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The accumulation of soiling on photovoltaic (PV) modules affects PV systems worldwide. Soiling
consists of mineral dust, soot particles, aerosols, pollen, fungi and/or other contaminants that deposit
on the surface of PV modules. Soiling absorbs, scatters, and reflects a fraction of the incoming
sunlight, reducing the intensity that reaches the active part of the solar cell. Here, we report on the
comparison of naturally accumulated soiling on coupons of PV glass soiled at seven locations
worldwide. The spectral hemispherical transmittance was measured. It was found that natural soiling
disproportionately impacts the blue and ultraviolet (UV) portions of the spectrum compared to the
visible and infrared (IR). Also, the general shape of the transmittance spectra was similar at all the
studied sites and could adequately be described by a modified form of the Angstrém turbidity
equation. In addition, the distribution of particles sizes was found to follow the IEST-STD-CC 1246E
cleanliness standard. The fractional coverage of the glass surface by particles could be determined
directly or indirectly and, as expected, has a linear correlation with the transmittance. It thus becomes
feasible to estimate the optical consequences of the soiling of PV modules from the particle size
distribution and the cleanliness value.

Soiling has a negative impact on the economic revenues of PV installations, not only because it reduces
the amount of energy converted by the PV modules, but also because it introduces additional operating
and maintenance costs and, at the same time, increases the uncertainty on the estimation of PV
performance, leading to both higher financial risks and interest rates charged to plant developers.
Power reductions greater than 50 % have been reported in the literature because of soiling!?; it has
been estimated that an average loss of 4 % on the global annual energy yield of PV could cause losses in
revenue on the order of 2 x 10° USS$ annually?.

A careful monitoring of soiling is required to mitigate its effect®. Soiling losses are generally quantified
by using soiling stations. These systems are made of at least two PV devices, one of which is regularly
cleaned while the other is left to soil naturally. By comparing the ratio of the electrical outputs of the
two devices, it is possible to estimate the impact of soiling on the PV performance®®. The International
Electrotechnical Commission’s (IEC) metric to monitor and quantify the impact of soiling on PV modules
is the soiling ratio, 15, which expresses the ratio of the electrical output of a soiled PV device to the
output of the same device under clean conditions’. Like the transmittance, a higher soiling ratio
translates to less soiling deposited on the modules. A value of 1 indicates clean conditions, with no
soiling. For a more detailed definition of r;, please refer to the Methodology section. The fractional loss
of solar-generated power due to soiling is 1 — 5.

Soiling stations have the advantage of directly measuring the impact of soiling on PV, but require
careful maintenance to avoid significant measurement errors®. Novel sensors that require less
maintenance and do not need a clean reference PV device are getting the attention of the market, and
are based on the optical characterization of a soiled glass coupon®®. Recently, a new procedure to



estimate soiling losses using transmittance data has been validated through a one year study in the
south of Spain'!. Rather than using soiling stations or sensors, there are also methods to extract losses
directly from PV performance data!?*3,

All these methods directly measure the impact of soiling or estimate the losses of PV power based on
the broadband transmittance of a soiled glass plate. On the other hand, they do not consider the optical
properties, the composition, and the size distribution of particles deposited via soiling. These factors can
have an impact on the adhesion of soiling to the PV module’s surface and need to be investigated if
effective soiling mitigation strategies, such as cleaning methods or anti-soiling coatings, are going to be
developed.

Previous studies'*!® investigated the optical, chemical and mechanical characteristics of dust particles
collected on PV modules installed in the Middle East. Despite the importance of these studies toward
the characterization of dust in high-soiling regions, they did not investigate the fundamental
connections between the properties of the dust and the PV losses. Prior studies on the spectral
characteristics of the optical transmittance and the particle size distribution of soiled glass coupons have
been reported?®, but not for natural soiling. In a separate study, a variety of artificial soil types were
sprayed onto glass to study the resulting optical properties and PV panel spectral quantum efficiency?’.
In contrast to artificial soiling, other groups measured the transmittance loss versus the mass of deposits
accumulated on glass plates soiled outdoors, also taking note of the angle of incidence of the light®®,
Borrowing from prior studies in atmospheric science, dry deposition rates on surfaces, aerosol optical
properties, and Mie scattering theory, researchers have also developed a parameter to determine the
change in PV panel transmittance for a given mass per unit area of atmospheric particulate matter (PM)
deposited?. The experimental work utilized deposits collected from soiled PV panels in Gandhinagar,
India, and took into consideration both particle absorption and scattering from a variety of particles,
such as soot, salts, pollen, and mineral dust. Separate tests carried out outdoors in Mumbai, India,
measured spectral reflectance, angle of incidence effects, and quantum efficiency for carefully modified
full-sized PV modules®. All of these investigations of natural soiling gave important contributions to the
field, but were conducted at only one location, and did not compare the optical properties of PV glass
soiled at multiple sites with diverse climate conditions.

This work presents the results of an international collaboration that investigated the spectral effects of
soiling naturally deposited on PV glass installed at various locations worldwide. Outdoor tests have been
conducted at seven locations worldwide: Golden (Colorado, USA), San José (California, USA), Chennai
(India), Jaén (Spain), El Shorouk City (Egypt), Tezpur (India), and Penryn (UK). These places were chosen
to represent a wide variety of climates and environmental conditions (See the locations listed in
Supplementary Information.)?¥2%, Identical low-iron glass coupons were soiled at each location over an
8-week period between January and March 2016%. The samples were mounted horizontally (i.e.,
without a tilt). Because of the short data collection period, and of the single measurement taken only at
the end of it, the soiling is not expected to be wholly representative of the sites. Correlating soiling with
the specific climate conditions of a site is outside the scope of this work, which aims to investigate the
spectral and optical characteristics of different types of soiling to attempt to find commonalities. The
spectral transmittance and the particle size distribution (PSD) of the soiling was compared in order to
find correlations that could be universally valid, and that could open possibilities to modelling PV soiling
losses through the optical characterization of dust.

The present work draws upon one of the largest pools of naturally deposited soiling samples. While
most of the soiling studies focus on a single site, there are only a limited number of investigations
conducted on soiling from multiple locations. Together with this, we present the first effort where
empirical models from other disciplines are brought in to describe both the spectral and optical
characteristics of the samples, together with an examination of their corresponding PSDs.



Realizing the complexities of a commercial PV module from the optical standpoint, the system under
study in the present report was simplified so that it just includes the soiling on a sheet of low-iron glass
(see Figure 1). In this case, the light propagates through the glass into air again and can be detected. The
left hand side of Figure 1 shows the case where there is negligible soiling on top of the glass. Light is
incident on the front of the glass at an angle 6;, as measured from the surface normal. This light is
reflected and transmitted in accordance with Fresnel’s equations. As a rule of thumb, 4 % of the light is
reflected at each air-glass interface at near-normal incidence. Here, the subscripts i, r, and t denote
incident, refracted and transmitted light, respectively. Light that is transmitted at the air-glass interface
is refracted via Snell’s law and can reach the interface at the back to be transmitted out of the glass (i.e.,
via the second glass-air interface). Less than 91 % of the incident light exits the glass (at 6; = 6;) for
uncoated, clean glass.

Contamination and soiling shown on the right hand side of Figure 1 complicates the propagation of
light via enhanced forward and backward scattering, as well as reflection and absorption. For each
component, there is an angular spreading of the beam. Scattering, in the simplest case, can be
understood from Mie theory, applicable for homogeneous spheres. However, in general, the irregular
shapes and internal structure of naturally-occurring particles results in much more complicated
scattering behavior. In addition, it is well known that 75 is a function of the angle of the incoming light'®
2 Indeed, this is why it is defined in the IEC standard for conditions found at noon’.

