
    
  

  

 

  

 

  

  

  

  

  

  

  

  

 

 

  

 

  

  

 

  

 

 

  

  

  

  

  

  

  

    
      

      
    

      
  

    
   

      
     

     

PV Reliability Workshop – Lakewood, CO 
February 25, 2020 

Chair: 

David MILLER 

Committee: 

Teresa BARNES 

Mike BOLEN 

Dan BRAKE 

Evelyn BUTLER 

Chris DELINE 

James ELSWORTH 

Jack FLICKER 

Tassos GOLNAS 

Margaret GORDON 

Greg KIMBALL 

Inna KOZINSKY 

Sarah KURTZ 

Sumanth LOKANATH 

Jenya MEYDBRAY 

Matt MULLER 

Dana OLSON 

Nancy PHILLIPS 

Jon PREVITALI 
Welcome to the 2020 Photovoltaic Reliability Workshop! This year’s 

Ingrid REPINS PVRW continues in the tradition of attendee participation. Attendees 
(and one guest) should present on the reliability of PV, either giving an Laura SCHELHAS 

oral or poster presentation. The workshop provides a unique opportunity Tim SILVERMAN 
for learning, discussion, and leadership relative to the present issues in 

Josh STEIN PV-module and -system reliability. 
Scott STEPHENS 

Topics of interest during the PVRW include failure modes and Mani G. TAMIZHMANI 
degradation rates of fielded systems, module degradation modes (for 

Andy WALKER materials and components), modeling of degradation, extreme weather 
events, collaborative research, PV standards and accelerated testing, Kent WHITFIELD 
extending system life, power electronics, trackers, and fires. 



  

  

      
       

         

        

         

        

               
   

          
   

        

  

  

    
       

         

          

        
    

    

       

              

  

   
       

         
     

         

         

    

   

  

         
      

      
     

           
   

           
 

        

         

      

   

      

    AGENDA – Tuesday, 25 February 2020 

7:30 - 8:00 Continental Breakfast 

8:00 - 9:50 

Session A: PV system failure modes & degradation rates 
Session Chairs: Todd KARIN (LBL) and GovindaSamy TAMIZHMANI (ASU) 
8:00 – Welcome to the PVRW 2020 – David MILLER (NREL) 
8:05 – Slido Tutorial – Josh STEIN (Sandia National Laboratories - SNL) 
8:10 – PV fleet performance data initiative – Chris DELINE (NREL) 
8:30 – PV degradation uncertainty – Jeff NEWMILLER (DNV GL) 
8:50 – Global DC health trends - findings from 30+ GW of global PV projects – 

Rob ANDREWS (Heliolytics) 
9:10 – Connecting accelerated aging to the field to understand the mechanism of backsheet cracking – 

Kaushik ROY-CHOUDHURY (DuPont) 
9:30 – Questions/Discussion – led by Session Chairs and Slido Team 

9:50 - 10:10 Coffee Break 

10:10 - 11:40 

Session B: Module degradation modes: Material 
Session Chairs: Mike KEMPE (NREL) and Ashley MAES (SNL) 
10:10 – DuraMAT: durable module materials research – Teresa BARNES (NREL) 
10:30 – Reliability and long-term stability of polyolefin encapsulants – Gernot ORESKI (PCCL) 
10:50 – Towards validation of advanced accelerated stress testing protocols through failure analysis 

and advanced characterization – Laura SCHELHAS (SLAC) 
11:10 – Questions/Discussion – led by Session Chairs and Slido Team 

11:40 - 12:40 Lunch (poster viewing/discussion encouraged) 

12:40 - 14:10 Poster Session C - posters associated with Sessions A, B, D, E 

14:10 - 15:40 

Session D: Module degradation modes: Components 
Session Chairs: Margaret GORDON (SNL) and Archana SINHA (SLAC) 
14:10 – New concepts for reliable low-cost module encapsulation and moisture barrier technologies – 

Patrick THORNTON and Oliver ZHAO (Stanford) 
14:30 – 25-year low-cost frontsheet for flexible panel – HoiHong NG (SunPower) 
14:50 – LeTID testing of PV modules – Jork SAAL (TÜV Rheinland) 
15:10 – Questions/Discussion – led by Session Chairs and Slido Team 

15:40 - 16:00 Coffee Break 

16:00 - 17:35 

Session E: Material and component failure analysis and mechanism modeling 
Session Chairs: Laura SCHELHAS (SLAC) and Michael OWEN-BELLINI (NREL) 
16:00 – Materials characterization and multi-scale modeling of ECA’s – 

Martin SPRINGER (NREL) and James HARTLEY (SNL) 
16:20 – Reliability of transparent polymeric backsheets under accelerated aging for bifacial modules – 

William GAMBOGI (DuPont) 
16:40 – Degradation of fielded modules characterized by luminescence and thermal imaging – 

Dana SULAS-KERN (NREL) 
17:00 – Questions/Discussion – led by Session Chairs and Slido Team 
17:30 – Today’s Poster Awards – Xiaohong GU (NIST) and David MILLER (NREL) 

17:35 Adjourn from Workshop (poster viewing/discussion encouraged) 

17:35 Adjunct Meeting 

IEC 63209 – Sarah KURTZ – Jefferson Boardroom 



    

         

         
      

           
 
    

     
      

         
    

 

         
   

         
    

 

   
   

 

       
     

     
   

   

      
    

   

         
  

      

 
    

     
  

         
     

   

         
       

    
     

  
   

         
       

     
      

  
   

     
   

  

       
      

        
     

   

       
     

     

     
  

          
    

   

  

          

  

       
    

     
   
  

        
    

     

   

         
   

 

         
           

  
     

         
    

         
       

    
   

        
          

    
   

     

POSTER SESSION C: Tuesday, 25 February 2020 

Session C posters are associated with Sessions A, B, D, or E 

3. T. Karin, X. Chen, B. Jones, R. White, A. Jain, 
“DuraMAT Capability 1: Data Management & Analytics” 

4. R. White, A. Jain, T. Karin, K. Munch, N. Wunder, C. Pailing, 
D. Rager, C Webber, 
“DuraMAT Data Hub Year 3--accelerating activities” 

5. X. Meng, S. Vishwakarma, M. Bertoni, 
“Direct Imaging of Stress in Crystalline Silicon Modules: 
Validation and Testing” 

7. M. Bora, S. Pop, R. Schulze, M. Rowell, D. Harwood, 
“Moisture content imaging in glass-glass and glass-backsheet 
photovoltaic mini-modules” 

9. J. Sorensen, J. Roelant, E. Litch, B. DeFresart, B. Skarbek, 
“Impact of narrow mount configurations on power degradation” 

11. S. Bowden, M. TamizhMani, A. Augusto, J. Karas, F. Li, 
“Reliability of modules with high-efficiency solar cells using 
copper-plated contacts” 

12. N. Bosco, V. Upadhyaya, 
“Fatigue–Like Behavior of Silver Metallization Gridlines and 
Proposed Damage Mechanics Model” 

12. N. Bosco, R. French, J. Carter, J. Liu, 
“Employing Fracture Statistics to Track Cell Reliability Through 
Module Fabrication” 

12. N. Bosco, X. He, M. Springer, 
“Improving Computational Efficiency of Mechanical Finite 
Element Method Simulations for PV Modules” 

13. L.L. Kazmerski, A.S A.C. Diniz, Suellen C.S. Costa, 
“Photovoltaic reliability R&D: an assessment of the evolution of 
soiling research from observaton toward mitigation” 

15. J.L. Braid, J.S. Stein, B.G. Pierce, N.A. Parrilla, A. Maroof 
Karimi, R.H. French, 
“Quantifying cell fractures in Si PV modules” 

17. B.G Brownell, 
“The alternative to glass front sheets” 

21. D.J. Colvin, E.J. Schneller, K.O. Davis, 
“Describing interconnect breakage impact on photovoltaic 
module performance” 

24. A. Kumar, A. Pavgi, S. Tatapudi, G. TamizhMani, P. Hacke, 
M. Owen-Bellini, K. Roy Choudray, J. Walters, 
“Field reliability of glass/glass modules” 

25. F. Dross, R. Janssen, P. Pasmans, K. van-Durme, D. Miller, 
L.T. Schelhas , B.H. King, A. Maes, J. Sherwin, 
“Determination of backsheet material properties : a 
comparison of market-benchmark technologies to novel non-
fluoro-based co-extruded backsheet materials and their 
correlation and impact on PV module degradation rates” 

29. A.J. Curran, M. Wang, E.J. Schneller, M. Martin, D.J. Colvin, 
N. Iqbal, J. Dai, J-N Jaubert, L.S. Bruckman, B.D. Huey, 
K.O. Davis, J.L. Braid, R.H. French, 
“Impact of module packaging materials on reliability and power 
degradation mechanisms of mono- and multi-crystalline, 
mono- and bi-facial PERC modules” 

31. S. Kurtz, G. Kelly, T. Sample, 
“Extended stress testing to inform decisions and risk 
assessment of modules” 

33. F. Quartiani, F. Turco Liveri, F. Babolin, M. Caddeo, 
“Neural network SW and automatic detection SW in 
electroluminescence tester” 

35. X. Gu, P-C Pan, S.L. Moffitt, L.N. Perry, D.S. Jacobs, 
M.D. Kempe, J. Tracy, K.R. Choudhury, 
“Cracking and microstructural changes of PVDF-based 
backsheets during aging” 

36. A. Sinha, L. Spinella, M. Owen-Bellini, D.B. Sulas-Kern, 
S.L. Moffitt, S. Johnston, L.T. Schelhas, 
“Investigation of interfacial degradation in glass/glass PV 
modules” 

37. B. Habersberger, L. Madenjian, P. Hacke, 
“Elucidating PID mechanisms using polyolefin encapsulants” 

41. A. Chavez, B. Rummel, N. Dowdy, J. Chavez, S. M. Han, 
B. White, N. Heckman, B. Boyce, 
“Electromechanical characterization of crack-tolerant, carbon-
nanotube-reinforced composite gridlines using in situ scanning 
electron microscope strain test” 

43. C. Hansen, T. Gunda, W. Vining, D. Jordan, M. Deceglie, M. 
Muller, 
“Data cleaning for degradation analyses” 

45. J. Hartley, A. Maes, S. Roberts, J. Stein, 
“Multi-scale, multi-physics modeling for PV reliability” 

47. B. Hartweg, K. Fisher, Z. Holman, 
“Failure analysis of electrically-conductive adhesives in 
shingled solar modules” 

48. J.S. Stein, C.T. Stark, C. Carmignani, C. One Feather, D. 
Robb, D. Ellibee, C. Robinson, 
“DuraMAT SPARK: outdoor accelerated testing of photovoltaic 
modules” 

49. S. Johnston, D.B. Sulas-Kern, 
“Outdoor Module Electroluminescence Imaging Without 
Disconnecting Cables” 

51. S.R. Ellis, W.S. Sampath, T. Shimpi, L. Maple, K.L. Barth, 
“Non-lamination encapsulation technology to improve reliability 
and reduce costs” 

53. M. Owen-Bellini, S.L. Moffitt, A. Sinha, D.C. Miller, A.M. Maes, 
J.Y. Hartley, T. Karin, C. Thellen, D.R. Jenket, P. Hacke, L.T. 
Schelhas, 
“Correlation of advanced accelerated stress testing procedures 
with field data through advanced characterization and data 
analytics” 

55. J. Irikawa, A. Fukushima, K. Kubo, H. Kanno, M. Taguchi, 
“Effects of shading conditions on photovoltaic module 
temperature” 

57. T. Karin, A. Jain, M. Deceglie, D. Jordan, B. Meyers, 
L. Schelhas, A. Maes, C. Hansen, B. King, 
“PV-PRO: Methods for determining photovoltaic degradation 
from power plant production data” 

59. P. Hacke, M. Owen-Bellini, M. Woodhouse, D. Sulas, R. 
White, T. Tanahashi, S. Spataru, B. King, J. Stein, R. Smith 
“Application of Acceleration Science and Validation for 
Combined-Accelerated Stress Test (CAST) Development” 

DuraMAT posters are indicated with red-printed titles 



     

         

 
     

       
        

    
  

     
  

         
    

  

     
     

       
 

        
    

    
   

     
      
 

          
      

   
 

          
      

 

   
    

   

       
   

     
 

  

        
     

  

         
  

  
   

 

         
       

  

      
    

 

     
   

   

       
 

 

       
    

  

       
  

          
           

       
 

      
     

       
     

  

         
     

    

         
       
     

       
     

            
        

       
     

       
 

         
   

  

   
       

    
  

  

            

   

     

POSTER SESSION C: Tuesday, 25 February 2020 (continued) 

Session C posters are associated with Sessions A, B, D, or E 

61. C. Kearns-McCoy, 
“Study of microcrack formation and propagation during module 
shipment” 

62. H. Seigneur, E. Schneller, M. Matam, J. Walters, 
“The effect of cell crack initiation, propagation, and opening on 
PV module I-V parameters ñ paving the way for early crack 
fault detection and monitoring” 

63. M.D. Kempe, D. Holsapple, D.C. Miller, 
“Using meterological data to evaluate worldwide PV 
degradation rates” 

65. I. Khan, C. Phillips, S. Robbins, R. White, D.C. Miller, 
“High-Throughput Optical Mapping for Accelerated Stress 
Testing of PV Module Materials” 

66. M. Woodhouse, B. Smith, R. Margolis, 
“Highlights of technoeconomic analysis for DuraMAT” 

67. B. King, A. Maes, W. Snyder, J. Stein, 
“DuraMat Field Module Library” 

69. A. Kingma, S. Kulkarni, K. Bakker, M. van den Nieuwenhof, 
D. Roosen, P. Toonssen, M. Theelen, 
“Reliability studies of rigid and flexible Cu(In,Ga)Se2 devices 
with thermography and luminescence techniques” 

70. A. Bowring, G. Liang, A. Shakir, 
“Impact of interconnect design on solder joint fatigue for back 
contact solar cells” 

73. A. Anderberg, C. Mack, P. Ndione, L. Ottoson, S. Rummel, T. 
Song, R. Williams, D. Friedman, N. Kopidakis, 
“PV cell and module performance testing at NREL: capabilities 
and services” 

74. K. Roy Choudhury, J. Tracy, R. Khatri, X. Ji, H. Hu, 
“Degradation in globally-fielded PV modules from the impact of 
field stresses” 

