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Soiling:	Defini#on	

Accumula>on	of	dust,	dirt	and	par>cles	on	
the	surface	of	PV	modules.	

	
Drop	in	power	output:	can	be	>	50%.	

Drop	in	energy	yield:	0	to	6%	in	the	U.S.	
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https://earth.nullschool.net/#current/particulates/surface/level/
overlay=pm2.5/ 
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Real time visualization of PM2.5  
 



Defini#on	of	Par#culate	MaBer	

ø < 10  
um ø < 2.5 

um 

Particulate matter (PM): concentration (µg/m3) of solid 
particles and liquid droplets suspended in 1 m3 of air. 

PM10 Sources: 
Crushing or grinding 
operations  
Dust stirred up by 
vehicles on roads 

 

PM2.5 Sources: 
Motor vehicles, 
power plants, 
residential wood 
burning, forest 
fires, agricultural 
burning, industrial 
processes. 

Source: https://www.airnow.gov/index.cfm?action=aqibasics.particle 6 



PV	EL	and	Soiling	
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This report is available at no cost from the National Renewable Energy Laboratory (NREL) at www.nrel.gov/publications. 

expected that if dwell time at each level were extended, the 
leakage current and PID rates of the salt group modules would 
be even greater than their corresponding control modules. 
Dwell time was practically limited by the finite life of the 
module and the desire to maintain the module at more 
comparable states between each RH stress level. 

Electroluminescence images of module type A obtained by 
subtracting pre- and post-stress testing states with and without 
salt on the surface are given in Fig. 4. 

Fig 2.   Leakage current measured from two pairs of module types, 
one in each pair with sea salt on the surface. Modules were stressed 
at four relative-humidity level steps as shown, 60°C, and –1000 V. 

Fig. 3.  Potential-induced degradation rate of maximum power for 
two module types (A and B) with and without sea salt applied at 
60°C as a function of relative humidity at the end of the dwells 
shown in Fig. 2. Connecting lines are drawn to show the trends. 

Electroluminescence images are not shown for sample type B, 
which exhibited similar, but less distinguishable effects. A 
small effect of the salt and increased degradation can be seen 
in Fig 4a based on the increased cell darkening because of the 
degraded p-n junction associated with PID compared to that of 
the clean control module in Fig. 4b. Despite the salt that 

increased the conductivity on the surface and measurably 
increased the leakage current, the degradation still remains 
primarily concentrated at the module edges near the frame. 
This suggests that the ionic current flow, generally considered 
to be Na+ motion toward the cells in the case of negatively 
biased cell circuits, is primarily concentrated at the edges. 
These experimental results are consistent with modeling 
results, which show that for modules with packaging having 
relatively low bulk resistivity in the front face, the ionic 
leakage preferentially flows to the cells at the module edges 
for a wide range of front-surface lateral resistances [16]. High 
glass and encapsulant volume resistivity would lead to more 
even distribution of leakage current across the face—
associated with a more constant voltage potential between the 
external glass surface and the active cell circuit of the 
module—but lower net current magnitude [17]. 

IV. SUMMARY AND CONCLUSIONS

Soiling is frequently implicated as a factor promoting PID 
in the natural environment. To develop an understanding of 
which soiling environments accelerate PID, three soiling types 
were examined for surface sheet resistance by the TLM 
method as a function of relative humidity. The soot sample 
showed little difference compared to the clean glass control. 
Arizona road dust showed a decreased resistivity at low 
relative humidity, but relatively little humidity dependence. 
Sea salt showed an important decrease in resistivity starting at 
the 67% RH level and 3.5 orders of magnitude lower sheet 
resistance at 95% RH. 

In examining sea salt on 60-cell crystalline silicon 
commercial modules, we found time-dependent increases in 

a 

b 

Fig. 4.  Subtractive electroluminescence images taken at 4.1-A 
forward-bias current on module type A with salt; (a), 73.3% power 
remaining; (b) without salt, 84.7% power remaining.  Degraded 
areas appear dark. 