Also shown in Figure 1 is the possibility that glass utilized for commercial PV and solar thermal
applications can often have an anti-reflection (AR) coating at the front air-glass interface. These coatings
are typically a graded porous silica layer that presents a gradual increase of the index of refraction, n,
from its value in air to the bulk glass (n=1.49). They are currently being explored for additional
properties that they might confer as anti-soiling (AS) or self-cleaning coatings3. In this study, we utilized
bare glass without any coatings.
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Figure 1. Effect of soiling on the transmittance and reflectance of light incident on glass. Diagram
courtesy of Al Hicks/NREL and used by permission.

Results and Discussion

Spectral hemispherical transmittance was measured for each of the soiled glass coupon samples. As
explained in the Methodology, all the transmittance values mentioned in this work are relative
hemispherical transmittance in that they are the ratio of the transmittance of the soiled coupon to the
transmittance of a clean reference coupon. The soiled coupons represent a snapshot in time for a
particular location and are affected by the specific weather events that occurred during the soiling
period!. Measurements were performed at two locations on each sample and the results were analyzed
as described below. Table summarizes the optical characteristics of the soiling collected after 8 weeks
at the locations of the study. The first column represents the broadband relative transmittance for the
wavelength range 350 nm to 1100 nm relevant to photovoltaic conversion. This is a simple average of
the hemispherical relative transmittance values over that wavelength range. Also reported is the solar-
weighted relative transmittance, calculated according to prior studies that utilize it to study the changes
in the optical properties of polymer materials that encapsulate the solar cells®. It should be noted that
the relative transmittance of soiling is not necessarily equivalent to a soiling ratio for a PV module.
Indeed, the numerator of the soiling ratio (r;) for a PV module is the integral over wavelength of the
product of the relative transmittance due to the soiling, the spectral response of the solar cell, SR(1),
and the incoming solar spectral irradiance!! (For a graphical representation of each of these terms,
please refer to Supplementary Information). The denominator for 15 is a similar integral, but omits the
transmittance. The resulting predicted soiling ratios are also reported in Table 1. These have been
calculated following the previously described procedure utilizing the standard air mass 1.5 (AM1.5) solar
irradiance spectrum!?” and summarized in the Methods section. For the majority of the sites, the three
approaches yield very similar values.



. Broadband Relative | Solar Weighted | Predicted Soiling
City . . .
Transmittance (t) Transmittance Ratio (rs)
Chennai, India 0.907 0.904 0.909
El Shorouk, Egypt 0.670 0.659 0.674
Golden (CO), USA 0.970 0.969 0.970
Jaén, Spain 0.943 0.941 0.945
Penryn, UK 0.996 0.995 0.996
San José (CA), USA 0.982 0.980 0.982
Tezpur, India 0.976 0.975 0.977

Table 1. Soiling relative transmittance (1), solar weighted transmittance and predicted Soiling Ratio (75)
for a monocrystalline silicon cell at the indicated sites. The wavelength range was from 350 nm to 1100
nm. The relative transmittance is obtained as the ratio of the transmittance of each soiled glass to the
transmittance of the clean reference glass. The standard uncertainty associated with the reproducibility
of the measurements is estimated to be +0.005. The values for each site have been obtained as an
average of the individual measurements shown in Table S2.

Spectral transmittance and the Angstrom equation. Figure 2 shows the transmittance vs.
wavelength data for glass coupons soiled at two representative locations, Chennai, India, and San José,
California. The number in brackets (1 or 2) after the site name indicates the spot on the glass coupon. In
general, the curves of the hemispherical transmittance versus wavelength for glass soiled at the seven
sites do not have a completely flat profile, but rather they gradually rise with wavelength (For data at
other locations, see Supplementary Information and the left side of Figure S3). The higher losses due to
soiling are found in the shorter wavelength regions where there is a lower spectral response for a
crystalline silicon (c-Si) solar cell. This partially mitigates the deleterious effects on the predicted soiling
ratio, 7;, reported in Table 1. In general, however, one should not expect that the broadband
transmittance values in that table to be equal to the soiling ratios for a given site. A complete overview
on the impact of soiling depends on the PV technology (e.g., the semiconducting PV absorber materials),
the location of the PV module, and the amount of time that has passed since the module was cleaned®?.

There are additional reasons that make the results of Figure 2 noteworthy. Polymers, such as ethylene
vinyl acetate, EVA, used to encapsulate the solar cells and bond them to the PV glass, are susceptible to
yellowing when exposed to UV radiation, the extent of which depends on the dose and other
environmental conditions®. The expected yellowing and degradation rates due to the outdoor UV
exposure of polymer encapsulants and polymer back sheets in PV modules may therefore have to be
adjusted if soiling is present.

The Angstrom turbidity equation describes the attenuation of light by aerosols suspended in the
atmosphere®. This turbidity is due to optical scattering that is primarily described by Mie theory,
averaged over the distribution of particle sizes and optical properties. According to the Angstrom
turbidity equation, the transmittance T of a column of air at a wavelength A can be empirically modeled
as,

t(A) = exp (=B -17%-m) (1)

where « is an index relating to the size of the particles, 8 is a parameter representing the amount or
concentration of aerosols, and m is the optical path length (typically, the air mass). The term £ is
typically expressed in units related to the number of particles per volume or by the mass of suspended
material per volume®. It should be noted that the Angstrém turbidity equation attempts to account for
both scattering and absorption by the particles?®3°, The value of @ would be 4 for very small particles
and 0 for very large particles. Distributions of particle sizes lead to intermediate values of a.



In order to consider the transmittance of aerosols and particles on the glass cover of a PV module, it is
useful to modify the Angstrém equation so that it is applicable to surfaces instead of volumes. We
propose that its empirical approach can be modified to describe the wavelength dependence of the
transmittance of light due to small particles adhering to the glass. These are some of the same particles
that were originally suspended in the air. The product - m can be combined into a new term, By,
where the subscript “sur” denotes surface, which represents both the mass of particles per unit area on
the glass surface, and the strength of forward scattering of those particles. Thus, we propose a
reformulated version of the original Angstrém turbidity equation,

(1) = exp(—Psur 4™ 9). (2)

In order to better fit our data, we also found it useful to introduce an additional correcting offset
parameter, y*. This is a wavelength independent component due to very large particles that cannot stay
suspended in the air, and hence fall on the glass surface. The fully-modified equation becomes,

(D) = exp(—Biur - A7) + 1", (3)

This y* term can also correct for a small amount systematic errors due to light that goes undetected by
the measurement system. Egs. (1)-(3) utilize a relatively simple equation in a similar way as is done by
the Sandia model for PV module performance in the field3.. This set of largely empirical equations is
used by PV practitioners and engineers to correct PV module performance from standard test
conditions, for example, at a given module temperature and solar spectral irradiance, to those found in
actual field operation. Such an approach was used to correct for angle of incidence effects for soiled PV
modules?. The transmittance as a function of wavelength given by Eq. (3) can be analogously used to
correct the PV performance for soiling for a given input solar spectral irradiance and a specific type of PV
technology, as described in the methodology.