75. M. Kȗehne, C. Stelling, 
“Simulation of the cross-linking reaction of encapsulation 
materials with different model free kinetics approaches” 

77. J. Gallon, G. Horner, E. Ignatovich, L. Vasilyev, 
“Contactless electroluminescence of PV modules” 

78. K. Lu, T. Rigdon, G. Horner, 
“Electroluminescence excitation -- non-contact quantum 
efficiency for process control” 

81. A. M. Maes, J. Y. Hartley, J. S. Stein, 
“Instrumented modules for environmental characterization and 
simulation model validation” 

82. S. Li, R. Farshchi, M. Miller, A. Arehart, D. Kuciauskas, 
“Reduced metastability in high-efficiency (Ag,Cu)(In,Ga)Se2” 

83. L. Kraus Lovenshimer, 
“Case study: production impacts of UAS-identified faults in PV 
modules in the Southeast” 

85. A. Meyer, V. LaSalvia, W. Nemeth, M. Page, D. Young, 
S. Agarwal, P. Stradins, “Effect of Tabula Rasa on degradation 
mechanisms in boron-doped Czochralski silicon” 

87. S. L. Moffitt, B. Hamadani, X. Gu, 
“Detecting and understanding sodium movement in PV panel 
encapsulant polymers” 

88. I. Repins, K. Terwilliger, C. Deline, 
“Accelerated testing for light and elevated temperature 
degradation (LeTID) of purchased modules” 

91. P. Nivelle, E. Voroshazi, J. Poortmans, M. Daenen, 
“Multi-scale thermo-mechanical parametrised framework for 
photovoltaic module stress” 

93. G.S. O'Brien, B. Schlinquer, B. Douglas, A. Hauser, 
“Long-term outdoor and accelerated indoor weathering 
performance of KynarÆ PVDF films” 

95. A. Pavgi, J. Oh, S. Tatapudi, G. TamizhMani, 
“Thermally-conductive backsheets: performance and reliability” 

97. C. Libby, M. Bolen, M. Deceglie, D. Fregosi, B. Paudyal, X. 
He, T. Silverman, E. Bernhardt, P. Hacke, T. Karin, A. Jain, X. 
Chen, W. Hobbs, “Effect of cell cracks on module power loss 
and degradation” 

99. S. Wendlandt, L. Podlowski, J. Nickerman, “Lab and outdoor 
LeTID degradation and regeneration of p-type c-Si PERC 
modules” 

101. C.P. Thompson, G. Obikoya, U. Das, S.S. Hegedus, 
“Identifying causes of new degradation modes in high-
efficiency silicon heterojunction solar cells” 

103. R. Ruhle, L. Maple, T. Shimpi, K. Barth, “Use of hydrophobic 
coatings for the purpose of improving the anti-soiling 
properties and longevity of PV modules” 

105. K. Sakurai, H. Tomita, D. Schmitz, S. Tokuda, K. Ogawa, 
H. Shibata, A. Masuda, “Spectral dependency of effect of 
illumination during high-voltage stress to CIGS mini-modules” 

107. C. Sillerud, D. Zirzow, J. Richards, J. Crimmins, 
“Regeneration of B-O defect stabilization following damp heat” 

109. R.J. Wieser, S L. Moffitt, R. Zabalza, X. Gu, C. O’Brien, L. Ji, 
A.W. Hauser, G.S. O'Brien, R.H. French, M.D. Kempe, 
J. Tracy, K. Rpy Choudhury, W.J. Gambogi, K.P. Boyce, 
L.S. Bruckman, “Design of a statistically-informed field survey 
protocol for backsheet degradation studies of commercial PV 
power plants” 

111. H. Wilterdink, R. Sinton, W. Dobson, J. Dinger, C. Sainsbury, 
K. Dapprich, “SunsVoc analysis for diagnosing module 
degradation in the field: an overview” 

113. T. Tanahashi, S-T Hsu, 
“Electrical signatures of cracked PV cells within a PV module” 

114. M. Springer, N. Bosco, 
“Environmental influence on fracture and delamination of 
electrically conductive adhesives (ECAs)” 

116. L. Schelhas, A. Sinha, J. Qian, S. Moffit, D.C. Miller, K. Hurst, 
P. Hacke, 
“Module-level solutions for degradation by ionization damage” 

DuraMAT posters are indicated with red-printed titles 



 
    

    

   

     
        

  

   POSTER LAYOUT – CITY LIGHTS BALLROOM 

National Renewable Energy Laboratory 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 15013 Denver West Parkway, Golden, CO 80401 

303-275-3000  • www.nrel.gov February 2020 
NREL prints on paper that contains recycled content. 

www.nrel.gov


          

 

 

PV Reliability Workshop 
2020 

David MILLER (NREL) 

WiFi… Network: Meet@Sheraton Password: UnionWIFI2020 
Slido: #PVRW2020 

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. 



   
 
 

  

Welcome to the PVRW 2020!!! 

•General program (workshop emphasis each day) 
•Format for this workshop (presentation & poster sessions) 
•Special sessions for 2020 
•Adjunct meetings (join if interested) 
•Proceedings 

2 



  

 

 

 

  

Venue and Program 
•Venue: Sheraton Denver West (Since 2016) 
WiFi… Network: Meet@Sheraton Password: UnionWIFI2020 
Slido: #PVRW2020 

•General schedule (details at: https://pvrw.nrel.gov/program): 
PV modules – Tuesday 2/25 
(materials, components, mechanisms,…) 

PV systems –Thursday 2/27 
(inverters, trackers, assessment,…) 

Both stakeholders –Wednesday 2/26 
(PVQAT, standards, accelerated testing,…) 

3 
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Workshop Format 
Daily Format 
•Speakers’ sessions (2-morning and 2-afternoon) 

-Submit your presentation in advance to Box: 
https://app.box.com/s/ewvhqz1daahgs8ok4uvc4nqw2686xaci 

-Or email Katarina NELSON (Katarina.Nelson@nrel.gov) 
•Poster session 

-Longer duration time this year, from your feedback. 
-Hosted after lunch. Room also open start & end of day, Wednesday pm. 

 Please put your posters up at your earliest convenience, 
and leave on display through the entire workshop 

Technical Session Format 
•Oral presentations (3 or 4) 

-20 minute time slots. 
•Questions / panel discussion: 30 minutes 

-From presentations: specific questions. 
-Session: what are the greatest present concerns? 
-Session: what might be done to address concerns? 

4 

mailto:Katarina.Nelson@nrel.gov
https://app.box.com/s/ewvhqz1daahgs8ok4uvc4nqw2686xaci


  

  

 
 

 

 
   

Special Sessions at the PVRW 2020 
Tuesday, February 25 
•Materials and components focus, including DuraMAT 

Wednesday, February 26 
•PV & extreme weather events (08:00 – 09:50) 

Thursday, February 27 
•Extending system life (08:00 – 09:50) 
•Trackers (14:10 – 15:40) 
•PV Fires and contributing components (16:00 – 17:35) 
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Adjunct Meetings at PVRW 2020 
Monday, February 24 
•US TAG [IEC standards] (NREL) 

Tuesday, February 25 
•Poster judges [all sessions] 
(Lookout meeting room, 09:50 – 10:10) 

•IEC 63209: Extending stress testing of PV modules 
(Jefferson Boardroom, 17:35 – 19:35) 
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Adjunct Meetings at PVRW 2020 
Wednesday, February 26 
•PVQAT leaders [select reliability topics] 
(Lookout meeting room, 11:40  – 12:40) 
•DuraMAT Industry Advisory Board 
(Jefferson Boardroom, 11:40  – 13:00) 

•Hail damage/cracked cells (Lakewood Ballroom, 17:35 – 19:35) 
•IECRE (Jefferson Boardroom, 17:35 – 19:35) 
•Networking and poster session [cash bar and hors d’ouerves available] 
(City Lights Ballroom, 17:35 – 19:35) 

David Miller (NREL) Michael Owen-Bellini (NREL) Friday, February 28 
•PVRW ski day at Loveland ski area. [Optional. Lift tickets: $55.] 
Transportation NOT provided. Email Ashley Gaulding: 
PVRW.Activities@nrel.gov. 

7 
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After the PVRW 2020 

•Electronic workshop proceedings 
Temporary access on PB Works (attendee login required): 
http://pvrw2020.pbworks.com/ 

(final pdf of presentations & posters, check back after the workshop): 
https://www.nrel.gov/pv/pvrw.html 
Speakers: submit to presentation computer through Box 
Posters: please submit your pdf to Pat KLINE (Pat.Kline@nrel.gov) 
All authors: please submit disclosure permission form to Pat KLINE 

8 

http://pvmrw2020.pbworks.com/
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PV Module Reliability Workshop 2020: 
Reminders 

•WiFi: Network: Meet@Sheraton Password: UnionWIFI2020 
•Slido: #PVRW2020 

•Please complete the PVRW survey before Tuesday, March 03. QR CODE: 
Weblink: https://www.surveymonkey.com/r/PVRW2020 

•Electronic workshop proceedings 
Temporary access on PBWorks (login required): http://pvrw2020.pbworks.com/ 
(final pdf of presentations & posters, check back after the workshop): 
https://www.nrel.gov/pv/pvrw.html 
Speakers: please save a copy on presentation computer 
Posters: please submit your pdf to Pat KLINE (Pat.Kline@nrel.gov) 
All authors: please submit disclosure permission form to Pat or Katarina 

•Poster session (hosted after lunch, room also open start & end of day, Weds pm) 
 Please put your posters up at your earliest convenience, 

and leave on display through the workshop 

•Hail survey (on-going): https://www.surveymonkey.com/r/JPHBBJ8 
9 

https://www.surveymonkey.com/r/PVRW2020
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Closing Remarks 
•Congratulations poster awardees – thank you!!! 
•All of this year’s presenters 

-You- make the workshop!!! 
•Poster judges 
•PVRW 2021 chair Matt MULLER (NREL) 
•Please complete the PVRW survey before Tuesday, March 03. QR CODE: 
Weblink: https://www.surveymonkey.com/r/PVRW2020 

•Electronic workshop proceedings 
Temporary access on PBWorks (login required): http://pvrw2020.pbworks.com/ 
(final pdf of presentations & posters, check back after the workshop): 
https://www.nrel.gov/pv/pvrw.html 
Speakers: please save a copy on presentation computer 
Posters: please submit your pdf to Pat KLINE (Pat.Kline@nrel.gov) 
All authors: please submit disclosure permission form to Pat or Katarina 

•Hail survey (on-going): https://www.surveymonkey.com/r/JPHBBJ8 
10 

http://pvrw2020.pbworks.com/
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Thank You – 2020 Workshop Program Committee!!! 

Teresa BARNES (NREL, DuraMAT) 
Mike BOLEN (EPRI) 
Dan BRAKE (NexTera Energy) 
Evelyn BUTLER (SEIA) 
Chris DELINE (NREL) 
James  ELSWORTH (NREL) 
Jack FLICKER (SNL) 
Tassos GOLNAS (DOE) 
Margaret GORDON (SNL, DuraMAT) 
Greg KIMBALL (SunPower) 
Inna KOZINSKY (DOE) 
Sarah KURTZ (UC Merced) 
Sumanth LOKANATH (First Solar) 

Jenya MEYDBRAY (PVEL) 
Matt MULLER (NREL) 
Dana OLSON (DNV GL) 
Nancy PHILLIPS (DuPont) 
Jon PRE VITALI (Wells Fargo) 
Ingrid REPINS (NREL) 
Laura SCHELHAS (SLAC, DuraMAT) 
Tim SILVERMAN (NREL) 
Josh STEIN (SNL) 
Scott STEPHENS (ClearWay) 
Govindasamy TAMIZHMANI (ASU) 
Andy WALKER (NREL) 
Kent WHITFIELD (NEXTracker) 
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Additional Thank You’s 
•At the workshop 

Josh STEIN (SNL, RE: Slido) 
Silvana AYALA (NREL, RE: Slido) 
Session chairs 
Xiaohong GU (NIST, RE: Poster judge organizer) 
Poster judges 

•Communications 
Harrison DREVES (NREL) 
Spring HERRICKS (NREL) 
Pat KLINE (NREL) 
Katarina NELSON (NREL) 

•Website & programming 
Harrison DREVES (NREL) 
Christian MODERN (NREL) 
Shuan LAWS (NREL) 

12 



  

     

   

        
          

       

   
  

  

 
   

       

   

 
     

Poster Awards (by Session) 
Session A (3 recognized with certificates, 2 prizes) 
1st: 24: 
Akash Kumar, Ashwini Pavgi, Sai Tatapudi, GovindaSamy TamizhMani, Peter Hacke, Michael Owen-Bellini, Kaushik Roy 
Choudray, Joseph Walters 
Field reliability of glass/glass modules 
2nd: 109: 
Raymond J. Wieser, Stephanie L. Moffitt,  Ruben Zabalza, Xiaohong Gu, Colleen O’Brien, Liang Ji, Adam W. Hauser, Greg S. 
O'Brien, Roger H. French,  Michael D. Kempe, Jared Tracy, Kausik R. Choudhury, William J. Gambogi, Kenneth P. Boyce, Laura 
S.Bruckman 
Design of a statistically-informed field survey protocol for backsheet degradation studies of commercial PV power plants 
3rd: 43: 
Clifford Hansen, Thushara Gunda, Will Vining, Dirk Jordan 
Data cleaning for degradation analyses 

Session B (3 recognized with certificates, 2 prizes) 
1st: 37 
Brian Habersberger, Lisa Madenjian, Peter Hacke 
Elucidating PID mechanisms using polyolefin encapsulants 
2nd: 41 
Andre Chavez, Brian Rummel, Nicolas Dowdy, John Chavez, Sang M. Han, Benjamin White, Nathan Heckman, and Brad 
Boyce 
Electromechanical characterization of crack-tolerant, carbon-nanotube-reinforced composite gridlines using in situ scanning 
electron microscope strain test 
3rd: 75 
Marcel Kuehne, Dr. Christian Stelling 
Simulation of the cross-linking reaction of encapsulation materials with different model free kinetics approaches 
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Poster Awards (by Session) 
Session D (3 recognized with certificates, 3 prizes) 
1st: 70 
Andrea Bowring, Gary Liang, Arbaz Shakir 
Impact of interconnect design on solder joint fatigue for back contact solar cells 
2nd: 29 
Alan J. Curran, Menghong Wang, Eric J. Schneller, Michael Martin, Dylan J. Colvin, Nafis Iqbal, Jianfang Dai, Jean-Nicolas 
Jaubert, Laura S. Bruckman, Bryan D. Huey, Kristopher O. Davis, Jennifer L. Braid, Roger H. French 
Impact of module packaging materials on reliability and power degradation mechanisms of mono- and multi-crystalline, 
mono- and bi-facial PERC modules 
3rd: 88 
Ingrid Repins, Kent Terwilliger, Chris Deline 
Accelerated testing for light and elevated temperature degradation (LeTID) of purchased modules 