Peter Hacke, et al, Effects of 
Photovoltaic Module Soiling on 
Glass Surface Resistance and 
Potential-Induced Degradation, 
Conference Paper, NREL/
CP-5J00-64492 December 2015 
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Diagram Courtesy of Al Hicks, NREL 8 

The Optical Path of the Light (clean vs. soiled) 
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For mathematical treatment, a convenient parameter to express the size 
of a scattering particle is πΏ/λ, where D is the particle diameter. Let n be the 
index of refraction and λ the wavelength in micrometers. It is considered 
that [2] 

(1) when πϋ/λ < 0.6/π, scattering is governed by Rayleigh's theory, and 
in a cloudless atmosphere applies to air molecules, most of which have a 
size « 1 Ä (note that radio wave scattering by clouds is also Rayleigh 
scattering); 

(2) when πϋ/λ > 5, scattering is chiefly a diffuse reflection process 
seldom occuring in the earth's atmosphere; and 

Particle size is smaller 
than one- tenth the 
wavelength of light 

DIFFUSE 

(a) RAYLEIGH SCATTERING 

Particle size is 
approximately 
one-fourth the 
wavelength 
of light 

DIFFUSE 

Particle size is 
larger than the 
wavelength 
of light 

(b) MIE SCATTERING 

Figure 63.1 Scattering of electromagnetic radiation, (a) Rayleigh scattering, (b) Mie 
scattering. Adapted with permission from H. Brunberger, R. S. Stein, and R. Powell, "Light 
Scattering: Science and Technology," p. 38 (1968). 

An Introduction to Solar Radiation, 
Muhammad Iqbal, Academic Press, 
New York, 1983, Chapter 6. 

Atmospheric Scattering 
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can be applied to 
particles on the glass 



β → 0.0 to 0.5 or even higher

•  An index representing the 
amount of aerosols (particles) 
present 

•  Wavelength (λ) exponent 
•  Generally 0.5 to 2.5 (Ångström suggested 1.3) 

ma is the optical path length  

Ångström turbidity formula 

𝛼=4 for small non-absorbing particles 
𝛼=1 for small absorbing particles 
𝛼=0 for large particles 
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Spectral impact of soiling: Experiments 

11 



Experimental procedure 
-  Seven 4 cm x 4 cm x 3 mm-thick low iron glass coupons shipped to 

each location.  
-  Coupon 1 to 6 installed outdoors at zero tilt angle for eight weeks. 
-  Coupon 0 kept in a dust free container and used to calibrate each 

spectrophotometer. 
-  Weekly transmission measurements for coupons 1, 2, 3. 
-  Daily weather and particulate matter (PM) concentration recorded. 
-  A dry cleaning is performed by using a microfiber cleaning cloth. 

•   Coupon 1 cleaned every week, Coupon 2 every four weeks. 

12 



Aaer	8	weeks	(San	José,	CA)	
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Ångström equation returns in both cases high R2 (≥90%), and low RMSE (<0.3%). 
	
 
 

Fidng	San	José	and	Chennai	Data	
(aaer	8	weeks)	



Ångström equation returns in both cases high R2 (≥90%), and low RMSE (<0.3%). 
	

…but fitting at low wavelengths can still be improved. 
 

Fidng	San	José	and	Chennai	Data	
(aaer	8	weeks)	
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First results 

Absolute direct and hemispherical transmittance of coupon 3 in Golden, 
CO. Wavelengths between 500 and 1100 nm have been averaged. 



Hemispherical transmittance  (8 weeks) 

Hemispherical transmittance in the visible and NIR range of coupon 5 for all the sites 
(above) and for the low soiling sites (below), referenced to the transmittance of 
coupon 0. The spectra were measured using a PerkinElmer Lambda 1050 UV/Vis 
spectrophotometer with a 150 mm integrating sphere at NREL and processed using a 
local regression technique to remove noise. 



Par>cle	Area	and	Hemispherical	TransmiXance			

•  Average particle area was determined by high resolution optical 
microscopy. 

•  Percentage of the surface covered by particles was estimated. 

•  A linear correlation, with R2 higher than 0.99, is found by comparing the 
percentage area covered by particles to the hemispherical transmission. 

•  The broadband hemispherical transmission could be directly obtained from 
the coverage area, independently of location, dust type and composition. 

•  See the subsequent plot (slide). 

•  Broadband hemispherical transmittance (300-2500 nm) 
was measured. 

18 



Fractional Loss versus Particle Coverage 
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slope = 0.80±0.02
R2 = 0.99
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The Dust & Rain in Spain falls mainly… 

Predication: 6-months of outdoor exposure at Jáen, Spain. 
Estimated weekly evolution of Soiling Ratio index estimated for three PV materials.  

