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Our Mission
To create enduring value by enabling a world
powered by clean, affordable solar electricity.




Sustainable Environmental Profile .@
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Carbon Footprint is a Fraction of Conventional Sources
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Sources: *de Wild-Scholten, M., presented at CrystalClear Final Event in Munich on May 26, 2009. **de Wild-Scholten, M., ‘Solar as an

environmental product: Thin-film modules — production processes and their environmental assessment,” presented at the Thin Film Industry Forum

Berlin, April, 2009. Both PV technologies use insolation of 1700 kWh/m?2. All other data from ExternE project, 2003; Kim and Dale, 2005; Fthenakis
and Kim, 2006: Fthenakis and Alsema, 2006; Fthenakis and Kim, in press.




First Solar’s Energy Payback Time (EPBT) < 1 year &
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First Solar.
EPBT.:
The amount of time
a system must operate to recover 1.0 - EPBT (Years)
the energy that was required to
fabricate the system 0.8 - R0c
— EPBT = Einput/(Eoutput/yr) 0.6 -
04 -
Objective: Minimize EPBT
— Supports rapid scalability 0.2 -
— <1year ensures industry growth 0.0 -
does not create near term energy
deficit CdTe
Note: Southern Europe 1700 kWh/m2/year
irradiance.

Source: de Wild-Scholten, M., ‘Solar as an environmental product: Thin-film modules — production processes and their environmental assessment,’
presented at the Thin Film Industry Forum, Berlin, April, 2009
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Production Capacity Growth (year-end capacity) \.,\
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Current and announced capacity grows by 1.3GW (92%) to 2.7GW '

2,742MW
USA
. 59.eMW Vietham
Annual Line Run Rate 53MW 2,146MW France
- MW/Line 48MW
44MW

33MW

1,430MW

1,228MW

Malaysia

V7 | .

Germany
. Ohio, USA
Capacity !
2005 2006 2007 2008 2009 2010 2011 2012
Representation of year-end capacity. 2005 & 2006 based on Q4 06 run rate; 2007 based on Q4 07 run rate; 2008 based on Q4 08 run rate;

2009 based on Q4 09 run rate, 2010-2012 based on Q3 10 run-rate. 5
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Manufacturing Cost per Watt Trend
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Reliability Impact on Module Value &
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Effect of Degradation rate on LCOE
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Module Failures from Qualification Testing (W

First Solar.
Figure 4: All Technologies
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* Qualification testing is the ‘starting package’ for PV Re
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IEC&IEEE stress test failure rate [%)]
TC200
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* Just a screening test for key design flaws/infant mortality
* No correlation to MTBF, long term OD performance, degradation

TamizhMani, et al, “IEC And IEEE Design Qualifications: An Analysis Of Test Results Acquired Over Nine Years”, 2008
© Copyright 2010, First Solar, Inc. 8
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TF Module Failure Modes

Issue Description Tests References | R&D need
Increase in series Moisture ingress is known to in- Damp heat [27,51] Development of thin-film prod-
resistance after crease the series resistance of [41] ucts that are not sensitive to

exposure to mois-
ture

ZnO and some other materials
commonly used in thin-film mod-
ules; this is a special issue for
flexible products.

moisture or development of a
barrier that keeps moisture out
of sensitive layers.

Instability of thin-
film layers caused
by delamination
and/or diffusion

Thin-film products usually require
many layers; if any of these has
poor adhesion, delamination may
occur, often breaking the electri-
cal connection between active
layers. Also, Cu and other ele-
ments are known to diffuse,
causing changes in how the cells
perform.

Develop understanding of the
diffusion/delamination mecha-
nisms, what affects them, and
how to test for instabilities.

Nonuniformities in
manufacturing,
including scribe-
line issues

Nonuniformities can lead to “weak
diodes” that may then run hotter
than the rest of the module, pro-
viding a weak point for degrada-
tion. Similarly, many other
manufacturing nonuniformities
(especially at scribe lines) can
lead to reliability problems.

[23. 58]

Much work is needed to un-
derstand what parameters
must be carefully controlled
during manufacturing and what
nonuniformities can be toler-
ated.

© Copyright 2010, First Solar, Inc.

Sarah Kurtz, et al, “Photovoltaic-Reliability R&D toward a Solar-Powered World”,

Proc. of SPIE 2009

First Solar.
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TF Module Failure Modes cont.

© Copyright 2010, First Solar, Inc.