Session E (3 recognized with certificates, 3 prizes) 
1st: 15 
Jennifer L. Braid, Joshua S. Stein, Benjamin G. Pierce, Nicholas A. Parrilla, Ahmad Maroof Karimi, Roger H. French 
Quantifying cell fractures in Si PV modules 
2nd: 81 
Ashley M. Maes, James Y. Hartley, Joshua S. Stein 
Instrumented modules for environmental characterization and simulation model validation 
3rd: 77 
J. Gallon, G. Horner, E. Ignatovich, L. Vasilyev, S. Antonov 
Contactless electroluminescence of PV modules 
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Poster Awards (by Session) 

Session F (2 recognized with certificates, 2 prizes) 
1st: 46: 
Hubert Seigneur, Eric Schneller, Dylan Colvin, Rob Janoch, Andrew Anselmo, Andrew Gabor 
The influence on cracked solar cell degradation from Hurricane Dorian wind-loading events and the influence of RailPad 
bracing elements 
2nd: 28: 
James Elsworth, Otto Van Geet 
PV storm hardening costs 

Session I (5 recognized with certificates, 4 prizes) 
1st: 89: 
Sameera Nalin Venkat, Jiqi Liu, Nick S. Bosco, Jianfang Dai, William J. Gambogi, Brent Brownell, Yuan Gu, Jennifer Carter, 
Laura S. Bruckman,  Jean-Nicolas Jaubert, Jennifer L. Braid, Roger H. French 
Towards 50 year module lifetimes: impact of module architecture and packaging materials 
2nd: 8: 
Sarah Toth, Michael Hannigan, Marina Vance, Michael Deceglie 
Predicting photovoltaic soiling from air quality measurements 
3rd: 39: 
Aron Habte and Manajit Sengupta 
Modeling of ultraviolet irradiance from total irradiance: a simplified approach 
4th: 19: 
Eneko Ortega, Gerardo Aranguren and Juan Carlos Jimeno 
New monitoring method to self-characterize individual modules in large photovoltaic systems 
5th: 40: 
Chang K Kim, Hyungoo Kim, Yong-Heack Kang, Bo-Young Kim, Chang-Yeol Yun 
Examination of performance ratios for solar power plants based on satellite-derived solar irradiance in the Korean Peninsula 
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Poster Awards (by Session) 

Session J (3 recognized with certificates, 2 prizes) 
1st: 112 
Daniel Zirzow, Jim Crimmins, James Richards, Colin Sillerud 
Bankability testing for new generations of PV modules 
2nd: 34 
Liang Ji 
UL and IEC standard updates on PV connectors ñ field assembly and incompatibility 
3rd: 71 
Max Koentopp 
Towards an IEC LETID test standard. Procedures, kinetics and separation of B-O degradation from LETID 
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Poster Awards 

Thursday 2020/2/27 (3 recognized with certificates, 3 prizes) 
Thursday (all grouped into one session) 

1st: 104: 
Julien Walzberg, Alberta Carpenter, Garvin Heath 
Closing the loops on solar photovoltaics 

2nd: 50: 
Steve Johnston, Dana B. Sulas-Kern, and Dirk Jordan 
Module imaging for hail damage assessment and two-year follow-up 

3rd: 92: 
Karl G. Bedrich, Yan Wang, Jing Chai, Yong Sheng Khoo 
Quantitative electroluminescence imaging of PV modules: quality enhancement through multi-frame super resolution 
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Supporting global PV industry with 
scalable, robust data analysis tools 

RdTools 
Open source platform 
for degradation best-
practice analysis, now 
with soiling loss and 

Data QA 

Loss factor ID 
Time-series loss 

factor identification 
including soiling, 

tracker outage and 
inverter availability 

Data analytics Web tools Partnering 

Machine learning Cloud-based data Industry advisory 
extraction of hosting and analysis, panel for data 

metadata and enabling partner sharing and tool 
underperformance sharing development 

NREL | 2 



        

 
 

  
  

 
  

 

  
 

 

  
 

Reduce perceived risk by publishing detailed 
statistics on U.S. fleet performance 

1603 

1603 Grant Modern modules Utility-scale solar Rd distribution Climate study 
Publish performance Report on performance Leverage LBNL data Update iconic Disaggregate by climate, 
and loss pareto for and degradation for HJT, sources to analyze degradation plot for mounting configuration 
100,000 systems IBC, PERC systems totaling >16 GW systems and failure mode 

NREL | 3 



        

 

  
  

 
 

   
 

   
  

 
   

PV Fleet Performance Data Initiative 

Collaborative data-sharing initiative 
• Owners provide data access to NREL 

-250kW+ system size with on-site met data 

• Fleet-scale analysis provided in return 
- Annual degradation rate (Rd) 
- Loss factors (availability, soiling, etc) 
- Under-performing systems flagged 

• Results are anonymized and aggregated 
for public dissemination 

- Validate pro-forma model assumptions 
- Identify performance trends by region, 

technology, climate, etc. 

https://www.nrel.gov/pv/fleet-performance-data-initiative.html NREL | 4 
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Motivation: Module vs System-level degradation 

Module degradation 

Factors Considered: 
• Cell effects (LID, LeTID, broken cells) 
• Module effects (J-box, diode, 

backsheet, moisture ingress, etc) 

System degradation 

LBNL 

All Cell and Module effects PLUS: 
• Shading, soiling, maintenance 
• Curtailment, high DC/AC clipping 
• Inverter, tracker, other BOS failure 
• Data or sensor quality issues 

NREL | 5 



        

 

   

  

               
           

    

    

   
 

Motivation: Module vs System-level degradation 

Module degradation System degradation 

Loss Values Typically Cited: 
• 0.6% - 0.8% / yr [2] ? 

• 0.5% - 0.7% / yr [1,2] • 1.0% - 1.3% / yr [3] ? 
What values are claimed in financing new systems? 

Are these values appropriate? 
[1] D. Jordan, S. Kurtz “Photovoltaic Degradation Rates – an Analytical Review”,2013  [2] D. Jordan et al., “Compendium of photovoltaic degradation rates”,2016 
[3] M. Bolinger et al., “Fielded Performance of >16 GWAC of Utility-Scale PV Plants in the United States”, 2020 submitted 

NREL | 6 



    

 

  

 

 

 

 
 

 

 
 

PV Fleet Data Analysis Workflow 

AWS database QA assessment Analysis Reporting 

Series QA 
results 

PV Fleet raw 
data 

System 
metadata 

Data series 
validation 

System 
Metadata 
validation 

Validated 
system & 

series data 

(Private) 

Rd analysis 
Partner 
Reports 

Loss factor 
analysis 

Fleet analysis 
results 

DuraMAT 
data hub 

(Public) 

NREL | 7 



    

 

 

 

 
 

  

  

     

Degradation and Loss Factor analysis 

RdTools degradation analysis 

- Data normalized to 1 
- No detailed model required 
- Year-on-year changes 
- Median value selected 

D. Jordan et al., “Robust PV Degradation Methodology and Application”, IEEE JPV, 2018 

Loss Factor analysis 
1 

DC Loss 
0.8 Snow 

Avail. 0.6 
Soiling 
Rd0.4 

0.2 

0 
PR expected Jan Feb March 

- PR based monthly roll-up 
- System model required 
- Absolute loss factors identified 
- High uncertainty for individual systems 

NREL | 8 



 
 

 
 

 
 

 

 

 

           

Automated QA for Incoming Data Sets 

• Changepoint detection to 
flag configuration change 

• System orientation check 
based on clear-sky fit 

• Site location check by image 
recognition based on 
satellite images 

• Data QA routines to be 
shared open-source for 
community use 

AC
 P

ow
er

 

M. Muller et al., “Data QA methodology for PV Fleet analysis”, 14th PVPMC, 2020 NREL | 9 



Current Status of PV Fleet Data 

60.8% 33.3% 

4.2% 1.6%

multi-Si 

mono-Si 

CdTe a-Si 

Module technology breakdown 

Mean = 1.0 MW 

System Power Distribution 

>1200 systems, > 12,000 Inverters, >1.2 GW capacity 

Avg system age: 4.5 yrs 
NREL | 10         
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Overall Fleet degradation (Rd) summary 
Sensor-based analysis, 3 Fleet partners 

0% 

Preliminary Results 
Please do not cite 

–0.72% 

N=2929 inverters 

[%/yr] 

–0.7 %/yr median degradation over the whole fleet 
NREL | 11 



Comparison of age and size 

Degradation vs Age 

Annual performance loss (%) 

2-3 yr median: -0.7%/yr 

>5yr median: -0.6%/yr 

Degradation vs Size 

Annual performance loss (%) 

>1 MW median: -0.5%/yr 

<0.3 MW: -0.8%/yr 

    This presentation may have proprietary information and is protected from public release.

 

  

 

 

    

 

 

  

  

 

  

•Larger systems may perform better • Age seems to have a limited effect 
*(beyond year 1) 

• Future work: temperature, mounting, technology 
NREL | 12 
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Context: System Degradation Rd Outliers 

• Soiling, with only 2 years 
of data: –10.3 %/yr 

• Data shift, with only 2 
years of data:  +28.8 %/yr 

NREL | 13 
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Inverter availability analysis 

• Goal:  Autonomous 
quantification of lost energy 
from inverter downtime 

• Improves pro-forma energy 
modeling and informs O&M 
decision making. 

• Algorithm must be robust to 
communication outages/missing 
data to not bias lost energy 
estimates. 

No inverters communicating production, but comparison with 
meter power lets algorithm infer that all inverters are online 

NREL | 14 K. Anderson, Estimating lifetime inverter availability and production loss from field PV systems, 47th IEEE PVSC 2020 (submitted) 



    This presentation may have proprietary information and is protected from public release.

   
  

  
 

 

  
 

    

  

         

Inverter Outages over System Lifespan 

• Inverter outages are most likely to 
occur early in a system’s lifespan. 

• This can bias Rd calculations (in a 
more positive direction) when 
outages are not properly removed 
from the calculation 

• Focusing on inverter-level data 
rather than meter data helps 
remove this bias 

NREL | 15 K. Anderson, Estimating lifetime inverter availability and production loss from field PV systems, 47th IEEE PVSC 2020 (submitted) 
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  Future Work:  Production loss categorization 

• Automated identification of production loss sources from time-series data 
• Identify appropriate loss factors for improved pro-forma modeling 
• Detect production issues and aid root cause analysis / remediation 

P50 Inverter System Actual 
Period MWh Weather Soiling Degradation Downtime Downtime Uncategorized MWh 

1 1000 +5.0% -2.0% -0.5% -10.0% -5.0% +0.0% 875 
2 1200 -10.0% -2.5% -0.6% +0.0% +0.0% +0.5% 1043 
3 1500 +20.0% -1.0% -0.7% +0.0% +0.0% -0.5% 1775 
... ... ... ... ... ... ... ... 

Lifetime 10000 +2.0% -3.0% -1.0% -3.0% -2.0% +1.0% 9000 

Start Losses Finish 

NREL | 16 
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Future Work 

Thank You! 

• Increase number of fleet 
owners represented in the 
database 

• P10/P90 analysis instead of 
median P50 

• Public dashboard for data 
viewing and visualization 

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 34348. Thank You! 

NREL PIX 60071 

NREL | 17 
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Ungraded 

DNV GL © 2019 SAFER, SMARTER, GREENER 

PV Degradation Uncertainty 
Confidence in results 

1 



    

Outline 

– Motivation 

– Variations 

– Results 

– Conclusions 
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Motivation 
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Field Data 

– 399 Anonymous systems with location and 
capacity 

– 179 of these with 5+years of data and 
minimum daily generation 

– 146 systems remaining after manual 
identification of irradiance and anomalies 
(plotted) 

– 122 systems with data usable in year-
over-year technique 

– Investigate varieties of: 

– Performance metrics (Uncorrected PI 
shown) 

– Performance metric normalization (Un-
normalized data shown) 

– Automatic quality evaluation algorithms 
(min. daily energy shown) 

– Trend extraction algorithms (not shown) 
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Sample PV System Capacities 

– Field data from systems 
from 50kW to 6.7MWp 

– Systems located in Europe, 
mostly Spain and Germany 

– Circa 2010-2018 

– Tracker-based arrays 
removed due to irradiance 
anomalies 

Ungraded 

DNV GL © 2017 25 February 2020 



    

 

   
   

 
   

  

     
   

   
  

     
 

What Buyers Want 

– Consumers of degradation rate 
estimates want to project future 
performance 

– Important to refer to system-
level data to capture 
degradation mechanism 
interactions 

– … but we only have data for a 
fraction of the system lifetime 

– No data to characterize late-
life behavior statistically 

– But even if we neglect that, 
there is rate estimation 
uncertainty! 
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Variations 
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Data Quality 

– All data sets 

– Complete records (necessary fields not missing/blank) 

– Sensor range limits (e.g. 400 < 𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝 < 1200) 

– Inverter clipping (𝑃𝑃𝑝𝑝𝑎𝑎 < 0.995𝑃𝑃𝑝𝑝𝑎𝑎,𝑟𝑟𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟 ) 

– Clock offsets (sun rises within 30min of expected time) 

– Clear Sky (by-day only; pointwise validation not investigated due to time) 

– Variations 

– Daily yield greater than 2 kWh/kWp (DailyEgy) 

– Incidence angle less than 60 degrees (Inc60) 1 

– Combined Energy and Incidence Angle (DEgyInc60) 

Ungraded 
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𝑃𝑃𝑃𝑃𝑃𝑃 = 
∑𝑖𝑖 𝑃𝑃0⋅ 

𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃,𝑖𝑖 
𝐺𝐺0 

⋅ 1+𝛽𝛽𝑃𝑃𝑚𝑚𝑚𝑚 ⋅ 𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐,𝑖𝑖−𝑇𝑇𝑟𝑟𝑐𝑐𝑟𝑟 