The values for the fit to the data using the modified Angstrom turbidity equation are found in Table 2
for all of the sites. Since the coupons exhibited some non-uniformity in the soiling, two spots on each
coupon were sampled, and three transmittance measurements for each spot were averaged. The two
exceptions were Chennai and Jaén for which only one spot was averaged. These measurements
represent a single snapshot in time, for the 8 week soiling period, for a given location, with the weather
patterns that existed during that period. As it can be seen in Table 2, Eq. (3) always outperforms Eq. (2),
achieving higher values of correlation coefficient R? and lower root mean square error (RMSE). Plots of
the fits to Eqgs. (2) and (3) are shown in Figure 2 for two representative locations, while Supplementary
Information contains the data for all the locations.
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Figure 2. Transmittance vs. wavelength (350 nm - 1100 nm) curves for glass coupons soiled at two
representative locations, (left) Chennai, India, and (right) San José, California. Also shown is the fit to the
modified Angstrom equations, (red) Eq. (2) and (green) Eq. (3). The measurements are referenced to
clean glass.



R? R RMSE | RMSE
Cit a o* & Y*
¥ s Beur Eq.(2) | Eq.(3) | Eq.(2) | Eq.(3)
Chlﬁgir;a" 0560 | 2093 | 0078 | 0008 | -0070 | >2°t | 0997 | 00037 0.0009
0616 | 2132 | 0314 0029 | -0.252 | 0945 | 0998 | 0.0128 | 0.0027
El Shorouk,
Egypt 0.621 | 2.073 | 0315 0.032 | -02s0 | 9947 | 0396 | 00127 1 0.0033
0916 | 0950 | 0.0010 | 0.0007
Golden (CO), | 0584 | 1:994 | 0028 0004 | -0.025
USA 0636 | 1718 | 0020 0002 | o017 | 0924 | 0933 | 00008 | 0.0008
Jaén, Spain | 0.841 | 2.604 | 0.041 0.005 | -0.040 | 0940 | 098 | 0.0038 | 0.0007
2103 | 3.889 | 0.002 0000 | -0.002 | 0948 | 0984 | 0.0015 | 0.0008
Penryn, UK
2092 | 2988 | 0.001 0001 | -0.001 | 0937 | 0973 | 0.0011 | 0.0008
.| 1.219 | 2008 | 0013 0005 | -0.010 | 9974 | 0987 | 0.0015 | 0.0010
San José
(CALUSA [ 1 200 | 1008 | o0.008 0004 | 0004 | 0975 | 0979 | 0.0011 | 0.0010
0722 | 2358 | 0017 | 0002 | -0.016 | 9937 | 0983 | 0.0014 ) 0.0007
Tezpur, India
0712 | 2415 | 0.019 0002 | -0.018 | 0936 | 0988 | 0.0015 | 0.0006

Table 2. Results of the modified Angstrém turbidity equation fits for wavelengths of 350 nm to 1100 nm.

Figure 3 shows the value of y* for the different coupons plotted against the broadband relative
transmittance, 7y,. In the case where two spots were probed, each data point was included separately. A
linear relationship between y*and 1, can be observed. A linear regression yields R? > 0.99 and is given
by:

7, = 1.00 +1.30-y" (4)

Taking the average value of Eq. (3) by integration over wavelength, one would expect a linear
component proportional to y*. That all seven sites should fall on the same line was somewhat
unexpected. This finding could indicate that the absorption and scattering properties of many different
types of particulate materials (i.e., mineral dust, soot, and pollen) found at the various sites are such
that y* is paired with a* and S5, in a way that leads to the linear relationship, Eq. (4). In this light, a
linear relation with R? of 0.99 is also found between P, and the broadband hemispherical
transmittance (right plot in Figure 3). No correlation is found instead between a* and the broadband
hemispherical transmittance. The reason behind this might rely on the fact that, in accordance with the
original formulation, shown in Eq. (2), the parameter a* could be a function of the size of the particles.



)

=3

S
"

1.00

o

©

o]
L

0.95

4
©
o

0.90

o
©
vl

0.85

0.80

o
©
o

0.75

o
\4
o

Best fit: R?: 0.99 . :
 1,=-10.99-Bs,*+1.01 ® Jaen, Spain
0.704 @ Chennai, India ® Penryn,lUK
El Shorouk City, Egypt ® San Jose, CA
® Golden, CO Tezpur, India

Best fit: R > 0.99 Z )
T 1p=1.3y*+1.0 ® Jaen, Spain
@ Chennai, India ® Penryn, UK

) El Shorouk City, Egypt ® San José, CA

@ Golden, CO Tezpur, India

e
y
o

Broadband relative hemispherical transmittance (1)

Broadband relative hemispherical transmittance (1)

—0’.25 —0‘.20 —0‘.15 —0‘,10 —0‘.05 0.60 -0.0'00 0.0‘05 0.610 0.(515 O.OIZO 0.625 0.630
w Bﬂ"*
Figure 3. Broadband relative transmittance 7y, (350 nm - 1100 nm) as a function of y* (left-plot) and Ss,,,-
(right-plot) for the seven study sites. The location is indicated by the color. All the sites except Jaén and
Chennai had two spots measured on the coupon, and both were plotted separately.

Qasam and co-workers have studied the spectral characteristics of glass coupons soiled outdoors in
Kuwait®. The results closely matched those obtained using a Mie scattering model. SR(1), and the
soiling ratio for a soiled PV module were also considered. Burton et al.'” used artificial soiling to explore
soiling’s effect on a module’s quantum efficiency, which is directly related to SR(). That work
established a strong correlation between the measurement of the spectral transmittance of glass
coupons and quantum efficiency measurements for a module. The work of Piedra et al.3*33 considered
the particle size distribution for the deposits and also utilized Mie scattering theory. Our experimental
results strongly suggest that the general shape of the spectral curves found in each of these prior studies
is also found under a diverse set of natural soiling conditions. In addition, we assert that the spectral
transmittance curves show a reasonable fit to an empirical model inspired by the Angstrom turbidity
equation, which also has at its roots Mie scattering theory.

Particle Size Distribution.  The optical properties of the soiled PV glass are expected to depend
upon the size distribution of the deposited particles. That relationship, at first glance, may be
challenging to find, given the range of sizes and shapes, their relative abundance and their differing
chemical compositions. There are, however, a number of fundamental insights that can be gleaned from
images obtained from a microscope. First, the open platform software Image) was used for image
analysis of micrographs taken at 100x and 500x magnifications®* (For a complete description, please
refer to the Methods section. For typical micrograph images, refer to the Supplemental Information).
The image analysis attempted to identify each particle and its projected area, A, and the results were
tabulated. The particle areas thus obtained were summed and the result was divided by the total
analyzed area in the micrograph to yield the measured fractional area coverage, f.

The data was then further processed to estimate the particle size distribution density versus particle
diameter, D. The effective diameter for an equivalent round particle was calculated from D =
(4A/T[)1/2. Some typical particle size distribution densities for coupons soiled outdoors are shown in
Figure 4 (left y-axis) for two representative locations, Chennai and San José (images taken at 100x). The
cumulative fractional area coverage at a given value of D (summed from D to =) is shown on the right y-
axis. This red line yields the same value of f that was previously mentioned as it approaches the



smallest diameter values. It is apparent from the plot that one should not neglect the smallest of
particles, in part because they are quite numerous and their combined coverage is significant. The shape
of the curve for the number of particles and that for the particle area coverage appear the same even
though the former is logarithmic, while the area coverage uses a linear scale.
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Figure 4. Particle size distribution density, dN(D)/dD, left y-axis, and cumulative fractional area
coverage, on the right y-axis, both estimated by ImagelJ using the 100x optical micrographs. Two
representative locations are shown: (left) Chennai and (right) San José. The bin size is 1 um.

