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Objective of the study

* Predict the spectral and total power losses of
a Photovoltaic (PV) module due to soiling,
given some knowledge of the particles.

» QOptical effects (absorption, scattering)
" Particle size and obscuration

= Full form of Mie theory vs. empirical approach

EPSRC SUPERGEN SuperSolar Hub’s “International and
industrial engagement fund” for the project “Global
investigation on the spectral effects of soiling losses”
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Reflectivity vs. Incidence Angle
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Spectral Effects of Soiling

* Experimental procedure
 Angstrom turbidity formula

e After 8 weeks (e.g., San José, CA)
e Fitting the Transmission data

e Limitations to the measurement

e Caveats and cautions

 EQE (“Call a Quantum Mechanic”)
* Conclusions

1 December 2018



Spectral impact of soiling: Experiments
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City, Country Coordinates Climate classification
Chennai, India 13.08, 80.27 Equatorial savannah with dry winter (Aw)
El Shorouk City, Egypt 30.12, 31.61 Desert climate (Bwh)
Golden (CO), USA 39.74, -105.18 Snow climate, fully humid (Dfb)
Jaén, Spain 37.79,-3.78 Warm temperate climate with dry summer (Csa)
Penryn, UK 50.17,-5.13 Warm temperate climate, fully humid (Cfb)
San José (CA), USA 37.29, -121.91 Warm temperate climate with dry summer (Csb)
Tezpur, India 26.70, 92.83 Warm temperate climate with dry winter (Cwa) 7




Experimental Procedure

Adcmx4cm
X 3 mm-thick

e Soil Saint-Gobain DIAMANT PV glass coupons outdoors.

* Measure spectral transmittance of soiled glass using an
Integrating Sphere.

Photo: Greg Smestad



Hemispherical transmittance (8 weeks)

Relative to the transmittance clean glass

100 e Penryn
. San José

Tezpur Golden
/ Jaén

O
Q0
1

Xe)
(&)
1

94 -
N | //_-‘ Chennai
90 = | | 1 | ! | |
300 400 500 600 700 800 900 1000 1100
100 « San Jose
Chennai Golden
80 s+ Jaen

« Chennai =
et

Egypt » Penryn
/ . Egypt

« Tezpur

Relative Transmittance [%] Relative Transmittance [%]
(@]
o

40 1 1 1 1 1 1 1 1
300 400 500 600 700 800 900 1000 1100

Wavelength [nm]
1 December 2018 9



Scattering
FElgls i ovspens = Atmospheric

wavelength of light
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of light

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

Particle size is
larger than the
wavelength

of light

= On the glass

(b} MIE SCATTERING
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Angstrom Turbidity Formula

Ta;t = exp(—ﬁl_ama)
B — 0.0 to 0.5 or even higher

* An index representing the
amount of aerosols (particles)

present

a=4 for small non-absorbing particles
a=1 for small absorbing particles
a=0 for large particles

* Wavelength (A) exponent
 Generally 0.5 to 2.5 (Angstrém suggested 1.3)

m, is the optical path length
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After 8 Weeks (San José, CA

Photo: NREL, optical microscope 100x Photo: Greg Smestad
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Transmittance
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Fitting Hemispherical Transmission Data
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Angstrom Turbidity formula returns, in most cases, high R? (>90%),
and low RMSE (<0.3%).
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Fitting the Transmittance Data for All Sites

Hemispherical Transmittance
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Does all scattered light make it into the Int. Sphere?

Whya' ?

Detector

baffle
Measure spectral
Irradiation transmittance of soiled glass
beam ' using an Integrating Sphere.

sample (_/_

Transmittance t

Transmittance t (for incident radiation of given spectral composition, polarization and geometrical distribution) is the ratio of the transmitted radiant or
luminous flux to the incident flux in the given conditions. The measurement of transmittance is made with a collimated or conical radiation beam. The
signals of the detector are calculated as follows:

11X
€= | (open)

| (X): signal with sample irradiation
| (open): signal with open measurement port
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Passage of light through coupon is not equivalent to
PV Module

Polished or clean Textured or soiled
Ref :
air : air

A
| \\
e

glass * 0 glass
Solar cell

B

Smestad, Greg P.
Optoelectronics of solar cells / by Greg P. Smestad.
. . p. cm.-- (SPIE Press monograph ; PM115)
Th om G ermer can m Od e I th Is wit h Ml ST Includes bibliographical references and index.
ISBN 0-8194-4440-5 (softcover)
1. Solar cells. 2. Optics. I. Title. II. Series.
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Mini-Modules for EQE (SR)
study

Estimating soiling losses using the
transmission from glass coupons
may not easily translate to exact
knowledge about power losses
from PV modules (unless EQE and
Spectral Response is done to
verify).

=== Fabricated by: Jaewon Oh;
Govindasamy Tamizhmani
Arizona State University

Photo: Greg Smestad
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Silicon Solar Cell EQE
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Some Conclusions

We have measured the hemispherical transmission of soiled PV
glass coupons.

Natural soiling yields more or less a neutral density filter.

Soiling produces a higher attenuation at shorter wavelengths
compared to longer wavelengths.

o Analogous to the Angstrom turbidity formula

Estimating soiling losses using the transmission from glass
coupons may not easily translate to exact knowledge about
power losses from PV modules

— (EQE is being undertaken to confirm).
— That work is currently in progress (completed by July).
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To Be Presented at a Future Talk

 Light Obscuration by Particles

= Particle Area and Hemispherical Transmittance
" Fractional Loss versus Particle Coverage

= |t seems there is a linear correlation between the area
covered by particles and hemispherical transmittance.

A Particle size distribution (Method & Results)
= |[EST-STD-CC 1246E Cleanliness Standard

(1 Spectral Characteristics (Spectrophotometer vs. EQE
method)