Performance Metrics 

∑𝑖𝑖 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜,𝑖𝑖 – Performance Ratio 2 
– 𝑃𝑃𝑃𝑃 = 𝑃𝑃0 

𝐺𝐺0 
∑𝑖𝑖 𝐺𝐺𝑃𝑃𝑃𝑃𝑃𝑃,𝑖𝑖 – Temperature-adjusted Performance 

Ratio 3∑𝑖𝑖 𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜,𝑖𝑖 – 
– Performance Index 4 

𝐸𝐸𝑜𝑜𝑜𝑜𝑜𝑜 – Simplified from PR – 𝑃𝑃𝑃𝑃 = 
𝑃𝑃0⋅𝐼𝐼𝐼𝐼⋅𝑇𝑇𝐼𝐼⋅𝐷𝐷𝐼𝐼⋅𝑆𝑆𝐼𝐼⋅𝐵𝐵𝐵𝐵𝑆𝑆𝐼𝐼 

– Simplified from PRT 
𝑃𝑃𝑃𝑃 – 𝑃𝑃𝑃𝑃𝑃 = 

𝑃𝑃𝑃𝑃𝑛𝑛𝑜𝑜𝑚𝑚 – Above with clear-sky model 5 POA 
𝑃𝑃𝑃𝑃𝑇𝑇 – 𝑃𝑃𝑃𝑃𝑃 = instead of measured 𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝 

𝑃𝑃𝑃𝑃𝑇𝑇𝑛𝑛𝑜𝑜𝑚𝑚 
– Assumes effective removal of non-

clear data points 6 
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Performance Metrics Summary 

– All variations of performance metrics were computed 

Label Tmod 
Compensated 

Normalized Clear Sky 

PR No No No 
PRcs No No Yes 
PRT Yes No No 
PRTcs Yes No Yes 
PI0 No Yes No 
PI0cs No Yes Yes 
PI1 Yes Yes No 
PI1cs Yes Yes Yes 
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Identifying representative values of performance indicators 

– 1 week of data, black points pass 
quality checks 

– Use weekly intervals for good chance 
for some records to pass QC 

– When using daily interval, many 
intervals have no acceptable data 

– Year-over-year method degrades 
with more missing interval 
summaries 
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Linear Trend Estimation 

– lm: Linear modeling, aka ordinary least square. Sensitive to outliers. 7 

– rkt: Seasonal Kendal Trend 891011. Theoretically very similar to yoy. No useful 
results were obtained due to strict requirement for no missing data in statistical 
package. 

– rq: Quantile Regression. Sen 121314 discussed Thiel-Sen trend regression, 
concluding that it was robust up to about 29% of data consisting of 
unrepresentative “outliers”. Koenker has encoded quantile regression as an R 
analysis package 15, which is used here. This technique does not separate the 
seasonality as rkt does, so confidence intervals on the resulting estimate of 
slope can be expected to be larger than they should be as well. 

– yoy: Year-over-year. Anderson et. al.16, but very similar to rkt. The confidence 
interval around the slope obtained is here computed using a normal 
approximation to the non-parametric rank percentile1718. 
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Results 
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Performance Indicator Trends 

– Weekly trends for 1 sample system 
using various QC and performance 
metric approaches 

– Non-normalized PR and PRT 
variations deviate more from 100% 

– Clear sky normalization has higher 
RMS spread (inadequate QC 
selection?) 

– Temperature correction reduces RMS 
spread 
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Comparison of Slope Estimation Methods 

– Cumulative Distributions of 
Degradation by Slope Extraction 
Method 

– Top: lm estimates smallest 
confidence intervals, but obtains 
most extreme “estimates” at the 
extremes. 

– Middle: rq P50 quantile regression, 
not as extreme in the “estimates” 
but confidence intervals are larger. 

– Bottom: yoy yields a smaller range 
of estimates, but non-parametric 
confidence intervals are greatest. 
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Comparison of Slope Estimation Methods 

POE lm rq yoy 
1.0 7.39 9.02 1.98 
2.5 4.56 6.97 1.01 
5.0 2.98 3.05 0.74 

10.0 1.46 1.68 0.54 
25.0 0.47 0.26 -0.02 
50.0 -0.59 -0.73 -0.74 
62.5 -0.79 -0.95 -1.05 
75.0 -1.35 -1.61 -1.45 
90.0 -2.24 -2.33 -2.13 
95.0 -3.06 -3.05 -2.43 
97.5 -3.47 -3.86 -2.64 
99.0 -4.94 -5.31 -3.91 

    

   

  

 

    
  

   

 

  

– PI1cs normalized metric, 

combined DEgyInc60 QC, clear-
sky 

– All methods obtain overall P50 
estimates “near” the 
Compendium high-quality c-Si 
− 0.64%/𝑦𝑦𝑦𝑦 

– Spread of yoy values is 
narrowest. 

– Is this accuracy or 
insensitivity? 
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Clear-Sky Summary 

– Cumulative distributions of 
degradation by clear sky or 
measured irradiance 

– Temperature-corrected PI, year-
over-year, combined energy and 
incidence angle QC 

– Choosing to use measurements 
directly obtains a distinctly-smaller 
P50 and narrower spread of results 
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Probability of Exceedance of PI1 by Normalization Method 

POE PI1 PI1cs 

    

   

  
 

  

     
  

  

     

   

  

– Tabular comparison of clear-sky 
versus measured irradiance results 
from previous slide 

– Lower result for measured consistent 
with hypothesis that instrument 
soiling can “hide” degradation 

– Higher spread for clear-sky approach 
indicates the crude clear-sky 
confirmation used in this study needs 
improvement 

– Beware of measurement bias! 

99.0 -2.27 -3.91 

1.0 1.25 1.98 
2.5 0.81 1.01 
5.0 0.67 0.74 

10.0 0.34 0.54 
25.0 0.07 -0.02 
50.0 -0.35 -0.74 
62.5 -0.59 -1.05 
75.0 -0.84 -1.45 
90.0 -1.43 -2.13 
95.0 -1.88 -2.43 
97.5 -2.16 -2.64 
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Conclusions 

Ungraded 

DNV GL © 2017 25 February 2020 



    

              
           

          
           

        
         

          
    

          
           

 

          
   

Conclusions 

– Based on these data from 122 data sets from systems located in Europe we estimate that 
the median degradation rate is most likely −0.74%/𝑦𝑦𝑦𝑦 with a 95% confidence interval of 
− 0.77%/𝑦𝑦𝑦𝑦 to −0.75%/𝑦𝑦𝑦𝑦. Although the median is relatively narrowly defined, the downside 
risk for a single system is rather less narrow, with a 90% probability of exceedance of 
− 2.1%/𝑦𝑦𝑦𝑦. 

– Though there is disagreement between various data sources and methods of evaluation as 
to the spread of actual degradation rates, individual PV systems do appear to degrade at 
various rates. It is important to factor in some non-zero estimate of trend rate uncertainty 
in forward-looking energy production estimates for stress cases. 

– The uncertainty of capacity trends after 25 years of operation is more complicated than 
simply extending the estimates we have now… more data is truly needed to characterize 
aged PV systems. 

– This data supports the concern that using measured irradiance can bias degradation rate 
results due to imperfect pyranometer maintenance practices. 

Ungraded 

DNV GL © 2017 25 February 2020 



    

               
     

               

        
   

                 
            

                 
    

          

       

        

           

        

             

         

                  
                       

      

      

               

               

 

References 
1. C. Whitaker, T. U. Townsend, H. J. Wenger, A. Iliceto, and G. Chimento, “Effects of Irradiance and Other Factors on PV Temperature Coefficients,” in Photovoltaic Specialists Conference, 
1991., Conference Record of the Twenty Second IEEE, Las Vegas, Nevada, 1991, vol. 1, pp. 608–613. 

2. “Photovoltaic system performance - Part 1: Monitoring,” International Electrotechnical Commission, Geneva, Switzerland, International Standard IEC 61724-1, Mar. 2017. 

3. T. Dierauf, A. Growitz, S. R. Kurtz, J. L. B. Cruz, E. Riley, and C. W. Hansen, “Weather-Corrected Performance Ratio,” National Renewable Energy Laboratory, NREL/TP-5200-57991, 
Apr. 2013 [Online]. Available: http://www.nrel.gov/docs/fy13osti/57991.pdf 

4. T. U. Townsend, C. M. Whitaker, B. Farmer, and H. J. Wenger, “A new performance index for PV system analysis,” in Conference Record of the Twenty-Fourth IEEE Photovoltaic Specialists 
Conference and First World Conference on Photovoltaic Energy Conversion, Waikoloa, HI, 1994, vol. 1, pp. 1036–1039. 

5. C. A. Gueymard, “Clear-sky irradiance predictions for solar resource mapping and large-scale applications: Improved validation methodology and detailed performance analysis of 18 
broadband radiative models,” Solar Energy, vol. 86, no. 8, pp. 2145–2169, Aug. 2012. 

6. D. C. Jordan, C. Deline, S. R. Kurtz, G. M. Kimball, and M. Anderson, “Robust PV Degradation Methodology and Application,” IEEE Journal of Photovoltaics, vol. 8, no. 2, pp. 525–531, 
Mar. 2018. 

7. A.-M. Legendre, “On the Method of Least Squares.” 1805 [Online]. Available: http://www.stat.ucla.edu/history/legendre.pdf 

8. M. G. Kendall, “A New Measure of Rank Correlation,” Biometrika, vol. 30, no. 1/2, pp. 81–93, Jun. 1938. 

9. R. M. Hirsch, J. R. Slack, and R. A. Smith, “Techniques of trend analysis for monthly water quality data,” Water Resources Research, vol. 18, no. 1, pp. 107–121, Feb. 1982. 

10. https://vsp.pnnl.gov/help/index.htm#vsample/Seasonal_Kendall_Estimate_of_Slope.htm, which may come from Gilbert 1987 (pp. 227-228) 

11. R. O. Gilbert, Statistical methods for environmental pollution monitoring. New York: Wiley, 1987. 

12. P. K. Sen, “Estimates of the Regression Coefficient Based on Kendall’s Tau,” J. Am. Statist. Assoc., vol. 63, no. 324, pp. 1379–1389, Dec. 1968. 

13. P. K. Sen and A. K. M. E. Saleh, “The Theil-Sen estimator in a measurement error perspective,” in Nonparametrics and Robustness in Modern Statistical Inference and Time Series Analysis: 
A Festschrift in honor of Professor Jana Jureckova, vol. 7, J. Antoch and M. Huskova, Eds. Beachwood, Ohio, USA: Institute of Mathematical Statistics, 2010, pp. 224–234 [Online]. Available: 
http://projecteuclid.org/euclid.imsc/1291044758 

14. R. Koenker, “quantreg: Quantile Regression,” R package version 5.36, 2018. [https://CRAN.R-project.org/package=quantreg] 

15. R. Koenker, “quantreg: Quantile Regression,” R package version 5.36, 2018. [https://CRAN.R-project.org/package=quantreg] 

16. M. Anderson and Z. Defreitas, “A SunPower Fleet-Wide System Degradation Study using Year-over-Year Performance Index Analysis,” SunPower Corporation, Richmond, CA, Oct. 2012. 

17. M. Anderson and Z. Defreitas, “A SunPower Fleet-Wide System Degradation Study using Year-over-Year Performance Index Analysis,” SunPower Corporation, Richmond, CA, Oct. 2012. 

18. https://newonlinecourses.science.psu.edu/stat414/node/316/ 

Ungraded 

DNV GL © 2017 25 February 2020 

http://www.nrel.gov/docs/fy13osti/57991.pdf
http://www.stat.ucla.edu/history/legendre.pdf
https://vsp.pnnl.gov/help/index.htm#vsample/Seasonal_Kendall_Estimate_of_Slope.htm
http://projecteuclid.org/euclid.imsc/1291044758
https://cran.r-project.org/package=quantreg
https://cran.r-project.org/package=quantreg
https://newonlinecourses.science.psu.edu/stat414/node/316/


    

  

 

www.dnvgl.com 

SAFER, SMARTER, GREENER 

Ungraded 

DNV GL © 2017 25 February 2020 

PV Degradation Uncertainty 

Jeff Newmiller 
jeff.newmiller@dnvgl.com 

22 

mailto:jeff.newmiller@dnvgl.com
www.dnvgl.com


 

Data insights 
on PV 
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Heliolytics Overview 

37GW+ 3,500+ 
Individual sites inspected Largest global provider 

$62M/yr + 
Recoverable energy loss detected 





Heliolytics dataset overview 

Data represents a subset of Heliolytics 37GW+ of inspections globally 

• Exclusions are based on commercial factors not report findings – we anticipate that the subset 
analyzed is a non-biased sample. 

• Data includes cell level data of IR characteristics 

  

   
 

 

 

  

 

  

 

 

Commercial 0-1 MW 21.5 GW 
Small DG 1-5 MW

2,991 Individual Scans 
Small Utility 5-50 MW 

1,419 Unique Sites 
Utility 50 MW+ 

90 Million Modules 
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Aerial inspection Fault Modes 

Balance of System 
String or Harness level 
issues. Unless explicitly 
stated, this excludes 
inverter level outages 

Module Level –Hot Spots 
Elevated temperature cells 
causing potential energy 
impacts. There is a relatively 
large uncertainty in hot-spot 
related energy losses 

Sub-Module Faults 
A minimum of a single 
substring in open circuit, can 
be caused by a variety of issues 
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Aerial IR and Module reliability 

Root cause vs. Symptoms 

Aerial IR can detect a wide range of 
module reliability issues, but can 
generally only identify symptoms, not 
causes 

The following data summarises 
trends in Symptoms, and helps to 
contextualize the impacts these 
issues have on current and future 
impacts on module reliability 

6 

Root Cause Symptom Caveat 

Cell Damage Hot-Spot If inactive areas are 
present 

Cell efficiency loss Hot-Spot Under Specific 
voltage conditions 

PID Hot-Spot Module and system 
level patterning 

Back sheet 
Degradation 

Sub-Module Anomaly If causing corrosion 

Encapsulation Failure Sub-Module Anomaly If causing corrosion 

Ribbon Soldering 
Failure 

Sub-Module Anomaly If progressed to cause 
isolation 

Diode Failure Sub-Module Anomaly 

Fuse Failure Balance of System 

Connector Failure Balance of system 



 
 

 

 
 

  

 
 

Contextualizing Module Reliability 

Balance of systems issues 
dominate yearly site energy 
impacts 

• Fuse, Harness, Connector 
failures are typical failures. 