Having obtained the particle size distribution density, we can then fit it to an existing model that may
describe its shape or other properties. In the approach that follows, we exploited the framework
described in the Institute of Environmental Sciences and Technology (IEST) Product Cleanliness Level
standard®®, IEST-STD-CC 1246E, to calculate the cleanliness level of each soiled coupon. The cumulative
distribution of particle diameters is specified in this standard by a cleanliness level, L, with N(D) being
the number of particles per unit area having a diameter between D and L (both in micrometers):

N(D) =1 2 (5)

Because one cannot take the logarithm of a number with the units, Eq. (5) implicitly has 1 um divided
into both L and D. For convenience, the cumulative distribution in the equation can also be expressed
per unit square micrometer. The size distribution density for the particles is given by dN(D)/dD.
Plotting log,o N (D) versus (log;, D)? yields a straight line of slope 0.926 with a y-axis intercept that
yields the cleanliness level, L. For a y-axis value on Figure 5 close to —3, the corresponding L is
approximately 870 um, while —2.5 gives 1070 um.

Figure 5 shows two representative plots (Others are given in Supplementary Information.). Though it is
not well defined below 1 um, the line was extended to data points less than that value. From this
analysis, it was found that the particle size distribution for soiling on the glass coupons fits IEST-STD-CC
1246E with an L value lying within the range 600 to 1200 um (Table 3). The lowest value is for Penryn,
reflecting an extremely low level of soiling accumulating on the glass coupon due to frequent rain during
the collection period. We repeated the procedure using each of the 100x and 500x images, calculating
R? and root-mean-square error (RMSE) in each case to quantify the goodness of the fit. Table 3
summarizes the results for all of the study sites and for the two different magnifications.

00:926:[(logy0 L)*~(logso D)z]/
(0.1m
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Figure 5. Cumulative particle size distribution and best fit (to IEST-STD-CC 1246E) at 100x for two
representative locations.

Like the results obtained by applying the Angstrom turbidity equation, the particle size distribution and
cleanliness standard findings highlight that there is a remarkable similarity between the seven sites in
that they all fit the same general theoretical framework, despite the different amounts and types of
soiling and diverse climate conditions. It was found that a magnification of 100x seems to yield better
(higher R?) results than 500x, probably because the lower magnification covers 25 times as much area,
yielding better statistics, and is less exposed to the effect of any non-uniformity of the soiling than the
higher magnification, with the only exception for the coupon exposed in Tezpur, India (see Table 3).
Using the lower magnification images also allows the consideration of larger particles in the analysis.
Images at 500x magnification do suggest an abundance of small particles (< 1 um) (For micrographs,
refer to Supplemental Information.).

Taken together, this suggests that future measurements of this type should employ a synergistic
approach utilizing several magnification levels. Multiple images obtained as the sample is stepped in the
x and y directions can be joined and combined as a mosaic for each magnification®. It should be noted
that some care should be taken in the analysis used for calculating the cleanliness values, L, illustrated
in Figure 5, so as not to neglect either small or large particles. Failure to do this can skew the results and
lead to errors in the estimated parameters.
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i Lat | Lat | fat | fat | #of particles | # of particles | R*>at | R*>at | RMSE RMSE
y 100x | 500x | 100x | 500x at 100x at 500x 100x 500x at 100x | at 500x
CTE;‘;‘:" 1096 | 1154 | 0.21 | 0.25 14748 6794 099 | 098 | 0142 | 0.110
G°é%e"' 856 | 881 | 0.08 | 0.15 8512 9373 099 | 093 | 0228 | 0.281
Jaén,
Spa, | 1010 | 1145 | 016 | 026 19209 9445 099 | 093 | 0130 | 0238
Pea‘;(y”’ 684 | 670 | 0.02 | 0.06 2612 5845 086 | 079 | 0372 | 0.385
Sa”CJ: > | 872 | 1169 | 006 | 0.21 6116 7324 098 | 0.86 | 0.125 | 0.388
TT;;‘:’ 1167 | 1193 | 0.16 | 0.32 14423 8832 098 | 098 | 0266 | 0.130

Table 3. Fit to the IEST-STD-CC 1246E cleanliness standard for each of the locations. The cleanliness level
is given by L. Also indicated is the fractional area coverage f of the particles on the glass surface.

Fractional Area Coverage vs. Cleanliness Level. Ma, et al.,*” and Perry®® recognized that the

fractional area coverage f (also called the obscuration ratio) can be derived from the IEST-STD-CC 1246E
distribution, yielding

loglo(f/%) = 0.926 (loglo L)Z —7.277 (6)

The 0.926 is the particle distribution slope given in Eq. (5). The equation is obtained by integrating the
product of the size distribution density associated with Eq. (6) and the particle area wD? /4 with respect
to D. (The intercept of 7.277 differs from that reported in previous work 373, 7.245, because an older
version of the cleanliness standard distribution, MIL-STD-1246B, for which the denominator was one
square foot rather than 0.1 m?, was used.)

The total fractional area coverage can be directly measured via the Imagel analysis, for example as
given from the peak of the cumulative fractional area coverage curve in Fig. 4 (right y-axis). These
measured f values are collected in Table 3. Alternatively, f can be estimated by using the fits to the
particle size distribution to obtain a cleanliness level (for example, from Figure 5) that can then be
utilized in Eq. (6). Figure 6 shows the f determined directly versus the f value obtained from the best-fit
to IEST-STD-CC 1246E, resulting in an L value that can be used in Eq. (6). The results using six of the
seven the soiled coupons do not correlate perfectly, but do support an approximately linear relationship
with a slope of 1.0 for natural soiling.

The outlying data point is for Tezpur, India. This coupon was challenging in two regards: both replicates
were scratched after dust accumulation; and the soiling was very non-uniform on length scales of
several hundred micrometers (For the micrograph image for Tezpur, refer to Supplemental
Information.). It exhibited an irregular and mottled pattern of particle clustering, and even some
branched features that resemble fungal hyphae previously reported in other PV glass soiling studies¥1,

Another challenge concerned the sample from Egypt. It was found to be very non-uniform, and so a
reliable particle count could not be extracted with Imagel. It exhibited layers of sand particles on top of
other layers. No other soiled glass coupon had such a complex morphology. There were quite harsh
weather conditions during the soiling deposition, such as strong, sandy winds and a heavy rain. For
future studies, therefore, the time period for the collection of soiling on glass coupons from places like
Egypt should be shorted, perhaps to only one week, so that only a single layer is present.
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Overall, our results imply that the particle size distribution can, to first order, ignore the composition
of the deposits. To our knowledge, this is the first time it is shown that the distribution described in IEST-
STD-CC 1246 cleanliness standard is also valid for soiling deposited outdoors. That standard was
introduced to describe the cleanliness of contamination-critical products, such as clean rooms and
spacecraft.

Particle Area Coverage
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Figure 6. The fractional area coverage of the deposited particles measured directly using Image) (vertical
axis) versus that estimated from Eq. (6) (horizontal axis). For this graph, all sites except Egypt were
considered and only data obtained using the 100x magnification was utilized. The markers are colored
according to the RMSE found in fitting Eq. (5).

Fractional area coverage vs. transmittance. We can combine the results from the two types
of optical instruments, the spectrophotometer and the microscope. It is expected that the measured f
should be closely related to the broadband hemispherical transmittance, 1y, since, to first order, the
deposited particles block or obscure the passage of light through the glass to the solar cell. This is
supported by the results from other studies?>3%4!, The results of Table and Table can be connected by
realizing that 1 — 1y, represents the optical losses due to the presence of soiling.