20 
From the transmission of glass coupons times the solar spectrum times the PV spectral response or QE. There was a 
Saharan dust storm at week 6 and then rain. 
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Fig. 2.10 Geometry for calculation of the absorptivity from a polished (left side) and 
textured (right side) light absorber. In each case, a summation of multiple reflections must 
be made in order to calculate the absorptivity. The angle ! is measured from the surface 
normal. 

 
These equations can be used to predict the reflectivity, otherwise known as 

the reflection coefficient, of a solar cell absorber material. The index of n value 
for Si, for example, is approximately 4 at a wavelength of 600 nm (see Fig. 2.3). 
For a wafer in air (n0 = 1), this yields a value for the reflectivity value between 30 
and 40%. In other words, only about 70% of the light enters a bare Si wafer. If 
nothing were done about this loss, a solar cell would be impractical and 
inefficient. 

Instead, if a thin ARC is deposited on the Si wafer, for example, reflection 
can be minimized at certain wavelengths. This is understood by recalling that a 
beam of light undergoes a phase change of !"(180 deg) when passing from a 
medium with lower index of refraction to one with a higher index of refraction. 
No phase change occurs from a medium of higher n value to a lower n value 
medium. A portion of the incident beam is not reflected; it is transmitted at the 
back surface at the ARC-Si interface and reflected from there (see the left side of 
Fig. 2.10). If the thickness of the ARC, tARC, allows an optical path  
2tARC = 1/2 #/n, then destructive interference occurs between the two beams, and 
the light enters the Si wafer across the ARC with little reflection loss. This 
condition is expressed as 

 
   (2.12) 

 
where nARC is the index of refraction of the ARC (e.g., n SiO2 or SiO = 1.4ñ1.5, 
n TiO2  = 2.3, and n Si3N4 = 1.8ñ1.9). For example, a reflection minimum at a 
wavelength of 600 nm requires a 100-nm thickness of SiO2, while only 65ñ70 nm 
is required for an ARC if TiO2 is used. This so-called ìquarter-waveî coating 
allows for a minimum in the reflection coefficient described by 

ARC ARCn t / 4,λ=
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Op>cs	of	a	PV	Module	(right)	does	not	
match	that	of	the	coupons	(lea)	
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Angular	Measurements	and	Model	

scattering azimuth  
or  

“out-of-plane  
scattering angle” 

scattering angle 
incident angle 

differential 
solid angle 

incident azimuth 

sample rotation 
Thomas A. Germer, Sensor Science Division, NIST 



Describing	the	scaBer	from	a		
delocalized	scaBerer	

The Bidirectional Scattering Distribution Function 
(BSDF) is the fraction of power scattered per unit 
projected solid angle.  

r
r 0

i r

lim
cos
Pf
P θ→Ω Ω

= [sr-1] 

Scattered  
power [W] 

Incident power [W] 
Solid angle [sr] Polar scattering 

angle 

Thomas A. Germer, Sensor Science Division, NIST 23 



IEST-STD-CC 1246E Distribution 

The cumulative distribution  is 
the number of particles between 
1 µm and D. Shown here are 
the distribution density, dN(D)/
dD, and the distribution density 
weighted by area and volume. 
Notice how much the peak 
appears to change. It is hard to 
eyeball a peak size in a 
distribution from an image.  
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Reflectance	for	collimated	incident	light	

Ωr 

With a lot of experimental geometries, the incident light is close 
to collimated.  Then, the reflectance is 

r

r
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Program INTEGRATED.MIST calculates the hemispherical 
reflectance for any BRDF model. Thomas A. Germer, NIST 
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Conclusions (Optics of PV soiling) 
•  Estimating soiling losses using the transmission from glass 

coupons may not easily translate to knowledge about 
power losses from PV modules. 

•  The affect on direct transmission is greater than 
hemispherical. 

•  There is a linear correlation between the area covered by 
particles and the broadband hemispherical transmittance. 

•  Soiling produces a higher attenuation at shorter 
wavelengths (Ångström	 turbidity formula) compared to 
longer wavelengths. 

•  The impact of soiling is likely higher on PV materials with 
larger bandgap (a-Si, CdTe). 

•  Soiling Losses are certainly a function of input angle. 
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SEM	(soiling	site:	San	José,	CA)	

SEM image of particles from soiling in San José, CA.  
Photo: Greg Smestad/NREL, Helio.Moutinho@nrel.gov 



6.2 Attenuation of Direct Solar Radiation 109 

/ *Οηλ 

Figure 6.2.2 Attenuation of direct radia-
tion through a homogeneous atmosphere. 