• Because these have a high 
energy impact, they are fixed as 
they are found 

Module level energy losses are 
generally significantly lower, 
but persistent 

• These are generally not 
considered to be recoverable 
energy loss 
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Recoverable vs. Non recoverable 

Recoverable energy 

• There is enough energy loss centralized in an 
individual fault, that the remediation of that fault has 
a positive ROI. 

• I.e. There is a financial payback to fixing 

• String level faults are always recoverable 

• Sub-Module faults are almost always recoverable 
when considering Net Present Value of energy 

Non-recoverable energy 

• There is not enough energy loss in an individual 
component to make a replacement economic 

• I.e Bulk degradation, hot spots 

• Hot-spots generally do not make sense to replace 
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Energy Net Present Value 

Consider the null hypothesis for determination of payback 

• Calculation of energy payback requires definition of a timeline. 

• For Module replacements, the null hypothesis is that the module is left in place, therefore energy recovery 
should be calculated over the remaining lifetime of the array 

• Therefore, in a net-present value sense, module reliability has an energy payback equivalent to balance of 
systems issues 
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Summary of economic impacts 

Module NPV and yearly site energy loss 
tends to increase with site age, 
indicating a progression of faults over 
time. 

Yearly site energy loss includes balance 
of systems issues only 
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Evolution Over Multiple Inspections 

Generally, 
Balance of 
systems is 
corrected 

Module level 
faults are not 
corrected on a 
regular basis 
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Sub-Module Reliability 
Tier 1 Manufacturer 

Sub-modules are a good 
indicator of major reliability 
issues 

• This graph is the average 
failure rate of all modules 
sampled from a 
manufacturer 

• Includes only manufacturers 
for which we have a >5 site 
data sample 

• Represents total 
occurrence, not energy 
weighted 

There is a significant 
variance in expected 
production from a variety 

12of manufacturers 
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Conclusions 

Module level reliability can have a large 
impact on system performance 

Module level issues should be contextualized 
in the energy Net Present Value of the related 
issues 

These issues will progress over time – there is 
not an indication that reliability issues are 
related solely to early lifetime wear-out 

Tier 1 is a poor indicator of module quality 
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+1 855 888 9820 
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DuPont global field reliability program 
• Defects and degradation: components, materials, 

age, failure modes Improved accelerated 
• Collaborative: field partners, developers, tests and informed 

government labs, universities materials selection 

2 

>355 
Installations 

>2 GW 
modules 



        
              

   

   

 

 

Backsheet failure modes observed in the field 
Cell-side Yellowing (31%) Cell-side Cracking (22%) 

Module cross section 

Air-side Yellowing (4%) 

air side (outer layer) 

cell side (inner layer) 

core (middle layer) 

front glass 

cell 
encapsulant 

BA
C

KS
H

EE
T Air-side Cracking (41%) Delamination (3%) 

Cracking and delamination can compromise electrical insulation of the module 
Yellowing can be a precursor to mechanical degradation and embrittlement of many backsheet polymers 
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Inner layer (cell side) cracking in the field 

• Inner (tie) layer often an EVA (low VA content)/polyolefin 
material 

• may extend into/through PET core 

• Often not readily visible by eye; may require backlit 
illumination 

• May originate at/near busbar: corrosion can be visual cue 

7 years, Sonoran Desert, Arizona 

8 years, rooftop, 
Phoenix, Arizona 

Cracking under backlit illumination, 
7 years, Arizona high-desert 
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Outer layer (air side) cracking in the field 
Through-cracks along tabbing ribbons, Cracks expose interior layers/encapsulant to moisture and UV light 6 years, Sonoran Desert 

• PET core layer often not stabilized, may crack 
• direct moisture pathway facilitates interface delamination 
• may extend through entire backsheet 

Observed over broad range of climates and materials 
• Mediterranean, temperate, hot/cold deserts, hot/humid 

16 years, Arizona high desert 7.5 years, India 6 years, NW China desert 

busbar 
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Outer layer (air side) cracking in the field 

Polyvinylidene fluoride (PVDF) China USA India 
• widely fielded over last decade 
• several varieties: layer stackup, PMMA content, 

additives, processing, crystalline phases 
• cracking observed in modules 4-8 yrs old 
• >21% of all PVDF fields inspected by us (98) 
• currently no clear correlation with climate 
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0 
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cr
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4 5 6 7 8 

MD 

single tri tri 

Location Highest Monthly 

Mean Temp (°C)

Lowest Monthly 

Mean Temp (°C)

Highest Monthly 

Max Temp (°C)

Lowest Monthly 

Min Temp (°C)

China  

(high desert) 27 -11 34 -17

North America 

(temperate)
22 -4 27 -7

North America 

(high desert)
24 7 32 -5

Mediterranean 21 7 25 4

India 34 19 42 10
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Outer layer (air side) cracking in the field 

Damage may take several years to manifest, but progresses rapidly 

Corsica, 8 yrs old (no defects observed 2 yrs earlier)Canada, 4 yrs old Canada, 6 yrs old 

2 yrs later 

cracking in 10% of modules severe cracking and delamination 
in >40% of modules 

cracking (some delamination) in >25% of modules 

7 



    
  

 

 

 

 

 

  

Outer layer (air side) cracking in the field 

Two common varieties of PV backsheet outer layer film 
• cracking observed in field and lab 

Single layer Tri-layer 

2-5 µm 

20-30 µm ~20 µm 

2-5 µm 

PVDF/PMMA/TiO2 

adhesively bonded adhesively bonded 

PET Core PET Core 
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Outer layer (air side) cracking in the field 
Cracks along scratches (trilayer) Cracks along MD (trilayer and single layer) 
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tri tri 

single 

single tri 

single 
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Outer layer (air side) cracking in the field 

Mixed BoM field, Arizona, USA, 7 yrs (non-MD cracks not observed in other backsheets) 
AAA PVDF 

PVDFnot PVDF not MD 

MD-BB 

MD-not BB 



 
   

  
     
  

    

     
  

    

 crack tip 

Outer layer cracking (air side) in the field 

Cracking in tri-layer PVDF 
• through-cracks in MD direction 
• along surface scratches/scuffs/irregularities 
• extension and new through-cracks observed when 

thermally cycled 

Scratches (≤1 to 3 µm deep) in neat PVDF layer of 
globally fielded modules 

crack 

Outer layer crack in tri-layer PVDF (7 yrs in Arizona) 

striations (≤1 µm deep) straddled by through-cracks 
11 



 
         

    
    

    

  

Outer layer cracking (air side) in the field 
Cracking in tri-layer PVDF 
• elements of brittle and plastic ductile fracture in cracks that originate at scratches 
• outer neat layer/core: bifurcation of cracks in process zone 
• inner neat layer: mix of ductile and brittle fracture 
• large crack opening displacements (shrinkage) 

500 µm 100 µm 

12 



Outer layer cracking (air side) in the field 
Cracking in tri-layer PVDF 
• elements of brittle and plastic ductile fracture in cracks that originate at scratches 
• outer neat layer/core: bifurcation of cracks in process zone 
• inner neat layer: mix of ductile and brittle fracture 
• large crack opening displacements (shrinkage) 

10 µm 

Elements of ductile and brittle fracture observed in fielded module 

Freeze Fracture Field Fracture 

Outer PVDF 

PVDF/PMMA 

Inner PVDF 10 µm 
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Outer layer cracking (air side) in the field 

Outer layers exhibit spherulitic, semi-crystalline structure, no clear orientation 

exemplar 

MD 

1 µm 

field 

MD 

1 µm 
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Outer layer cracking (air side) in the field 
WAXS: increase in alpha phase crystallinity 

• consistent with embrittlement and shrinkage 
GPC: reduction in PVDF and PMMA molecular weights 

• possibly consistent with chain scission and embrittlement 
DSC: shift in secondary endothermic peak (62 → 67 C) 

WAXS GPC 

15 



  
     
    

       

   

   

 

  

      

  

   

 
  

  

Replicating field degradation with sequential testing 

Further degradation driven through thermal cycling 
• observed where max temp exceeds secondary transition 
• extension not sensitive to min temps below ambient 
• widespread delamination and blistering after 100 cumulative thermal cycles 

India (6.5 yrs) 

100 total thermal cycles 15 cycles (-40°C to 85°C) 15 cycles (-40°C to 20°C) 15 cycles (20°C to 85°C) 

new cracks and delamination 

crack extension and new cracks 
no new cracks or significant 
crack extension new cracks, severe 

30% crack extension delamination and blistering 

16 



  

    
  

  
    

             
            

  

    
    

 

     

  

Replicating field degradation with sequential testing 

blistering and ~50% reduction 
in adhesion energy after 100 
thermal cycles 

7 yrs Arizona high desert 
Modules exhibiting backsheet outer layer delamination 
exhibit low interface adhesion energy, Gc [J/m2] 
• PVDF, 7 yrs, Arizona: 70 J/m2 

• further reduction following 100 thermal cycles 

threshold 12 J/m2 

N. Bosco, J. Tracy, S. Kurtz, R. H. Dauskardt, "Defining threshold values of encapsulant 
and backsheet adhesion for PV module reliability", IEEE J. Photovolt., vol. 7, no. 6, pp. 
1536-1540, Nov. 2017 

delamination at PVDF/adhesive (polyester isophtalate) interface 
17 



Replicating field degradation with sequential testing 

PVDF outer layer cracks observed 
in globally fielded modules 
• single layer 
• tri-layer PVDF films 

Cracked single layer PVDF film after 
sequential test 

TC 100 cracks 

TC50 TC50 TC50 
HF10 HF10 HF10 

   

 
   

 
 

  
 

 
    

 
       

 

few observable cracks by 
optical microscope after single 
sequential testing cycle 

cracks form and extend along and beyond tabbing ribbons with 
additional thermal cycling 

18 



   
 

           
   

           
             

Replicating field degradation with sequential testing 
Cracking exacerbated through thermal cycling 

• isolated tabbing ribbon cracks detected in single layer PVDF films after first sequential weathering cycle: 
1000 hrs DH + 1000 hrs UVA + TC50/HF10 

• subsequent crack extension and nucleation beyond tabbing ribbon driven solely by thermal cycling 
• ATR of surface indicates increase alpha peak heights and reduction in carbonyl (PMMA) peak heights 

In
te
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ity
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ity

 
Wavenumber (cm-1) Wavenumber (cm-1) 
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Summary 

Outer layer cracking increasingly observed in PVDF based backsheets 

• initiation varies, severe degradation can progress rapidly 

• timeline to failure may vary: constituent materials, thermal history 

• exploring novel methods to accelerate degradation/improve screening 

20 

Total field module replacement 
7 years, Arizona, USA 
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Layer-by-layer decomposition of cracked PVDF backsheet, 7 yrs Arizona 



  

outer layer 

core 

inner layer 

encapsulant 

1. Crack in PVDF outer layer – As received 
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2. After removing PVDF outer layer – discolored 
polyester adhesive beneath outer layer crack 

core 

inner layer 

encapsulant 
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3. After removing adhesive – discolored outer surface 
of PET core observed beneath outer layer crack 

Discolored region stands when viewed (a) at glancing angle 
and (b) under UV blacklight 

core 

inner layer 

encapsulant 

(a) (b) 



 
    

4. After removing PET core and polyester adhesive – 
discoloration observed at e-side surface of core 

core 

inner layer 

encapsulant 



   

   
  

   

   

DuraMAT: Accelerating Improvements 
in Module Durability 

Feb. 25, 2020 
Teresa M. Barnes1, Margaret Gordon2, Robert White1, James Hartley2,
Nick Bosco1, Martin Springer1, Laura Schelhas3, Peter Hacke1, Anubhav 

Jain4,  Todd Karin4, Michael Owen Bellini1, Dana Sulas1, Mike 
Woodhouse1, David Corbus1 

1NREL, 2Sandia, 3SLAC, 4LBL 



  
 

   

 

   
  

What Is DuraMAT? 
• A national laboratory research consortium focused on precompetitive research 

needs in module packaging 

• A Five Year Program 

• Four Core National Laboratories 

• University and industry researchers partnering with national labs 

• 14-20 member Industrial Advisory Board co-manages DuraMAT 

• An Energy Materials Network research consortium integrating national lab 
capabilities, industry led projects, and university research in module durability 



 

 

 

 
  

 
  

  

   
  

  

DuraMAT at PVRW 
• DuraMAT in context 
• Opportunity for our industry 

advisory board AND research 
community to provide feedback 

• Intentionally mixed in with 
presentations from many 
programs 

• IAB members – please pick up 
your review sheets from the front 
desk 

• Reviewing core objectives rather 
than individual projects 

International 
Community 

PVQAT 

DuraMAT 

IEC 
Standards 

National 
Labs 

Module 
Industry 

Reliability
Core 

Universities 

DownStream 



 
 

 

 
 

 

Better 
Accelerated 

Testing 

Data Driving Reliability Increases 

IEC 61215 
Jordan, 2017 

ID Trends in 
Field 

Multi-
physics 

modeling of
modules 

Introduce 
New 

Products 

ID and 
Understand 
Mechanisms 

Towards The 
50 Year 

-0.2%/year 
Module 

JPL Block Buy 
1986 



  

     
 

    
 

System Level Impacts of Module Degradation Rate 

Typical Module Warranties with large first year drop, Higher degradation contributes to lower returns, 
then linear power decrease especially early, and higher O&M expenses 

Does not capture the effects of early failures! 



     

 
 

 

 

     
  

Field Reliability Issues Degradation 

*S. Pingel et al., "Potential Induced Degradation of solar cells and panels," 2010 
35th IEEE PVSC, HI, 2010, pp. 002817. 

Unrecoverable/safety failure – not captured 
in degradation rate! 

Eventually 
recoverable 
power loss 
due to PID* 

”New” cell 
degradation 
mode- LeTID 

Non-
recoverable 
power loss 

Photo: Dupont 

NREL  | 6 
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Hacke

rature,

tion:
rature,

Field failures missed by current tests 
Backsheet cracking: 
UV, cyclic oxidative/hydrolytic 
stress, CTE stress, EVA acidity 

Potential-Induced Degradation (PID): 
System voltage, humidity, tempe 
light, soiling 

Grid finger corrosion & delamina 
System voltage, humidity, tempe 
light, soiling 

Light and elevated temperature 
induced degradation (LeTID): 
Light, elevated temperature, current 

Snail trails -> delamination: 
Mechanical loading, UV, electric field, 
moisture, impurities 

7 

Q cells 

DuPont 

Combined stressors 
are required 

AAA 
New Mexico, 4 y 

AAA 
Nevada, 6 y 



  
    

  
    

     

Should We Turn It Up To Eleven? 

