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Theoretical calculation and numerical simulation
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based on fielded degradation
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Collaboration platforms

» State Key Laboratory of Optoelectronic Materials and
Technologies

» South China Branch of NERCRE (National Engineering Research
Center of Renewable Energy)

» Guangdong Provincial Key Laboratory of Photovoltaic
Technologies

» Cooperation Base of CPVT (National Center of Supervision and
Inspection on Solar Photovoltaic Products Quality) and Sun Yat-Sen
University

> Key Laboratory of Solar Energy of Education Department,
Guangdong Province
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»Reliability and Life-cycle of modules are key points for PV systems
»Precise prediction of output for modules and PV plants
»Scheme of quality assessment for PV modules and plants

[Research & Analysis ][ Experimental PV systems }:t>[ Actual generation&meteorological data ]

[ Degradation mechanism & Model Accelerating tests ]
[ Improvement of accelerating test equipment and sequence ]

< Vv

[ Standards for assessment of module quality/PV systems ] [ PV database ]
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Illfl‘?AFﬂﬂlﬂ‘? Rate ————p

v

Solar cell

The Bathtub Curve

Hypothetical Failure Rate wversus Time

End of Life)" ear-COut
hilure Rate

Increasing F

Mortality
easing Failure Rate

Maormal Life (Useful Life)
Lowe "Constant” Failure Rate

Time

\
Module technology

Production process

v

lifetime (t)

Operation environment
Encapsulate material
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2. Loss analysis for solar cells and module process
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- intrinsic losses
100 %4 ~T71.6 %

(AMI1.5g)

2.1 B F 4 Hr(Loss Analysis):

B Ry E R ISR -

-

1
-luplical losses ~3.2 % | Al-Si/Si R I

A = . ~28.4 o5
m IS (optical loss)
7 I I R binati :
m £ A%k (recombination loss) - - ]ET'””‘” on:
m HEPHIS (resistive loss) ~25.2 % W Bulk region. ~1.6 %

(a=talled 1alanc:) ‘ BSF region. ~2.3 %

W U ontact resistivity, -0.2 %

—-19.2 %‘ Pattern grid, —04 %%

. |

18.6 %% -10-
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TR T — 4 RST R FH B BE AL (full size)

Incident
1rraclhiation

Optical Optical Sl 2 4
structure simulation e

Spatial optical generation

[Device

physical Device %%1#%‘2?&

structure simulation

YVoltage dependent
recombination and curremnt

Resistive Circuit
structure simulation EEE%E%%U\

[-% characteristics

-11 -



“Wpz
SYSU Solar

FEHER) (Baseline) STERGFERR A CBRIER) -

Infinite thickness and prefect light trrapping
~46 mAYem”

Front surface refletance Front contact shading
- 1 mAScmy — 2.3 mASeme

Inner refletance

. ARC absorption
—= 0. 5-1 mAScm’

— L5 AT

FCA

S — 37-38 mA/em’ o,
’ -~ 1-2 mAYcm

Eecombination
- =2 mASem”

A

Transmission into Al
- 2-3 mASocm”

EAHEMEEFERRFEEETFET ARG BT AR B = R R4
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s HA — 9 B TIREE . B HIEE 2 E 04 (Sentaurus)

JH-ER TR

S, =gl mY Wt gl Ve,

S, =g, pV gl Vp
i A TR =
@ _lo7 vo-r
&E
% _1 F,+G—R
&E

VEIA T
V-(sVy)=—aq(p—n-

Voids rate: Electron density

[em?]

e
- - 2.7x101
= = = 1.0x10"
— —13
- - 1.6x10"
o,

?1-42/0- =, = ? = - - 5.0x102

K\\ /‘V

Contact with void
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FHL % 154 (circuit simulation) — 75 21 & [ 70 A1 LA HLBHAR 2% (LTspice)

......._.._._......

