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Outline

Why care about Incidence Angle Modifier (IAM)
* |AM is difficult to measure.
Kiwa PVEL's solution
* Most accurate IAM tester yet reported.
Survey of Commercial Modules
* Defining a new default IAM curve
Energy yield
Simple optical model
Issues with IAM
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Intro
Why IAM?

The sun isn’t always
perpendicular to the module.

https://www.istockphoto.com/photos/solar-panels-sunset
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What is IAM?

Perfect Absorber
Absorption proportional to
cos(theta)
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PV Module
Isc proportional to cos(theta)
times IAM

IAM is deviation of module response

from that of a perfect absorber.

OPVEL LLC (“Kiwa PVEL”), 2024.

(nonlinerity
correction)
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IAM measurements are notoriously difficult

Interlaboratory comparison

* Range at 60 degrees is 3%!
e |AM variability measured at | e i -

. . . . f— A
different laboratories is responsible K 5T T Revccrr: & indoor
for 1.0%-1.5% error in energy yield. ) |
e Variability has real-world financial =
s
consequences 2
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Goal: improve the accuracy of the IAM test ACI()

Riedel et. al. Progress in PV (2020) doi.org/10.1002/pip.3365
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https://doi.org/10.1002/pip.3365

Differential Responsivity

Responsivity: Current out /
Optical Power In

Differential Responsivity: the
change in Isc divided by the
change in input irradiance.
Established technique, but
not commonly used for IAM.

Pulsing
Light

Isc(0,Pulse On) — Isc(6, Pulse Off)

5(6
3(0) < e +(Pulse On) — Egu(Pulse OF)
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Apertures get rid of diffuse light

Kiwa PVELs IAM measurement / \\

Modulated

Reference
detector

Technically, “super-duper far”
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Experimental Setup.




Class A LED Simulator
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Kiwa PVELs IAM protocol

* Tapping procedure (contact a single cell):

Single cell tapped near center of module
All modules measured indoors on the same

tester: glass//glass and glass//backsheet
Parallel substring isolated (extremely
important)

Temperature of cell measured.

OPVEL LLC (“Kiwa PVEL”), 2024.

Cell of interest

Module
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IAM Error (% Abs)

11

* (a) ‘ 0.20 - =
a .
Best|reported in
3 Prior work 015
F
2 ] | y |
PVEL
1- hi

Kiwa PVELs IAM test is the
most accurate yet reported

Reduced IAM uncertainty by
an order of magnitude

| /

A:
o ‘ ' ‘ 0:05 a

0 20 40 60 80 0 20

AOI (degrees) AOI (degrees)

OPVEL LLC (“Kiwa PVEL”), 2024.

Large effort to reduce uncertainties.
* Diffuse light <0.1%
*  High-precision angle measurement: 0.01 deg
*  Address electromagnetic noise.
*  Spectral tuning before each scan.
*  Each data point is average of over 2000 pulses.
*  Three repetitions of IAM scan per module.
*  Three different modules averaged
Error-compensation Analysis:
*  Positive and negative angle averaging.
*  Correction for small temperature changes.

Expanded Uncertainty - BOM Mean
Expanded Uncertainty - Each Module
Expanded Uncertainty - Prior Work
All Systematic Effects

Vertical Extent of Modulated Beam
Horizontal Extent of Modulated Beam
Angle Origin Error

Vertical Aignment Error

Diffuse Fraction

Nonuniformity over Cell

Spectral Error

Riedel et. al. https://doi.org/10.1002/pip.3365
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Results

OPVEL LLC (“Kiwa PVEL”), 2024.
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|AM Survey 100 # )

(a
* 42 unique BOMs tested (126 90 -
mods)
H _| =lll= PVSyst Fresnel ARC —— BOM 15 BOM 29
* These are modules submitted to 80 2OM 1 SoM 16 St o0
H BOM 2 BOM 17 BOM 31
PVEL for IAM testing, and are a oo som son >

IAM (%)

somewhat random sample of the 70— Bom4 BOM 19— BOM 33
. . — BOM S5 BOM 20 —— BOM 34
current generation of commercial — BOM6 ~—— BOM21 —— BOM35
- BOM 7 BOM 22 - BOM 36
modules. 60 4 — Boms BOM 23 —— BOM 37
—— BOM 9 BOM 24 — BOM 38
-— BOM 10 BOM 25 — BOM 39
. o | — BOM11 BOM 26 — BOM 40
* WOW, they look very similar. 50 1 somi BOM 27 —— BOM 41
- BOM 13 BOM 28  =—— BOM 42
— BOM 14
40 I I I I
0 20 40 60 80

Angle Target (degrees)
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Differences from mean

But, IAM curves are different.
Average outperforms PVSyst

Fresnel ARC default model slightly.

