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* From research to industry
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?ﬁm e PV modules characterization

Objectives :

- What is obtained.

- What is a sun simulator made of.

- ldentify important parameters to make a good indoor measurement.
-  What are the limits of the label.

- How to relate the label to outdoor conditions.
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e Datasheet information

@ Ines

ST IT T AT Al

Current-Voltage Curve JAMB0S10-335/MR )

ELECTRICAL PARAMETERS AT STC

TYPE

Rated Maximum Power(Pmax) [W]
Open Circuit Voltage(Voc) [V]
Maximum Power Voltage(Vmp) [V]
Short Circuit Current(lsc) [A]

Maximum Power Current(Imp) [A]
Module Efficiency [%]

Power Tolerance

Temperature Coefficient of Isc(a_lsc)
Temperature Coefficient of Voc(B_Voc)
Temperature Coefficient of Pmax(y_Pmp)

STC

JAMG0S10
-330/MR

330
41.08
34.24
10.30

9.64

19.6

JAMG0S10
-335/MR

335
41.32
34.48
10.38

9.72

19.9

JAMG0S10
-340/MR

340
41.55
34.73
10.46

9.79

20.2
0~+5W

+0.044%/°C
-0.272%/°C

-0.350%/°C

JAMG0S10
-345/MR

345
41.76
34.99
10.54

9.86

20.5

Irradiance 1000W/m?, cell temperature 25°C, AM1.5G

How is it obtained ?

10 [—1000W/m?
JAMB0S10 __ 8 [soowim#
-350/MR <
£ 6 | soOW/m=
350 £
3 4 [
O 400W/m?
42.02
2 [ Z00Wim?
35.25 0 , . .
0 10 20 30 40
10.62 Voltage(V)
9.93 Current-Voltage Curve JAM60S10-335/MR
20.8
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257C
__ 8 40°C
< 55°C
T 6 70°C
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Voltage(V)
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Current (A)

IV curve
Spectrum
Spatial
distribution

Measurand and results olines
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Measurand = produced current by a PV module as a function of the load resistance connected under
an homogenous 1000 W/m? irradiance on the whole surface with a spectral distribution defined
according to the AM1.5G spectrum at a 25°C module temperature

____________________

_________________________________________________________________________

------------------------------------------------------------------------
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Voltage (V)

I Result of a measurement = IV curve I
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Source : PV education Voc decreases

I Standard test conditions (STC) = 1000W/m?, 25°C and AMl.Sz(;J
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e Sun simulator

o |Nes
Examples of two sun simulatorgsmrzres:

What do we need to obtain the IV curve of a PV module?

- Cables

Electronic load

Light source

Module




e (Calibration
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How to be sure that the irradiance is 1000W/m?2?

* Buy a golden module.

e Put the golden module on the simulator.

* Set the power supply of the lamps to obtain the Isc given by the certificat of the golden module.
* Measure at the same time the current of silver cells on the simulator.

e Obtain an irradiance assessment for each flash thanks to the silver cells.

I Calibration and follow up of the equipment are essential for its good use. I
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e Simulators classes

- 1NeS
¥ IHSTITLUT RATIONAL
TT T TTTIT T AIRE

Temporal instability
Spatial non- Short term Long term
Spectral match to all uniformity of instability of instability of
. Classifications intervals specified in irradiance irradiance irradiance

IEC 60904-9 : demands for the use of sun simulators Table 1 or Table 2 B o -

(last update november 2020) % %

A+ 0,875t0 1,125 1 0,25 1

0,75 to 1,25 2 0,5 2

0,6 to 1,4 5 2 5

i . . 0,4t02,0 10 10 10

Spectral distribution
Spectre des flash-tests
Wavelength range Percentage of total irradiance Cumulative integrated
in the wavelength range irradiance
300 nm te 1 200 nm
nm % %

1 300 to 470 16,61 16,61
2 470 to 561 16,74 33,35
3 561 to 657 16,67 50,02
4 657 to 772 16,63 66,65
5 772 to 919 16,66 83,31
6 919 to 1 200 16,69 100,00

300 400 500 600 700 800 900 1000 1100 1200
Longueur d'onde

GoPV Project | SUMME% SCHOOL




Why spectal distribution is important?