Sketch of irreducible element composited by i slices

[2] Yang et al., PIP, 2012

[1] Altermatt et al., 25th EUPVSEC 14
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FH, H 451 %(reSiStiVe loss)- B B AR 24 (front electrode)

50_]!! | L 1 r T v 1 ¢ 1 T 1]

T T Ll L]
. . N v Mette et al., screen printing ]
%Ym*ﬂﬂgﬂz*ﬁ&@ﬁ;){ﬁ*ﬁﬂ - w Marwen et al., screen printing 3
|
>

20 F Hwang et al., double screen printing

- Li et al., stencil printing
B = (= Dy, 20—y >0 _ s
1+‘(ﬁjﬂ 1+ (ﬁjﬂ E 302
#a 5 :
Az =0, z—x—;gu =0 Eﬂ sof
14+ [ =% -
e

Posistion x [pum]
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Bk trback electrode §{ﬁ

ik -

SEM images from Elias Urrejola in 3" workshop of metallization, 2011

A 0 A

Type 1: Type 2: Type 3:
HBSF 253 [A] ) 45 BSF: & BSF

2R HH, FH 75 2 V] 52 G & HL [H 7Y 253
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2.2 Cell to Module loss analysis onar

CTMRY L HKIR -
m JEEFI5isk (optical loss)

m EFH#RS (resistive loss)

=5

HiFFFIRKoptical loss
- —

Io R,

R>

EVA , IRr=Zea, , IrgdZEn,

BRIE . R EEa, o TEEEn, I-
1
| )

Lo Ra

P FERRI IR R E A FRE IR RE
4 4
I3p=1p* (1-Ry) l35=lp* (1-Rq) « (1-04) « (1-R,) « (1-a,) « (1-R;3)

FEAGEENGOEAT, YA ERARNEREEEZRAR: R

(n; +n)°
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APHEE AR MRS
EE (mm) IENESY SE e
== - 1.00 -
RLIRTE 3 1.50 1.36%
EVA 0.45 148 161%
SiNxEE - 2.10 -
HHIRKITRER
R e SRR FE—EeEA, KX
R,=0.040 FE AR R R IRAOE
. R,=0.001 R,=0.126 M=(l,-13)/ 13, :%};EEZ% | iﬂ’i}zz;tb
R;=0.030 =3.42% ‘ y ; sz
1,,=0.904¢1, 155 =0.874¢1, “BIFRIRERRE RIS
: in3.42%

*K. R. Mcintosh, J.N.Cotsell,et al. An optical comparison of silicone and EVA encapsulants for conventional silicon PV modules: A
ray-tracking study[C]. 34th IEEE Photovoltaic specialist conference, p544-549, 7-12 June 2009,PA ,USA
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3 ndkresistive loss

|

- mitE
RS EV:
- - 245 (TPT
TN gy R )
SR A T
BHREFECGSHNERD:

1. BERSRERERFEFRIS RRATTIRIRK P,

2. BERFIREIZAMFR RIS AAITNZRIRS P,
3. Cit R ERERFE PRIS R AYTISRIRK P;

4 7 S FE BEIERAITNERIRSK P,y

5jKBElEE:@%IMQE@ELEEE’JI)J??AQE P5




FIRBFIRKFRGELflLoss proportion

0, 0%

. 76W,60%
P.,1.87W, 153
P,,0.65W, 5% = P,8.1W, 6 1
P,,1.91W, 15% W/, o 0WT%
0.4W, 3%

P,,0.07W, 1%

= EEASRIS A IRIRARP2 w Dt SR ERERFE EIRRP3
= L EFREMRASPA = EEFRSRECHRICPS
= EERSREREXFEREIRAP = RS EMEIERER o

= KBEFE b [El&ERZRIRR o FEFE » BEERSLRIICRSIERAIER o EE
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3. PoF based on fielded modules
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> KRUYIEStr (Physics-of-Failure, PoF)
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PE AT S (Reliability) : ZEFUEMIBERIN . 72 5
58 L E DI RE I e

e 5 ¥

1) FERIK A (defined time);

2) HUE M EAEH %4 (defined condition);
3) FEMESFIEE (defined task/function);
4) EARPIRTEEEESS (detailed index).