=fll= PVSyst Fresnel ARC  ~—— BOM 15
- BOM 1 BOM 16
- BOM 2 BOM 17
= BOM 3 BOM 18
- BOM 4 BOM 19
-— BOM 5 BOM 20
- BOM 6 - BOM 21
- BOM 7 BOM 22
- BOM 8 BOM 23
- BOM 9 BOM 24
- BOM 10 BOM 25
- BOM 11 BOM 26
= BOM 12 BOM 27
- BOM 13 BOM 28
- BOM 14

BOM 29

BOM 30

BOM 31
—— BOM 32
—— BOM 33
—— BOM 34
— BOM 35
—— BOM 36
—— BOM 37
—— BOM 38
—— BOM 39
—— BOM 40 =2.0 T T 1 T

oo 0 20 40 60 80
Angle Target (degrees)

IAM difference from mean (% Abs)
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New Fleet Average IAM curve

/

AOI IAM 1AM IAM IAM IAM

) (®) Fleet  Fleet PVSyst  Lowest  Highest

For energy modelers: in the Average 20  Fresnel ARC (%) (%)
absence of validated IAM data, (%) (%) (%)

use the fleet average presented 0  100.000  0.000 100.000  100.000  100.000

| : 10 100.026 0.054 - 99976 100.106

here! (to be published soon) 20 100.048 0.139 ~ 99860 100.178

Be wary of IAM measurements 30 100.026 0234 99900  99.601  100.197

that fa" above or be'ow the 40 99.774 0.360 - 99.163 100.056

hiehest and | t her 50 98986 0.488 98.700 98225  99.337

Ighest and lowest here. 55  98.181 0.397 - 97618 98417

60  96.611 0.709 96200  95.667  97.166

65  94.041 0.864 - 92992 94715

70 89.603 1.117 89.200 88361  90.639

75  81.997 1412 81.600  80.555  83.388

80 68499  1.602 68.100  67.155  70.115

, 85 45735 1.764 44000  44.132  47.619

* To be published soon. 90  0.000 0.000 0.000 0000  0.000

OPVEL LLC (“Kiwa PVEL”), 2024.
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Energy Yield

. All

Simulations in PVSyst show differences in 20 ™= _After Upgrade |
energy yield between modules. Mean: 0.14%
This work: the full range of energy yield on Median: 0.17%
all different modules is less than 0.5%! - Std: 0.12%
2 Max: 0.30%
Previously, uncertainty of measurement is > s
high enough that it would be difficult to < i -Dsat o
8 .g o Range: 0.53%

tell the difference between modules. > _

o}

L

10 -
5 -
Fit to energy yield of SAT system in Las Vegas NV
with DC/AC ratio of 0.9 modeled using PVSyst.
Energy oc f(0°) + 0.920 - £(30°) + 0.479 - £(50°) 0 T
+0.185 - f(60°) 4+ 0.059 - £(70°) + 0.010 - £(75°) -0.4 -0.2 0.0 0.2 0.4
+0.011 - £(80°) 4+ 0.006 - f(85°) Energy Enhancement (%)
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What drives Energy yield uncertainty? But there is not much light there, so

* |AM measurements have greatest
uncertainty at 70-85 degrees.

4

@ Best|reported in

3 Prior work

IAM Error (% Abs)
N

PVEL
]
1 - v |
0 ] T 1 T 1
0 20 40 60 80
AOI (degrees)

Take home message:
IAM at >80° doesn’t matter

17

energy yield uncertainty is
dominated by uncertainty in
measurement at 20-60 degrees.

- | as Vegas - SAT
— = Boston - SAT

N\ _
/ /\ —— Las Vegas - Fixed-Tilt
0.005 = Boston - Fixed-Tilt |
0.004 H /
0.003 A /
0.002 74
0.001 A # V\

T T

1
0 20 40 60 80
Angle (degrees)

0.006

Energy Yield Error Due to IAM Error (%)

0.000

©PVEL LLC (“Kiwa PVEL”), 2024. leé !

PVEL



18

Spectral IAM

We can measure IAM using each
of the LED color individually.
There is “nowhere” to put this
data right now. Energy models
cannot accept a spectral IAM.

[Aside — some people think IAM
can’t be bigger than 1.0. It can,
and is for certain wavelengths]

102
)
2 101
O\O
~ 100 -
=
(@)
ol
g — AM1.5G
g O8 | === 365 nm
8 w430 NM
G 97 o === 530 nm
; e 625 NM
< 96 4 730 nm f————
S 850 nm
T 95 o === 970 nm T
“ w1050 NM

94 T T
0 20 40 60 80

OPVEL LLC (“Kiwa PVEL”), 2024.
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IAM Model ()
' ' 101 A S <
 What’s causing this spectral IAM?
 |AM is mostly due to glass ARC. 100 A
e Surprising how well a 1D all-optical
model fits. X 99 1
> ® Class A - Data = (Class A - model
< 98 1 e LEDO-Data = | EDO model
® LED1 - Data = | FD1 model
® LED?2 - Data = | ED2 model
97 A ® LED3 - Data w | ED3 model
LEDA4 - Data LED4 model
1 ® LEDS5 - Data = | ED5 model
Glass 96 ® LEDG6 - Data = | ED6 model
Encapsulant ® LED7 - Data = | ED7 model
Cell ARC - 0 20 20 60
PV Cell

Angle (degrees)

T. Karin, D. Miller and A. Jain, "Nondestructive Characterization of Antireflective Coatings on PV Modules," in IEEE Journal of

Photovoltaics, vol. 11, no. 3, pp. 760-769, May 2021, doi: 10.1109/JPHOTOV.2021.3053482.

