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e|n PV: insolation, temperature, and soiling are the 3 primary natural factors
limiting electricity production.

-1%-day loss from soiling, e.g., MENA.

-80%-storm™ loss, e.g., haboob sand storms.

> A[nTOPCon' Nperer -+ nprior]

A Texas sized sand storm.
https://en.wikipedia.org/wiki/Haboob#/media/File:Haboob_in_Big_Spring,_TX.jpg

Goals of the field soiling coupon study:

eCharacterize soiling and its effect.

eCompare efficacy of AR and AS coatings.

eCompare common cleaning strategies.
-Relative to IEC 62788-7-3 machine brush tests.

Field soiling experiment in Kuwait (this study).
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Today’s Topics

5 vear outdoor field coupon study :

eThe range of morphology, particle size distributions observed from soiling.

eArea concentration, object size, cementation, and organic composition are location
specific.

oA preferred cleaning method, possibly requiring contact, notably reduces soiling.
eAR gave performance benefit; AS coating cleanliness not readily distinguished from glass.

elmpact from- and pH of-rain may degrade PS coatings in precipitation prone locations.

eMuch of quantifiable optical loss from absorptance (PAC), then forward scattering.

Location (climate) specific results observed



Details of the Field Coupon Study (Specimens, Locations, ...)

Samples:
e/.5cmx 7.5 cm coupons.

e|ncludes AR, AS (-phobic & -philic), reference glass.
eBlack backpane (similar temperature to PV).

TeSt SiteS: v, 2 :.\f\_.\ . _~. % ‘Wel dirz. spray
. . . . 1 Vs Dry brush- g squecgee

eContamination and abrasion prone locations. g -~ Noclean

eMesa, Arizona; Sacramento, California; Mumbai, India;

Kuwait City, Kuwait; Dubai, United Arab Emirates. Original specimen set deployed at Sacramento.
Einhorn et. al., J PV 2019, 233-239.

) Toth et. al., SOLMAT, 185, 2018, 375-384.
Cleaning methods:

eNo clean (NC); dry brush (DB); low-pressure water spray (WS); wet sponge and squeegee (WSS).
eClean 1x/month. Kuwait only: clean 1x/day.
eExamine 2 replicates-material, each year for 5 years.

Characterize:

eParticulate contamination (particle-size distribution, -area coverage, and -mass concentration).
eOptical performance (hemispherical transmittance).

eDamage morphology (scratch-width & -depth).
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Particle Size Distribution Analysis.Distinguishes Desert Locations

eOptical microscope images automatically thresholded, analyzed using ImageJ script.
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eMedian size (ps,): between 2 pm and 3 um (n); 6 um to 20 um (A) and from 10 pm to 30 um (V).
-No standardized method exists for analysis and reporting of PV surface contamination.
-16 um size identified for modules surface contamination in literature review.
-n directly identifies size of contamination; V may be compared to atmospheric sciences.
-1 um microscope resolution limits assessment to PM10 (0.5 < & < 30 um).

op., > 30 um (for Dubai) indicates cementation has occurred.



Soiling Morphology is Complex Between the Five Locations

eMost densely contaminated locations: Dubai > Kuwait >> others. Lyear 2 yean
-Dubai may accumulate multiple layers through study.
-Mesa has disparate object size.
(Green colorcast from cross polarization imaging).

Kuwait City

eCementation (strong surface adhesion, from dew cycles):
-Dubai (evident), Kuwait (likely),
-Others (possible, depending on cleaning method).
-Palygorskite clay more prevalent in MENA than AZ, USA.

Mesa

eOrganic contamination (fungus is most robust):
-Mumbai (overt), Sacramento (heterogenous).
-Only observed at edges (under mounting frame) in desert locations.
-Fungus spore transport occurs intercontinentally, e.g.,
trade winds carry spores from Africa to Florida.

Mumbai
B T P i e T

Sacramento

Representative No Clean microscope images for all five sites.
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To Reduce Soiling, Use a Cleaning.Method!

