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Details of the C-AST Runs

C-AST RUN 1 C-AST RUN 2 C-AST RUN 3
SEQUENCE: SEQUENCE: SEQUENCE:
NUMBER FAILURES: |Winter|Spring| Tropical-a | Tropical-b | Desert] Winter | Spring | Tropical-a | Tropical-b| Desert] Winter Spring | Tropical-a|Tropical-b| Desert
CABLE ENDS 0 0 0 0 1 0 0 8 2 0 0 0 0 0 0
FIXTURE 0 0 0 0 1 0 0 3 1 1 0 0 0 4
DC=AC or 0 9.0£5 9.0£5 (24%10| O 24+10 15+8 | 106 0 106 106 106
DC CURRENT 0 9.0 9.0 24 0 24 15 10 0 10 10 10
at HIGH IRRADIANCE {A}
DC+AC or
DC CURRENT 0 9.0£5| 9.0+5 9.0£5 [ 13+6 0 13+6 | 136 7.5%4 5+3 0 53 5+3 5+3 5+3
at LOW IRRADIANCE {A} 9.0 9.0 9.0 13 0 13 13 7.5 0 5 5 5
s | x| & c |z |3 & | 8 & | &8 & 2 < 2 S
STARTDATE| & | & S 3 S| 5| 3 = = = & & > & <
AN N [a] [a] [a] [a] AN AN [a] [a] [a] AN [a] AN I
& Q & & & & & & & & & & & & S

eAbove: number of failed connectors and current settings for
the D1 C-AST fixture cable specimens.
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DI-
black red gray

-29 -30 -30 AVG
24 24 24 S.D. o
-81 -81 -81 CoV {%} E
28 30 29 MAX S
-45 -46 -46 MIN
74 76 74 DIFF
-11 -14 -11 AVG
28 26 29 S.D.

-262 -190 -261 CoV {%} 2
29 26 29 MAX g{’
-45 -46 -46 MIN
74 72 75 DIFF
59 54 59 AVG
26 23 27 S.D. 2
100 100 100 CoV {%} O
85 79 87 MAX o
-26 -27 -27 MIN =
111 107 114 DIFF
31 29 31 AVG
36 35 36 S.D. _
100 100 100 CoV {%} e
86 83 87 MAX i
-26 -27 -27 MIN
113 110 114 DIFF

el eft: temperature of cables by color in
the C-AST chamber for M2212-8000
(black), M2212-8011 (red), and M2212-
8001 (gray).
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Characterization of DC lines of module string

Measurement equipment

Verivolt IsoBlock V-4c

*3 Way Galvanic isolation
*1,500V sustained and 5,000V
peak isolation (1 min)

*DC to 100kHz Bandwidth
*1500 V in/10 V out

NI-9222

+10V, 500 kS/s/ch, 16-Bit,
Simultaneous Input, 4-Channel
NI cDAQ 9178

Into Laptop running LabVIEW

data

VV)

average irradiance dt

% /Volumes/NO NAME/4_15_2022 2-47-43 PM 4 0.950383 2E-6

ABB Power One TRIO-2.0-TL-OUTD DC line voltage

i | 1 1 |
20.000m 100.000m 120.000m 140.000m 160.000m
Time (s)

|
180.000m

|
200.000m

T
"\.lf.-"J'-.,W.MM""”; HNWL” WJ

Frequency analysis by Fourier transform (peak-peak)/2

I(I)O Ilk I(I!k
Frequency (Hz)

'
100k




Overview of Inverter DC Strings Characterized

Inverter Inverter Model Measured Peak 120 Hz (V) Other significant
Maker System (peak-peak)/2 peaks
voltage

SMA SB 3000HFUS-30 328V 0.2V 48 kHz

SMA SB 3000US-30 220V 3V

SMA SWR 1800U 208 V 3V

PV Powered  PVP 2000 162 V 5V 10, 30, 50, 70 kHz

ABB Power TRIO-2.0-TL-OUTD 395V 20V 15 kHz

One

Proharvest TS-480-8K 410V 23V

OutBack

Power

Fronius IG 5100 284V 0.7V



DC+AC in C-AST D1 Experiment (Representative FFT’s)