EKnown and Anticipated Failure Modes & Priority/Prob. of Diagnostic Technique / Qual Comment
Degradation Mechanisms Success Test (e.g., chamber tests,
/ Role for Labs HVTB)
(High-Medinm-
Low)
Comosion leading to loss of grounding HHH
_ Quick connector reliability HHL
£ | Improper installation leading to loss of grounding HHL
2 | Delamination HMM Ths is especially a problem for flexible pack
5 Gilass breal MHL For products using glass
Bypass diode failure MHL
Inverter reliability MHM
7 See items listed in “General” section
= Electrochemical corrosion of SnO,:F M/M/L Light soaking: Voltage biased
= damp heat”
= | Tnitial light d lation (a-S1) LLL Light soaking
Cell layer integrity — backcontact stability HHH
Cell layer integrity — interlayer adhesion and LL/M Voltage biased damp heat”
delamination; El hemical corrosion of SnOy:F
Fill-factor loss (increased series resistance and/or HMH Cell + Module Light soaking; Sereen at cell initially; then module
o | recombination) Damp Heat
= | Busbar failure - mechanical (adhesion) and electrical HHM IR Camera; Hot/humid vs. damp | Thermal stress
o heat
Shunt hot spots at scribe lines before and after stress HM/M IR Camera; Hot/humid vs. damp
heat
‘Weak diodes. hot spots, nonuniformities before and after | H/M/H IR Camera; Hot/humid vs. damp
stress heat
Cell layer integrity — contact stability HHH Mo backcontact (all), the front contact is only a
problem when the module is assembled from
discrete cells
Cell layer integrity — interlayer adhesion MHM
Fill-factor loss (increased series resistance and/or HMH Cell + Module Light soaking; Screen at cell initially; then module
recombination) Damyp Heat
Busbar failure — mechanical (adhesion) and electrical M/HM IR Camera; Hot/humid vs. damp
heat
Notable sensitivity of TCO to moisture HMH Damp heat exposure
@ | Moisture ingress failure of package HMH Hothumid vs. damp heat Flexible roofing products
© | Cell~to-cell interconnect (discrete cells) HMH IR Camera; Hot/humid vs. damp | Flexible roofing products; this is a problem when
heat discrete devices are interconnected info modules
Notable sensitivity of TCO to moisture; need to pass HM/M Damp heat exposure
damp heat test (non-shingle specific)
Shunt hot spots at scribe lines before and after stress HMM IR Camera; Hot/humid vs. damp
heat
‘Weak diodes, hot spots, nonuniformities before and after | H/M/H IR Camera; Hot/humid vs. damp
stress heat
Edge shunting M/HM Discrete Cell — Flexible roofing products

Nick Bosco, “Reliability Concerns Associated with PV Technologies”, NREL

=
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TF Module Failure M

odes cont.
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Table [. Thin-filin failure modes and failure mechanisms
I Failure modes Effect on -V curve Possible fuilure mechanisms
1. Cell degradution
. Muin junction: increased recombination™  Loss in fll fastor, [, and ¥, Diffusion of dopanris, impurities, eic.
Electromigrition
——— b. Back barrier; loss of ohmic Roll-over, cross-over of dark Diffusion of dopants, impurities, cic,
contact {CdTe) 4+ and light i—¥, higher R Corrosion, oxidation Electromigration
¢, Shunting®* ™" e decrenses Diffusion of mewmls, impurities, etc.
d. Series; ZnD,™ A e iNeTERSSS Corrosion, diffusion
e, De-adhesion Sn0a from I decreases and R, increnses Mo fon migration to SnOs/glass inerlice
soda-lime glass™ =
f. De-ndhesion of back metal coninct I deerenses Laminition stresses
2. Module degradation
Interconpect degradation
a. Interconnect resistance; ZnO:AlMo R, increases Corresion, electromigration
or Mo[23], Al interconnect™
b. Shunting; Mo across isolation seribe™ Ry decrenses Carrosion, electromigration
Busbar degradation f; inCiEdses Or open curcuit Corrosion, electromigrtion
\ Solder joim R..; increnses or open circuit Fatigue, coarsening {alloy segragation)
k Encapsulaion failure
a. Delamination™** Loss in fill-Factor, i, and Surfuce-contamination, UV degradution,
— possible open circuit hydrolysis of silinefglass bond, warped glass,
‘dinged” glass edges, thermel expersion mismatch
b. Loss of hermetic seal
c. Glass broakege
d, Loss of high-potential isolation™***"
T Mac Mahonm, “Accelerated Testing and Failure of Thin-film PV Modules”, Progressin PV 2004
© Copyright 2010, First Solar, Inc. 11
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Humidity is

an important stress factor @

_V\
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(a) EVA Transient WVTR
(85 °C, 2.84 mm thick)
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E a=1. e ‘:E‘ ‘:’

g - :

| . oo § £ Arrhenius model

2 g3 . —_

2 c-\.\.\. 2 £ Choose materials that limit

Q
Allg,=0.17 eV .
Sof I
— , , , 00010 (1) water Ingress:
0.0027 0.0029 0.0031 0.0033 0.0035

© Copyright 2010, First Solar, Inc.

