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Microscopy for Determination of Particle Area Coverage (PAC) and Particle Size Distribution (PSD)

ePreparation: clean specimen back with DI water/Liquinox soap solution
using TWILIX 1622 cleanroom wipes (Berkshire Corp.). ol

Camera

e|Instrument: VHX-5000 (Keyence Corp.)
- Transmission mode lighting (tradeoff of detection vs. resolution).
-No polarizers for PAC & PSD o
(facilitate subsequent image thresholding). adapter
-Polarizers used for representative .jpg imaging
(maximize detection & color saturation... green background). o siccoooe ot
-Image at 200x (1 pixel is 1.07 pm x 1.07 pm). Consider 1SO 13322-1. e arte & et o,
-High Resolution High Dynamic Range (HRHDR) imaging
1.92 MPix (tradeoff of detection vs. resolution).
-HRHDR settings:
Use default Brightness and Contrast settings from Keyence software.
Set Color to O (facilitate subsequent image thresholding).
15<Texture<25 (keep small particles; avoid image pixel grid).
- tiff file format (lossless, for subsequent image analysis in Imagel). :‘S‘:‘V:‘;‘;ef;’:*szog°P;“Di°i’;1’2‘;‘i’:;).
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Microscopy for Determination of Particle Area Coverage (PAC) and Particle Size Distribution (PSD)

eGoal: automated image thresholding and analysis to limit |

subjectivity and operator bias.

Imagel macro code (Java based) to automate thresholding
& analysis:

eUse local thresholding (Phansalkar method) to reduce

effects of specimen misalignment & curvature,

maximizing identification including smallest particles.

-

oP=0.5 coefficient setting for Phansalkar method for Examples of global (above left) and local
consistent identification of pixel-scale particles. (above right) thresholding in Imagel.
eUse Fill operation to aid thresholding of large particles. .
eDefault to Fill up to 500 um?. If max[perimeter]>1000, » s 37 local thresholding
then Fill to 50 um? (limit effect of scratches or fungus). g 12 o
eAutomated scratch and fungus detection with separate Fo o, 90w T = close

H : 3 | 77 H Close/Fill Holes
binning of the results. g 715 i

. i . o . Keyence(Triangle)
eDo not use Close operation to avoid excess merging of £ m Imagel Triangle
adjacent pixel-scale particles into |, L, T, etc geometries. ) . 'lKeVE"JCE“‘AMa:Et""""V’
W Image) MaxEntropy

eSubsequent PSD analysis from Area (more like an ideal) 0

global thresholding
Comparison of PAC for local & global thresholding
Phansalkar et. al., Int. Conf. Commun. Signal Process., 2011, 218-220. to develop an analysis algorithm.
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not Feret size (including I, L, T, etc geometries).




Microscope imaging Microscope imaging | Scale Image Local thresholding

(Keyence) (Keyence) (Imagel) (Imagel)
-Light transmitted through -Remove polarizers for -1.07 um-pix? -Phansalkar method
specimens. analysis image. (radius=1000, P,=0.4,

-Representative image -Post processing P,=0.3).
using polarizers. 2] w i (brightness, contrast,
-HRHDR. With texture, color).

-200x, 1.92 Mpix image (1.1 um-pixel!)

Full-Fill Holes (up to 750 pixels)
(Imagel)
-If fungi are not expected AND

avg[circularity] is normal
(i.e. >5 for Dubai, Kuwait, Mesa).

Characterize Image
(Image))

Coupon location and
cleaning method are
considered to
determine if fungi are
expected

B8 Analyze Objects

§ (Imagel)

§ Calculate an average
circularity for the image,
excluding objects smaller
than 200 pm?.

Conservative-Fill Holes
(up to 10 pixels) (ImageJ)
-If fungi are expected AND

avg[circularity] is normal
(i.e. <25 for a Mumbai, <35 Sacramentc

Circularity:

User-Fill Holes

4TTA
—_— (up to 10 or 750 pixels)  (Imagel)

P2 -If avg|[circularity] is abnormal, the
user chooses between full and

conservative filling options.
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Watershed All Objects
(Imagel)

-Watershed all objects
(where applicable) for
DUB, KUW, AZ, SAC.