Comparison of FFT Magnitudes: Tropical 2A, 2B, and 3A (Top to Bottom)
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Morphology (Optical Microscope) of D1 and K3 C-AST Specimens

M2212-8000 (XLPO/LDPE) M2212-8001 (XLPE) M2212-8002 (XLPO/XLPO)
A R Y X 3 7 - :

M2212-8004 (PA outer)

unaged

D1 (dark)

D1 (lamp),
DC+AC

D1: Lamp or Dark side unassigned
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Surface Roughness (Profilometer) Methodology

Background:
Roughness Measurements Using Mechanical Profilometer

Dektak 8 (Veeco Instruments, Inc.) '

Stylus 3
R |

; T
Displacement [ = | syt V

- —

las NN | O

Surface of a sample

(target object)
’ 1L Jix
* Probe material: diamond Ry = Té y2 (x
" 1.5 mm line scans Ry ™ rms (variation in) roughness.

* Probe size: r=5 um
* AVG[5-10 measurements], each sample

" (10 10

R = — Y.

z (I150) . + ZY)
1w tet T deg 2

* Vertical resolution: 1 nm in 60 um range .'
« Lateral resolution: scales with probe size
* z-measurement range: 0-260 pm

* Probe M/N 838-031-1

* Contact force: 3 mg

x
i ll'&'m h’“ :\n Ve l

R, focuses on largest sized features.



Morphology (Optical Microscope) of D1 and K3 C-AST Specimens

Optical Microscopy — M2212-8000 (black, XLPO outer/LDPE inner)

unaged D1 (dark, at mandrel abrasion)

NREL | 9




Roughness (Profilometer) of D1 and K3 C-AST Specimens

Roughness Profiles — M2212-8000
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Morphology (Optical Microscope) of D1 and K3 C-AST Specimens

Optical Microscopy — M2212-8001 (black, XLPE)

NREL | 11




Roughness (Profilometer) of D1 and K3 C-AST Specimens

Roughness Profiles — M2212-8001
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(black, XLPE)
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Morphology (Optical Microscope) of D1 and K3 C-AST Specimens

Optical Microscopy - M2212-8002 (black, XLPO outer/XLPO inner)

unaged D1 (dark, at mandrel abrasion)
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Roughness (Profilometer) of D1 and K3 C-AST Specimens

Roughness Profiles — M2212-8002 (black, XLPO outer/XLPO inner)
unaged
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5000 } — 5000 |
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Morphology (Optical Microscope) of D1 and K3 C-AST Specimens

Optical Microscopy - M2212-8003 (black, XLPO outer/XLPO inner)

unaged D1 (dark, at mandrel abrasion)

.“ b & gl L

NREL | 15



Roughness (Profilometer) of D1 and K3 C-AST Specimens

Roughness Profiles - M2212-8003 (black, XLPO outer/XLPO inner)
unaged D1 (dark, at mandrel abrasion)
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Morphology (Optical Microscope) of D1 and K3 C-AST Specimens

Optical Microscopy — M2212-8004 (PVC Inner) (red, for PVCinner)

D1 (dark, at mandrel abrasion)

NREL | 17



Roughness (Profilometer) of D1 and K3 C-AST Specimens

Roughness Profiles - M2212-8004 (PVC Inner) (red, for PVC inner)

unaged
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Morphology (Optical Microscope) of D1 and K3 C-AST Specimens

Optical Microscopy --- 8004, PA Outer (red, for PA outer)

Unaged D1, Lamp or Dark side unassigned
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Roughness (Profilometer) of D1 and K3 C-AST Specimens

Roughness profiles --- 8004, PA Outer
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Morphology (Optical Microscope) of D1 and K3 C-AST Specimens

Optical Microscopy — M2212-8006 (black, CPE)

unaged
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Roughness (Profilometer) of D1 and K3 C-AST Specimens