2-1NEeS
¥ IHSTITLUT RATIONAL
NE 1 ENERGE BOLAIRE

P.00ER 01 T s ®* o o . 8 s ° Spectre des flash-tests
[ ]
° * — AM1.5
8,00E+01 o @ s
. ° —— PASAN
7,00E+01 ¢ °
— SPIRE
® ®
6,00E+01
—
o ® BPI025
O\ 5,00E+01 -
~ o @ Sillia72379
8 4,00E+01 ® TRINA15996
L
3,00E+01
®
2,00E+01
1,00E+01
300 400 500 600 700 800 900 1000 1100 1200
0,00E+00 Longueur d'onde
400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)
Spectral Mismatch (SMM) o | | _
E,.r(1) is the irradiance per unit bandwidth at a particular wavelength 4, of the reference
spectral irradiance distribution as given in IEC 60904-3;
v Emf(ﬂ) : Si(ﬂ,:l' -dA L En(1) is the irradiance per unit bandwidth at a particular wavelength A, of spectral EQE #
SMMI- i — " : (1 < j) irradiance distribution of the solar simulator at the time of measurement; I *
7 Y E (D) -S,(2) - d Spectra # 3¢
sm - S:(2) is the spectral responsivity of the device number i, where i is from 1 to n-7;
of the golden module under the AM1.5G spectrum 5; () is the spectral responsivity of the device number j, where j is from 2tonand j > i.

ISC

|, of the golden module under the simulator spectrum
=== | of the device under test under the simulator spectrum
== | of the device under test under the AM1.5G spectrum
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e Simulators classes

pe A l‘-:j I e S
¥ INSTITLUT RATIONAL
el 1 |

Temporal instability
Spatial non- Short term Long term
Classifications |SnF::rc\::5I ":::;:}i‘:dailrll unifodrmity of instability of instability of
. assifica irradiance irradi irradi
IEC 60904-9 : demands for the use of sun simulators Table 1 or Table 2 . e o
(last update november 2020) % %
A+ 0,8751t0 1,125 1 0,25 1
Spatial homogeneity A 0,75 10 1,25 . 0.5 .
B 0,6to 1,4 5 2 5
[ — SR RS ; -j,i-g c 0,4t02,0 10 10 10
N mad
i ] S u‘ - WS, S| w354
\ PN A - - / .g'g’g P 60Cell 120 Half-Cut Cell
/ O | L [ - | / | 212'5 | vaassfiodes\‘ T 1?ssmngsﬂuntop,Bonbotmmi
ST B AR SN H m2-2, e g 5 ‘
SEEEN. - = = = EEEE
il T ToX I i N / 01,5-2 IIII EEEE
uER R on = § | 2115 (11
] S HR i 00,51 IIII =Il= :
1 A N LN 00-0,5 IIII EEEE Shingled Panel
NENENNEAN S INSNBUNBZSN N = 0-0,5-0 ..I.
7] EENEREE I i = D_1i_0’5 III =lll |
T L] NAVIEPS NN H / 0-1,5--1 III .=.
] Ny R A R S 5215 =
/\ FHT T > - yan \> :2522 III
i NI i BN 1 <O | m-3,5-3 IIII el
a=amihe VG Snge==zis SEREW
S | |
Always locate the modules at the same spot with the same rotation ====
Even more important with half cells and shingle

|

" .
Current Flow

GoPV Project | SUMME% SCHOOL

1.0f 60 Solar Cells o5 1 of 120 Half-Cut Solar Cells




 Why spatial homogeneity is important?

anes

{ f—> [Vlean irradiance -1%

; 1 0,99

. = Mean irradiance 2 1

3 1,01

= Mean irradiance +1%
Case 0 = All the cells are completely the same
Case 1 = One string underperforming
Case 2 = One string underperforming + one string overperforming
Case 3 = One string underperforming + one string overperforming + 180° rotation
-
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e Rotation
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o
®