Figure 7 shows the relationship between this optical loss and the measured fractional area coverage by
the dust particles (for example, from the cumulative fractional coverage of Figure 4). While there is
indeed a strong correlation between the two parameters, it does not have a slope of 1. This is not
unexpected, because the particles are not all opaque, so some of the area covered by the particles
continues to partially contribute to the transmitted radiation.

Better results were found for 100x, than at 500x (not shown) for almost all the sites, perhaps again
because 100x is less susceptible to non-uniformity over the larger area viewed by the microscope. One
should note that the area probed using the spectrophotometer is on the order of a square centimeter,
while that for the images taken at 100x is on the order of a square millimeter. One way to mitigate this
problem is to stitch together a tiled mosaic of microscope images so that they represent a larger area, as
has been done in recent studies®®.
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The outlying data point in Figure 7 was again for Tezpur, India. This was not unexpected, given the
rationale describe previously. Taken together, however, the results of Figure 5, Figure 6 and Figure 7
suggest that we can estimate the transmittance of a PV cover glass from the measured fractional area
coverage of deposited particles, and we can also estimate the impact of the spectral characteristics due
to soiling from the size distribution and the cleanliness value, L. This relationship can find immediate
application in monitoring PV soiling and estimating its effect on PV performance. Outdoor microscopes
have already been employed to measure particle size and deposition rates related to soiling*?, and could
be used for the optical characterization of natural soiling of PV modules suggested by our work. The
results augment and extend those of other studies made at lower soiling (i.e., lower f values)*4* .

100x best fit:

0.10 1 = R2=0.75, Slope=0.38 Chenna 0.35
100x best fit w/o Tezpur:
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Figure 7. Broadband relative transmittance losses 1 — 1}, versus measured fractional area coverage f for
all sites except for Egypt. The wavelength range for the transmittance was 350 nm - 1100 nm, while f is
obtained from the 100x images using Imagel. The markers are colored according to the RMSE found in
fitting Eq. (5).

Utilizing the results. There are additional complexities for PV soiling that can now be discussed.
Referring back to Fig. 1, one should recognize that AR or AS coatings will likely affect the smaller or
larger particle sizes differently. The Soiling Ratio, the shape of the relative transmittance spectra and the
fit to IEST-STD-CC 1246 standard will all be altered by coatings. Future work should therefore examine
the spectral characteristics of the transmission and the particle size distribution for coated and uncoated
glass under the same environmental conditions. The effectiveness and efficacy of such coatings can be
thus studied and characterized utilizing the techniques described in this report.

One should recognize that the composition of atmospheric particulates also depends on location and it
varies with time. The composition of particles deposited by soiling therefore also varies. One of the main
findings of this report is the fact that soiling collected on PV glass in different locations has a similar
spectral behavior that can be modeled using the equations inspired by the Angstrom turbidity equation.
While the composition of the particles is certainly involved in how they adhere to the glass®, their
general optical characteristics and their particle size distribution after deposition may not strongly
depend on the details the chemical nature of the particles. The application of the Angstrom turbidity
equation and the IEST-STD-CC 1246 standard should therefore be further tested to establish its
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usefulness in estimating the impact of soiling on the electrical performance of PV modules. For the
optical aspects of PV soiling that include particle composition, the more rigorous approach of Piedra et
al.3233 can be employed, for example by utilizing the real and imaginary parts of the refractive index of
the particles.

Our work, and the work of others!®Y, asserts that the measured spectral transmittance of the soiled
cover glass on a PV module is relevant to quantify the impact of soiling on a module’s performance.
With the completion of the studies of this report, this can now be explored further via measurements of
a module’s effective transmittance. To accomplish this, the external spectral quantum efficiency,
EQE(A), or spectral response, SR(A),**¢ can be utilized. It can first be measured for a small soiled
module and then that module can be cleaned. The ratio of SR(4), soiled to clean, can then be directly
compared to the relative transmittance versus wavelength for the case of the glass alone as described in
this study. This work is at present ongoing and will be described in a future report. The results and
techniques described in the present report therefore serve as a baseline and reference for that research.

Conclusions

In this study, we characterized the soiling that was naturally deposited on low-iron glass used for PV
modules. Accumulation was sampled at seven locations worldwide with very different climactic and
environmental conditions. A somewhat surprising result is that the spectral characteristics of the soiling
were, in general, remarkably similar at these locations, in that they exhibited lower transmittance in the
UV and blue regions of the spectrum, and a gradual asymptotic increase towards the red and infrared
regions. The general shape of the transmittance curve can be described via a modified form of the
Angstrom turbidity equation, which itself has long been found to be useful in describing the
transmittance of the Earth’s atmosphere due to the presence of aerosols and particulate matter. This is
the first time that an equation that describes the attenuation of light by aerosols suspended in the
atmosphere has been proposed and applied to describe the wavelength dependence of the
transmittance of light due to those particles that end up adhering to the glass surface. This could
provide a useful characterization tool to measure soiling losses in deployed photovoltaic arrays for
different types of PV modules by considering the incoming spectral irradiance and each PV module’s
spectral response.

We also found that the distribution of particle sizes at the various sites closely follows the distribution
represented by the IEST-STD-CC 1246E cleanliness standard. To our knowledge, this is the first time it
has been shown that the distribution described in this standard is valid also for outdoor-deposited
soiling relevant to solar conversion. The cleanliness level L of naturally soiled coupons after eight weeks
of exposure was found to be between 600 and 1200 pum. The fractional area coverage f could be
measured and estimated using a formalism related to the cleanliness standard. As suggested by other
studies, the transmittance linearly correlates to f, thus linking the measurements from a suitably
equipped spectrophotometer and a microscope. Future work should therefore explore additional
connections between the IEST-STD-CC 1246E cleanliness standard and the Angstrom turbidity equation
analysis approach.

The empirical models we have presented, relating to both the spectral and the particle size
distribution, can serve as a reference for future studies, as researchers will be able to use them to
optically characterize the soiling accumulated on PV glass and PV modules in order to more easily model
the expected electrical losses. A variety of sites should be studied worldwide, but with a larger sample
size and more replicates at each site so that a full statistical and uncertainty analysis can be performed.
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Methods

Experimental campaign. Seven 4 cm x 4 cm, 3 mm thick Diamant low-iron glass coupons from
Saint-Gobain Glass were shipped to different sites worldwide. The seven locations (listed and described
in Supplementary Information) were chosen to represent a large variety of soiling and environmental
conditions. To maximize the collection of particles, the glass was mounted in a horizontal orientation.
The full details of the testing procedure has been described elsewhere?. At the end of the 8-week
collection campaign, the coupons that were never cleaned were sent to NREL and the University of
Exeter for detailed analysis. Each coupon was placed in an individual case for shipping, which limited the
loss of dust and avoided cross-contamination among the coupons during the transportation. A loop of
tape placed at between the bottom of the glass and the bottom of the box prevented the former from
moving within the box. The coupons, and the cases, were visually inspected at arrival to check for a loss
of dust from the surface of the glass, which did not occur.