Roughness Profiles — M2212-8006
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Morphology (Optical Microscope) and Roughness (Profilometer)

of D1 and K3 C-AST Specimens

Optical Microscopy and Roughness Profiles -M2212-8005

unaged
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Morphology (Optical Microscope) and Roughness (Profilometer)

of D1 and K3 C-AST Specimens

Optical Microscopy and Roughness Profiles - M2212-8007 (red, XLPE)
unaged
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15000
E
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Morphology (Optical Microscope) and Roughness (Profilometer)

of D1 and K3 C-AST Specimens

Optical Microscopy and Roughness Profiles -M2212-8011 (red, XLPE)
unaged unaged
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T o
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EG—ZQDGD -
-30000 F
-40000
0 300 600 900 1200 1500
Distance (um)
K3( lamp)
20000
E 10000 F
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Morphology (SEM) of D1 and K3 C-AST Specimens

Select D1 Cables: Qualita e Morphology
M2212-8000 M2212-8001 M2212-8002 M2212-8003 M2212-80 M2212-8006 8004
(XLPO/LDPE) (XLPE) ( XLPO/XLPO) (XLPO/XLPO): (PA/PVC): (CPE Outer): pA/P
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Composition (EDS) of D1 and K3 C-AST Specimens
M2212-8000 (IEC, XLPO/LDPE): Quantitative Composition

Left: eAl, Si observed in addition to C, O + Si agglomeration Right:
greatest concentration eTrace elements: Na, Cl, K, e.g., salts. least concentration

D1 (dark)

D1 (lamp)

K3 (lamp)
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Composition (EDS) of D1 and K3 C-AST Specimens

M2212-8001 (NEC, XLPE): Quantitative Composition

eUnaged: fibrous surface texture.
eAl, Si observed (including composition clusters) in addition to C, O.
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Composition (EDS) of D1 and K3 C-AST Specimens
M2212-8002 (IEC, XLPO/XLPO): Quantitative Composition

eAl observed in addition to C, O.
eTrace elements: Si, Na, Mg.
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Composition (EDS) of D1 and K3 C-AST Specimens
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Composition (EDS) of D1 and K3 C-AST Specimens

M2212-8004 (building, PA/PVC): Quantitative Composition

e Cl, Al, Si, observed (including composition clusters) in addition to C, O. Cl is part of PVC.
e Trace elements: K, Mg, Ca, Sb
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Composition (EDS) of D1 and K3 C-AST Specimens

M2212-8006 (CPE Outer): Quantitative Composition

NREL | 35
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FTIR (Polymer Structure) of Oceanside and Reference Cables

Intensity {arb. units}

| | | | I T T
M2205-5029 (PE) —— X-section

- - - Quter surface

N Jew A

1.0

J&lmzzos-so% (PE)

M2205-5015 (XLPO)

M2110-0070 (unaged PE)

M

0.0H

4000

3500 3000 2500 2000 1500 1000

Wavenumber {cm' )
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Characteristics (FTIR, DSC, TGA) of D1 and K3 C-AST Specimens

M2212-8000 (IEC, Black, XLPO/XLPO): Polymer Characterizations

Weight loss (%)

| M2212-8000
— Outer
— lnner

L 1 -
200 300 400 500 &00
Temperature (°C)

TGA of unaged,

inner and outer cable jacket:

outer layer contains 40% of
additives and fillers that don’t
decompose below 700°C.

Heat Flow (W/g)

Exo

DSC of unaged and D1-aged,
outer cable jacket:
Differences in crystallinity and
melting behavior observed
upon aging.

06 T T T . =

20 40 60 80 100 120 140
Temperature (°C)

T T ! ) !
— Unaged M2212-8000

— D1-Lamp
F — D1-Dark
—— D1-Dark-Abrasion
— K3-Lamp
— K3-Dark

Normalized intensity (arb. units)

el

3000

4000 2000 1000

Wavenumber (cm'1)
FTIR spectra of unaged and aged
(D1 and K3) cable jackets: K3 has
2x greater UV dose —> greater UV
photo-oxidation damage on lamp
side; minor effect on inner jacket.
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Weight loss (%)

Characteristics (FTIR, DSC, TGA) of D1 and K3 C-AST Specimens
M2212-8001 (NEC, Gray, XLPE): Polymer Characterizations
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200
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0 L i i

200 o0 400 500
Temperature (*C)

TGA of unaged cable jacket:

Single type of cable jacket
throughout its thickness,
95% of jacket formed of a
copolymer.