Reference D
Reference with 180° rotation

ffffffffffffffffffffffffffffffff TR e i Rt S

Current (A)

Current, (A)

s R et Ml M
S0 10 2 30 4:0 55 &0 70 o 10 20 35 410 510 60 70
Voltage (V) Voltage (V)
2 3,930 67,27 80,35 212,39
3 3,971 67,28 79,60 212,68
| Rotation of the modules can impact the measurement |

GoPV Project | SUMME%SCHOOL



e Simulators classes

s
- ;.'Q'__}
# o™

]

¥

NesS

IHSTITLUT RATIONAL
. TTOTTTTT T T MIRE
ﬁf * 5 Temporal instability
¥
Spatial non- Short term Long term
Spectral match to all uniformity of instability of instability of
. Classifications intervals specified in irradiance irradiance irradiance
IEC 60904-9 : demands for the use of sun simulators Table 1 or Table 2 N o -
(last update november 2020) % %
A+ 0,8751t0 1,125 1 0,25 1
0,75to 1,25 2 0,5 2
0,6to 1,4 5 2 5
0,4 to 2,0 10 10 10

Temporal stability Capacitive effects

1.04

0- 10 Analog lnput Data 1 03]

e—e—e[orward Sunpower

[Mtensity 1 e—e—eReverse Sunpower

0.98+

0.97

0.96
0

0 8 16 24 32 40 48
= “I Voltage (V)

8
Forward = 1.02 *->xForward Solar Road
. 101 »>xReverse Solar Road
.- Tk o-0-oF orward HET
EALIET 5 g \ = c-0-CReverse HET
: \ g 0.99;
1 Dr\\lﬂ CO \
NNCVCT ST \ —
0 o
z,

=
—

5=O 1 60 1 éO 260 250
Sweep length (ms)

il

0 m=

b b b

a0 ME

High performances modules can be capacitive.

. L . GoPV Project | SUMMER SCHOOL
It is important to minimize the capacitives effects. ject | 18
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Repeatability and reproducibility

L .',
SrinNes
mesures
Refl 5 8,919+0,002 37,780%0,006 78,07+0,04 263,06%0,16 +0,06%
Ref2 5 5,887+0,001 14,282+0,003 72,28%0,06 60,77%0,05 +0,08%
Ref3 10 8,647%0,002 43,924+0,013 75,43%0,02 286,46+0,11 +0,04%
PASAN>
SPIRE PASAN SPIRE
Prax P ax A forward Prax P ax A forward A forward (%)
forward (W) reverse (W) reverse (%) forward (W) reverse (W) reverse (%) °
2628 2625 01 2624 2637 05 02
317,9 318,2 +0,1 321,7 324,8 +1,0 +1,2
289,4 292,2 +1,0 291,2 302,2 +3,8 +0,6
75 75 o1 39, 90,0 A 7

QOFV FIoject | aUMME§SCHO0L
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Temperature

2nes
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9.05

. [ ] ® Module

9.04 | e e eRal r r

—
<ﬂ 9.03

§ 9.024
(]

9.014

38.5

38.31

~

> 38.11

S 379
-
oc

37.71

s s a s s a |
0.78

0 S S N NS N S FF

0.771

SC

FF (%

$
*
$
$

0.765 |- .—.-..s LA B .——_e - bl max

0.76 : : : ; ; :
-5 -4 -3 2 -1 0 1 2
A T to 25 °C (°C)

I Do the measurement as close as possible to 25°C and make sure the device under test is really at this temperature. IUNW%SCHOOL




* How temperature impact V__

o o -0l INes
?ﬂm 20°C 27°C Thankstothe p ' Fimeredie

Standard test conditions = . temperature coefficient,
. the measure is corrected to
. 25°C
Indoor environment in between | E :
20 et 27°C depending on the % ..... - E
seasons. > - ° :
Intra-day variations occur. a .
E IOverestination of V.,
: ®
What is measured : E IUndere;timation of V.
- AV,__at the real module - ® .
temperature, T, . -
- Atemperature which is E E

not necessarily T, 1
-

mes+

Tmes— T

real

Tmes>Treal mmmp Overestimation of V.