Analyze Objects
(Imagel)

-Analyze PAC, STDEV[PAC]
from pixels.

-Save area data.

Watershed Select Objects
(Imagel)

-Watershed objects with circularity
> 5 for MUM.

(R e T

Analyze Objects : _— Compile data
(Imagel) ‘ ' REEE - (Python/XLWings/Excel)
-Calculate #Particles i -Avg. key statistics from (5)
and : ; ST images taken for each coupon.
STDEV[perimeter]. : S

-Save shape data.

(Python)

-Calculate C {g-m}.

MNATIOMAL RENEWABLE ENERGY LABORATORY 5



Imaging, Thresholding, and Analysis.Procedure @ NREL (3)
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1 .Scale Image

-length:pixel

A

2. Local Thresholding
-Phansalkar method

A

3. Analyze Objects
-Calculate average image
circularity fol

r A>200 pm?

y

v

4 (a). Fill Holes

- up to 750 pixels
-fungus is not expected AND
scratches unlikely (avg[c] > 5)

4 (b). Fill Holes (Selective)
- up to 10 pixels
-fungus prone locations AND
avg[c] <25

O—

5. Analyze Objects

-avg[PAC]
-S.D.[PAC]

y

6 (a). Watershed (All)

6 (b). Watershed (Selective)

-objects with ¢ > 5

7. Analyze Objects
-number of particles
-S.D.[perimeter]




Microscopy of 1y DB Samples (Magnifications Including 100x, 200x, 300x)
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Microscopy of 2y DB (Magnification 200x)
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Dubali, 2y

Mumbai, 2y Mesa, 2y Kuwait, 1y

Sacramento, 2y

B (received: microscape + processed, cleaned: microscope + processed) G (received: microscope + processed, cleaned: microscope + processed) J (received: microscope + processed, cleaned: microscope + pmcessj‘d]

(200x) (200x) (200x) (200x)

f;'l-GOx}

8239 E0sE 1374

Representative examples shown for PS coatings, uncoated glass for early in the study, for all five sites.
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Index J (uncoated glass) NC Samples 1y vs. 3y vs. 5y (200x)

Kuwait City Dubai

Mesa

Mumbai

— 1mm

Sacramento

Representative examples shown for all five sites.
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Index J (uncoated glass) NC Samples Through Five Years(200x)
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Index J (uncoated glass) Samples At Five Years(200x)

Kuwait City Mumbai

No Clean

WS

Representative examples shown the five year read point.

eWhile the NC coupons were not affected, the specimen cleaning was interrupted at some sites by the CoViD pandemic.
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n, number of particles {kcounts}
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Distribution of Particle Size (@.1y)
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eMedian size (p:,) varies between 2 um and 3 um (n); 6 um to 20 um (A) and from 10

um to 30 um (V).

on directly identifies size of contamination; V may be compared to atmospheric

sciences.

eWith a 1.07 um resolution, optical microscope can only assess PM10, which often

varies from 0.5 um to 30 um

op., size greater than 30 um (for Dubai) suggests that cementation has occurred.
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PAC: Comparison Cleaning Methods.AVG|[B,.D, G, J, U] Coupons

§ wo  © 1 zlt :Ii 4 5 & % % 000 ] 1 Iz ? -It sl) [
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g 1. Currlative time [years} ' g § ' 1 1 :““ Isliu: time {W:Bl ’ ’

T : A eCleaning can improve efficiency

: mba' i by 10’s of percent!

g - “ B} : ; eEfficacy of contact cleaning (WSS

é‘ . .

: E' g E and DB) is greatest, when it can be

g 0 w § e " i allowed.

5 20 a0 2 . . . .

% 1o % 10 5 e Erratic PAC with time in may

é off 1/ A\ | reflect fortuitous timing of sample

i /| . li/ .. 1" :E u NS collection (natural cleaning.)