Maybe.  Possible issues: 

Can I just increase stress levels or times during accelerated tests? 

• You might apply the right stress, but accelerate an irrelevant process 
• Your new material may have a failure mechanism that requires a new stress or 

combination of stresses 
• The results are still not quantitatively related to product lifetime 



 
 

 

   
       

             
 
 

  
 

   
 

  
  

  
   

Challenges of 50 Year Modules… 
• Defining what we mean by ”50 year module” 

• -0.2% Degradation rate? 
• Economically useful life? 
• Warranty period? 

• Developing predictive tests that would indicate the potential for 50 year service life
• Need to get better at identifying ”infant” failures and early weaknesses 
• The industry is growing so fast that they can sell GW of new problems before we see those problems in

the field 
• Old problems come back 

• Believing you have a 50 year module
• Testing, modeling, data 
• Understanding chemistry and physics (kinetics and thermo)of degradation mechanisms 
• Process control, quality control, certification 

• Convincing buyers you have a 50 year module
• Warranty, insurance, testing, modeling, data 
• Only interesting to buyers focused on IRR/NPV rather than $/W 
• Confidence for Longer PPAs + merchant tail 
• Sustainability and Circularity 



DuraMAT Objectives 



 

 

                 
 

103 
DuraMAT Consortium Activity 

The DuraMAT DataHub https://datahub.duramat.org 

Internal 53 112 598 
Membership Projects Datasets Resources 

Robert.White@nrel.gov Since 2/2019 + 75% + 36% + 230% + 136% 

New 

Returning 
23.4% 

76.6% 

Google Activity Stats - External 

World-Wide user connections 

mailto:Robert.White@nrel.gov


     

  
   

 

Heterogeneous Data 

• PV Fleet Launched early in 2019 and has more 
than 1.2 GW of systems with streaming time 
series performance data 

NREL  | 12 



     

   

  
 

 

 

DuraMAT Analysis Tools 
PV Climate Zones based on 
environmental stressors 

PV PRO: Extracting IV parameters and 
degradation modes from string data 

PV String Sizer – optimizing string size 

Todd Karin, toddkarin@lbl.gov 
NREL  | 13 
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Multi-scale, Multi-physics Modeling for PV Reliability 
• Goal: A modeling capability to accurately inform module lifetime 

• Applicable to multiple PV scales: From interconnects to full modules 
• Incorporating multiple degradation physics: Mechanical stress, thermal stress, materials effects, and more 

Full Modules [Hartley, SNL] Mini-Modules [Hacke, Owen-Interconnect damage [Bosco, 
Bellini; NREL] NREL] 

testlabs.ca 

Material responses: 
- Encapsulant viscoelasticity [Maes, SNL] 
- Electrically Conductive Adhesive damage 

mechanisms [Bosco, NREL] Thermal stress 
- Backsheet aging [Owen-Bellini, NREL; Moffit, Mechanical stress [Hartley, SNL; Bertoni, ASU] 

SLAC] [Hartley, SNL] 

NREL 

jkyuan@sandia.gov 

mailto:jkyuan@sandia.gov
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Fielded Module Diagnostics 

Direct Imaging of Stress in Fielded Module Library Interfacial Degradation of 
x-tal Si Modules GG vs. G/BS modules 

C AST M AST 

Field-aged materials (backsheets) 

DECS: Accelerated Test Thermal and Luminescence 
schelhas@slac.stanford.edu Validation Fielded Module Imaging 

mailto:schelhas@slac.stanford.edu


   
 

    
  

    
  

  

 
     

 

  

  

Materials Solutions 
Reliability of modules with high-efficiency solar cells using copper-
plated contacts 

P11 

New Concepts for Reliable Low-Cost Module Encapsulation and 
Moisture Barrier Technologies 

Session D 

Determination of backsheet material properties : a comparison to 
novel non-fluoro-based co-extruded backsheet materials and their 
correlation and impact on PV module degradation rates 

P25 

Electromechanical characterization of crack-tolerant, carbon-
nanotube- reinforced composite gridlines using in situ scanning 
electron microscope strain test 

P19 

Failure analysis of electrically-conductive adhesives in shingled 
solar modules 

P47 

25-year low-cost frontsheet for flexible panel Session D 



Effect of Cell Cracks on Module Power Loss and Degradation 
EPRI. NREL, LBL, Southern Co 
Leveraging Lab Capabilities for Industry-led Research Technology Summary & Impact  

    
  

 

   
   

   
   

   
  

  
 

   
  

    

  

  
  

     
 

  
 

 
 

  
 

 
 

 
 

Data management and analytics 
for crack detection and analysis 

Predictive simulation Field testing at 
using finite element NREL’s small-scale 
modeling (full modules) outdoor test array 

Temperature-dependent Accelerated aging Field testing at two 
electroluminescence imaging (full modules) large-scale PV plants 

Understanding crack impacts reduces 
lifetime PV plant performance risk 
• Set crack thresholds for large-scale 

PV plant commissioning, base O&M 
on knowledge of crack progression 
and effects on performance and 
safety 

• Reduce uncertainty in LCOE 
predictions through improved 
warranty and insurance contracts 
and better plant performance 

• Inform module designs that are less 
susceptible to cracking 

• Enable improved qualification test 
procedures 

• Improve simulation capabilities 
around module reliability and 
durability as it relates to cracks and 
metal fatigue 

NREL image 21473 

Cells can be cracked during installation 



 

 
 

 
 

 
 

 
 

  
 

 
  

 

  
 

  

  

  

 
 

  
  

 

 

  

  
  

 
 

  

 

       
    

DuraMAT Objectives and Key Results FY19 
Central Data 

Resource 

• Heterogeneous 
data resource 
established for 
performance, 
materials, albedo… 

• FedRamp cloud, 
Secure SSO, 
analytics 

• PV Fleet spun out 
• Multi-file upload 
• Two public analysis 

tools – PV climate 
and string sizer 

Multi-Scale, Multi-
Physics Model 

• Experimentally 
validated models of 
trackers, modules, 
and submodules 

• FEM for mechanics 
of GG and G/BS 
modules 

• Model for torsional 
galloping 

• Model for thermo-
mechanics of ECAs 
in shingled modules 

Disruptive 
Acceleration Science 

• Field validation of 
CAST for AAA and 
PVDF  backsheet 
failures. 

• In-situ I-V and EL in 
CAST 

• Outdoor 
accelerated test 
prototype 

• Chemistry of EVA 
discoloration due to 
UV ionization 

Fielded Module 
Forensics 

• Detailed backsheet 
cracking 
mechanism 

• Field module library 
deployed 

• SVM for backsheet 
identification by 
FTIR 

• EL/PL screening of 
fielded modules 
and failure ID 

• XRT Measured cell 
stress in GG and 
G/BS 

Materials Solutions: flexible packaging development and characterization (3), antisoiling coating, ECA development and 
characterization (2), crack tolerant metallization, roof attachment for flexible modules 
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PV in the Circular Economy 
• Reliability to maximize economic useful life 
• Resiliency to minimize “early” waste generation 
• Refuse low quality product 
• Resist cutting corners on installation, quality control, acceptance testing 

• Reduce material and energy intensity (higher yield systems?) 
• Repair develop safe materials, procedures, and tests to avoid waste 
• Reuse your components wisely in 2nd life applications or as spares 
• Revamp and Repower systems to extend EUL when needed 
• Recycle when environmentally and economically beneficial 

• How do we make sure this is always true? 

Do not distribute outside of NREL – Business Sensitive NREL  | 24 
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Introduction 

Frequent failures of 
encapsulants 
 Yellowing 
 Delamination 

PV module failure modes 
influenced by polymer 
performance [1] 
 Yellowing 
 Delamination 
 Cell cracks 
 Corrosion 
 PID 

[1] Halwachs, M., Neumaier, L., Vollert, N., Maul, L., Dimitriadis, S., Voronko, Y., Eder, G.C., 
Omazic, A., Mühleisen, W., Hirschl, C., Schwark, M., Berger, K.A., Ebner, R. Statistical 
evaluation of PV system performance and failure data among different climate zones (2019) 
Renewable Energy, pp. 1040-1060. 
DOI: 10.1016/j.renene.2019.02.135 



 

 
 

  

 
  

 

Motivation 

EVA film 

Degree of crosslinking after 
module lamination: 70-90% [2] 

Remaining reactive 
peroxides [4] 

Formation of acetic acid [3] 
O 
C 

O CH3 

* 
CH2 

CH2 

n mCH2 
CH * OH

C 
O 

CH3 

* CH2 

CH2 

n mCH CH * + 

UV, T, RH 

Peroxide induced 
chemical crosslinking 

Module lamination 

Unaffected Stabilizers 



Encapsulants 

Acetic acid Stabilizers Remaining reactive peroxides 

Approach: Replacement of EVA as encapsulant to avoid 
or reduce certain PV module degradation modes 

 

  

     
  

Ribbon Silver grid Backsheet EVA 
PID corrosion [4] corrosion [5] yellowing Yellowing 



 

 
 

 
    

       
   

 

 

   
     
   

 
 

  

Introduction 

“A polyolefin is any of a class of polymers produced from a simple olefin 
(also called an alkene with the general formula CnH2n) as a monomer” 

(©Wikipedia) 
 Thermoplastic polyolefins: Polyethylene (PE), 

polypropylene (PP), polymethylpentene (PMP),  Term „Polyolefin“ 
polybutene-1 (PB-1) has different meaning 

 Polyolefin elastomers (POE): Polyisobutylene (PIB), in PV industry 
ethylene propylene rubber (EPR), ethylene propylene 
diene monomer (M-class) rubber (EPDM rubber) 

Ethylene can be copolymerized with other monomers like α-olefins with a 
wide range of other un-satured monomers and ionic composition that 

creates ionized free radicals  Ethylene Copolymers 

 Linear low density polyethylene 
 Ethylene Vinyl Acetate (EVA) 
 Ethylene Acrylates 
 Ethylene acrylic acids - Ionomers 



  

 
 

 
 
 

     
    

  

   
   

   
 

Encapsulants 

Chemically cross-linked 
elastomer 

Physically cross-linked 
thermoplastic elastomer 

Irreversible covalent bondings 

Cross-linked Polyolefines (POE) 
 Replacement of vinyl acetate group 
 No formation of acetic acid 
 Cross-linking necessary 

Examples: STR POE Encapsulant, 3M Solar 
Encapsulant Film PO8100N, Mitsui ASCE, 
Novopolymers Novovellum, Cybrid Cybright, 
Hangzhou First TF4 etc. 

(Thermo)-reversible bondings 
(Ion and hydrogen bonds, 

crystallites) 

Thermoplastic Polyolefines (TPO) 
 Replacement of vinyl acetate group 
 No formation of acetic acid 
 No cross-linking 

Examples: Borealis Quentys, DOW Engage, 
DNP Solar encapsulants, Ionomers etc. 

POE and TPO encapsulants mostly have lesser 
comonomer content than EVA  Reduced polarity 



 

   

 

 

 

 

  

 

  

Electrical properties 

Volume resistivity of different encapsulation films 
(taken from datasheets) 

Type Trade name volume resistivity Test 
conditions Standard 

EVA STR Photocap 15420P 1.00E+14 [Ω*m] ? ? 

POE STR Photocap 35521P HLT > 1.00E+16 [Ω*m] ? ? 

POE 3M™ Solar Encapsulant Film 
PO8100N 6.00E+14 [Ω*m] RT ASTMD257 

POE Hangzhou First TF4 >1.00E+15 [Ω*m] ? IEC62788-1-2 

POE Novovellum HFT01 1.00E+15 [Ω*m] ? ASTMD257 

TPO DOW Engage POE film 2.60E+16 [Ω*m] 23°C  ? 

TPO DuPont Ionomer 6.00E+15 [Ω*m] 23°C / 25% RH ASTMD257 

TPO Hangzhou First TP8-NSX >1.00E+15 [Ω*m] ? IEC62788-1-2 

Higher volume resistivity for EVA replacement materials 



 

  

 

   

  

    

   

 
 

 

Permeation properties 

Water vapour transmission rates (WVTR) of different encapsulation 
films (taken from datasheets) 

Type Trade name [µm] WVTR Test conditions Standard 

EVA STR Photocap 15420P 460 43 [g/m²*d] 38°C / 100%RH ? 

POE STR Photocap 35521P HLT 460 14.2 [g/m²*d] 38°C / 100%RH ? 

POE 3M™ Solar Encapsulant Film 
PO8100N 457 5.7 [g/m²*d] 38°C / 100% RH ? 

POE Hangzhou First TF4 410 5 [g/m²*d] ? ASTMF1249 

POE Novovellum HFT01 - < 1.5 [g*mm/m²*d] ? ASTM F1249 

TPO DOW Engage POE film 457 3.3 [g/m²*d] 38°C / ? ? 

