
NREL is a national laboratory of the U.S. Department of Energy Office of Energy Efficiency and Renewable Energy operated by the Alliance for Sustainable Energy, LLC

Test-to-Failure for Long-Term 
Performance Assessment 

National Center
for Photovoltaics

Peter Hacke

PV Module Reliability Workshop
February 18–19, 2010

This presentation does not contain any proprietary or confidential information.



Acknowledgments

Performance & Reliability Accelerated Lifetime 
Testing
•Ed Gelak
•Kent Terwilliger
•David Trudell

Performance & Reliability Diagnostics
•Nick Bosco
•Steve Glick
•Cassi Sweet

Performance and Reliability Management
•Sarah Kurtz

UCSC
•Glenn llers

National Renewable Energy Laboratory                                                                                         Innovation for Our Energy Future

Test & Measurement group/ Device Performance
•Allan Anderberg
•Keith Emery
•Steve Rummel
•Andrew Sellstrom

Test & Measurement Group/ Surface Analysis
•Sally Asher
•Joel Pankow

Test & Measurement Group/Analytical Microscopy
•Mowafak Al-Jassim
•Chun-Sheng Jiang

Test & Measurement Group/Electro-Optical 
Characterization
•Steve Johnston
•Nathan Call



Photovoltaic Module Field Failure Database
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https://www.nrel.gov/pv/performance_reliability/failure_database/



Overview

• Motivation for the Test-to-Failure protocol
• Test description
• Program description
• Results and discussion from application of the protocol 

• Thermal cycling with load
• Damp heat with bias
• Failure mechanisms

• Main results
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Background
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Motivation
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• Test new module technologies on a comparative basis in a highly 
accelerated manner

• Perform due diligence between various module technologies before 
large capital outlays for PV power plants are committed

• Characterize potential performance and reliability problems for high 
voltages systems

• 600 V systems in USA
• 1000 V, 1500 V  systems in EU

• Accelerate the onset of failure so that failure mechanisms can be 
analyzed, compared to field failures, and then addressed



Failure rate of c-Si modules through IEC 61215 qualification 
testing at ASU-PTL for 1997-2005 and 2005-2007

Damp heat a key environmental stress challenge

Courtesy G. TamizhMani et. al.  TUV-PTL



Qualification testing at EU JRC Institute for Energy/ Ispra

A. Skoczek, JRC IE/Ispra



Effects of Damp Heat with System Bias
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Damp heat  - with system bias
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SunPower 2005 press release, reports 'surface polarization' in solar cells

• Positive bias string leads to leakage current 
through glass to ground, leaving negative 
charge on cell surface, degrading 
effectiveness of the n+ front surface field of 
the n+/n structure

V

I degradation

• Minority carriers (holes) recombine at front surface, 
leading to degraded cell performance



Effects of Damp Heat with System Bias

Leakage current vs temperature (T)  and relative humidity (RH) per unit length of 
module frame (500 V bias) in a c-Si mini module with EVA-Tedlar construction
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Adapted from G. Mon et al, (JPL), 18th IEEE PVSC (1985)

• Leakage current vary by 
orders of magnitude with 
modest changes in 
temperature and humidity

• Electrolytic corrosion 
directly related to the 
coulombs transferred



Test-to-Failure Protocol 

• Thermal cycling to 
accelerate diurnal solar 
thermal loading of the 
extreme conditions seen in 
high desert
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• Damp heat with system 
bias to accelerate 
hydrolytic and corrosive 
action of hot humid 
environments 
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Sequence
A. Control

B.  Damp Heat with 
Bias 85°C/85%RH

C. Thermal Cycling
with load -40°C/85°C

D. Alternating
Seq. B/C  DH/TC

A1 A2 B1 B2 C1 C2 D1 D2
5 kW hrs/m2 light soak

Round 1 DH+ DH- TC TC DH+ DH -
Round 2 DH+ DH- TC TC TC TC
Round 3 DH+ DH- TC TC DH+ DH -
Round 4 DH+ DH- TC TC TC TC

…
Round 15 DH+ DH- TC TC DH+ DH -

• DH refers to 1000 hrs 85°C 85% relative humidity, IEC 61215 Ed. 2 sec. 10.13

• DH+(-) indicates +(-) voltage bias of 600 V or module’s rated system voltage (whichever is greater)
on shorted module leads with respect to grounded frame

• TC refers to 200 cycles between -40°C and 85°C, IEC 61215 Sec. 10.11 (Imp applied when T> 25°C) 

• Alt. DH/TC refers to a sequence of alternating 1000 Hrs. DH and TC 200 stress cycles described above

The organization of the modules within the accelerated 
lifetime test sequences in the Test-to-Failure protocol.