J χηλ 

or Beer's law. According to Bouguer's law, the attenuation of light through a 
medium is proportional to the distance traversed in the medium and to the 
local flux of radiation. This simple law applies in most instances (with the 
exception of absorption by gases), whether the energy is absorbed or scat-
tered. Moreover, this law applies to monochromatic radiation only. In terms 
of this law, 

4A = A)nAexp(-/cAm), (6.2.1) 
where 

kx is the monochromatic extinction or attenuation coefficient, 
m is the optical path length, and 
kxm is the monochromatic extinction optical thickness3 (dimensionless). 

(Sometimes kx is called the extinction optical thickness.) In atmospheric 
applications, kk is usually measured relative to the zenith direction and 
should be dimensionless when m (in this case the relative optical mass) is 
dimensionless; otherwise, its unit is (length)-1. 

Now, imagine that the medium in Fig. 6.2.2 is the earth's atmosphere. 
/0nA is the monochromatic extraterrestrial irradiance at the mean sun-earth 
distance. As this flux enters the earth's atmosphere, it will be depleted by 
various processes with extinction coefficients kiX. Since all extinction 
processes occur independently of each other (except for some small con-
siderations as to which one comes first), the overall extinction optical 
thickness due to all processes can be written as the sum of individual 
thicknesses 

kxm = £ Kx™i, {622) 
i=l 

where 

kik is the monochromatic attenuation coefficient for a single process, such 
3 Optical thickness should not be confused with optical mass. 

Bouguer's law - the attenuation 
of light through a medium is 
proportional to the distance 
traversed in the medium. 
 

kλ is the monochromatic 
extinction or attenuation 
coefficient 
m is the optical path length  
kλm is the monochromatic 
extinction optical thickness  

110 6 Solar Spectral Radiation under Cloudless Skies 

as absorption by ozone, i varies from 1 to j , and j is the total number of 
processes, and 

nii is the optical path length for the process under consideration. 

Equation (6.2.2) holds as long as a process obeys Bouguer's law. 
The transmittance or transmission coefficient of the atmosphere is also 

useful. It is the ratio of radiation emerging from a medium to incident 
radiation. It is particularly useful when one or more of the attenuation 
processes does not obey the simple Bouguer's law. The monochromatic 
transmittance due to direct radiation can be written as 

^ = r L = ΪΊΚΑ, (6.2.3) 

where τίλ is the transmittance due to a single process i and τλ is due to all the 
processes combined. The transmittance due to a single process is given by 
the following: 

τίλ = exp(-feamI). (6.2.4) 

Bouguer's law accurately represents attenuation processes of scattering 
by gases and scattering and absorption by aerosols. Absorption of radiation 
by gases is highly complex. Therefore, strictly speaking, this law is not valid 
as far as absorption by gases is concerned. Nevertheless, the application of 
Bouguer's law is usually extended to gas absorption [1]. In any case, once 
the spectral transmittance is known, either through Bouguer's law or 
otherwise, direct spectral irradiance on the ground can be evaluated through 
Eq. (6.2.3). 

It is necessary now to emphasize that the attenuation coefficients ka as 
presented in this text are overall values applied to the total path length from 
the top of the atmosphere to the earth. A more accurate approach would be to 
divide the atmosphere into several layers, determine the coefficients kik and 
path lengths separately for each process, and then to calculate the trans-
mittance. The latter approach has been used by a number of researchers. 

The total broadband (summed over all wavelengths) direct normal 
irradiance on the ground can now be written as follows: 

L = (jJ IJnM, (6-2.5) 
or 

i=J 

λ = 0 \ ϊ= 1 

An Introduction to Solar Radiation, Muhammad Iqbal, Academic Press, New York, 1983, Chapter 6. 
3
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Figure 6,6,2 Aerosol spectral transmittance as a function of a and ßm. 

An Introduction to Solar Radiation, Muhammad Iqbal, Academic Press, New York, 1983, Chapter 6. 



First results: Coupon 5 (2 months of outdoor exposure) 

Broadband hemispherical transmittance (300-2500 nm), average particle area, 
and percentage of the surface covered by particles, measured at the end of the 
data collection. Unsoiled PV glass transmittance is 90.4% 

•  A linear correlation, with R2 higher than 0.99, is found by comparing the 
percentage area covered by particles to the hemispherical transmission 

•  The broadband hemispherical transmission could be directly obtained from 
the covered area, independently of dust type and composition. 



Quantum	Efficiency	
(spectral response of PV technologies) 