Heat Flow (W/g)

Exo
—_—
1

DSC of unaged and D1-aged
cable jacket:

Based on transition
temperatures, 75% is formed of
semi-crystalline HDPE; minor
crystallinity changes upon aging.
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1 L 1 I 3 1
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U
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2 1 L H
4000 3000 2000 1000

Wavenumber (cm'1)
FTIR spectra of unaged and aged

(D1 and K3) cable jackets:

1800 cm™ - 400 cm™ region
mainly attributed to additives; UV
photo-oxidation on the lamp side.



Characteristics (FTIR, DSC, TGA) of D1 and K3 C-AST Specimens

M2212-8002 (IEC, Black, XLPO/LDPE): Polymer Characterizations

. r .
M2212-8002

)
sol c
=3
2 | DSC of unaged and D1-aged <
H cable jacket: 2
2 40 o . W
2 ~30% of jacket formed of LDPE 5
i ; —small crystallization peak at = | DrpareAtasion
M2212-8002 ~100°C ‘8 . — K3-Lamp
= e J ] : T"_; — K3-Dark
200 300 400 500 600 E
Temperature (°C) d I T T T T T s
. 0.2f . <
TGA of unaged cable jacket: N . B . !
Inner and outer cable jackets g 0.0 ’ 4000 3000 2000 ) 1000
have different colors, but %’ Wavenumber (cm )
contain same copolymers i FTIR spectra of unaged and aged
with likely different additive 3 (D1 and K3) cable jackets:
formulation. surface degradation of the outer
.3[ 06k : ; e . jacket on both lamp and dark

. 1
20 40 60 80 100 120 140 side — to be further understood. 39
Temperature (°C)



Characteristics (FTIR, DSC, TGA) of D1 and K3 C-AST Specimens

80| — Aged-D1 — K3-Lamp

. , : : .
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40 = I ] I | 20 40 60 80 100 120 140
100 200 300 400 500 600 Temperature (°C)

Temperature (°C)

Normalized intensity (arb. units)
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TGA comparing outer jackets
of -8002 and -8003 having
same copolymers, but
different flame inhibitors

Wavenumber (cm_1)

Heat Flow (W/g)

Exo

20 40 60 80 100 120 140
Temperature (°C)

NREL | 40



Characteristics (FTIR, DSC, TGA) of D1 and K3 C-AST Specimens

M2212-8004 (Building, Red, PA/PVC): Polymer Characterizations

100 T T T o Llnlaged

; e e
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sof- j outer cable jacket: T _Egi;?a:r%abraston i
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s o - brittleness, crack and peels off E Outer |
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| maz1a-a00 L | the lamp and chamber stresses. & | .
 — - o = Presently assessing uniformity. = ﬂ
Temperature (*C) E
I 7] 2 Inner

TGA of unaged cable jacket:
PVC inner and polyamide (PA)
outer materials identified;
PVC contains >20% of
additives and plasticizers.

L 1 L L 1
4000 3000 2000 1000
Wavenumber (cmq]

FTIR spectra of unaged and aged
(D1 and K3) cable jackets:
Outer PA cracked, peeled off and
\ was collected throughout the test
140 160 180 v 2'20 240  (Tropical, Desert steps); exposed
AEMPETARIES FE PVC degraded under UV. a1

Heat Flow (W/g)
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Characteristics (FTIR, DSC, TGA) of D1 and K3 C-AST Specimens

TGA of unaged cable jacket: _ Unaged 'M2212 aools

up to ~60% of inorganic _ £ F oo i
o
additives and fillers : 2L ko ]
g s
L )
2 3
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g . o
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ok e : . ~ ook ) 4000 3000 2000 1000
200 300 400 500 600 o — Unaged 1
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DSC: mostl h & 0Ty B
D>L: mostly amorphous = = FTIR: Greatest changes with K3 on
L5} . . . .
polymers = -0-4% lamp side exposing more Si; inner
2[ et cables unaffected
w 06k 1 1 1 1
-20 0 20 40 60 80 NREL | 42
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Characteristics (FTIR, DSC, TGA) of D1 and K3 C-AST Specimens

M2212-8007 (NEC, Red, XLPE): Polymer Characterizations
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£
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S 40f
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=
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u i i i
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Temperature (°C)
* The jacket is formed of §'
~80% of polyethylene, but 3
. . IS
contains copolymers starting 5
to decompose at ~320°C -

(TGA).