§ g Sacramento

1. Cumulative time [yearsh

Data shown for all 4 cleaning methods for all 5 sites, where the history of cleaning was not affected by the CoViD pandemic.
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PAC: Contamination Comparison,.by.Coating (No Clean)
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Data shown for 5 indices of interest for all 5 sites.
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ATy, 5, Change in transmittance {%}

T _h: Comparison Cleaning IMethods

D, G, J, U] Coupons

t, Cumulative time {years}

Data shown for all 4 cleanin

g methods for all 5 sites, where the history of cleaning
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AT}, 5 Change in transmittance {%}

T _h: Comparison Cleaning IMethods

dT_WSS
7

AT}, 5 Change in transmittance {%}
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T_h: Contamination Comparison,.by.Coating (No Clean)
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Data shown for 5 indices of interest for all 5 sites.
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PAC, Particle area coverage {%}

PAC, Particle area coverage {%}

The Cleaning Methods Are Distinguished Between the Field Sites (1y)
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eMENA locations significantly more
contaminated than other sites, i.e.,
NC>>WS>DB>WSS.

eThere is a notable distinction between
No Clean (NC) in MENA and other
cleaning methods (DB, WS, and WSS).
o\WS uniquely most contaminated in
Mumbai (most fungus).

oA (PMMA) distinguished for DB
(scratches from cleaning).
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Cleaning Methods and Coatings Are Distinguished in the Field Study (1y)

. . AVERAGE STDEV FINAL
PAC Average by Coatl'ng and Cleaning SPECIMEN RANK RANK RANK
25 All Locations INDEX {dimensionless}|{dimensionless} [{dimensionless}

S G 12.5 11.3 1
% 20 = DB U 15.8 8.1 2
g - E 18.8 14.7 3
g 15 s D 19.0 12.7 4
5 s H 20.5 10.2 5
Qo B 20.8 13.0 6
E ; ‘ ‘ | | J 21.0 13.1 7
O T 24.5 12.0 8
SN Illll|”||I|I|IIIIII|”II A 24.8 13.8 9
A B D E G H K T U K 27.5 13.9 10

Coupon Type The (10) specimens were ranked (1-40) by cleaning method

according to PAC. The average and S.D. (1c) are given by
specimen, with a final (overall) rank.

e|n the average[PAC], the effect of cleaning is readily distinguished for all specimen types.

e|n average[PAC], cleaning methods were more subtly distinguished, i.e. WS>DB>WSS.

e|n average[PAC], the coatings are not as readily distinguished, but can be sorted by rank order.
eMonolithic (no coating) specimens (A, J, K, T) ranked behind coated specimens, suggesting added
value (antireflective and/or antisoiling capability).
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Comparison of Coating Performance by Coating or Location

RAW DATA RANK ANALYSIS
RAWDATA RANK ANALYE AVERAGE VARIATION AVERAGE VARIATION OVERALL

AVERAGE VARIATION VARIATION IN LEVEL, IN RANK,

LEVEL AVERAGE OVERALL LOCATION LEVEL 15.D RANK 15.0 RANK

SPECIMEN IN LEVEL, IN RANK, {%} " |dimensionless}| . . . {dimensionless}
SOILED RANK RANK {%} {dimensionless}
INDEX 1S.D. . . 1S.D. . R

(UNAGED) {dimensionless}| . X {dimensionless}

1%} {%} {dimensionless} o o o|_unaged 91.2 N/A N/A N/A unaged
< ¢35 8 B 87.9(92.9) 59 5o 11 1 (cleanest) g % % § Sacramento 89.4 1.7 2.4 1.4 1 (cleanest)
O 5 & = = + i

- 5 "n:nd% G 87.5(94.1) 6.6 22 10 5 E % c .g_)ﬂ E Mumbai 89.7 0.9 2.6 1.3 2
é -SQ') § G;J é D 87.4(93.2) 6.1 2.8 1.2 3 e E § ; 2 Mesa 89.2 1.0 2.8 1.2 3
g g_ : § 0 86.8(91.3) 20 3.7 11 4 8 g,- K £ Kuwait City 83.2 11.6 3.6 1.5 4

c2g3s ) 86.7(91.2) 6.7 4.0 1.0 5 (dirtiest) Dubai 82.1 13.0 3.5 1.4 5 (dirtiest)

unaged 0 N/A N/A N/A unaged unaged 0 N/A N/A N/A unaged

° G 12.0 11.0 26 13 1 (cleanest) ° o |Sacramento 5.4 4.2 1.7 0.9 1 (cleanest)
gﬁ L J 124 103 3.0 14 2 J2 g & Mesa 9.8 55 2.9 1.0 2
= E 5 2 U 2.4 101 3.0 14 3 a3 Mumbai 8.5 6.4 3.0 1.4 3
© B 12.4 10.4 3.1 1.3 4 © | Kuwaitcity| 167 13.6 3.5 1.6 4