TPO DuPont Ionomer - 0.66 [g*mm/m²*d] 38°C / 100% RH ASTM F1249 

410 5 [g/m²*d] ? ASTMF1249 Hangzhou First TP8-NSX TPO 

 WVTR values give you a first reference but are not comparable in every case 
 Film thicknes and testing conditions are important to know 

Lower WVTR for EVA replacement materials 



      
 
 
  

       

 

 

 
 

 

Thermal properties 

TPO POE EVA 

0 50 100 150 200 

TPO laminated 

TPO new

 H
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t f
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w
 [W

/g
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EVA cured
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] EVA uncured 

0 50 100 150 200 

POE-cured 

POE uncured

 H
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t f
lo

w
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/g
] 

Temperature [°C] Temperature [°C] Temperature [°C] 

 Different thermal behavior: Highest melting temperature for TPO 
− TPO: 109°C 
− EVA: Between 45 and 75°C 
− POE: Between 45 and 90°C 

 TPO: No crosslinking  allows for processing times < 10min 



Thermo-mechanical properties 
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Encapsulant Tensile modulus [MPa] 
at 23°C 

 

  
 

 

 
 
 

   
   

     
     

  
   

  

   
 

  
  

  
 

   
   

EVA 8.0 ± 0.7 

POE 46.0 ± 1.1 

TPO 23.1 ± 0.7 

 DMA in shear mode allows 
measurement of encapsulant films 
also in molten or softened state 

 Different behavior for TPO and the 
crosslinked EVA and POE films: 

- Earlier softening of EVA and 
POE due to lower melting 
temperatures 

- Higher shear modulus and shear 
viscosity values of TPO 

- Start of crosslinking reaction of 
EVA and POE can be seen by 
increase in shear modulus values 
at ~125°C 

- TPO shows nearly linear 
decrease of shear viscosity with 
increasing temperature 



  

 

Reliability 

PID prevention: New encapsulation films [5] [6] [7] [8] 

No PID 

Factor 10-1000 ↑ 
Factor 10↓ 



 

       
        

    

 
 

 
 

Reliability 

PID Prevention using Ionomers [9] 

Introduction of a thin Ionomer 
layer of 100 μm thickness 
between a standard EVA and 
the front glass [1] 

“The ionomer provides a barrier to sodium 
ion migration into the EVA layer, and thereby 
effectively protects the solar cell and module 
from PID” 



   

 

  

 
   

  

Reliability 

Corrosion potential of new Polyolefin Encapsulants [6] [9] 

EVA 

POE 

Glas / POE / copper film / POE 

3000h DH 

Minimized corrosive 
potential 

Improved stability against 
thermo-oxidation and 

hydrolysis 



DH – POE + Ag 

 
   

Reliability 

original 2000h DH 3000h DH 

EVA 

TPO 

Grid finger corrosion of 
 No corrosion for TPO EVA after damp heat 



     
  

 

 

What are possible dangers of 
rushing into new encapsulants 

without proper testing? 

Unpredictable interactions of new 
material combinations 



 

 

 
 

  

  
 

 
 

      

   
   
  

 
  

Material incompatibilities 

Backsheet – encapsulant adhesion 
 Surface treatment of backsheets “Polyethylene (PE) and isotactic usually optimized for adhesion to EVA polypropylene (iPP) constitute nearly two-
 New co-extruded backsheets based thirds of the world's plastic. Despite their 

on PP may have adhesion issues with similar hydrocarbon makeup, the polymers 
are immiscible with one another. Thus, polyolefin encapsulants based on 
common grades of PE and iPP do notsolely PE 
adhere or blend…[10] . 

Corrosion effects of Cu and Ag ribbons in POE 

2000h DH – POE + Ag 

 Double glass configuration leads to 
earlier observation of corrosion 
effects in the test modules 

2000h DH – POE + Cu 

 Volatile and corrosive degradation 
products can not diffuse out of the 
module Peroxides? 



  

  
   

  
  

Material incompatibilities 

Reliability of encapsulants with low UV cut off [11] 

 “high UV transmission EVA also 
demonstrated to be more stable under 
long-term UV exposure” 

 “Using high UV light transmission EVA as 
both front and rear encapsulant was 
shown to cause yellowing of UV sensitive 
backsheet” 



    
  

 

   

     
     

 
 

  

 
   

 
  

    

Material incompatibilities 

 Ongoing study of influence of micro-climate on degradation behavior of EVA and 
TPO encapsulant films [12] 

 Exposure of laminated films to DH and UV (ISO4892-3) 

TPO 
Additive 0 hours DH 3300 hours UV 1000 hours 

UV absorber (Benzotriazol) 
Antioxidant (Irganox)  () 

Shift of crystallization to higher Shift of thermal decomposition to lower 
temperatures temperatures 

 Loss or consumption of stabilizers detectable 
 Significant reduction of molar mass  embrittlement 

Barretta, C.; Oreski, G.; Resch-Fauster, 
K. (2019): Additive Analysis in 
Encapsulant Materials and Correlation 
to Encapsulant Degradation Modes, In: 
36th EU PVSEC, Marseille, 09.09.2019. 



OH 

C=O 

C-O-C 

Material incompatibilities 

Chemical Ageing Formation of functional groups PO segments 
Degradation products 

Unaged (left), DH (middle), UV 
(right) 

Yellowing 

     

    

   

 
 

 
 

 TPO did not show relevant 
degradation when laminated with 
glass and backsheet (BS) 

 Shielding effect of glass / BS 
 UV shielding 
 Permeability – Retention of 

stabilizers 
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Material incompatibilities 

EVA 

Additive 0 hours DH 3300 hours UV 1000 hours 
Antioxidant (BHT)   

UV absorber (Octabenzone)   
UV absorber (Benzotriazol) 

No relevant signs of degradation are detectable 



     

    
 

       
   

    

   
 

     
    

    
    

    

 
Summary 
Role of material degradation in PV module reliability 

 Encapsulation materials play an important role in PV module 
reliability 

− Most prominent PV module failure mechanisms are linked to the 
used polymeric encapsulation materials 

 Long term stability is determined by bill of materials and their 
material interactions - Design matching of components and 
materials may reduce degradation rates or avoid certain 
degradation modes 

 Each material combination should be tested thoroughly before 
introduction into the market 

 Single stress testing often does not reveal certain degradation 
modes observed in the field  combined stress testing necessary 

 Better understanding of PV module and material degradation 
processes is a precondition for a successful development of 
new components and PV module designs 



  

  

  
     

 

IEA INTERNATIONAL ENERGY AGENCY 

PHOTOVOLTAIC POWER SYSTEMS PROGRAMME 

IEA-PVPS Task 13 
ST 1.1: New Module Concepts, 

Designs and Materials 
Joshua Stein (Sandia National Laboratories, USA) 
Gernot Oreski (Polymer Competence Center Leoben, AUT) 

jsstein@sandia.gov 
gernot.oreski@pccl.at 

mailto:gernot.oreski@pccl.at
mailto:jsstein@sandia.gov


  

  

  

   
 

 
 

 
 

    
 

  
  

IEA INTERNATIONAL ENERGY AGENCY 

PHOTOVOLTAIC POWER SYSTEMS PROGRAMME 

Part 1: Advanced Materials for PV 
• Encapsulants & Backsheets 

– Replacement of EVA and fluorine polymers 
using Polyolefines: Thermoplastic 
encapsulants; Co-extruded BS; Combined 
Backsheet – back encapsulant film 

– Functional properties: Selective permeability; 
Selective optical properties; Flame retardant 
encapsulants 

• Thin glass 
• Coatings 

– Anti soiling, AR, Aesthetic 

• Interconnection 
– Lead free solderings; Electrically conductive 

adhesives (ECA); Tape interconnection; multi-
wire; plated contacts 

• New cell technologies and their impact 
on module reliability 

© Isovoltaic 

Tape interconnection, J. Buddgård 
et al., EU-PVSEC 2017 



  

  

  
    

 
   

    
  

   
  

    
   

  

 
 

IEA INTERNATIONAL ENERGY AGENCY 

PHOTOVOLTAIC POWER SYSTEMS PROGRAMME 

Approach – expected information 

• Description of new material/component/module design 
• Difference to state of the art solutions – benefits and drawbacks 

(regarding quality and reliability) 
• Published results on quality and long term stability: 

– Indoor accelerated test data or outdoor data? 
– Testing on material/component or module level? 
– Description of long term behavior and degradation modes 
– Are there new failure modes reported? 

• In case there is no data published yet: Assessment of possible 
issues regarding long term behavior (expected degradation 
mechanisms, possible material interactions) 

 Interested in contributing or sharing data? 
Contact us! 
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Towards validation of advanced accelerated stress 
testing protocols through failure analysis and 

advanced characterization 
Michael Owen-Bellini 
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Accelerated Stress Testing 

Accelerated stress testing allows us to simulate decades of use in months of testing 

*Slide credit: Stephanie Moffitt 
2 



 

   

   

 Accelerated Stress Testing 

Current state-of-the-art testing: 

- Mechanism-specific tests 

- Targets known failure mechanisms 

- Minimal evaluation of interdependencies between stressors 

- Multiple parallel tests requiring numerous modules ($$) 

3 
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Hacke

erature,

ination:
erature,

Field failures missed by current tests 
Backsheet cracking: 
UV, cyclic oxidative/hydrolytic 
stress, CTE stress, EVA acidity 

Potential-Induced Degradation (PID): 
System voltage, humidity, temp 
light, soiling 

Grid finger corrosion & delam 
System voltage, humidity, temp 
light, soiling 

Light and elevated temperature 
induced degradation (LeTID): 
Light, elevated temperature, current 

Snail trails -> delamination: 
Mechanical loading, UV, electric field, 
moisture, impurities 

DuPont 

Q cells 

Combined stressors 
are required 

*Slide credit Peter Hacke 



Advanced - accelerated stress testing 
C-AST combined accelerated stress testing 

 Hacke and team, NREL 
24 hour/ cycle 

Damp Heat Light Soak Freeze 
90°C 

28% RH 
1.9 Suns 

System Voltage 

40°C, 95% RH 
Rain Spray 

-20°C 
28% / 95% RH

Mechanical Load 

4 hours 4 hours 2 hours 

40°C 
95% RH 

Rain Spray 

x4 
90°C 

28% RH 
1.9 Suns 

System Voltage 

2 hours 0.5 hours 
M. Owen-Bellini, P. Hacke, S. Spataru, D. C. Miller, and M. D. Kempe, “Combined-Accelerated Stress Testing 
for Advanced Reliability Assessment of Photovoltaic Modules,” in 35th EUPVSEC, 2018. 

M-AST module-accelerated stress testing 
 Gambogi and team, DuPont 

 
  

 

  

  

     
  

   
      

W. Gambogi et al., “A comparison of key PV backsheet and module performance from fielded module 
exposures and accelerated tests,” IEEE J. Photovoltaics, vol. 4, no. 3, pp. 935–941, 2014. 



Accelerated Stress Testing (AST)   

 
 

 

 

 
 

Materials 
Characterization, 

Modelling and Data 
Analytics 

Combined-
Stress 
Testing 

Field-Aged 
Materials 

Sequential 
Stress 
Testing 

Best 
practices and 
validation of 

ASTs 



  
  

 
 

 

AAA polyamide-based backsheet 
X-ray transmission Optical Cross-section 

• 3-layers 
• Core layer a blend of PA/PP 

AAA with glass fibers 
• Titania pigment 

100 µm 25 µm 

M-AST module-accelerated stress testing C-AST combined accelerated stress testing 
 Gambogi and team, DuPont  Hacke and team, NREL 
 Sequential  All at once 
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AAA polyamide-based backsheet 
C-AST 
4.5 months 

Changshu 
~5yr 

Rome 
~5yr 

1mm 1mm 1mm 

 

  
  

 
 

 

M-AST module-accelerated stress testing C-AST combined accelerated stress testing 
 Gambogi and team, DuPont  Hacke and team, NREL 
 Sequential  All at once 
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AAA polyamide-based backsheets 

9 

Cracks are 
only on the 
back-side 

C-AST Changshu 

Cracks are also 
between the 

cells where light 
can penetrate 

Cell Cell 

Cracks 

EVA-side 

EVA-side 

Rome 

Cracks 

Cracks 

EVA-side 

 

 
  

 
 

 



       

 

      
  

    
  

    

 

    
   

 

  
  

Chemical Analysis: Are all cracks equal? 
Air-side exposed to UV 

Fourier transform infrared spectroscopy 
(FTIR) 

Uses infrared light to probe the stretching 
and deformation modes that are unique to 
different chemical bonds 

Sun side shaded from UV 

C C C 
Stretching Bending Twisting 

 Broadening of bands between 3200 and 3400 cm-1 suggests the formation of hydroxylated 
products and primary amines 

 Increase in the peak at 1710 cm-1 suggests formation of carboxylic groups and C=C bonds which 
are associated with photo-oxidation* 

*Lyu et al “Degradation and Cracking Behavior of Polyamide-Based Backsheet Subjected to Sequential Fragmentation Test”, IEEE JPV, 2018 

NREL  | 10 



       

 

 

   

    

Chemical Analysis: Are all cracks equal? 

C-AST 

Changshu 
(~4yr) 

Rome (~6yr) 

 Similar changes in FTIR-ATR spectra observed in 
fielded modules. 

Suggests mechanisms are the same and thus C-AST is 
representative 

FTIR-ATR for AAA outer surface: unaged, C-AST aged and field aged samples 

NREL  | 11 



 

         

Photo-oxidation associated with embrittlement 

R.E. Day. “Role of Titanium Dioxide Pigments in the Degradation and Stabilization of Polymers in the Plastics Industry 



Force is required to break brittle materials 
Cross-section 

EVA 

Ribbon 

Cell 

Epoxy 

Finite element 
model led by James 
Hartley shows that 
stress builds up at 

cell tabbing 

85°C 

von Mises (Pa)  

 
 

 

 
 

    

 
  

 
   

25mm 1mm 

 Micro-cracks developed on 
the surface develop into 
macro-cracks at local stress 
concentrations 

 Cell tabbing causes these 
stress concentrations on the 
backsheet 

 Changshu and CAST modules 
showed macrocracks at the 
cell tabbing 



25 µm

    
     

     
 

 
 

AAA - Summary 

• C-AST/M-AST reproduced cracking as observed in the field 
• Chemical analysis confirms similar changes as observed in fielded 

modules 
• Observation suggest embrittlement of backsheet 

• Finite element modeling informs location of stress build up 
• Likely initiating cracking 

• Additional testing confirms results 
• DSC, elongation to break, X-ray scattering (see poster) 

C-AST 

Changshu 
(~4yr) 

Rome (~6yr) 



25 µm

    
     

     
 

 
 

   

AAA - Summary 

• C-AST/M-AST reproduced cracking as observed in the field 
• Chemical analysis confirms similar changes as observed in fielded 

modules 
• Observation suggest embrittlement of backsheet 

• Finite element modeling informs location of stress build up 
• Likely initiating cracking 

• Additional testing confirms results 
• DSC, elongation to break, X-ray scattering (see poster) 

Does this approach work beyond AAA? 