Temperature (°C) - ®
Tmes<Treal mmmp Underestimation of V,




How temperature coefficients impact V,_

Breal B

Ve (V)

Temperature (°C
B* mmm) Overestimation of V,, P (°C)
B =) Underestimation of V__
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How temperature coefficients impact V,_
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@ INes
Brea[“ B |

"
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ey

Yy
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"ay
"ay
",
“ay
.
-------
"uy
"y
"y
ey
"ay
"ay
B

= e | Overestimation of V.
-« -0
AT \
Underestimation of V__

.
.
.
.
»
‘x

. . Temperature (°C)
B mmm) Overestimation of V .

The larger AT, the more important the
B =) Underestimation of V__

temperature coefficients are




Sum up

3 iNes
¢ ROTIVTTONAL
ol lsc
z,
ERE
S5 4
2
°I ‘ b
° Objectives :
Voltage (V
et %- - N - What is obtained.
—_ ‘ ﬂ
An IV curve =>1_, V_, P, FF !
¢ e ] What is a sun simulator made of.
' t o P e
A light source : |

An electronic load |~

&

- Identify important parameters to make a good indoor measurement.
The irradiance

The spectral distribution
The spatial homogeneity
The temporal stability
The temperature

Spectre des flash-tests

0-10v Analog Input Data Breal R

Voc (V)

Temperature (°C)

- What are the limits of the label.
Discrepancies between how is really done the measurement and the measurand are the first limit.

STC are not outdoor conditions.

- How to relate the label to outdoor conditions.

GoPV Project | SUMMEﬁSCHOOL




0.0010

0.0008

0.0006

0.0004

Counts [a.u.]

0.0002

0.0000

e Qutdoor conditions

Energy Science & Engineering

RESEARCH ARTICLE

Categorization of weathering stresses for photovoltaic
modules

Michael Koehl*

Fraunhofer ISE, Heidenhaofstr. 2, Freiburg 79110, Germany

STC

—a— Maritime
—e— Moderate
—v— Arid
—o— Alpine
—<¢— Tropical

T
200

T
400

T T
600 800
Irradiation [W/m?]

-
1000

1200

1400

, Markus Heck & Stefan Wiesmeier

Counts [a.u.]

0.025

0.020

0.015 A

0.010 o

0.005 o

STC

—a— Maritime
—e— Moderate
—v— Arid
—o— Alpine
—<&— Tropical

0.000

60

UV-irradiation [W/m?]

Irradiances

UV irradiances
Temperatures
Humidity

Counts [a.u.]

—a— Maritime
—e— Moderate
—v— Arid

—e— Alpine
—<&— Tropical

-10 0

STC

0.05 4

0.04 ~

—a— Maritime
—e— Moderate
—v— Arid
—o— Alpine
—<— Tropical

NesS
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0.03

Counts [a.u.]

0.02

0.01

.

A

[ L

0.00

10 20 30 40 0

Ambient temperature [°C]

* Local performances
* Local ageing

20

P
-

4 0 80 100

Relative humidity [%)]
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100% —

95%

90%

85%

80%

75%

70%

* Energetic losses outdoor

B worst

S. Ransome, PVSEC, France, 2004

Same phenomena as for STC measurements.
Just worst conditions...
PR > 80% nowadays

best — Typical

Specific Yield [kWh/ kW]

1300 -

1200

1100 -

1000 -

900

800

700

8600

500 -

400

9-1NeS
/ ETITUT RATIONAL
CE LENERGIE SOLAIRE

PROGRESS IN PHOTOVOLTAICS: RESEARCH AND APPLICATIONS
Prog. Photovalt Res. Appl. 2012, 20:717-726
Published online 18 January 2012 in Wiley Online Library twileyonlinelibrary.com). DOI: 10.1002/pip.1219

