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Project Motivation

" Quantifying degradation rate of backsheets will help procuring
materials for 30+ years.
~ illi Il
®  Today most backsheets on the market have a PET core; polyolefin 340 M | l ||On SOIa r Pa nels © e
materials may provide better properties for backsheets (barrier to .
water, mechanical properties through UV and hydrolytic Growth of global PV capacity (GW) | 2015-2022
environments, etc.) z 160
140
®  End-of-life regulations may require fluorine-free backsheet :zz
products in future global markets. o = ﬁ
&0 - e
" Continued strong market growth is expected enabled by further 40
reduction of the price of solar power (S/kWh) as well as by high- 2
performance’ Iower-COSt materlals 0 2015 2016 2017 2018 2018 2020 2021 2022 2020 2021 2022 [1]
Historical Main case Accelerated case
H @BChina oUnited States oEurope mMEMA oOindia oAPAC oLAM oS3S5AFR oASEAN @ Other countries

Societal benefit: products that contain no toxic materials; that

preserve precious resources; that can be recycled and have a lower ~ [1]“Solar PV —Renewables 2020 - Analysis,” IEA.
. https://www.iea.org/reports/renewables-2020/solar-pv (accessed Apr. 13, 2021).
carbon footprint.
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https://www.iea.org/reports/renewables-2020/solar-pv

Project Approach

a;:eouraMAT
NREL, Sandia, SLAC and DSM

Innovations partner to:

- . Techm:al and Commercial Confidence
Understand the role of the = . Novel Material Fast Market Adaptation
backsheets on the longevity of Novel PV 85 Moteriols_pV Downstam Players
modules and their impact on @

energy Y|EId . MiMos and Coupons Preparation Matenal Optimization L ——

AR T N e | [}
Study a variety of co-extruded,

fluorine-free backsheet

materials, and compared to F—
benchmark market backsheets, -
as-is, artificially-weathered, and

TEA :Parameterized Eguation
+ Degradation rate
+ Life prediction

Pristine samples

when-utilized in a PV module.

. Advanced Characterisation& Forensics =
Evaluate the relative rate of A ._\-b- :
degradation of commercial and Aged sampics Data Analysis
experimental backsheets. @
Derive parametrized equation
that describes degradation rates
of backsheets to predict useful
life from lab data.

Accelerated aging NR
+ Hydrolytic (Temp,RH)
- Photolytic (UY;Jemp, RH)

« MNew Mexico - Sandia (BSk Képpen-Geiger climate )
= Florida -UCF [ Cfa Kippen-Geiger climate )
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Materials and Test Conditions For the BACKFLIP Study

Arbitrary Backsheet Construction Thickness Comment
Index [AVG=£2 S.D.]
(mm)
BS-1 PO-1 Coextruded 0.35+0.01 In Development
BS-2 PO-2 Coextruded 0.35+0.02 In Development
BS-3 TPT Laminate 0.32+0.01 Traditional (reference)
BS-4 APO Coextruded 0.35+0.01 Recently developed
BS-5 PPE Laminate 0.36+0.01 Contemporary
BS-6 AAA Coextruded 0.33+0.02 Known Bad
BS-7 KPf Laminate 0.29+0.00 Contemporary
Details of the seven backsheets examined.
Arbitrary uv MiMo Chamber  Water
Test Irradiance  Temperature Relative  Spray?
Index (W-m2 at °C) Humidity
340 nm) (%)
1 0 85 85% N
2 0 65 85% N
3 0 45 85% N
a (A3) 0.80 69 20% N
b 0.55 59 20% N
€ 0.55 in Pr"gress ~80% Y
d (A2) 0.80 59 20% N

Details of the accelerated test conditions for the seven experiments.
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Sample Testing Locations

PV Retiafidy
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17 cm

1x2 cm (typical)

A 4

I Punch code: symbol_symbol_symbol I @ & I

cm

Label (sticker) i
Mechanical tensile test TD #1
+ Mechanical tensile test #2
(O]
g Mechanical tensile test #3 1cm X 15 cm
§ o3 Mechanical tensile test #4 (typlcal)
T |a
= il Mechanical tensile test #5
o |0
lg }
o SLAC: SAXS/WAXS +DSC 1 7
2|z
S|= .
RIE| Vg #1 Vgp #2 Vep #3 | 4.5 cm (typical)
=8
Sle
o=
o
3
g Vg #4 Vgp #5 Vg #6
L
\ 4
— <5 cm (typical)
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Artificial Weathering for the BACKFLIP Study

* UV weathering performed in high spectral fidelity
Atlas “Weather-ometer” Xe lamp chambers.