FEWT TR AF AT SEVERY, 5 LT AL B AR TARR ) ) R Bk TR RS
Ky BAZITRT R PR 8E TARRZE 52 Prlf [R5 & ok
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FARBHEHERNSHEPERZRSHIRTN

i3
~"" Humidity

Koo EBK, K, B
Moisture : Dew, Ralin,
Frost

RS BT, RE, PR, SRS
Air : Salt, Dust, Sand, Pollution, Oxygen
- 24 -

JERR: NBH
o B EE B Irradiation: Sun
IR

Temperature: Heat,
Frost, Diurnal cycle

HURNT: XL, T,
KE L /

Mechanical stress: Wind,
Snow load, Hail impact
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i AL 3 T

Fp B
A B it
JBE

(igiECED

‘ALt R B X ek %93 Module structure& Typical area

b el 2 = V.
e —— - ~ : p f- n"'_

E RSN

A HE

HARIX 5y

A X HBittIEEA R
(#/5¢) heat+light

BIX Ha;thIEME DA R B
(5%/7KK) light+moisture

CK HithSmEhRXg
(#/7K3%) heat+moisture

DX FEith A EiA K

(7Ki]). moisture
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Distribution of 6 climates types in China SYSUY Seolar

(cold- xerothermic - cold-warm — warm— sub—humid heat — hygrothermal)
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Degradation rate of modules from different climates(STC/rated value)

fnhE M= WA | Pm Im vm Isc Voc FF
2009 96 87.6 109.5 90.4 97.7 106.8
2014 94.6 86.2 109.9 88.8 08.8 106.8

Solarex 144
2015 94.6 85.7 110.4 88.2 00.1 107.1
2016 93.5 85.3 109.7 87.7 93.5 107.2
125 (%3A) 2015 92.8 96.5 96.0 87.0 99.3 96.4

SM75

112 CRMXD 2015 87.1 | 97.8 94.9 82.7 99.1 67.8
Siemens Solar 500 2014 75.1 88 85.2 92.4 97.6 83

GE . SolarexZGf4F2009F iR FERFLIEEITT 144R BB RNLRIEH, 74l JFAMHR20515%, H
BRI S5 00H TS TCSE FRIMIL, SM 7528145 5B 2] 125 ML T 12RAESTCSE4 T, )

ANFRRSAT BTN A R A SR el 2t 24 2 23 ) 52 i AN [
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Casel.: Tracklng degradatlon of Solarex modules °Y°! Setar

Poly module

»Glass: 3.2mm

>»EVA

»laminated

»Backsheet: Tedlar only

»Solar cell: thckness 425um,

size 101 X 101mm
»Rated value:
P=42.6Wp

Voc=20.8V
Isc=3.04A
Vm=15.1V
Im=2.82A




EVA Analysis
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method reference aged module
crosslinking-degree exylene extraction 80-90 73 (marginal part)
light transmittance s;)ter:rico)rrfotometer 91-93 <80
melting point DSC 62-72 71
heat of solidification DSC 5 0.54
VA content TGA 28-33 33
PH PH meter 5.69 5.09
yellowness index colorimeter 0.9 11.5
tensile strength Electronic Pull and Push 18 3
breakage elongation Strength Caculator 800 697
IR IR spectrophotometer - acetic acid
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Light transmittance comparison of surface encapsulant

100
— -
> P I
80
70 r — wellowing EVA in
/ Salarex Module
=14 y
5a Caommercial EVA
[with UV absorber)
40
20 Caommercial EVA
j [wefo UV absarber)
20
ol L
T
a T T T T T T T T 1
200 300 400 500 600 TOO O BOO 900 1000 1100 1200

Crossllnk degree of EVA from different parts in the module

.2 ‘—qw—-“w-—-__._mmﬂ.

e
N ||

73.43%
94.86%
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Solarex {4 FBIEEE= R