PAPER PRESENTED AT 26TH EU PVSEC, HAMBURG, GERMANY 2011

Performance ratio revisited: is PR > 90% realistic?
Nils H. Reich'*, Bjoern Mueller', Alfons Armbruster’, Wilfried G. J. H. M. van Sark?,
Klaus Kiefer' and Christian Reise'

! Fraunhoter Institute for Solar Energy Systems (ISE), Heidenhofstr. 2, D-79110 Freiburg, Germany
Science, Technology and Saciety, Utrecht University, Copemicus Institute, Budapestlaan 6, 3584 CD Utrecht, The Netherlands

= 1994 . 1997 2010 PR=100%

© Fraunhofer ISE

900 1000 1100 1200 1300 1400
Annual irradiation in module plane [KWh m2 yr]
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 Temperature correction

- 1NeS
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60°C

110% - E
105% - E
100% - M\M :
95%1 s = v (%/°C) 25°C 60°C
o 3 = 028  549(0,63%) 50
85% = -
. o = 0,30 55,25 50
80% - Performance Ratio @T -
oy —8— Performance Ratio @25°C - 0’32 55,6 (+0,63%) 50

2018-014
2018-07-
2019-014
2019-07-
2020-014
2020-07-
2021-014
2021-07-
2022-014

Monitoring of PR and temperature corrected PR
for a module installed at CEA INES

Temperature (°C)

It is possible to normalize the monotoring to 25°C but
it does not eradicate the noise/seasonality in the data ‘ Underestimation of P
max

1 1 GoPV Project | SUMMER SCHOOL
mmmm) Overestimation of P oPV Project |




* Soiling

1.0

o
N
0.9

ol
. rLﬁ\f’ 10
Micheli et al. (2021)

Asmund Skomedal

Combined Estimation of Degradation and Soiling
Losses in Photovoltaic Systems

and Michael G. Deceglie

I

—— Model fit «+++ Degradation

1 1 1 1

]

{a)

L

—— [nferred SR

95% CI

o

-

N A
" FLQ\

Y

B vl O
Q% 49 A1 A

1.0 - .
g Og\r \
]
o
ik
8 o7
=
Z 0.6 -

0.5 4

e -2
T
E 0‘9_ %
g o
E o
> 081
=
A o

0.7 - ©

. . . ; . . . . . . T .
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month

1Y 8 \
A\ %,G %.0

SUSINULIROLE SN

FIGURE & Three-year soiling
profiles plotted over a 12-month
period. Upper plot: soiling
profiles. In red median of the
soiling profiles. Lower plot:
boxplots of the average daily
soiling ratio in each month. The
orange horizontal lines mark the
medians, whereas the top and
bottom limits of each box are the
third and first quartile of the
distribution (Q3 and O,
respectively). The vertical lines in
each boxplot are limited either by
the lower or the upper whiskers
(i.e., minimum and maximum
values that are not outliers). The
circles identify outliers,
determined because outside of
the Q1 - 15*IQRto Q3

+ 1.5 * IQR range, where IQR is
calculated as Q3 — Q1

|

“ines
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PSS

Olivares et al. (2021)

Soiling reduces significantly the PR => cleaning methods are needed
It depends on numerous environmental conditions (dust, birds,
dew, wind...)

GoPV Project | SUMME%SCHOOL
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 Spectral impact

~ A

Renewable Energy 164 (2021) 1306-1319

Contents lists available at SdenceDirect

Renewable Energy

journal hamepage: www.slsevier.com/locate/rensne

Spectral impact on PV in low-latitude sites: The case of southeastern
Brazil

]

Guilherme Neves *™°, Waldeir Vilela °, Enio Pereira ”, Marcia Yamasoe ©,
Gustavo Nofuentes ¢

Contents lists available at ScienceDirect

Energy

journal homepage: www.elsevier.com/locate/energy

ELSEVIER

Typical Meteorological Year methodologies applied to solar spectral
irradiance for PV applications
Jests Polo *, Miguel Alonso-Abella ?, Nuria Martin-Chivelet ?,