—

17 cm MiMo size avoids shading between carousel rows.
= % cell MiMOo’s used at NREL.

* Hydrolytic weathering performed in separate dark
chambers.

| [l
{!

!

| &
.

l

Z

Coupon an MiMo pecimens in hydrolytic chamber

Coupon and MiMo specimens in Xe UV chamber (outside the carousel)
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Corrosion of Interconnects Through Damp Heat (85°C/85%RH)

BS-7 (KPf)  BS-6 (AAA) BS-2 (PO-2)

I-V through the 85 °C/85%RH test.
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Analyzing the Loss of Power Through Damp Heat (85°C/85%RH)

70 | | ! 80
PO-based: PA-based: PET-based:
60 |- BS-1(PO-1) —o= BS6 (AAA) —=- BS-3 (TPT) 4 60
=w= BS-2 (PO-2)

‘~-
-~

ol - mmmmmwmw - '

Ll e PRS- L e

AR s, Change in series resistance (%)

AR ,nt» Change in shunt resistance (%)

-60 PO-based: PA-based: PET-based: -
—— BS-1 (PO-1) == BS-6 (AAA) _
-80 [-%- BS-2 (PO-2) —=- BS-3 (TPT)
e 1 -100 ] ] ]
0 1000 2000 3000 4000 0 1000 2000 3000 4000
t, 85°C/85% RH: cumulative time at read point (h) t, 85°C/85% RH: cumulative time at read point (h)
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Surface Integrity of Coupon Air Side Surface From Optical Microscopy

~ BS-1(PO-1) BS-2 (PO-2) ~ BS-4 (APO) | BS-5(PPE)  BS-6(AAA) BS-6 (AAA)

85°C/85%

Comparison of surface morphology at 4000 h (85°C/85% and A3) relative to unaged. 500 pum 100 um
eLocal delamination of surface layer, spalling and cracking of core layer for BS-5 in 85°C/85%. Core probably cracked from handling.
eMicro-cracking of surface layer for BS-4 in A3.
eIncipient micro-cracking of surface layer for BS-6 in 85°C/85%.
eChange in contrast from A3 texture = roughening of surface for BS-1, BS-2.

eBS-3 and BS-7: no surface damage. ???!!!
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Surface Integrity of MiMo Air Side Surface From Optical Microscopy

BS-1 (PO-1) BS-2 (PO-2 BS-4 (APO) BS-5 (PPE) BS-6 (AAA) BS-6 (AAA)

85°C/85%

Caison surface morpholo at 4000 h (85 Cand ArItiv H aged. “ “ SOum
In addition to coupon observations:
eSurface scratch (observed all BS’s) shown for BS-5.
eMicro-cracking BS-2 in 85°C/85%.
eMicro-cracking of surface layer for BS-6 from A3. No incipient micro-cracking in A3.

eBS-4, BS-6: biaxial mud crack geometry presumably results from added misfit strain in MiMos.
SANDIA NATIONAL LABORATORIES + LAWRENCE BERKELEY NATIONAL LABORATORY + SLAC NATIONAL ACCELERATOR LABORATORY 10
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FTIR Confirms Surface Degradation for BS-6 (AAA, Air Side)

eSpectra changed for UV weathering only... photodegradation:
-Peak broadening about 3282, 2912 cm™. Peak enhancement at cm™. New peak at 1102 cm™.

eNo changes observed from hygrometric weathering (incipient micro-cracking observed in microscopy).
-Second thermal degradation mechanism (by chain scission)?
-Roughening of surface, facilitating cracking?