Glass coupons are a standard method for the analysis of soiling of photovoltaics and have been used in
a number of research papersi3941424751 |n addition, recently launched low-maintenance soiling
detectors quantify the loss of PV modules through the optical analysis of the contamination
accumulated on glass®*®3. DustlQ, produced by Kipp&Zonen, measures the backward reflection of a
soiled PV glass, whereas MARS, developed by Atonometrics, measures the brightness of the pixels of a
camera placed under the glass. Both prototypes are being tested and have shown good results when
their measurements are compared with the soiling loss experienced by PV modules®*>>,

Soiling loss. The most common metric to quantify the soiling loss is the soiling ratio. This metric,
defined in the IEC 61724-1 standard’, expresses the ratio between the performance of a soiled PV device
under outdoor conditions and the performance of the same PV device but without soiling. It has a value
of 1 if no soiling is present on the PV surface, while it decreases while soiling accumulates. In the present
work, the methodology described in prior work! has been followed. The performance of the modules
has been quantified though the short-circuit current and, therefore, the soiling ratio at any given time, t,
has can be expressed as:
n(6) = —iifg (7)
ref

Where Iscg,j and Isc.er are the short-circuit currents of the soiled and the clean, reference PV device.
These currents can be measured directly from the PV devices, or can be related to the solar spectral
irradiance and solar cells spectral response according to the following equations>®:

A,
I5Crep (£) = Apy f E; () - SR(A) - dA (8)
P
Iscson(t) = Apy f E;(L6) T4 ) - SR(A) - dA (©)
Aq

Where A; and A, are the lower and upper limits of the PV absorption band. In this work, the optical
spectrum has been limited to the wavelength range 350 to 1100 nm. Apy is the active area of the PV
devices (solar cells in a module). E; (4, t) is the spectral irradiance. For the results shown in Table 1, the
standard Air Mass 1.5 solar irradiance spectrum?” has been utilized even though the soiling ratio is
operationally determined for solar noon. SR(1) is the spectral response of the photovoltaic material.
The results in Table 1 have been obtained considering a monocrystalline silicon (c-Si) cell, although the
equations above are quite general. T(4, t) is the relative spectral hemispherical transmittance due to the
soiling. Referring to Figure 1, it should be recognized that it is also a function of the angle of incidence.
The product, (4, t) - SR(A) would be the effective external spectral response of a soiled module.
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Optical characterization. The spectral hemispherical transmittance of the soiled coupons after
the 8-week outdoor exposure was taken using a Cary 500 spectrophotometer with an integrating sphere
attachment at 1 nm steps between 300 nm and 1100 nm. For the processing of the broadband
transmittance, only the hemispherical transmittance between 350 nm and 1100 nm was considered,
because of the confounding factor of the absorption of the glass itself at wavelengths less than 350 nm.
Three measurements were taken per coupon and averaged, then three more measurements were taken
in a different location on the coupon and averaged to partially mitigate the non-uniformity of soiling.
Only one set of transmittance measurements (i.e., one spot) were available for Chennai and Jaén. The
transmittance of a clean reference coupon was taken at the start and the end of each set of
measurements to check the consistency of the measurement and to obtain the relative hemispherical
transmittance of soiling, T(1), calculated as a ratio of the hemispherical transmittance of each soiled
coupon to the hemispherical transmittance of the unsoiled reference coupon.

We also applied an offset correction to all the measurements to correct for detector and filter change
near 800 nm. The offset was calculated as the difference between the broadband transmittance
between 790 nm and 799 nm and the broadband transmittance between 800 nm and 809 nm. Then, the
offset correction to all the data for wavelengths 1 = 800 nm was applied. Examples are shown in
Supplementary Information. Although a full uncertainty analysis has not been completed for the
spectrophotometer work, the standard uncertainty associated with the repeatability of the
transmittance measurements is estimated to be +0.005.

Image Processing and Particle Size Distribution Measurements. Microscope  images  were
captured at 100x and 500x magnification for the coupons soiled at each of the seven sites. The image of
each coupon has been taken using a Keyence VHX-5000 microscope, at a resolution of 1200 pixels x 800
pixels. Particles less than 2.4 um in diameter could not be counted at 100x (4.5 um? is the smallest area,
as that was the pixel area at that magnification). The image settings (brightness, contrast, texture, color,
and lighting) were adjusted to capture images under optimal conditions*’. The micrographs were
analyzed using the image processing software package, ImageJ3. Its auto threshold function was used to
generate 8-bit grayscale images. Some images presented an oversaturation on one or more of the
corners. In order to process all the images in the most consistent way, only the central part of the image
was used for counting particles, using a rectangular mask.

Image) was used to count the particles and measure their area projected on the plane of the glass
coupon. The area of each particle is given as A(x), where x is a counting index. The particle areas thus
obtained were summed and the result was divided by the total analyzed area, 4,,, in the micrograph
(4,536,862 um? for 100x and 166,667 um? for 500x) to yield the measured fractional area coverage, f.
The fractional area coverage is given by,

1
f= EZA(x) (10)

The results were further processed to estimate the effective particle diameter, D, and the particle size
distribution, both the size distribution density and the cumulative values, N(D).

Curve fitting. The curve fitting for Egs. (2) and (3) was performed through the curve_fit function in
the SciPy library for Python 2.7°7. Nonlinear least-squares with a Trust Region Reflective algorithm were
employed. The initial guesses and the boundary conditions for each variables are shown in Table 4. The
regression of Eq. (5) has been conducted by determining the L value between 1 and 3000 (at steps of 1)
that returned the lowest mean squared error.
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o a* Bsur Bsur* Y*
Initial Guess 1.75 1.75 0.001 0.001 -0.023
Boundary Conditions | 0.0to 10.0 | 0.0t0 10.0 | 0.0t0 0.5 | 0.0t0 0.5 | None

Table 4. Initial guesses and boundary conditions for curve fitting of Egs. (2) and (3).

Uncertainties. An uncertainty of +0.005 was considered in the measurement of the hemispherical
transmittance. We also estimated an uncertainty in the estimation of the projected effective spherical
particle diameter to be roughly 1 um. This leads to uncertainties in the determination of L between 2%
to 3% by repeating the analysis using particle diameters increased or decreased by 1 um. To estimate
the sampling size uncertainty, the Imagel) analysis was repeated with a rectangular mask of one half of
the area used for the results reported. The resulting L values differed by 3% to 7%. Given the variance of

the particle size distribution and that, with the exception of Penryn, the number of particles was over
3000, this uncertainty is reasonable®,

Data availability

The datasets generated and analysed during the current study are available from the corresponding
authors and in the Mendeley data repository, http://dx.doi.org/10.17632/2pcpmp22fx.

18



References

1.

10.

11.

12.

13.

14.

15.

Sarver, T., Al-Qaraghuli, A. & Kazmerski, L. L. A comprehensive review of the impact of dust on
the use of solar energy: History, investigations, results, literature, and mitigation approaches.
Renew. Sustain. Energy Rev. 22, 698—733 (2013).

Costa, S. C. S., Diniz, A. S. A. C. & Kazmerski, L. L. Dust and soiling issues and impacts relating to
solar energy systems : Literature review update for 2012 — 2015. Renew. Sustain. Energy Rev. 63,
33-61 (2016).

Simpson, L. J. et al. NREL efforts to address soiling on PV modules. In 2017 IEEE 44th Photovoltaic
Specialist Conference (PVSC) (IEEE, 2017).

Cordero, R. R. et al. Effects of soiling on photovoltaic (PV) modules in the Atacama Desert. Sci.
Rep. 8, 1-14 (2018).

Gostein, M., Duster, T. & Thuman, C. Accurately measuring PV soiling losses with soiling station
employing module power measurements. In IEEE 42nd Photovoltaic Specialist Conference (PVSC)
(2015).

Gostein, M., Caron, J. R. & Littmann, B. Measuring soiling losses at utility-scale PV power plants.
In 2014 IEEE 40th Photovolt. Spec. Conf. 0885—-0890 (2014).
https://doi.org/10.1109/PVSC.2014.6925056

International Electrotechnical Commission. Photovoltaic system performance — Part 1:
Monitoring (IEC 61724-1, Edition 1.0, 2017-03). (2017).