Joaquin Alonso-Montesinos °, Gabriel Lépez €, Aitor Marzo ¢, Gustavo Nofuentes ¢,
Nieves Vela-Barrionuevo *

[ ECsr (o | Exer(iSRege (0
MM =

| Ererrisriziar | ESReee (21

1.00
sc-Si
—mC-Si
— CdTe
0.80 — aGS
| = aSi
\
0.60 -
=3
&
&
0.40 1
0.20
0.00

T T T T T
200.00 400.00 600.00 800.00 1.000.00 1,200.00 1,400.00
Wavelength (nm)

1.04
1.00
S 0.96
= 0.90 ; . :
200.00 550.00 900.00 1,250.00 1,600.00
.m2
0.92 - G(0) (W-m?)
0.88 4 - T : T
200.00 550.00 900.00 1,250.00 1,600.00 110
LLLLL G(0) (W-m?) s
1.04 1.00 :
v CdTe
0.90 ' ; ,
1.00 200.00 550.00 900.00 1,250.00 1,600.00
G(0) (W-m-2)
1.04
S 0.96 (c)
% 1.00 .
0.92 go‘ss -
* mcSi 0.92 7
0.88 4 ' : : cIGS
200.00 550.00 900.00 1,250.00 1,600.00 O-g%O - = P T P A
W- -2 A A A . s . A
G(0) (W-m~) G(0) (W-m?2)

Mismatch factor (MM) is a function of :

- The incident spectrum

- The spectral response of the device under test
- The spectral response of the reference

GaRulyoject | SUMMER SCHOOL



 Spectral impact
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Renewable Energy 164 (2021) 1306-1319

Contents lists available at SdenceDirect

Renewable Energy

journal hamepage: www.slsevier.com/locate/rensne

Spectral impact on PV in low-latitude sites: The case of southeastern | )
Brazil o

Guilherme Neves *™°, Waldeir Vilela °, Enio Pereira ”, Marcia Yamasoe ©,
Gustavo Nofuentes ¢

Contents lists available at ScienceDirect

Energy

journal homepage: www.elsevier.com/locate/energy ===

Gheck for
Updates

Typical Meteorological Year methodologies applied to solar spectral
irradiance for PV applications
Jests Polo *, Miguel Alonso-Abella ?, Nuria Martin-Chivelet ?,

Joaquin Alonso-Montesinos °, Gabriel Lépez €, Aitor Marzo ¢, Gustavo Nofuentes ¢,
Nieves Vela-Barrionuevo *

JE(A)SR (Ndi JEREF(A)SRREF(A)CM
MM =
| Ererrisriziar | ESReee (21
b 3
E(A)dA
APE = ba
O, (N)dA
a
where E(1) [W m?nm~!] is the spectral irradiance, Dyp(2)
[m‘z-nm‘l -5~ is the spectral photon flux and a [nm] and b [nm]

)
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e Average photon energy (APE) varies
depending on the location, the
hour of the day and along the year.

e Mismatch factor could be seasonal.
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e Albedo depends on the spectral reflection
e It can be seasonal
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Tablel. Summary of the median and mean degradation rate and the number of data points for various subsets of the aggregated data.
2+ indicates study types using two or more measurements and excludes systems with known start-up issues.

 Degradation vs weather

Cumulative distribution functions for high-guality x-Si systems and

modules (b). The median is indicated by a dashed horizontal line;

0.5%Mear and 1%/Aear degradation are indicated as a dashed

and dash-dotted line, respectively. The number of data points for
the respective subsets is given in parentheses.