¢ Single-layer red PV cable jacket
from chemically cross-linked
polyethylene (XLPE) with melting
temperature range between
60-130°C (DSC).
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* Numerous sharp FTIR peaks in

the unaged spectra are from the
chalky treatment of the surface.

¢ Aging removes the chalky layer

and on the lamp side, peaks
corresponding to UV photo-
oxidation increase. 43



Characteristics (FTIR, DSC, TGA) of D1 and K3 C-AST Specimens

M2212-8011 (NEC, Red, XLPE): Polymer Characterizations

Weight loss (%)
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801

60}

A0+

20

—u
weane K3-aged

M2212-8011

o 1 1 -
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Temperature (°C)

¢ Changes upon aging
observed in the thermal
decomposition profiles (TGA)
and minor changes in

crystallinity (DSC).

Heat Flow (W/g)

Exo

-1.5 L 1 I ]

¢ Single-layer red PV cable jacket
from chemically cross-linked
polyethylene (XLPE), similar to -
8007 without the chalky surface
appearance (FTIR).

1 1 |
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Temperature (°C)

1 1 I

— Unaged M2212-8011
@ |— Ka-Lamp
= |— K3-Dark 2
] K3-indide
£
a
= !
@
=
O
€ | ¥
| 1
TEE E N
5 ]
b=

4000 3000 2000 1000

Wavenumber (cm_1)

* |ncrease in oxygen-containing
spectral bands suggest surface
damage (FTIR) ->to be verified
if damage is equal on lamp and
dark side.
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Characteristics (FTIR, DSC, TGA) of D1 and K3 C-AST Specimens

M2212-8005 (Controller, Black, TPE): Polymer Characterizations
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0 |
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¢ |[nner and outer jackets are
formed of thermoplastic
elastomer (TPE) forming 80% of
the jacket and starting
decomposing at ~250°C

* Quter jacket contains a small
crystalline fraction, whereas
inner one is mostly amorphous
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* FTIR spectra before and after K3

aging: an increasein carbonyl (C=0),
hydroxyl (-OH) and C-O bands

observed on the lamp side from UV
photo-oxidation; a reduction at 1500
cmmay result from degradation of
surface additives 45




Mechanical Behavior (Instrumented Indentation) Methodology

Instrumented Indentation Measurement Methodology
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Mechanical Behavior (Indentation) of M2110-0058 (red, for PVC inner)

Hardness
C-AST 3.5x IEC 62788-7-2 A3 4000 h
® lamp side ® darksside K unaged
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Mechanical Behavior (Indentation) of M2110-0058 (red, for PVC inner)

Modulus
C-AST 3.5x IEC 62788-7-2 A3 4000 h
® lamp side ® darksside K unaged
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Mechanical Behavior (Indentation) of M2110-0058 (red, for PVC inner)

Creep hold at 240 pm Distance

Displacement at constant load (nm)
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Hardness (GPa)

Mechanical Behavior (Indentation) of M2110-0075 (red, for PVC inner)

0.030

0.025 |

0.020 F

0.015 |

0.010

0.005

C-AST 3.5x
® lamp side
®
& - a ? L]
@
o @ W ® o o o8
X
X | X |[K X
100 200 300 400 500 600 700

Distance from cable outer surface (um)

Hardness
IEC 62788-7-2 A3 4000 h
® dark side K unaged
0.030
L
0.025 |} ®
=
W 002 } ® ® o
8 @ L
£ 0015
k. X z
0.010 } X X X
0.005
0 100 200 300 400 500 600 700

Distance from cable outer surface (um)

NREL | 50



Mechanical Behavior (Indentation) of M2110-0075 (red, for PVC inner)

