when determing cleaning
schedules in India. The influence of RH on soiling rate also needs to be
considered when estimating future soiling impacts at a site.

Fig. 5. Panel A shows the edge of an evaporated water droplet on a glass slide
at 5x magnification. B shows this same sample imaged at 40x magnification,
indicating crystalline structures left behind from the evaporated drop. C and D
are scanning electron microscope images showing some crystal structures pre-
sent on the slides.
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Another key variable that has historically been considered an im-
port influence on soiling is ambient PM concentrations, which are a
proxy for PM dry deposition fluxes. Other studies have shown mixed
results regarding the positive relationship between soiling and ambient
PM (Guo et al.,, 2015; Fountoukis et al., 2018; Figgis et al., 2016;
Micheli and Muller, 2017). In this study, there was no significant re-
lationship between soiling rates and ambient PM;, concentrations even
though ambient PM;, increased throughout the study. The average
PM;, concentration was 2.5 times higher in the dry period (112 ug m 3
vs. 42 ug m ), but soiling rate was 2 times lower. While ambient PM;,
concentrations did not impact soiling rates, it was a factor in the ob-
served effective deposition velocity (Figgis et al., 2016) (cm s~ 1), which
was found by dividing the PM accumulation flux (ug cm ™2 s™!) by the
ambient PM; o concentration (ug cm™3). In the rainy period the effec-
tive deposition velocity (vq) was between 3 and 4 cm s~ 1. Effective vq
during the dry period dropped by 5 to 10 times that of the rainy period
to between 0.4 and 1 cm s~ '. While caution should be taken in extra-
polating this limited data set, it is hypothesized this is due to higher RH,
which has been shown to increase v4 for both large and small particles
(Winkler, 1974; Isaifan et al., 2019). The relationship of RH and am-
bient PM concentration is further discussed in the Supplemental In-
formation. Another possible reason for the dramatic range in observed
effective vq4 is a change in windspeed. Previous studies have shown a
positive correlation between particle deposition and windspeed,
(Bhattacharya et al., 2014; Figgis et al., 2016; Goossens and Van Ker-
schaever, 1999), however no such correlation was found in this study
using daily average windspeed and daily mass loading increase as es-
timated by the digital microscope system. Although more data is
needed, impacts of rain and RH may be a contributing factor for the
inability to use ambient PM as an indicator of soiling rate and it is not
recommended that PM;, be used as a sole predictor of soiling in India.

3.4. Module temperature as a component of soiling

The temperature of a PV module has an inverse relationship with
efficiency. Most polycrystalline panels, including those used in this
study, have a 0.5% decrease in efficiency for every 1 °C above 25 °C (as
per manufacture specifications). For a majority of the study, the soiled
panel was cooler than the reference by an average of 1.2 = 1.0 °C. This
equates to the soiled panel being around 0.5% more efficient than the
reference panel (based on temperature considerations alone). The lower
temperature of the soiled panel served to mask some of the impacts of
soiling. If the temperature effect was considered in the SL calculations
(Eq. (1)), the soiling ratio would increase by ~ 0.5% on average. It may
be that the observed temperature difference is due to soiling which has
been observed in previous studies as a result of uniform soiling (Schill
et al., 2015). It is also possible that other factors contributed to this
difference in temperature (i.e. panel hot spots, uneven convective
cooling etc.). More work should be done regarding the impact of soiling
to panel temperature.

4. Conclusions

Using a reference soiling station, a low cost digital microscope
system has been validated as a inexpensive alternative to monitoring PV
soiling. When a linear calibration between MLy, and SL was applied,
the system was able to estimate soiling losses (SL4y,) to within 1%
soiling. Soiling losses continued to increase at a rate of 0.37% day '
throughout this study. Using this information, a 10% PV energy loss
(which is a conservative estimation) costs the state of Gujarat 12 mil-
lion USD per year. These losses are due to a combination of anthro-
pogenic PM and natural dust, the combination of which reduces energy
production by ~ 5% per g m~ 2 of deposited matter. Using a new optical
microscopy and image analysis method combined with a new theore-
tical model, it has been shown that > 90% of the deposited mass is
from particles > 10 pm in diameter. While large particles dominate
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mass, > 50% of soiling impacts are from particles < 5 um in diameter.
This suggests that PV energy in India could greatly benefit from re-
ductions in anthropogenic PM emissions. It is also recommended that
cleaning methods, and work on possible intervention by surface coat-
ings, should focus on the removal of small particles. In regards to nat-
ural cleaning, the threshold for cleaning by rain was found to be 8 mm
hour™. Rainy periods in India are accompanied by higher RH which is
shown here to increase soiling rate by 2x. Although high RH is usually
accompanied by a lower ambient PM, deposition velocity of this PM to
the panel surface is 5-10x higher compared to dry periods. It is not
recommended that ambient PM be used as a predictor of soiling in
India, and RH may be a better predictor of soiling rates.
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