0 ) ) 5 4 5 6 eParticle area coverage (% contamination) from Imagel.
600 l I | | | -Coupon cleaning eventually limited by CoVID.
500 Dubai ePM10, from web meteorological resource.

400 PM10—~ eIn depth examination of 5/10 “materials”.
300 — —

200 — ‘ “‘ ‘ :

z | Iu J il i o

overage {%} or PM10, Mean daily particulate matter {ug-mha}

g
100 m“"l 'W'n]lll ‘ 'Nmm""FIWW'I’"'IIIWWH""‘Hm g
0 100 200 §
N 150 g eCleaning can improve efficiency by 10’s of percent!
3 (NC: PAC 60% vs. WS, DB, WSS: 10<PAC<30%).
— 100 ~ elevel of contamination asymptotes according to
3 cleaning method.
= 1% -Cleaning more frequently than monthly
'f;; ) warranted in Dubai (prevent cementation).
g 6 -Erratic PAC with time in may reflect timing
t, Cumulative time {years) of sample collection (relative to natural cleaning.)

Data shown for all 4 cleaning methods for Dubai, AVG[B, D, G, J, U] coupons, when the history of cleaning was not affected by the CoViD pandemic.
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To Reduce Soiling, Use a Preferred.Cleaning.Method!

-_—
o
o
o

500

o

500

NC
20 |- ﬁ\ j: —{ 400

— 300

— 200

— 100

i
2 3 4 5 6

PAC, vParticIe Area Coverage {%} or PM10, Mean daily particulate matter {ug-m'S}

t, Cumulative time {years}

{ww} uonendioaid Ajiep [ejol ‘%4

eMumbai: Aw (tropical savannah), 2.3 m annual rain
eDubai, Kuwait, Mesa: BWh (hot desert), 9-20 cm rain.
eMumbai read points typically before rainy season.

eNo Clean still overtly distinguished from DB, WSS.
eLow pressure Water Spray not effective.

-Contact cleaning previously found to be required

to remove fungus. https://doi.org/10.1016/j.solmat.2018.05.039.

-Fungus can trap inorganic contamination,

magnifying its effect.

-Coarse annual read points; rain, organic species

can vary through the day.

Data shown for 4 cleaning methods for Mumbai, AVG[B, D, G, J, U] coupons.
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AS Coating Cleanliness Is Not Readily. Distinguished From Glass
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eNo overt effect
of AS relative to
glass substrate.
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elmagel) PAC analysis compares effectiveness of coatings.
eExamine No Clean coupons to avoid convoluting effect of cleaning.
eAR, AS: B, D, G. ASonly: U. B, G, U are hydrophobic. D is oleophobic Uncoated glass: J.

Data shown for No Clean coupons, including AR, AS, and uncoated specimens.
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AR Is, But AS Coating Cleanliness Is.Not.Readily.Distinguished From Glass

eRank order analysis performed

(for each site & read point) for all cleaning
methods to quantify AR and AS efficacy.
T, . 8ives the optical performance

(for 1J PV, from IEC 62788-1-4).
oPAC gives contamination remaining

after shipping.

The optical performance

(average 1, ,,,, through the study and initial),

obscuration (average PAC), and cumulative rank order are
given for the five select coatings based on the
transmittance or quantitative optical microscopy from
each read point and at each location.

RAW DATA RANK ANALYSIS
AVERAGE
VARIATION VARIATION
LEVEL AVERAGE OVERALL
SPECIMEN IN LEVEL, IN RANK,
SOILED RANK RANK
INDEX 1S.D. . . 1S.D. . .
(UNAGED) {dimensionless}| . . {dimensionless}
{%} {dimensionless}
{%}
B 87.9(92.9) 5.9 2.2 1.1 1
3 G 87.5(94.1) 6.6 2.2 1.0 2
lg D 87.4(93.2) 6.1 2.8 1.2 3
U 86.8(91.3) 22.0 3.7 1.1 4
J 86.7 (91.2) 6.7 4.0 1.0 5
unaged 0 N/A N/A N/A unaged
G 12.0 11.0 2.6 1.3 1
2 J 12.4 10.3 3.0 1.4 2
e U 12.4 10.1 3.0 1.4 3
B 12.4 10.4 3.1 1.3 4
D 12.6 10.4 3.1 1.3 5