* Degradation rate depends on the weather conditions
* Koéppen-Geiger climates zones are heplful to define

Technology Study type Systerm/Module Median Mean Data points
All data All All 0.90 0.93 11029 . g
%-Si All All 0.90 091 10572 e F
Thin-film All All 1.15 1.38 455 - [ L. } - I l I eS
All Median per study and system All 0.82 1.09 312 # %
Al 2+ measurements Al 0.46 0.69 2792 I IRSTITUT KATIONAL
Al 1, outdoor IV Al 108 108 7238 e
PROGRESS IN PHOTOVOLTAICS: RESEARCH AND APPLICATIONS All 1, indoor IV All 0.64 077 963
Prog. Photovolt: Res. Appl. 2016; 24:978-989 All High quality studies All 0.49 0.66 21861
Published online 7 February 2016 in Wiley Online Library twileyonlinelibrary.com). DOI: 10.1002/pip.2744 %-Si Median per study and system Modules 0.67 0.9 127
x-Si Median per study and system Systems 0.69 0.79 108
x-Si High quality, all Modules 0.40 0.567 1562
RESEARCH ARTICLE x-Si High quality, all Systems 0.64 0.81 384
x-Si High quality, Median per study and system Modules 0.65 0.59 61
- - . *Si High quality, Median per study and system Systems 061 069 7
Compendium of photovoltaic degradation rates s High quality, dasert Al 071 119 -
Dirk C. Jordan'*, Sarah R. Kurtz', Kaitlyn VanSant? and Jeff Newmiller® X'S! H!gh quality, hot and humid Al 0.60 0.50 653
%-Si High quality, moderate All 042 0.57 1396
1 National Renewable Energy Laboratary INREL), 15013 Denver West Parkway, Golden, CO 80401, USA *-Si High quality, snow All 0.35 0.62 39
Colorado School of Mines, 1500 llinois Street, Golden, CO 8040, USA
3 Py GL, 2420 Camino Ramon, Suite 300, San Ramon, CA 95483, USA
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Published data on photovoltaic (PV) degradation measurements were aggregated and re-examined. The subject has seen an

increased interest in recent years resulting in more than 11000 degradation rates in almost 200 studies from 40 different countries. GoPV Project | SUMM§5 SCHOOL
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Fig. 1. Schematic diagram of the modeling hypotheses. Fii: Hydrolysis degradation rate (%) thegy: effective relative humidity
= = = kp: Photo-degradation rate (%) UV gt integral UV dose (KW/m?)
krm: Thermomechanical degradation rate (%) Twm: average module temperature 2
kr: Total degradation rate (%) Ty: upper module temperature
kp: Boltzmann constant (8.62 x 107%) Tp.: lower module temperature i
Ep: Activation Energy for Hydrolysis degradation (eV) AT = Ty — Ty: temperature difference
°

Three general degradation mechanisms
*  Hydrolysis
*  Photodegradation
*  Thermomechanical degradation
With the proposed model by Ascencio et al. we can assess
the degradation rate all around the world for given
parameters associated to one bill of materials

Ep: Activation Energy for Photo-degradation (eV)

Erp: Activation Energy for Thermomechanical
degradation (eV)

Apy: Pre-exponential constant for Hydrolysis degradation
Ap: Pre-exponential constant for Photo-degradation

Aty Pre-exponential constant for Thermomechanical
degradation

n: model parameter that indicates the impact of
RH on power degradation.

X: model parameter that indicates the impact of
UV dose on power degradation.

6: model parameter that indicates the impact of
AT on power degradation.

Cn: Cycling rate

Ap: normalization constant of the physical

quantities (a=2/%)
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Figure Al. Clobal mapping of degradation mechanisms. top Hydrolysis-degradation, middle
photo-degradation and bottom thermomechanical degradation
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Figure 6. Spatial distribution of the total degradation rates in view of the KGPV climate zones. The
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* Climate change and production
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- Climate change causes variation of
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* It will results in different conditions for the same
installation in between the begin of life and the
end of life of the installation

* It will lower the global performance of PV

APR [%/(m? yr)]

Global annual changes in average energy
yield and PR in between 2006 and 2015
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Figure 5. Spatial distribution of the degradation mechanisms in view of the Képpen-Geiger-Photovoltaic
(KGPV) climate zones.
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Figure 6. Spatial distribution of the total degradation rates in view of the KGPV climate zones. The
average of total degradation rate per climate zone is indicated below each label in %/a.
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