Modulus
C-AST 3.5x IEC 62788-7-2 A3 4000 h
©® lamp side ® dark side unaged
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Characteristics (FTIR, DSC, TGA) of M2110-0075 (red, PA/PVC)
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Mechanical Behavior (Indentation) of M2110-0075 (red, for PVC inner)

Creep hold at 240 pm Distance

Displacement at constant load {nm)
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dark side lamp side dark side lamp side

¢ 10

20 30 40 50 o0 /70 80 90 100

Time (s)

NREL | 53



Mechanical Behavior (Indentation) of M2110-0070 (red, PE)

Hardness
C-AST 3.5x IEC 62788-7-2 A3 4000 h
© lamp side ® dark side K unaged
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Mechanical Behavior (Indentation) of M2110-0070 (red, PE)

Modulus
C-AST 3.5x IEC 62788-7-2 A3 4000 h
® lamp side ® darkside K unaged
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Mechanical Behavior (Indentation) of M2110-0070 (red, PE)

Creep hold at 240 or 280 pum Distance

Displacement at constant load (nm)

-2EE22888¢8

A3 4000h A3 4000h C-AST35x  C-AST35x
unaged dark side lamp side dark side lamp side
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n e
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Mechanical Behavior (Indentation) of M2212-8000 Specimens

Instrumented Indentation of M2212-8000 (IEC, Black, XLPO outer/LDPE inner)

Hardness Modulus = Creep hold at 1380 um distance
0.024 0.65 £ 800
% o 0.60 F e o T 700
__ 0022 } A“A 3
o & A —50‘55 [ o “Iﬁ‘ = 600
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0 400 800 1200 1600 2000 2400 0 400 800 1200 1600 2000 2400 0 20 40 60 80 00
d, Distance from cable outer surface (um) d, Distance (um) t, Time (s)
— Unaged — D1 (lam
O Unaged A K3(lamp) ® D1(lamp) ® D1 (dark) g {lamp)
D1 (dark) — K3 (lamp)

« Different jacket materials (outer, inner) identified for M2212-8000.
«  Subtle distinction at best for PO’s, PE’s. Most distinguished for ocean side PEI location (chemical degradation).
«  Macro cracks can transmit light; thermal degradation suspect for red M2110-0070 despite micro cracks. NREL | 57



Mechanical Behavior (Indentation) of M2212-8002 Specimens

Instrumented Indentation of M2212-8002 (IEC, Black, XLPO outer/ XLPO inner)

Hardness Modulus € Creep hold at 460 j1m distance
0.022 0.90 £ 700
0.021 | B ® 00 |
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o C = € s00 |
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—— Unaged —— D1 (lam
O Unaged A K3(lamp) ® D1 (lamp) @ D1 (dark) g (lame)
D1 (dark) — K3 (lamp)

*  Microcracks observed for K3 (lamp) specimen; modest mechanical effect for irradiated side (UV) of M2212-8002.

. H (elastic & inelastic), E (elastic) shown to aid tribological analysis.

*  Creep (inelastic) often best revealed aging in a logical rank order.

*  Microcracks: limited UV transmittance at 460 pm. Possible warmer irradiated side. 58



Mechanical Behavior (Indentation) of M2212-8004 Specimens

Instrumented Indentation of M2212-8004 (Building, Red, PVCinner)

Hardness Modulus Creep hold at 240 um distance
0.040 1.5 'y E 2000
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D1 (dark) — K3 (lamp)

* Indentation previously readily distinguished PVC, including C-AST and IEC 62788-7-2 UV weathering.
*  Photo degradation for M2212-8004, M2110-0058. Thermal degradation only for M2110-0075.
*  Red jackets. Possible mechanism(s): additive degradation, loss of plasticizer. TBD. 59



Mechanical Behavior (Indentation) of M2110-0063 (black, rubber)

Creep hold at 240 pm Distance
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Characteristics (FTIR, DSC, TGA) of M2110-0063 (black, rubber)
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Mechanical Behavior (Indentation) of M2202-0103 (black, rubber)

Creep hold at 240 um Distance

Sample: 2202-0103, Tracker cable (rubber, multi-conductor)

inside control box
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Characteristics (FTIR, DSC, TGA) of M2202-0101/-0107 (black, rubber)
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