D 12.6 10.4 3.1 13 5 (dirtiest) Dubai 21.7 20.2 3.8 1.2 5 (dirtiest)

Comparison of the effectiveness of the select coatings and substrate
materials for all sites and cleaning methods through the five-year
study. The optical performance (average 1, ., through the study),
obscuration (average PAC), and cumulative rank order is given for
the five select coatings of interest based on the transmittance or

quantitative microscopy from each read point and at each location.
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Comparison of the effectiveness of the uncoated glass
substrate (index J) for all cleaning methods through the five-
year study. The optical performance (average t,, ., through the
study), obscuration (average PAC), cumulative rank order is
given based on the transmittance or quantitative microscopy

from each read point and at each location.




Evolution of Coating Abrasion From DB vs. NC and WS in Mumbai

Dubai

NC: WS:
Visualization of the presence and integrity of the B (porous silica) SUN SIDE SUN SIDE

coating through dry brush (DB) cleaning in Dubai. From its
thickness, the coating appears blue in oblique imaging (years 0, 1,
and 2). In contrast, the bare glass substrate appears brown in
oblique imaging (years 3 and 5). Because it was not cleaned through
the CoViD pandemic year 4 is omitted. Index J (uncoated glass
substrate, after five years of DB cleaning in Dubai) is shown for
comparison.

0 year

unaged

1 year

2 years

3 years

Visualization of the presence and integrity of the B (porous silica)
coating on the incident surface through no clean (NC) and water spray
(WS) cleaning in Mumbai. From its thickness, the coating appears blue
: in oblique imaging (years 0, 1, 2, and 3). In contrast, the bare glass

—— 1mm substrate appears brown in oblique imaging (years 4 and 5).

Jglass 5 years, B (PS)
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Oblique Microscopy of Latter NC Samples (Magnification Setting of 200x)

Y4 NC: Y4 NC: Y5 NC: Y5 NC:
SUN SIDE BACK SIDE SUN SIDE BACK SIDE

Kuwait Dubai

Mesa

Sacramento Mumbai

Representative examples shown for index B, for all five sites.
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Oblique Microscopy of Latter WS Samples (Magnification Setting of 200x)

Y4 WS: Y4 WS: Y5 WS: Y5 WS:
SUN SIDE BACK SIDE SUN SIDE BACK SIDE

Dubai

Kuwait

eWhile the NC coupons were not affected,
the specimen cleaning was interrupted
at some sites by the CoViD pandemic.

_ Mesa

Sacrame_nto Mumbai

Representative examples shown for index B, for all five sites.
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Comparison By Contamination IType

PY @
Q
= = )
£ £ AT,=0.873x, R"=0.878 ©
e e
o o
< e 1or 7
[}] [}]
5 5 5L o AT, =0.169x, R°=0.939 _|
- z A
'_Ig L At A =
< < o a
0 | | | | 1
0 5 10 15 20 25 30
PAC, Particle area coverage {%} PAC, Particle area coverage {%}
Fits for all locations Fits for the locations of Dubai, Kuwait, Mesa only
(including inorganic and no organic contamination). (no organic contamination).
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Method of Comparing the Artificial Abrasion and Field Coupon Studies

oAF, acceleration factor is the ratio of rate of optical performance
degradation, artificial:field.

-Example shown, fit forced through 0. No abrasion cycles, no degradation. AT,
-Delicate coatings: limit examination to range of known durability, n<100. AF = %
-n: logarithmic scale compared to linear scale. Aty
eAnalyze dry dust and slurry linear brush tested samples relative to A_nf

Dry Brush cleaned coupons (field soiling study).
-Materials: B (porous silica coating). J (glass with no coating).

