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Motivation: Long lifetime and resilience

90% intact

Minimizing (recoverable) losses so they don’t underperform when needed most 

Long lifetime  greater probability of extreme weather exposure 

90% intact

Hurricane Irma in 2017
190mph winds!

St. Maarten
Busby et al., Energ. 
Res. & Soc. Sci, 2021.

Texas freeze, 
2021 Marshall fire, 

CO, 2021

High quality could will save lives. 

Australia, 201990% survived Hail



Gray area: “non-recoverable” is changing  in-field backsheet cracks repair

Recoverable vs. non-recoverable losses

“Non-recoverable”
“Permanent” changes

“Recoverable”
Common field repairs

System (performance loss rate) may be higher than module degradation



USA

Pascual et al., Progress in PV, 2021.
Jordan et al., Progress in PV, 2022.

Early detection & maintenance helped lower performance loss rates  (PLR)

Performance loss rates + O & M

Spain

Proactive monitoring & maintenance  reduced loss

PV Fleet (blue): 100% systems
Literature (red) 80% modules

Closely monitoring of systems
Replacement of modules with hot-spots
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RdTools loss analysis 
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Inverters affected by tracker stow/faults show higher performance loss



Hail risk & broken cells

NREL,
May 2017

Modules at NREL

• Same manufacturer
• Installed @ same time
• Mounted side-by-side

When does damage lead to power loss in field?



Bifacial performance
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Modules & strings
Fixed tilt

Jordan et al. PVSC 2019
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Preliminary
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Modules & strings
Fixed tilt

Strings, 1-axis 
tracker
3 years of data

Need more data on bifacial systems
IF bifacial greater loss is confirmed packaging or cell issue?

Preliminary

Jordan et al. PVSC 2019



Bathtub Rollercoaster curve

Early wear-out
Module degradation simulation 

Different 
colors relate to 
different 
mechanisms

Jordan et al. Progress in Energy, 2022.



How do we make sure that latent defects turn into early wear-out?

Bathtub Rollercoaster curve

Early wear-out
Module degradation simulation 

Different 
colors relate to 
different 
mechanisms

Jordan et al. Progress in Energy, 2022.



Monitor changes – smart sensing

TrackerLibby et al., Duramat, 2022

High frequency signature of 
issues in gearbox

Sheng et al., ASHMC, 2011

Wind turbine 

Commercial 
accelerometer

Sensors could provide pathway to faster response time



Long lifetime observations

ARCO modules 
Different vintage

1. PVB encapsulant 
2. Edge seal
3. Stainless steel foil in backsheet

1. EVA encapsulant
2. No edge seal
3. No stainless steel in backsheet



Edge seal

Uncracked modules have not degraded!

1kW CIS system

Thermal stress?

Cracked modules Modules:
• Glass-glass module with 

Tedlar on the back to make 
it look similar to Si modules

• Used edge seal



Conclusion

• Losses may be recoverable (understand interactions 
between O&M, installation, module materials, BOS 
materials)

• Understand degradation mechanism interactions
• Understand bifacial performance loss
• More research into edge seal
• Glass-glass impact resistance
• Early detection and sensors 

As PV deployment accelerates what can we do?



Conclusion

“With great(er) power comes great(er) responsibility”

• Losses may be recoverable (understand interactions 
between O&M, installation, module materials, BOS 
materials)

• Understand degradation mechanism interactions
• Understand bifacial performance loss
• More research into edge seal
• Glass-glass impact resistance
• Early detection and sensors 

As PV deployment accelerates what can we do?



Acknowledgments

This work was authored in part by Alliance for Sustainable Energy, LLC, the manager and operator of the National 
Renewable Energy Laboratory for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. 
Funding provided by the U.S. Department of Energy’s Office of Energy Efficiency and Renewable Energy (EERE) 
under Solar Energy Technologies Office (SETO) Agreement Number 30295. The views expressed in the article do not 
necessarily represent the views of the DOE or the U.S. Government. The U.S. Government retains and the publisher, 
by accepting the article for publication, acknowledges that the U.S. Government retains a nonexclusive, paid-up, 
irrevocable, worldwide license to publish or reproduce the published form of this work, or allow others to do so, for U.S. 
Government purposes.

Thank you

National Renewable Energy Laboratory
15013 Denver West Parkway, MS 3411
Golden, CO 80401, USA
dirk.jordan@nrel.gov

PV Fleet, PV fleet partners, 
PV reliability group, Dana 
Kern, Will Hobbs, 
Katherine Jordan

NREL/PR-5K00-80996