I' 80 |-

a0 |

Light transmittance/%

-- EVA at the edge of Solarex module
-- EVA in the center of Solarex module

‘?!IH||"‘|'iIi'|i.||fJ\fF,'|f|'|’|'i" ' 0

A 'l A ' A 'l " '] A L Py Il A 'l A
300 400 500 600 700 800 900 1000 1100
Wavelength/nm
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Solarex A B IEEE= R T

0.20 -- Intergrated Jsc at the edge of Solarex module
B B 20 |- Intergrated Jsc in the center of Solarex module
o [
g 's
= 015} = 15|
- -
= E
= b2
—
= 0.10 | = 10|
= =
- s
s =
b T
= o
= 0.05} = 5|
o -- Current density at the edge of Solarex module o=
-- Current density in the center of Solarex module
0.00 1 1 1 1 1 1 1 0 L L 1 L 1 1
300 400 500 600 700 800 900 1000 110 300 400 500 600 700 800 200 1000 1100
Wavelength/nm Wavelength/nm

IRFTHIEVARI LY, MRIERPIT L R AT, HTFEEER TS ER)Solarex
HAF P Z AR [R]EVAYS A FL R4 55 73 50 2910.12%4115.08% . 1 ZHA4F Y Isc
TR N14.3%, W] L BTz A 1sc ) B2 I T ok H EVAR G 2R 2k .
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Degradation mechanism:

Optiﬁal loss Electrical loss

H

Yellowness of EVA Moistrue intrusion & micro crack
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Case2:Compare of Siemens modules from different cllma €s esr

Mono module

»Glass 3.2mm, EVA laminated

»Pruduce/installation time:1992-1998

» Back-sheet: Tedlar/PET/Tedlar

» Cell thickness 320um, size 101X 101mm

»Rated value: P=55Wp, Voc=21.7V,
Isc=3.45A,Vm=174V, Im=3.15A
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Degradation compare of modules from different climates(STC)

SM55 Age Qty Pm/W Im/A vm/\V Isc/A | Voc/V FF
Rated value 55 3.15 17.4 3.45 21.7 0.73
Storage 1 51.6 3.03 17.0 3.35 21.6 0.71
Shenzhen 20 500 41.3 2.77 14.8 3.19 21.2 0.61
6% 25% (% 13%
M75 Age Qty Pm/W Im/A vm/V Isc/A \oc/V FF
Rated Value 48 3.02 15.9 3.35 19.8 0.72
Dunhang 23 61 44.6 2.92 15.3 3.25 19.7 0.70
Haixi 23 41 41.8 2.77 15.1 3.14 19.6 0.68

Relationship between degradation and climates/operation conditions
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M75

SM55

Why high series resistance?
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8 ==- f' PP

-, i i
g ‘= H EE
p 4 . :

Structrue of electron connection in front surface and back surface




Tourm Electron mage 1
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Spectrum &

]} 2 4 =3 5] 10 12 14 16 15 20
Full Scale 1110 ct= Cursor: 0.000 ke,

Ag fingers on the front surface of solar cell

sum Electron Imaoe 1

Spectrum 21

] 2 4 = G 10 12 14 16 15 20
Full Scale 7990 ct= Cur=sor: 0.000 ke,

Fingers on the back surface of solar cell
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SM55 QE#EE'IEEEEHEEQ*E

(47000

‘* - ‘;E (d) L — Ag3d
A ) 6800 - ___ Ag3ds/2

# ,- -1«1 E 6600 . — Ag3d3n2

380 375 370 365 360

Weight % (e)zwon Binding Energy/eV

1 2
4.71 | 26.4]

4.03 [ 181 |,
89.59 | 23.0] |
0.97 | 25.1f |°

I
0.47 3.97
0.24 0.16
2.98
0.2

0 L y L L
150 145 140 135 130
Binding Energyv/eV




“Rpg
SYSU Solar

(a) Si
Ag

~Ribbon wire: Cu’:_'_ﬂl

C Pb

Sn
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Degradation mechanism:

Bad contact between solar cell and ribbon

Al/Ag paste/produce process/severe climate
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M75¢B{ B sERRITE R
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Back-sheet analysis SYSU Solar
Solarex/BP270/SM55¢B{4 iR T RE M
WX I H Solarex BP270 SM55
KESFELE  (gm/[m2-day]) 8.21 3.98 3.64
BYKEE (um) 108 177 174
SREE (um) 96.8 40.3 40.5

B 4544
N MD 46.52 93.52 95.06
FISEE (ZAE)/FEE]) Mpa
TD 73.18 110.65 127.59
MD 184.45 165.45 178.4
FTZUERICER (YhEAERE) %
BB (AAR/ARID) % TD 122.92 116.34 80.56
FHZFEE (kV) 6.66 15.66 15.83
PR AR HLBH R 1.964*1016 1.266*1016 1.364*1016

-43-
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100

90

80
SMS55
70
BP
60
== Er 50 L . I a 1
500 2500 3000 3500

100

1250 1300 1350 1400 1450 1500
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Outline SYSU Solar

4. Reliability prediction model

- 45 -
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Heat

Water
ingress

EVA

Discoloration,
3 (visual
inspection, YI,
UV-vis-NIR)

Hydrolysis,
forming acetic

Correlation between YI
growth and intensity and
Wavelength of Spectral

acid
P (FTIR, Raman,
— TGA
Py-GCMS)
Cell, Solder
bond, ribbon
> ct‘;?::;’)" — fallures
N (EL, IR image,
SEM)
N Current leak
(Insulation test)
EVA Celicrack
> embrittiement ~ (visual

(elastic modulus,
gel content)

¢

inspection,
EL. IR image)

UV Light
v

Reciprocity Law

BRE b

v

Delamination
(Interfacial
adhesion)

¥

Delamination
(Interfacial
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FTIR)

PET embrittlement
(Visual inspection,

Simulation of the
water diffusion in
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Effective
humidity models

L 2

Modelled by
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1 RETE Ik

P climatic data
h 4

Outdoor
monitoring and
data evaluation

2

Evaluation of
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test conditions
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Re-installation of Siemens modules SYSU Solar

O Modules of the same batch worked in different climates were studied.
O 13 PV systems would be re-installed with these 17-year-old modules in
typical climate locations.
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HEISRFREEEIELI 9t Simulation analysis for cracks SYSU Solar

> EE*E?&t%&Ei&ﬁ*ﬁ(heral seSS)

TRINEEERRBRAN D EE
EPEIEHIRSAE, MSLhR
REREROEEFEZNE
. GRRIR R AR DS IE N
FEERSTTERLR

 EERE— TR REE (EAEE, ANEE)
> BEISERMNDEEE ST (Thermal stress)

- ” MR RN T B
. I PEETNREMEVE, BE
l I, TR, EVAIISS Y
. REEAR, BRI AR
‘ 73, MAbSErtER,

BESEKEEME—FEN DS =E
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KiRuE =B Water vapor permeation theoretical model

1
(1) glass
nmisLLU'e—j-_l - - T EVA— — — Lj:—nmism:'c
back sheet
sealant sealant
(2)
molsture
|||u|_-..||||'g-@ - VB — — —[j:—uuui-.nur-
sealamt
gass scalani
(2)
glass
moisture ﬂ — = =D — — — I—t—n’loi.ﬁlure
sealant
dass sealant

R GOCARAAF A A M KIR I s B A
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Time=1.44e7 Surface: (molim?)

0.32 -
0.3
0.28 -
0.26 |-
0.24
0.22 -
0.2 |-
0.18
0.16 |
0.14 -
012
0.1
0.08 -
0.06 -
0.04 |-
0.02 -

(m)

-4 -2 o] 2 4 6 8 10 1z 14 16 18 =107
BS EVA (m) §i EVA ¥ 22672

4000/Ni} ELE 4000/ Comsol &4l &
Pk 2 T AR G (147 DX AR 28 YRR B v 1 X A R AR — 3K
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Thanks!

R B e e I LA e | T T
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o Mette et al., screen printing

¥  Marwen et al., screen printing

ang et al., double scre
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