eOn average, all coatings gave improved optical performance, relative to uncoated glass.
eMore electricity! TEA not given here to identify critical coating cost.
eMaterial durability limited - PS ARs typically survive 50-200 cleanings. https://doi.org/10.1016/j.s0lmat.2020.110757
eRank of AS’s not readily distinguished. Uncoated glass may be cleaner than AS coatings.

oAS opportunity may still exist, relative to previous efforts (predominantly hydrophobic fluoro-coatings).
NATIONAL RENEWABLE ENERGY LABORATORY 10




Coating Damage Observed for Noncontact

® No Clean and Water Spray Cleaning &

eOblique (~11°) visualization method for qualitative integrity assessment,
as in Karin et. al., IEEE J PV, 2021, https://doin.org/10.1109/JPHOTOV.2021.3053482.

¢~125 nm PS AR coating (present PV industry) appears blue.

-Glass appears brown.

NC: WS:
SUN SIDE SUN SIDE

Oblique imaging to visualize coating integrity:
(left) microscope configuration, (right) representative image of Dry Brush sample.

unaged

eCoating integrity verified for:

No Clean (natural cleaning & weathering) and Water Spray (noncontact cleaning).

oPS AR coatings (B and G) mostly absent at 4 and 5 years in Mumbai!!!

ePossible factors: rain (impact and pH), organic contamination (fungi secrete acid),
hygrometric degradation.

4 years

5 years

Coating integrity for index B in Mumbai:

No Clean and Water Spray are shown relative to an unaged sample.
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Coating Damage Is Unique to Mumbai, Evident at 4 Years

Mumbai

NC: WS:
SUN SIDE SUN SIDE

4 years NC: 5 years NC:
SUNSIDE ~ SUNSIDE

<
|

* Visualization of the presence and integrity of the final

® . . . ®
Q ‘ No Clean (NC) B coating (porous silica) between sites. o
e 5
eDamage to NC, WS coupons observed for Mumbai only. ‘
£ (Coating observed at surface perturbances for Dubai, Kuwait.) % not
2 > available
2 '
o eFor Mumbai, glass substrate seen > 4 years. § i
< elslands: trapped inorganic contamination may locally protect AR. |
=
- (]
© > K
< eThe impact and pH of rain (~6.5-7) may degrade coating. |
-
= (AS coatings in Bhaduri et. al, IEEE J PV, doi: 10.1109/JPHOTOV.2023.3273812) 0
¥ ©
OB eAccelerated test sequence should include: UV, “rain”, abrasion. :%
A - |
of
oF e
@ B st iy
m 3 fuid R . . . . . >
T Visualization of the presence and integrity of the 7

B coating (porous silica) No Clean (NC) coupons late in the study.
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Lessons From Comprehensive Optical Characterization

eComprehensive optical characterization of No Clean coupons at all sites, at 3y.
Compare transmittance, reflectance, absorptance, final-initial, including haze (scattering).

eTransmittance is reduced most in UV-VIS wavelengths, above A . (greatest refractive index).

eMuch of loss of transmittance results from optical absorptance (PAC), then forward scattering.

eQverall reflectance is often reduced ... backscattering is often increased by soiling.
-Reflectance instead overtly increased for Dubai, attributed to local calcite contamination.