1/Temperature (1/K)

(1) M. Kempe, “Control of Moisture Ingress into Photovoltaic Modules” |IEEE PVSC, 2005
(2) D.J. Coyle, H. A. Blaydes, J. E. Pickett et al., “Degradation kinetics of CIGS solar cells,” Proceedings of the 2009 34th IEEE Photovoltaic

Specialists Conference (PVSC 2009), pp. 001943-7, 2009.
12
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dity affects TCO’s in different ways

Sheet Resistance (ohms/sq)

R of AZO and BZ0 as a Function of DH Exposure Time
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* Choose materials that are less sensitive to water

=
First Solar.

X 10* worse

(1)

(1) F.J. Pern, R. Sundaramoorthy, C. DeHart, et al. " Stability of TCO Window Layers for Thin-Film Solar cells“, Proc. of SPIE Vol. 7412 74120J-1
(2) Sundaramoorthy, R., et al., "Comparison of Amorphous InZnO and Polycrystalline ZnO:Al Conductive Layers for CIGS Solar Cells," 34th IEEE PVSC, (2009).

© Copyright 2010, First Solar, Inc.
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Temperature is an important stress factor

* Corrosion of conductive components Ea
* Thermal degradation of polymers B RT
— Delamination of interfaces ‘ k — A e

— Failure of adhesive/pottants 0
* Diffusivity of water

* To find Activation Energy (Ea) we need to go beyond Damp Heat and
test at different temperatures

© Copyright 2010, First Solar, Inc. 14




Temperature is an important stress factor

P P

AT
Module Type Mount a b (*C)
Glass/cell/glass Open rack -3.47 -.0504 3
Glass/cell/glass Close roof mount -2.98 - 0471 1
Glass/cell/polymer sheet Open rack -3.56 -0750 3
Glass/cell/polymer sheet Insulated back -2.81 -.0455 0
Polymer/thin-film/steel Open rack -3.58 -113 3
223 Linear Concentrator Tracker 323 -130 13
T,=E- {g‘”b'ﬂ }+ T, from ambient to module temperature
I.=T,+ E£ AT from module to cell (semiconductor) temperature

a

(1) King et al, “Photovoltaic Array performance model” Sandia SAND2004-3535, 2004

© Copyright 2010, First Solar, Inc.




Activation Energy & Tequivalent -

S
First Solar.
* Tequivalent is the activation energy (Ea)-weighted average temperature for a
system
* Tequivalent IS @ function of the Activation energy

_Ea
AP = Ae ’T At
-E, -E,

P=>" Ae™" At, = Ae" Y AL,

i
i

V7 |

-15-10 -5 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70

T(Q

(1) McMahon, “Accelerated Testing and Failure of Thin-Film PV Modules” , Prog in PV, 2004
© Copyright 2010, First Solar, Inc. 16




Equivalent Temperature for Different Climatic Zones

Mount: Open rack Close roof Open rack Insulatecli back Open rack
glass-cell-glass | glass-cell-glass glass-cell- polymer-cell-
polymer steel
Ea | 11eV | 2eV | 11eV | 2V | 11eV | 2eV | 11eV | 2eV | 11eV | 2eV
Location¥
Riyadh 48 4 551 61.0 695 459 523 671 763 440 503
Kuwait 46.0 53.0 56.0 66.3 438 50.3 60.9 731 M7 47.9

Bangkok 417 46.5 515 586 398 441 56.4 64.4 383 42.3
New Delhi 448 512 56.8 65.2 427 486 62.7 720 412 46.9

Seville 395 471 513 60.4 374 44 6 57.0 66.7 358 431
Munich 267 354 372 482 248 330 423 542 233 314
Phoenix 471 539 59.9 68.2 446 51.0 66.0 750 426 488
Yuma 438 50.2 549 63.0 416 47.7 60.3 69.2 399 458
Daytona arz 429 477 552 350 40.3 527 61 330 379
Miami a7 419 467 537 350 393 515 59.3 331 36.9

V7 |

* We can now answer the question “how long will my module last” for some
degradation mechanisms

 What comes next? Correlate your lab model with real outdoor data

Kent Whitfield, “Evaluation Of High-temperature Exposure Of Rack-mounted Photovoltaic Modules”, PVSC IEEE 34th

© Copyright 2010, First Solar, Inc.




Voltage is an important stress factor

First Solar.

i

Corroded area -

a-Si Modules® JE= = {8

‘Bar-graph’ delamination

* There are other stress factors, some of them not in the ‘starter package’

V7 | .