Muller, M., Micheli, L. & Martinez-Morales, A. A. A method to extract soiling loss data from
soiling stations with imperfect cleaning schedules. In 2017 IEEE 44th Photovoltaic Specialist
Conference (PVSC) (IEEE, 2017).

Korevaar, M., Mes, J., Merrouni, A. A., Bergmans, T. & Mechelen, X. Van. Unique soiling detection
system for PV modules. In 35th Eur. Photovolt. Sol. Energy Conf. Exhib. 1988—1990 (2018).

Gostein, M., Passow, K., Deceglie, M. G., Micheli, L. & Stueve, B. Local variability in PV soiling
rate. In 36th European Photovoltaic Solar Energy Conference and Exhibition (2018).

Micheli, L. et al. Correlating photovoltaic soiling losses to waveband and single-value
transmittance measurements. Energy 180, 376—386 (2019).

Kimber, A., Mitchell, L., Nogradi, S. & Wenger, H. The effect of soiling on large grid-connected
photovoltaic systems in California and the southwest region of the United States. In Photovoltaic
Energy Conversion, Conference Record of the 2006 IEEE 4th World Conference on 2391-2395
(2006).

Deceglie, M. G., Micheli, L. & Muller, M. Quantifying soiling loss directly from PV yield. IEEE J.
Photovoltaics 8, 547-551 (2018).

Aissa, B. et al. Structural and physical properties of the dust particles in Qatar and their influence
on the PV panel performance. Sci. Rep. 6, 31467 (2016).

Yilbas, B. S. et al. Influence of dust and mud on the optical, chemical, and mechanical properties
of a PV protective glass. Sci. Rep. 5, 15833 (2015).

19



16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Qasem, H., Betts, T. R., Miillejans, H., AlBusairi, H. & Gottschalg, R. Dust-induced shading on
photovoltaic modules. Prog. Photovoltaics Res. Appl. 22, 218-226 (2014).

Burton, P. D. & King, B. H. Spectral Sensitivity of simulated photovoltaic module soiling for a
variety of synthesized soil types. IEEE J. Photovoltaics 4, 890-898 (2014).

Boyle, L., Flinchpaugh, H. & Hannigan, M. P. Natural soiling of photovoltaic cover plates and the
impact on transmission. Renew. Energy 77, 166—-173 (2015).

Bergin, M. H., Ghoroi, C., Dixit, D., Schauer, J. J. & Shindell, D. T. Large reductions in solar energy
production due to dust and particulate air pollution. Environ. Sci. Technol. Lett. 4, 339-344
(2017).

John, J. J., Rajasekar, V., Boppana, S., Chattopadhyay, S. & Kottantharayil, A. Quantification and
modeling of spectral and angular losses of naturally soiled PV modules. IEEE J. Photovoltaics 5,
1727-1734 (2015).

Kottek, M., Grieser, J., Beck, C., Rudolf, B. & Rubel, F. World map of the Képpen-Geiger climate
classification updated. Meteorol. Zeitschrift 15, 259-263 (2006).

Merkel, A. Climate data for cities worldwide [Data set]. AM Online Projects. Available at climate-
data.org (2019).

Walsh, R. P. D. & Lawler, D. M. Rainfall seasonality: description, spatial patterns and change
through time. Weather 36, 201-208 (1981).

Van Donkelaar, A. et al. Global estimates of fine particulate matter using a combined
geophysical-statistical method with information from satellites, models, and monitors. Environ.
Sci. Technol. 50, 3762—-3772 (2016).

Micheli, L. et al. A unified global investigation on the spectral effects of soiling losses of PV glass
substrates : preliminary results. In /EEE 44th Photovoltaic Specialist Conference (PVSC) 3-8 (IEEE,
2017).

Miller, D. C. et al. Examination of an optical transmittance test for photovoltaic encapsulation
materials. Proc. SPIE - Int. Soc. Opt. Eng. 8825, 882509 (2013).

NREL. Reference Solar Spectral Irradiance: Air Mass 1.5 [Data set]. Available at
https://rredc.nrel.gov/solar//spectra/am1.5/ (2019).

Lyu, Y., Kim, J. H. & Gu, X. Developing methodology for service life prediction of PV materials:
Quantitative effects of light intensity and wavelength on discoloration of a glass/EVA/PPE
laminate. Sol. Energy 174, 515-526 (2018).

Angstrom, A. On the atmospheric transmission of sun radiation and on dust in the air. Geogr.
Ann. 11, 156-166 (1929).

Igbal, M. Spectral radiation under cloudless skies in an introduction to solar radiation. in An
Introduction to Solar Radiation (ed. Igbal, M. B. T.-A. l. to S. R.) 107-168 (Academic Press, 1983).
https://doi.org/10.1016/B978-0-12-373750-2.50011-2

King, D. L., Boyson, W. E. & Kratochvill, J. A. Photovoltaic array performance model. SAND2004-
3535. U.S. Depart. of Commerce. https://doi.org/10.2172/919131 (2004).

20



32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Piedra, P. & Moosmdiller, H. Optical losses of photovoltaic cells due to aerosol deposition: role of
particle refractive index and size. Sol. Energy 155, 637-646 (2017).

Piedra, P. G., Llanza, L. R. & Moosmiiller, H. Optical losses of photovoltaic modules due to mineral
dust deposition: Experimental measurements and theoretical modeling. Sol. Energy 164, 160—
173 (2018).

Imagel Particle Analysis: Automatic Particle Counting. Available at:
https://imagej.net/Particle_Analysis. (Accessed: 1st August 2019)

Institute of Environmental Sciences and Technology. IEST-STD-CC1246E: Product Cleanliness
Levels — Applications, Requirements, And Determination. (2013).

lIse, K. K. et al. Comprehensive analysis of soiling and cementation processes on PV modules in
Qatar. Sol. Energy Mater. Sol. Cells 186, 309—323 (2018).

Ma, P. T., Fong, M. C. & Lee, A. L. Surface particle obscuration and BRDF predictions. in Proc. SPIE
1165, Scatter from Optical Components (ed. Stover, J. C.) 1165, 381 (1990).

Perry, R. L. lll A numerical evaluation of the correlation of surface cleanliness level and percent
area coverage. In Proc. SPIE 6291, Optical Systems Degradation, Contamination, and Stray Light:
Effects, Measurements, and Control Il (eds. Uy, O. M., Straka, S. A., Fleming, J. C. & Dittman, M.
G.) 62910L (2006). https://doi.org/10.1117/12.679621

Toth, S. et al. Soiling and cleaning: Initial observations from 5-year photovoltaic glass coating
durability study. Sol. Energy Mater. Sol. Cells 185, 375-384 (2018).

Shirakawa, M. A. et al. Microbial colonization affects the efficiency of photovoltaic panels in a
tropical environment. J. Environ. Manage. 157, 160-167 (2015).

Einhorn, A. et al. Evaluation of soiling and potential mitigation approaches on photovoltaic glass.
IEEE J. Photovoltaics 9, 233—239 (2019).

Figgis, B., Ennaoui, A., Guo, B., Javed, W. & Chen, E. Outdoor soiling microscope for measuring
particle deposition and resuspension. Sol. Energy 137, 158-164 (2016).

Fong, M. C., Lee, A. L. & Ma, P. T. An Overview of Spacecraft Particle Contamination Phenomena.
in Particles on Surfaces Detection, Adhesion, and Removal (ed. Mittal, K. L.) (Marcel Dekker, Inc,
1994).