Test-to-Failure Program Description

I
Group 1 Pilot run with 1 c-Si model, now entering 5th round
Group 2 3 models c-Si, now entering 2nd round
Group 3 3 models c-Si, 1 now entering first round

II Outdoor parallel tests

III Experiments varying factors and levels, and consideration of 
other stress factors to study degradation rates, determine, 
any necessary modifications to the test to failure program, 
and develop relationships for service lifetime

IV Thin film tests
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Performance Results
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Fraction module power remaining vs. measurement round 
by test sequence & module model
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Fraction module power remaining vs. measurement round 
by test sequence & module model
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Fraction module power remaining vs. measurement round 
by test sequence & module model
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Failure analysis, DH (+)

Ag gridline corrosion visible
Series resistance increase according to dark I-V curve fitting
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Failure analysis, DH (-)
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Thermal image Electroluminescence

• Shunting, often in the middle of the cells; cell dependent, suggests ionic motion
• Degradation of the Ag-Si interface, series resistance
• Decomposition of silicon nitride with water to ammonia and hydrous silica

Electroluminescence

Lock-in thermography



Monitoring corrosive damage by counting Coulombs
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G. Mon and R. G. Ross, (JPL), 18th IEEE PVSC (1985)

•  > 20% power degradation in less than 1 Coulomb per cm of module edge



Main Results

1) Crystalline silicon modules are holding up well so far in thermal cycling
2) Modules in damp heat with positive bias to active layer show varying degrees of Ag 

metallization oxidation and hydrolytic degradation of backsheet—the extent is related 
to leakage current

3) Modules in damp heat with negative bias to active layer show varying degradation 
rates attributable to cell shunting and Si-Ag interface degradation, the extent appears 
related to leakage current

1) The degradation depends on the direction of the internal electric fields; modules 
biased positively relative to a grounded frame show less damage (thin film, p-base Si)

2) Modules that lack a frame and use mounting points bonded to the backsheet glass 
show no damage.

3) Water vapor enhances the corrosion if it can enter the module through the edges, and 
by increasing the conductivity of the front glass surface.

4) Damage rates can be slowed if leakage currents that are caused by voltage potentials 
between the frame and the internal circuitry are reduced.
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* Adapted from C.R. Osterwald, T.J. McMahon, and and J.A. del Cueto, Electrochemical Corrosion of SnO2:F Transparent Conducting Layers in Thin Film
Photovoltaic Modules, Solar Energy Materials and Solar Cells, 2003 Vol.79 (No.1) 

Lessons from the past, from thin films*



Thank you for your attention !

National Renewable Energy Laboratory                                                                                         Innovation for Our Energy Future



Monitoring of module leakage current, + 600 V

Worst case field 
monitored  leakage 
current of modules:
NREL, 1 µA
FSEC, 8 µA

85°C DH, 85% RH is 
yielding generally 10x, 
up to 100x worst case 
field leakage currents

National Renewable Energy Laboratory                                                                                         Innovation for Our Energy Future

Le
ak

ag
e 

cu
rre

nt
 µ

A
)


	Test-to-Failure for Long-Term Performance Assessment 
	Acknowledgments
	Photovoltaic Module Field Failure Database
	Overview
	Background
	Background
	Motivation
	Slide Number 8
	Qualification testing at EU JRC Institute for Energy/ Ispra
	Effects of Damp Heat with System Bias
	Damp heat  - with system bias
	Effects of Damp Heat with System Bias
	Test-to-Failure Protocol 
	Slide Number 14
	Test-to-Failure Program Description
	Performance Results
	Performance Results
	Performance Results
	Performance Results
	Failure analysis, DH (+)
	Failure analysis, DH (-)
	Monitoring corrosive damage by counting Coulombs
	Main Results
	Slide Number 24
	Monitoring of module leakage current, + 600 V