90 T T -

40

I I I 3

Comprehensive optical
performance for Mumbai
(left) and Dubai (right) at 3y,
including hemispherical
(integrating sphere):
transmittance (7),
reflectance (p), and
absorptance (o). The haze is
evaluated from the
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A\,Change in optical performance {%}
A\,Change in optical performance {%}

8 difference between he -S0F ATh Dubai -
20 ! ! I ! hemispherical and direct (no 70 ! L I !
200 400 600 800 1000 1200 integrating sphere) 200 400 600 800 1000 1200
A, Wavelength {nm} measurements. A, Wavelength {nm}
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5 year outdoor field coupon study:

eNo standard analysis or reporting established for soiling in PV. Median size (p.,) ranged
from 2 - 30 um for number, area, and volume particle size distributions.

eDensity (desert), object size, cementation (dew cycles), and organic composition
(precipitation) are location (climate) specific.

oA preferred cleaning method, possibly requiring contact, notably reduces soiling.
eAR gave performance benefit; AS coating cleanliness not readily distinguished from glass.
e|mpact from- and pH of-rain may degrade PS coatings in precipitation prone locations.

eMuch of optical loss from absorptance (PAC), then forward scattering. Exceptions exist.

NATIONAL RENEWABLE ENERGY LABORATORY 14




For Further Information

Solar Energy Materials & Solar Cells 275 (2024) 113035

Contens lises available at ScienceDirect

Solar Energy Materials and Solar Cells

FI SEVIFR journal homepage: www.elseviercom/locsie/sol mat

tINREL “Soiling, Cleaning, and Abrasion:

, The Results of the Five-Year Photovoltaic Glass
Soiling, cleaning, and abrasion: The results of the 5-year photovoltaic glass Transforming ENERGY 4 i "
coating field study Coating Field Stu

Joanna Bomber®, Asher Einh *, Chaiwat E: kul ®, Clare L han *, Jeffrey Linger °,
Leonarde Micheli®, David C. Miller "', Jochua Morze *, Helio Moutinho *, Matthew Muller ,
Jimmy M. Newkirk ®, Lin Simpson *, Bobby To*, Sarah Toth *, Telia Curtiz °, Fang Li®,
Govindasamy Tamizhmani °, Sai Tatapudi °, Vivian Alberts ©, Aacsha Al Nuaimi °, Pedro Banda®,
Jim J. John®, Gerhard Mathiak “, Ahmad O.M. Safieh ©, Marco Stefancich©,

ji»

Joanna Bomber* , Asher Einhorn?, Chaiwat Engtrakul®, Clare Lanaghan?, leffrey Linger*, Leonardo Micheli®, David C. Miller'*, Joshua Morse?, Helio Moutinho?, Matthew Muller®, Jimmy M. Newkirk®,

Bader Alabdulrazzaq”, Ayman Al-Qattan °, Sonali Bhaduri ®, Anil Kottantharayil °, Ben Bourne Lin Simpson?, Bobby To?, Sarah Toth* of NREL;
Zoe deFreitas®, Fabrizio Farina’, Greg Kimball’, Adam Hoffman ® Telia Curtis?, Fang Li2, Govindasamy Tamizhmani, Sai Tatapudi of ASU;
Vivian Alberts?, Aaesha Al Nuaimi®, Pedro Banda?, Jim J. John?, Gerhard Mathiak?, Ahmad 0.M. Safieh?, Marco Stefancich® of DEWA;

* Nathonsl Corser for Phutrvodbaics, Naorail Rereswible Energy Labwratory (NREL), Gobden, CO, 80401, USA 5 4 i

® Pusovolasioc Relisblicy Laboratory (PRL), Arlsana Saate Ubersity (ASU), Masa, AZ, 85213, USA Bader Alabdulrazzaq®, Ayman Al-Qattan® of KISR;
* Db Fleciriclry & W Ashordry (DEWA) R and Devebiprany’ Coniar, Motaanunnd Bin Radid Sular Pk, Al Qualrs - Sl Al Diduad, Duds, 564, Ursand Sonali Bhaduri®, Anil Kottantharayil® of IIT-Bombay;
Arab Brvirases 6 itass izi0 Farina®: i g < 7 :
PP for A P o Ben Bourne®, Zoe deFreitas®, Fabrizio Farina®, Greg Kimball® of SunPower; Adam Hoffman? of Maxeon;