DB samples are not perfectly clean!
- Focus on abrasion damage. Use non-contact cleaning of test surface using:
mild detergent (Liquinox), DI rinse, CDA spray to —improve- cleanliness.

Aty, change in direct transmittance {%}

-0.5
-1.0
-1.5
-2.0
-2.5
-3.0

0.5
0.0

y =-0.0047x
R?=0.9952

y =-0.0238x
R?=0.9720

100

n, # cycles

150

Arbitrary example: basic AF analysis.

*1 {%} examined relative to unaged specimen, from 300-1250 nm.

ATy, =1+ PAC + b

20
Example of uncleaned (left) 9
and cleaned (right) Kuwait 8 sl i
samples. % m‘,=n.3?sm,R’:n.:mD °o
§
T, =T, + ¢+ PAC —5___ o l
s c m 1 w\\
i ‘ ) . . 5 sk © \T,=0.169x, R'=0.939 |
eDB samples remain partially contaminated! L
-Perform correction of transmittance measurements < o , , , , ]
0 5 10 15 20 25 30

based on contamination quantified from microscopy (NC + WS samples).

-Comprehensive optical analysis: optical loss primarily absorptance.
MATIONAL RENEWABLE ENERGY LABORATORY

PAC, Particle area coverage {%}

Correlation for transmittance:contamination correction factor.
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Results of Comparing the Artificial Abrasion and Field Coupon Studies

oAF for dry brush cleaning of PS coating was on the order of unity.
-Consistent with damage from accumulation of individual scratches.
Similar scratch morphology, despite: location (contamination density),
the dust (composition and morphology), personnel (contact pressure
for cleaning), and the brush (IEC vs. study).

-10k cycles of artificial abrasion can be performed in hours; field takes years.

eObservations:

-Dubai different magnitude. (contamination density)

-Kuwait was cleaned daily, not monthly. (limited to 2y)

-Different order of magnitude observed for J glass with no coating.
-Lesser AF for slurry. Water previously identified to act as lubricant.

sDiscussion:

-PS coatings are very delicate (life of 50 < n < 200).

-From AFM scratches (dust object) wear deep or completely through coating.
-AF for more robust coatings (metal oxide films) may be very different.

Results for logarithmic analysis.

ARTIFICIAL AF[1,]
LOCATION
ABRASIVE B J
Dubai dry dust 0.53 -0.51
Kuwait City [ dry dust 1.7 23
NMesa dry dust 097 | 042
Mumbai dry dust 1.9 0.59
Sacramento| drydust 2.8 0.16
AVG dry dust 1.6 4.7
ST DEV dry dust 0.9 10.1
Dubai slur 0.33 -0.055
Kuwait City slurry 1.1 2.4
Mesa slurry 0.61 0.045
Mumbai slurry 1.2 0.063
Sacramento slurry 1.7 0.017
AVG slurry 1.0 0.50
ST DEV slurry 0.5 1.1




Comparison of Mesa and NREL Transmittance Measurements

ASU Transmittance vs NREL Transmittance (All, YO-Y5) ASU Transmittance vs NREL Transmittance (All, Y1-Y5)
0.00 O o 0.00 o
‘o o olv= 0.597x-0.582 o o y = 0.456x - 0.943
1o SR oy R2=0.526 oo oB g R2=0.368
NS - - So < O So - (@)
-
2 200 ) RS So 2 200 O~ S~o
z 9 080 ™\ R Yo z S ©080~i_o oa
g 5 o N\ N ~ ~ \Q g o o ~ « - -~ \O 9
Z -3.00 0 SO O @ 2 -3.00 ) S 0
= (@) S0 = 0 S S
:1 S S S O ©) :1 Q ~ \O O
400 | O|y=0.844x-0.835 NP oo | O |y=0.641x-1.353 ~Q
R?=0.535 @) pS R2=0.378 O
-5.00 ©) -5.00 ©)
-6.00 -6.00
0.00 -1.00 A% ansmittand"Rsy -4.00 -5.00 -6.00 0.00 -1.00 28 ansmittarid2Rsu -4.00 -5.00 -6.00

For NC coupons: all data (left) vs. fielded specimens only (right).
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A Th,rsw (%) NREL