19 OPVEL LLC (“Kiwa PVEL”), 2024.
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Issues with IAM

IAM Secret:

We made IAM measurements much more accurate,
but there are other issues with current modeling
methods (related to IAM) that cause bigger errors.

OPVEL LLC (“Kiwa PVEL”), 2024. kiwa !
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Issue (1) with energy modeling

 “Good IAM” is due to glass coating.

* But, coating lifetime can be 7 years (or
less) when vigorously cleaned.

e Should have a model where the IAM
curve changes with time.

* Responsible for about 3.5% reduction in
performance after coating is removed.

(h) Total abrasive ARC
(a) Very high perfor- (g) Abrasive coating loss except in pockets
mance coating Ioss major (coupon) of glass texture

K2, Location 4,
0.1 years, clean

3.5 — 15nm/yr —— 5nm/yr
—— 33 nm/yr —— 10 nm/yr

N
o

80% Threshold

o B = N
o v o

«

Nominal Power Enhancement (%)

o
o

10 20 30 40 50
Time (years)

5}

Photovoltaic module antireflection coating degradation survey using color microscopy and spectral
reflectance. Todd Karin, Mason Reed, Jim Rand, Robert Flottemesch, Anubhav Jain

https://doi.org/10.1002/pip.3575
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Issue (2) with IAM for energy modeling

IAM measures Isc of the "best” cell in the module, but we

actually care about power, which also depends on the Isc of
all the other cells in the module.

B02, 2024-05-16 12:30:03

B02, 2024-05-16 17:30:02

2.5 1 —— B02-M126-1CC 60.3 W
B02M126-1C¢ 376.5 W —— B02-M127-1CC-10D 51.6 W
T :gﬁ'migégc'ﬁ'ﬁ 35\:,'7 w —— B02-M128-50pc 50.6 W
i —— B02-M129-OUtCTRL 52.0 W
Eﬁfﬂ}iﬁ'g”ﬂit izif a —— B02-M130-OUtCTRL 52.4 W
BOZiM131ilgC oow 2.0 8(y | BOZ-M131-1GC-0:0W
: - B02-M132-OUtCTRL 52.6 W
B0RMI2515C100 00W 0: 802 M133-15C-10D 0.0 W
B02-M134-6CC-6pSS 3703w B02-M134-6CC-6pSS 59.4 W
B02-M135-6CC-1pSS 371.4 W B02-M135-6CC-1pSS 58.8 W
—— B02-M136-1CC 372.4 W ~—— B02-M136-1CC 58.7 W
—— B02-M137-75100pc 53.7 W
— —— B02-M137-75100pc 357.6 W z BOZ-M13B»OutCT}zE 27w
< —— B02-M138-OUtCTRL 374.7 W < - :
- —— B02-M139-OUtCTRL 373.9 W o —— B02-M139-OutCTRL 58.2 W
£ @
I -
= _
5 =]
3 O
O
0 -
T T T T T T _0 . 5 T T T T T T
0 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
Voltage (V) Voltage (V)
@ wy; ” -
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1AM (%)

Conclusions

Using the most-accurate * Best to worst IAM
IAM test method yet variation changes
reported, we found small energy by 0.5%, so
variability in a large survey there are differences
of modern commercial between modules.
modules.
100 (a) 20 4 = :lf!ter Upgrade -
920 Mean: 0.14%
Me(liian: (?).17%
e e 15 T Mo 030%
— BOM3 BOM 18 g Min: -0.24%
70 1= sous ks g Range: 0.53%
— e =FE g 101
60 1 — goms BOM 23 L
50 4= foni sonce .
40 ~—— BOM 14 ; ; [ I
0 20 40 60 80
Angle Target (degrees) 0 -

-0.4 -0.2 0.0 0.2 0.4
Energy Enhancement (%)

OPVEL LLC (“Kiwa PVEL”), 2024.

* New fleet average and
upper/lower bounds for
energy modelers

AOIL 1AM 1AM IAM 1AM IAM
©) Fleet  Fleet PVSyst Lowest  Highest
Average 20 Fresnel ARC (%) (%)

(%) (%) (%)

0 100.000 0.000 100.000  100.000  100.000
10 100.026  0.054 - 99.976  100.106
20 100.048 0.139 - 99.860  100.178
30 100.026 0234 99.900 99.601  100.197
40 99.774  0.360 - 99.163  100.056
50 98.986  0.488 98.700 98.225 99.337
55 98.181  0.397 - 97.618 98.417
60 96.611  0.709 96.200 95.667 97.166
65 94.041 0.864 - 92.992 94.715
70 89.603 1.117 89.200 88.361 90.639
75 81.997 1412 81.600 80.555 83.388
80 68.499  1.602 68.100 67.155 70.115
85 45735 1.764 44.000 44.132 47.619
90 0.000  0.000 0.000 0.000 0.000
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We Create Trust

Contact Kiwa PVEL:
pvel@kiwa.com
www.kiwa.com/pvel
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