FTIR-A 85°C/85% ;, BS-6 Air -2 FTIR-A o ) i, BS-6 Air -1 FTIR-A" ® o , BS-6 Air -2
25 25 65°C/85% 25 45°C/85%
I =z I
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c c c
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w, Wavenumbers {cm} w, Wavenumbers {cm} w, Wavenumbers {cm}
FTIR-ATR: Sg A3 alysis, BS-6 Air -2 FTIR-ATR: Spe: A2 ysis, BS-6 Air -1
2.5 2.5
-~
z z
<
5 20 H 20
z
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W, Wavenumbers {cm} w, Wavenumbers {cm-} Comparison of FTIR spectra from the 5 completed experiments.
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FTIR Confirms Surface Degradation for BS-4 (APO, Air Side)

eSpectra changed for UV weathering only... photodegradation:
-Peak broadening about 3280, 2914 cm™. Peak enhancement at cm™. New peak at 1080 cm™.

-UV damage occurs with micro-scale mud cracking observed in optical microscopy.
eBS-6 and BS-4 use PA layers.

FTIR-A © / o ;, BS-4 Air -1 FTIR-A ) BS-4 Air -1 FTIR-A o i, BS-4 Air -1
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T 10 ¥ 10 Z 10
5 E s
z 208
508 e Oh g 08 = 0h .Ll_g = 0h
:E = 1000h e = 1000h e = 1000h
% 06 e 20000 ‘-z‘ 06 == 2000h % 06 e 2000h
g = 3000h g = 3000h § = 3000h
g 04 ——4000h ‘g_ 04 ——4000h :n_ 0.4 ——4000h
‘8- —— EXTRA: 2 — EXTRA: 8 —— EXTRA:
3 02 2 02 3 02
< < <
0.0 0.0 0.0
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
w, Wavenumbers {cm} w, Wavenumbers {cm™} w, Wavenumbers {cm}
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FTIR Confirms Surface Degradation for BS-2 (PO-2, Air Side)

eSpectra changed for UV weathering only... photodegradation:
-Peak broadening about 2914, 2847 cm™.
-UV damage occurs with micro-scale surface roughening in optical microscopy.
eNo indication of hygrometric degradation, despite camera & microscope observation of surface cracking.

FTIR-A 85°C/85% 5, BS-2 Air -1 FTIR-A 650C/85% , BS-2 Air -1 FTIR-A 45°C/85% 5, BS-2 Air -1
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FTIR Confirms Surface Degradation for BS-5 (PPE, Air Side)

eSpectra changed for UV weathering only... photodegradation:

-Broadening of 2914, 2845, 2653, 2539 cm! peak region.

-Shift from 1711 to 1677 cm™.

-Loss of intensity at cm . Increased intensity at 667 cm™.

-UV damage occurs with embrittlement, spalling, delamination of surface layer in optical microscopy.
oFTIR examines surface only, no information related to the core layer. Sample depth ~2 um for ATR crystal.

FTIR-A 85°C/85% 5 BS-5Air-1 FTIRA GooC/g50, & BSSAr-1 FIR-A 15oC /@594 »BSSAiIr-2
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4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
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w, Wavenumbers {em ) w, Waverumbers o) Comparison of FTIR spectra from the 5 completed experiments.
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Background: MiMo Discoloration in the BACKFLIP Study

-Overt discoloration observed early (~*300h) in experiment 1: 85°C/85%.
-Suspect interaction between EVA/backsheet or EVA/E-layer on backsheet.

b* 4000 hour MiMos

Test condition
3 a d

BS material

o 1
10 + 2
8 <3
4
6 r.n 5
R -1
: ?—W_ At ETE 7
- - c - o =
. . . - W —
MiMo appearance early in Damp Heat experiment. o >® O & 0—0=0 - :
' . Test DI;I'IdItIDI'I . . BSO m:terial b* -2 E 4
+ 2 10 g 5
25- ¢ 3 =3
*‘ 4 B _6
20 : %"" Yz ’
y _: 6 ?
—1 i 5
sk 4 ge 3 - w A sl
b* ' ) E 4 P . =
i . === e
7 5 - —o—0 & o = —5= G =0
25 o o © © © © © © 6 © © © © © © © © © @ © @ © © ©
& & & © & & & & & & & & & & & & e & & &
~ \ e SSS§ S%8% 238% =388 2:3:¢%
cccccccccccc §§§§c§§§§c§§§§ Rgadpoint(hrs}
Readpoint (hrs) o~ ST F Where((Test condition = 1, 2, 3, a, d) and (Location = Center, Corner))
Where((Test condition = 1, 2, 3, a, d) and (Location = Sunside))
Comparison of b* (yellow-blue) for MiMo sun side. Comparison of b* (yellow-blue) for MiMo air side, center and corner.
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Experiment: Can nght FaC|I|tate Photobleachmg of BS-4 (APO)?