* Deparanans of Biactricl Brgineering, b Ittt of Techoology (ST) st Bombuty, Pomwal, Miavibal 400076, india
 Sulownr T 4804, USA

INational Center for Photovoltaics, National Renewable Energy Laboratory (NREL), Golden, CO 80401-3214

2Photovoltaioc Test Laboratory (PTL), Arizona State University (ASU), 7349 E Innovation Way South, Mesa, AZ, 85212

3Dubai Electricity & Water Authority (DEWA) Research and Development Center, Mohammed Bin Rashid Solar Park, Al Qudra - Saih Al Dahal, Dubai, UAE, 564
fi

Rickmand, CA,
* Maxmn Solar Technologies, San Jose, CA, 95134, USA

P = “Kuwait Institute for Scientific Research (KISR), Al-Jaheth Street, Shuwaikh, 13109, Kuwait
Department of Electrical Engineering, India Institute of Technology (IIT) at Bombay, Powai, Mumbai 400076, India
[— External contamination (“soiling”) of the incident surface is a major limiting factor for solar technologies. A 5- sSunPowerTechnologies, 880 Harbour Way South Suite 600, Richmaond, CA 94804
::ﬂh:: ‘;Ml i year glas: ady fects; compar “Maxeon Solar Technologies, 51 Rio Robles, San Jose, CA 95134 USA
cumting : ki i L g
iy on accelerated abrasion testing, Test dtes included the cities of Dubai (UAE), Kuwait City (Kuwait), Mess (AZ), “Presenter (David.Miller@nrel.gov)
wr‘"‘""“"’ ak force (PVQATY Mumbai (ndia), and Sacramento (CA). Through the 5-year cumulative study, dry brush, water spray, and wee
N o Wandwchnn‘m-u!:mpudhm:kmuwdm'umdmm
Atcenic force: sicroscopy (APM) wmm"wwmwmmkw cbject analysis, and chlique images for
Durtility oanng integrity assessment. A thresholding protocol was developed 10 analyze and distinguish specimens using
Temage mwm Opucal performance was quanofied using a specerophotometer, nduding comprehensve
Optical pformance optical characterizaticn (transmittance, reflectance, and absorptance i addition to forward and back-
[Ron p— scattering). Atomic force microscopy was wsed to verify the abrasion morpbology, induding the
Sing width and depth of surface scratches. Analysis of the results induded correlation of optical performance and
Dt Saminige particle area coverage, rank crder (by caating of location), and the scecleration factor for abrasion damage. The 5
eacy of et oeing s ers sty bt o th eBecivence of sslbng coucings, The Supplementary Information NREL/PR-5K00-90174
acceleration factor for dry beush cleaning of a porous slics coating was found 1 be on the arder of unity.
1. Introduction furshes limited by mesorological factors (e.g., cloudiness or air masz H H H . H
i e . ot (supplementary information, 2024, slides) https://www.nrel.gov/docs/fy240sti/90174.pdf
Natral factors limiting pho "rP\')moJule z creases, with Si-baced technologies being more adversely affectad
3

include insolation, Cooling)  than thieflm sechnalogis. Soling c3n cauze » gradually sccumalved
mmmhmmdﬁmﬂu Loss as well as an i

| have focused on some notable results of the study today,
e there is much more — including lessons from the methods!

Available caline 18 July 2024
09270248/ 2024 Hlsevies BV. All rights are reserved, including those for tex: and data mining, Al training, and similar technologies.

Bomber et. al., 2024, (paper): https://doi.org/10.1016/j.so0lmat.2024.113035




Acknowledgment

® Thanks to:
-Jorge Zuniga of SunPower/Maxeon (specimen shipping and handling).

-Mark Mirza of Fraunhofer ISC (coating integrity using oblique microscopy).
-IEC 62788-7-3, PVQAT TG12 (>300 followers).

—, . e

CPS/ Agreements 30311, 34357, and 38263:

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

- | N A L

Additional comments & questions: David.Miller@nrel.gov

NATIONAL RENEWABLE ENERGY LABORATORY