(1) Peter Hackle “Characterization of Multicrystalline Silicon Modules with System Bias Voltage Applied in Damp Heat “, 25th European
Photovoltaic Solar Energy Conference and Exhibition. September, 2010

(2) T McMahon, “Accelerated Testing and Failure of Thin-film PV Modules”, Progress in PV 2004

(3) JPL- Mon, Ross (1984): “Predicting electrochemical breakdown in terrestrial photovoltaic modules”

© Copyright 2010, First Solar, Inc. 18




PV System Degradation rates .

=
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Degradation Rates (R,) most often reported

Degradation Rates (R,) most often reported

50 Effect of Degradation rate on LCOE

45 -
40 -
35 -
30 -
25
20
15 |
10

Median: 0.6 %/year
Average: 0.8 %/year |
N =370 —

Frequency

e | = e T ]

GQ“Q%\’»N’b '\«,\’b‘q"b%’l«%‘o blh‘)l D

0.0% 0.2% 04% 0.6% 0.8% 1.0% 12% 14% 16% 18% 2.0%
Degradation Rate (%/Vear) Degradation rate [%/yr]

V7 |

QQVQ%'\:"'\,Q} ’L,th%%q;\a,bb ™ \)t‘;b

Degradation Rate (%/year)

Dirk Jordan (NREL), “Degradation Rates”, Feb-2010
© Copyright 2010, First Solar, Inc. 19




Outdoors Performance Monitoring -

e

First Solar.
* energy output E [amount of energy kW-AC]
* final PV system yield Y;= E/P, [takes into account system size]
 performanceratio PR= Yf/Y, [size + solar radiation]
* PTC ratio PTC [size + solar radiation + temperature/wind]

IEC 61724 "Photovoltaic system performance monitoring-guidelines for measurement, data exchange, and analysis"
© Copyright 2010, First Solar, Inc. 20




"W Calculation of PV System Degradation rates &
1.W
I 0.9 — Single-crystal Si PV System, 7420 W, — 8000 —,
s 087 = b 4 ' — 7000 %
o 07— R B ®
o = - 7 — 6000 o
0.6 — § i
0.5 — P T — 5000 %
0.4 - P Ea: 0.9% — B g
= + PR, r on =0, er year
1 a PVU%?AQ. degradation = ‘I%%ﬁ year — 4000
k T T [ T T T 1
— 1994 1998 2002 2006

he variability on PTC(PVUSA) is lower than PR because it compensates for temperature

years of data is recommended to calculate degradation rates

B. Marion, et al, "Performance Parameters for Grid-Connected PV Systems”, 30th IEEE PVSC, 2005 21

right 2010, First Solar, Inc.



PV System Failure Events

First Solar.

The RBD is populated with
data from field events.

7 |

M Quintana, J. Granata, et al. “Sandia’sPV Reliability Program”, NREL PV Reliability Conference 2010. Sandia Poster
Copyright 2010, First Solar, Inc. 22




21 MW PHOTOVOLTAIC POWER PLANT: 21 x 1 MW ARRAYS
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1 MWAC ARRAY (1.2 MWDC)
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1 MW PCS (POWER CONVERSION STATION) -

B
First Solar.

HVAC UniTs (2x) [
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21 MW PHOTOVOLTAIC POWER PLANT: 21 x 1 MW ARRAYS
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21 MW PVCS (PHOTO VOLTAIC COMBINING SWITCHGEAR) .

e

PVCS — COMBINING SWITCHGEAR

GRID PROTECTION RELAY
21 MWAC x 34.5 KV

© 2009 First Solar, Inc.




METEOROLOGICAL STATION (2 EA.)

WIND VELOCITY
RAIN GAUGE (BEHIND)

i

=
AMBIENT TEMP i .. v GLOBAL RADIATION SENSOR

& REeL HumiDITY

N

.

* Irradiance, Temperature & WindSpeed needed to calculate PR’s & PTC’s
* Correlate your lab model with real outdoor data
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Environmental and Local Benefits

——
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The project will power
over 6,000 local homes

The project will avoid emissions of 12,000 metric
tons of CO, — the equivalent of taking over 2,200
cars off the road.
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‘ Utility-Scale Projects in Southwestern U.S. — 2.0 GW AC
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FROM BLYTHE TO TOPAZ

—
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Summary

e Module reliability is a driver for cost

Module reliability does not dominate system reliability

Module reliability enables affordable PV electricity

Key module stress factors
i.  Humidity
ii. Temperature

What’s needed

— fundamental understanding of degradation mechanisms

— correlation to real outdoor performance data

First Solar enabling statistics at utility scale

—
First Solar.




First Solar. tha n k you

Our Mission
To create enduring value by enabling a world
powered by clean, affordable solar electricity.
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