1 MiMo from 85 °C/85% and
65 °C/85% facing sun side out.

-Samples facing east. Direct light
<4 h-d1
(CO mornings typically sunny).

Intermittent
monitoring of the
temperature

-Indoor location: T, _, 41 °C
observed ~ 10 am.
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Evolution of b*, BS-4 (APO) Sun Side Through Darkness and Light

20 | ] | | |
w16 - —
. = — A —
% 85°C/85% light storage '7& o
9O o 0 B! P
B qoL R ..‘ftnr.aggm : | eSubstantial photobleaching observed
E after accelerated testing.
=) eBoth 85 °C/85% and 65 °C/85% affected.
= 8- - eHow close will final b* approach initial
E color?
=
w = .
o 41 o _
5°C/85% HgnNt Eiiff.-:'i{:.j*:-'_r e —
--I—Acceljerateclj Testinlg—--—S?paratel stora$e begilns |
0

0 1 2 3 < 5 6 7 8 9

Sample Measurement {dimensionless}
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Surface and Bulk Damage |dentified, But Not (?Yet?) Connected

: BS's
i i icti i -2 _§ _ Arbitr. Backsheet
Bulk characterizations distinguish BS-3, -5, -7. Indelxal’y acksheet | . eacTErIZATION | AFFECTED | SPECIMEN
eSuspect damage mechanism of hydrolysis (of PET METHOD _ [(material(s)| GEOMETRY | EXPERIMENT(S) NOTE
Core) BS-1 PO-1 DSC 3,57 coupon A2, A3, 85C/85%
eDegradation affects PV perf BS2 PO o .
egradation atfects Fv perrormance. BS.3  TPT -V (PET-based) MiMo 85°C/85% RH
B34 APO EL (PE?I : ! d) MiM 85°C/85% RH
. . . L. . -base iMo %
Surface characterizations distinguish BS-1 -2, -4, -6. BS-5 PPE — e
eSuspect surface damage mechanism of UV photo- g:'g e camera (non-PET) MiMo 85°C/85%RH | discoloration
scission _ camera 5(PPE) |[coupon (sun side) 85°C/85% RH macro-cracking
| . microscope 5(PPE) coupon (air side) 85°C/85% RH micro-cracking
eSurface damage may enable bulk damage in a longer 46
duration accelerated test. TBD. microscope (PA-based) | coupon (air side) A2, A3 micro-cracking
oS f t . f f d microscope 5 (PPE) MiMo (air side) 85°C/85% RH micro-cracking
darety concerns may arise r1or surrace damasge. 246
microscope (non-PET) MiMo (air side) A2, A3 micro-cracking
Implications FTIR 2,4,5,6 | coupon (airside) A2, A3
1,2,4,6
eAccelerated tests need to invoke relevant damage (probably b* (non-PET) MiMo 65C/85%, 85C/85% | discoloration

not just DH or A3). Consider sequences, transient, & combined
tests.

eCharacterizations need to verify all essential aspects of
concern (performance, not just cracking or discoloration).
eSurface & bulk degradation: Do they always correlate? What
is the resiliency of core layers, other than PET?

§3DuraMAT

See also, on materials characterization in this study:
Ulicnd et. al., IEEE PVSC, 2021/6/23 at 13:15 EDT
in area 5C: ADVANCED CHARACTERIZATION OF PV

MATERIALS AND DEVICES
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Cracking of the BS-5 (PPE, Coupons Only) Sun Side

unaged 1000 h 2000 h

eCamera photos: macro-cracking of BS-5 coupons on sun side.

eObserved through A3, A2 experiments.

-Also observed in auxiliary (“Type-5”) coupons (laminated backsheet and encapsulant) in A3.
eNo cracking of BS-5 coupons in hygrometric weathering or in BS-5 MiMos.

eAdded mechanical constraint of layers in MiMo likely prevents cracking.

eUnlikely that transfer of additives prevents cracking here (as observed in auxiliary coupons).

(Supplemental Material/Reference)
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