A Thyrsw %) NREL

Comparison of Mesa and NREL Transmittance Measurements

ASU Transmittance vs NREL Transmittance (B, YO-Y5)

050 100

A ffansmittdfice A5 300

ASU Transmittance vs NREL Transmittance (B, Y1-Y5)

050 100

Hfansmit@hce a0 300 350

A Th,rsw (%) NREL

ATh,rsw %) NREL

ASU Transmittance vs NREL Transmittance (D, YO-Y5)

100
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100 B Hnsmittancd BBU .00

ASU Transmittance vs NREL Transmittance (D, YO-Y5)

400 500

1o 2Rransmittarit@Asu

A Th,rsw (%) NREL

A Th,rsw %) NREL

ASU Transmittance vs NREL Transmittance (G, YO-Y5)

050 100 ASansmifBhce apS0 300 350

ASU Transmittance vs NREL Transmittance (G, Y1-Y5)

050 100 pSfransmitlhce a0 300 350 -4.00

A Th,rsw (%) NREL

A Thrsw {%) NREL

ASU Transmittance vs NREL Transmittance (J, YO-Y5)

050 100 AansmAdhce ASBSO 300 350

ASU Transmittance vs NREL Transmittance (J, Y1-Y5)

050 100

Bfansmit@hce a0 300 350 400

A Th,rsw (%) NREL

A Th,rsw (%) NREL

000 050 00

ASU Transmittance vs NREL Transmittance (U, YO-Y5)

Wfransiihce ARFO 300 350 400 450

ASU Transmittance vs NREL Transmittance (U, Y1-Y5)

000 050 00 -hflansmd@hce a0 300 350 -4.00

For NC coupons, by coating: all data (top) vs. fielded specimens only (bottom).

Y
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3y NC Samples: Camera Photos and Microscopy

J (phone, white background) J (phone, black background) J (200X)

Dubai

J218

Kuwait (2v)

Jo26

Mesa

1027

Jo51

Sacramento Mumbai

Representative examples shown for all five sites.
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Method of Comprehensive Optical Analysis

eGoal: verify the optical modes affecting optical performance as a function of wavelength.
eSpectrophotometer can measure t,, T4, py,, and p..
--h: hemispherical (with integrating sphere); d: direct (no sphere); s: scattering (reject direct light).
-Analyze subsequent characteristics, o, and scattering.
-Examine No Clean (worst case) J (no coating) samples at 3y.
Results analyzed relative to unaged (not fielded) J sample.

Pd = Ph — Ps

ah=100—‘ch—ph

(Tth — Ta)

haze[t] = -
h

(Pr — Pa)

haze[p] =
P Ph

Rejecting the direct light for p. measurements.
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Lessons Learned From Comprehensive Optical Analysis of NC Specimens

eOptical performance (1) is reduced by soiling = reduced electricity generation.
eMuch of the loss results from absorptance. Compare the symmetry of t, and a,.
Little Ap,. Approach of correcting transmittance from correlation seems legit.
eScattering is increased for both t and p.
-In most cases magnitude[p, ] is not changed significantly, light is just scattered.

40 T T T T

ep is substantially increased for Dubai. or Jvocel Mumbai

-Result is unexpected, unique to that location.
-p results from composition (calcite), magnitude
(near complete cemented layers), and/or condition

A, Change in optical perfarmance {3}

(substantial cementation) of the contamination. 2 L L
200 400 600 800 1000 1200
40 T T T T
E Sacramento
g
(Th - Td) — M E 200 /Bhazelp] B
haze [T] _~h 4l haze [p] on ‘E . /' aa, /00, shazet
Th 3
g
Comprehensive optical analysis of transmittance (t), reflectance (p), and E‘ 1o} “a, i
absorptance (o) for NC coupons (typically 3y). Hemispherical (integrating T . ,

sphere) are given, in addition to the haze for transmittance and reflectance. w00 a0 Aem 800 1000 1200
. Wavelength {nm
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A, Change in optical perfarmance {3}

A, Change in optical perfarmance {3}

A, Change in optical perfarmance {3}
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Dubai, 3y vs. unaged
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Dubai, 3y vs. unaged
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