Tribble, A., Boyadjian, B., Davis, J., Haffner, J. & McCullough, E. Contamination control
engineering design guidelines for the aerospace community. NASA Contractor Report 4740.
Available at https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19960044619.pdf (1996).

Hamadani, B., Roller, J. Shore, A., Dougherty, B. & Yoon, H. Large-area irradiance-mode spectral
response measurements of solar cells by a light-emitting, diode-based integrating sphere source.
Appl. Optics. 53, 3565-3573 (2014).

Roller, J., Hamadani, B. Reconciling LED and monochromator-based measurements of spectral
responsivity in solar cells. Appl. Optics. 58, 6173-6181 (2019).

Burton, P. D., Boyle, L., Griego, J. J. M. & King, B. H. Quantification of a minimum detectable
soiling level to affect photovoltaic devices by natural and simulated soils. IEEE J. Photovoltaics 5,
1143-1149 (2015).

21


https://ntrs.nasa.gov/archive/nasa/casi.ntrs.nasa.gov/19960044619.pdf

48. Boyle, L., Flinchpaugh, H. & Hannigan, M. Assessment of PM dry deposition on solar energy
harvesting systems: Measurement—model comparison. Aerosol Sci. Technol. 50, 380-391 (2016).

49, Conceicdo, R. et al. Saharan dust transport to Europe and its impact on photovoltaic
performance: A case study of soiling in Portugal. Sol. Energy 160, 94—102 (2018).

50. Nayshevsky, 1., Xu, Q. & Lyons, A. M. Hydrophobic-hydrophilic surfaces exhibiting dropwise
condensation for anti-soiling applications. IEEE J. Photovoltaics 9, 302—-307 (2019).

51. llse, K. K. et al. Comparing indoor and outdoor soiling experiments for different glass coatings and
microstructural analysis of particle caking processes. IEEE J. Photovoltaics 8, 203—-209 (2017).

52. Korevaar, M., Mes, J., Nepal, P., Snijders, G. & Mechelen, X. van. Novel soiling detection system
for solar panels. In 33rd European Photovoltaic Solar Energy Conference and Exhibition 2349—
2351 https://doi.org/10.4229/EUPVSEC20172017-6BV.2.11

53. Gostein, M., Faullin, S., Miller, K., Schneider, J. & Stueve, B. Mars Soiling Sensor ™. In 7th World
Conference on Photovoltaic Energy Conversion (WCPEC-7) (IEEE, 2018).

54, Korevaar, M. et al. Field tests of soiling detection system for PV modules. In 36th EU PVSEC2
(2019).

55. Gostein, M., Stueve, W., Farina, F. & Bourne, B. Field Evaluation of Mars™ optical soiling sensor.
In 36th EU PVSEC (2019).

56. Ferndndez, E. F., Loureiro, A. J. G. & Smestad, G. P. Multijunction Concentrator Solar Cells:
Analysis and Fundamentals. In High Concentrator Photovoltaics: Fundamentals, Engineering and
Power Plants (eds. Pérez-Higueras, P. & Fernandez, E. F.) (Springer International Publishing,
2015). https://doi.org/10.1007/978-3-319-15039-0

57. Jillavenkatesa, A., Dapkunas, S. J. & Lum, L.-S. H. Particle Size Characterization. NIST Special
Publication 960-1. U.S. Government Printing Office. https://doi.org/10.6028/NBS.SP.960-1
(2001).

Acknowledgments

This work was authored in part by Alliance for Sustainable Energy, LLC, the manager and operator of the
National Renewable Energy Laboratory for the U.S. Department of Energy (DOE) under Contract No. DE-
AC36-08G028308. Funding was provided in part by the U.S. Department of Energy’s Office of Energy
Efficiency and Renewable Energy (EERE) under Solar Energy Technologies Office (SETO) Agreement
Number 30311.

This work was conceived and partially funded as part of the “Global investigation on the spectral effects
of soiling losses” project, financed under the EPSRC SUPERGEN SuperSolar Hub’s “International and
industrial engagement fund.”

The views expressed in the article do not necessarily represent the views of the DOE or the U.S.
Government. The U.S. Government retains and the publisher, by accepting the article for publication,
acknowledges that the U.S. Government retains a nonexclusive, paid-up, irrevocable, worldwide license
to publish or reproduce the published form of this work, or allow others to do so, for U.S. Government
purposes.

22


https://doi.org/10.6028/NBS.SP.960-1

Certain commercial equipment, instruments, or materials are identified in this paper in order to specify
the experimental procedure adequately. Such identification is neither intended to imply
recommendation or endorsement by the authors or their associated institutions, nor is it intended to
imply that the materials or equipment identified are necessarily the best available for the purpose.

Part of this work was funded through the European Union’s Horizon 2020 research and innovation
programme under the NoSoilPV project (Marie Sktodowska-Curie grant agreement No. 793120).

This study is partially based upon work from COST Action PEARL PV (CA16235), supported by COST
(European Cooperation in Science and Technology). COST (European Cooperation in Science and
Technology) is a funding agency for research and innovation networks. Our Actions help connect
research initiatives across Europe and enable scientists to grow their ideas by sharing them with their
peers. This boosts their research, career and innovation, see www.cost.eu.

Author B.P. would like to thank the funding of CSIR through MLP-0113 grant for carrying out the studies.
The authors wish to thank Al Hicks from the National Renewable Energy Laboratory for producing the
graphics in Figure 1 and David Miller of the same lab for proposing it and contributing to its
development.

Author Contributions

L.M. and T.K.M. conceived and managed the project. L.M., G.P.S., E.F.F., N.Sa., N.Se., B.P.,, S.S., F.A,,
K.S.R. and T.K.M. designed and agreed the experimental procedures, contributed to the data collection
and discussed the results. G.P.S., H.A,, E.F.F., M.D., A.G., S.D., H.B, I.A.l.H., A.K. and L.M. mounted the set
ups and conducted the local experimental campaigns. L.M. prepared and measured all the samples, and
H.A. handled the logistics of the shipping. G.P.S. and L.M. conceived of, and carried out, the data analysis
with substantial input provided by T.A.G. G.P.S. wrote the paper, with significant contributions made by
L.M. and T.A.G. All the authors reviewed, commented, proofread and approved the manuscript.

Additional information
Supplemental Information is available for this paper via the publisher’s website.

1Sol Ideas Technology Development, P.O. Box 5729, San José, California, USA 95150. 2National Institute of Standards and
Technology, 100 Bureau Drive, Gaithersburg, MD, USA. 3University of Exeter, Penryn, UK. *Universidad de Jaén, 23071 Jaén,
Spain. *Academy of Scientific and Innovative Research, Chennai, India, 600113. éTezpur University, Tezpur, India, "Heriot-Watt
University, Dubai, UAE, 8Robert Gordon University, Aberdeen, UK, °Department of Chemistry, South Valley University, 83523
Qena, Egypt Faculty of Environmental Studies, University of York, Toronto, M3J 1P3, ON, Canada, 1! Nanotechnology Research
Centre, the British University in Egypt, 11837 El Sherouk City, Cairo, Egypt, 12CSIR-Central Electronics Engineering Research
Institute & Academy of Scientific and Innovative Research, Chennai, India, 600113, BIndian Institute of Technology Madras,
Chennai, India. 1*National Renewable Energy Laboratory, Golden (CO), USA.

Correspondence and requests for materials should be addressed to G.P.S. (email: inquiries@solideas.com) or
L.M. (email: Imicheli@ujaen.es).

23


http://www.cost.eu/
mailto:inquiries@solideas.com
mailto:lmicheli@ujaen.es