C-AST 

Changshu 
(~4yr) 

Rome (~6yr) 



Test Case #2: PVDF-Based Backsheets 
Outer 

Core 

Inner 

 Poly(vinylidene fluoride) (PVDF) is a semi-crystalline polymer 
(anywhere between 30-70%) 

 Multiple crystal phases α, β, y, δ, ε. Governed by polymer chain 
arrangement 

 Crystallinity and phase are critical to mechanical properties 

PVDF/PMMA/TiO2 (PVDF Layer) 
Adhesive 

PET (P) 

Fluorinated Coating (F) 

   

      

     

α 

β 

C F H 



Test Case #2: PVDF-Based Backsheets 

 Poly(vinylidene fluoride) (PVDF) is a semi-crystalline polymer 
(anywhere between 30-70%) 

 Multiple crystal phases α, β, y, δ, ε. Governed by polymer chain 
arrangement 

 Crystallinity and phase are critical to mechanical properties 

β 

C F H 

-
Wide Angle X-ray Scattering 

(PVDF Layer) 

   

      

     

    
 

α

WAXS for K layer of unaged and C AST aged samples



 

 

   

  
   

   

 

PVDF-Based Backsheets 
PVDF-based 

Backsheet cracking 

• Phase 2 of C-AST, which added 
dessicating cycle simulating a cold-dry 
climate, successful produced cracks in 
PVDF (multi-season) 

• See C-AST posters for more information 

25 mm 

Owen-Bellini, Hacke et al. “Advancing reliability assessments of photovoltaic modules and materials through combined accelerated stress testing ,” in prep. 



  

  
 

 

    
   

 

  

             

Failure Analysis: Chemical changes 

 1730cm-1 carbonyl group and 1151cm-1 ester are 
associated with PMMA 

 Decreasing 1730cm-1 and 1151cm-1 suggests 
depletion of PMMA 

 Increasing 1071cm-1 symmetric stretching of CF2 
and suggests a crystalline phase change is 
occurring, however, this could be either α, β or γ 
phase 

FTIR-ATR for PVDF-Based unaged and C-AST aged samples 

X. Cai, T. Lei, D. Sun, and L. Lin, “A critical analysis of the α, β and γ phases in poly(vinylidene fluoride) using FTIR,” RSC Adv., vol. 7, no. 25, pp. 15382–15389, 2017 



 
    

 

   

   

Failure Analysis: Increased crystallinity 
WAXS for PVDF layer of unaged and C-AST aged samples 

• TiO2 rutile phase clearly identified 

• Broader peaks associated with crystalline PVDF phase 

• (Inset) evidence of increased crystallinity  FTIR 



 

 

   
 

 

 

    
        

Failure Analysis: Increased crystallinity 

 Small Angle X-ray Scattering 

 The lamellar feature of PVDF shifts  smaller Q 
 Slight intensity increase 

 Suggests the lamellar packing distance 
 increases, 
 Becomes more well defined 

 consistent with the increased crystallinity observed in 
WAXS/FTIR 

P.Y.Yuen, S.L. Moffitt, F. D. Novoa, L.T.Schelhas, R. Dauskardt, “Tearing and 
reliability of photovoltaic module backsheets”, Prog. In. Photovoltaics, 2019 



 

Field failure vs C-AST failure 

(021)α 

TiO2 

(021)α 

TiO2 

Increased alpha phase  consistent structural changes 



   

     
    

          
 

PVDF Summary 
• Chemical and structural changes observed in C-AST aged PVDF-based 

backsheets 
• Initial results on fielded PVDF-based backsheets of varying types show 

consistent FTIR and WAXS results. 
• Previous reports have shown an increase in the PVDF β-phase upon 

exposure to damp-heat 



 
   

    
    

    

The outcome of this work is two-fold: 
(1) validation of advanced accelerated testing protocols which will enable 

the prediction of field failures in new materials, and 
(2) deeper insights into the degradation mechanisms observed through the 

extensive characterization allowing for improved materials engineering 
and development 
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Outline 
Scope: industrially-relevant new concepts in solar module encapsulation and 
moisture barrier technologies to accelerate state-of-the-art module 
performance, reliability and manufacturability with new module materials and 
interfaces demonstrated using accelerated testing and reliability models. 

• Thrust 1: Encapsulant Degradation Mechanisms 
– WAXS, DSC, and FTIR-ATR of delaminated EVA (with SLAC) 
– understanding and modeling fundamental degradation pathways 

• Thrust 2: Advanced In-Situ Moisture Barrier Technology 
– open-air plasma-deposition of submicron multilayer barrier films 
– improved moisture barrier properties under accelerated aging conditions 
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Modular Description of Critical Degradation Pathways in EVA 

Degradation Pathways 

deacetylation 

UV radical 

𝜷𝜷-scission 

hydrolytic depolymerization 

k2 

k3 

k4 

k1 
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Advanced Characterization of EVA Degradation: WAXS 

Orthorhombic 

Primary Crystalline Phases 

Image from Gedde & Mattozzi, Adv.Polym Sci, 2004. 

   
 

 

   

   
 

  

  

  

EVA is a semi-crystalline polymer… 

Monoclinic 

— crystalline vol. frac. ~ 5% 
— remainder amorphous 

—Exposure Conditions— 
10,000 Hours 

”Dark” – 85˚C, 13.5%RH, No UV, 

“Light” – 65˚C, 30%RH, 
with UV: 81 W/m2 

With Laura Schelhas and Stephanie Moffitt, SLAC 

[110] 
(ortho) 

[200] 
(ortho/ 
mono) 

Wide Angle X-ray Scattering 

[001] 
(mono) 
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Advanced Characterization of EVA Degradation: WAXS 
Wide Angle X-ray Scattering EVA is a semi-crystalline polymer… 1.1 

Monoclinic Orthorhombic 

Primary Crystalline Phases 

0.9 

0.7 

0.5 

0.3 
6 8 10 12 14 16 18 20 

[110] 
(ortho) 

[200] 
(ortho/ 
mono) 

[001] 
(mono) 

0 hour - new 

10,000 hour - light 

10,000 hour - dark 

—Exposure Conditions— 
”Dark” – 85˚C, 13.5%RH, 

No UV, 
“Light” – 65˚C, 30%RH, 

With UV: 81 W/m2
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Deacetylation 

k1 

UV radical 

k3 

𝜷𝜷-scission 

k4 

Image from Gedde & Mattozzi, Adv.Polym Sci, 2004. 

2 Theta (˚) 
Monoclinic crystallites form from shorter ethylene segments. The comparative increase of monoclinic phase 

evidences main polyethylene (PE) chain degradation. 

With Laura Schelhas and Stephanie Moffitt, SLAC 
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Advanced Characterization of EVA Degradation: WAXS 
Differential Scanning Calorimetry 

EVA is a semi-crystalline polymer… 
I II III 

Deacetylation 

k1 

UV radical 

k3 

𝜷𝜷-scission 

k4 

Image from Gedde & Mattozzi, Adv.Polym Sci, 2004. 
Monoclinic Orthorhombic 

Primary Crystalline Phases 
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 Region II sees a precipitous loss of crystallinity under ‘light’ conditions, 
indicating scission and other photodegradative reactions are disrupting the 

crystallizable sequences of PE. 

Dominant Reaction 
I -- Deacetylation 
II -- Scission 
III -- Hydrolysis 
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Advanced Characterization of EVA Degradation: FTIR-ATR    

 
 

 

C-H 
(Chain Scission/ 
Cross Linking) 

C-O 
(Acetic 
Ions/Salts) 
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Advanced Characterization of EVA Degradation: FTIR-ATR 
Formation of 

Polyvinyl Alcohol 

Glass 

EVA 
Cell 
EVA 

Backsheet 

Glass/EVA 

Cell/EVA 

-OH Absorption 
~3500 cm-1 ‘Light’ 

‘Dark’ 

‘Light’ 

‘Dark’ 

 
 

   
  
  

Shift in C-O Stretch Peak 
(Secondary Alcohol 
Formation) 

Cell/EVA 

Glass/EVA 

‘Light’ 

‘Dark’ 
‘Light’ 
‘Dark’ 
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Advanced Characterization of EVA Degradation: FTIR-ATR 
Formation of 

Polyvinyl Alcohol 

Main Chain C-H Absorption 
~2920 cm-1 

Cell/EVA 

Glass/EVA 

Glass/EVA 

Cell/EVA 

-OH Absorption 
~3500 cm-1 ‘Light’ 

‘Dark’ 

‘Light’ 

‘Dark’ 

‘Light’ 

‘Dark’ 

‘Light’ 

‘Dark’ 

 
 

   
  
  

Shift in C-O Stretch Peak 
(Secondary Alcohol 
Formation) 

Cell/EVA 

Glass/EVA 

‘Light’ 

‘Dark’ 
‘Light’ 
‘Dark’ 

Glass 

EVA 
Cell 
EVA 

Backsheet 

Crosslinking 

Chain Scission 
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Advanced Characterization of EVA Degradation: FTIR-ATR 
Formation of 

Polyvinyl Alcohol 

Main Chain C-H Absorption 
~2920 cm-1 

Cell/EVA 

Glass/EVA 

Glass/EVA 

Cell/EVA 

-OH Absorption 
~3500 cm-1 ‘Light’ 

‘Dark’ 

‘Light’ 

‘Dark’ 

‘Light’ 

‘Dark’ 

‘Light’ 

‘Dark’ 
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Acetic Ions/Salts Absorption 
~1560 cm-1 

Cell/EVA 

Glass/EVA 

‘Light’ 

‘Dark’ 

‘Light’ 
‘Dark’ 

Shift in C-O Stretch Peak 
(Secondary Alcohol 
Formation) 

Cell/EVA 

Glass/EVA 

‘Light’ 

‘Dark’ 
‘Light’ 
‘Dark’ 
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FTIR-ATR: Interdependencies of Degradation Pathways 

—hydrolytic depolymerization catalyzed in acidic conditions— 

energy barrier for acid catalyzed hydrolytic 
depolymerization of SiO bonds 

25 

20 

15 

10 

Adapted from Cypryk and Apeloig, 
Organometallics, 2002 

      
  

  
         
        

    

 

 

  
 

       

     
 

Acetate Salts 

Deacetylation 

Hydrolytic Depolymerization 

Glass/EVA 

5 
Location of key C-O stretching bands for Acetate Ions/Salts1: 

i. symmetric stretch – 1415 ± 20 0ii. antisymmetric stretch – 1570 ± 20 Neutral Protonated i. low concentrations of acetate  weak split peaks at 1560 and 1577 Hydrolysis Hydrolysis ii. high concentrations of acetate  peaks merge and give higher intensity 

En
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r (
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) 

1 - Wang & Golden, International Journal of Electrochemistry, 2013. 
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FTIR-ATR: Interdependencies of Degradation Pathways 

Location of key C-O stretching bands for Acetate Ions/Salts1: 
i. symmetric stretch – 1415 ± 20 
ii. antisymmetric stretch – 1570 ± 20 

i. low concentrations of acetate  weak split peaks at 1560 and 1577 

Acetate Salts 

—hydrolytic depolymerization catalyzed in acidic conditions— 

Glass/EVA 

Deacetylation 

Hydrolytic Depolymerization 

      
  

  
         
        

    

  
 

       

ii. high concentrations of acetate  peaks merge and give higher intensity 
1 - Wang & Golden, International Journal of Electrochemistry, 2013. 
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Outline 
Scope: industrially-relevant new concepts in solar module encapsulation and 
moisture barrier technologies to accelerate state-of-the-art module 
performance, reliability and manufacturability with new module materials and 
interfaces demonstrated using accelerated testing and reliability models. 

• Thrust 1: Encapsulant Degradation Mechanisms 
– WAXS, DSC, and FTIR-ATR of delaminated EVA (with SLAC) 
– understanding and modeling of fundamental degradation pathways 

• Thrust 2: Advanced In-Situ Moisture Barrier Technology 
– open-air plasma-deposition of submicron multilayer barrier films 
– improved moisture barrier properties under accelerated aging conditions 

13 



Open-Air Spray Plasma Processing of In-Situ Barrier Films 

TEOS 

b) 

SiOxCy 

SiOxCy 

SiO2 

SiO2 

SiOxCy 

500nmSolar Cell 

Tetraethyl orthosilicate 
(TEOS) 

OHH OHH 
OHH OHH 

Open-air spray plasma process for SiOxCy 

    

 

 
    

   Open-air plasma process for SiO2 14 



    

 

  

 
 
 

 

  

Barrier Layers Markedly Improves Device Stability 
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Barrier Properties – WVTR by Calcium Test 

Glass mounted with Epoxy (250 μm) 

Evaporated Cu (1 μm) 1 1-layer Organosilicate 

1-layer SiO2 

38°C, 90% RH 

Evaporated Ca (50 nm) 
Barrier Film (100 nm – 500 nm) 

Polymer Substrate (150 μm) 

W
VT

R 
(g

/m
2 /d

ay
) 

0.1 
Direction of moisture 

permeation 

0.01 

1E-3 
1 3 5 

Number of Barrier Layers 
Microscope Image Processed Image 

5-layer barrier has a WVTR of 5.92 * 10-3 g/m2/day which is more than 2 
orders of magnitude lower than a single layer organosilicate barrier. 
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High resolution WAXS, DSC, and FTIR-ATR explain the 
presence and interdependencies of degradation pathways. 

deacetylation 

UV radical 

𝜷𝜷-scission 

hydrolytic depolymerization 

  

  

   

 
    

  

 

   

Conclusion: New Concepts in Module Reliability 
Scope: industrially-relevant new concepts in solar module encapsulation and moisture barrier 
technologies to accelerate state-of-the-art module performance, reliability and manufacturability with 
new module materials and interfaces demonstrated using accelerated testing and reliability models. 

Thrust 1: Encapsulant Degradation Mechanisms Thrust 2: Open-air In-Situ Moisture Barriers 
1.2 

1.0 

0.8 

0.6 

0.4 

0.2 

0.0
0 300 

50% RH, 50oC 

No barrier 

3 layer 

1 layer 

600 
Time (Hours) 

Low-cost barrier layers significantly improves 
solar cell stability in humid environments. 
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encapsulation 

front glass 

encapsulation 

bifacial Si HJT 
(or future tandem) 

Ag lines 

Future Directions – Advancing Bifacial Modules 
Advancing Bifacial Solar Module Reliability and Manufacturability with New 
Module Materials and Light-Weight Transparent Back Lamination 

Builds directly on capabilities developed in our current DuraMAT program, 
include advanced characterization and modeling of fundamental degradation 
pathways in module materials and our advanced in-situ moisture barrier 
technology. 

Leverages the DuraMAT Materials Characterization and Forensics capability 
through our continued partnership with SLAC and collaboration with Dr. Matt front 
Reese on WVTR characterization and Dr. Mike Woodhouse at NREL involving glass 
bifacial techno-economic analyses useful for U.S. PV manufacturing. assembly 

Thrust 1 - Bifacial module materials degradation and interface reliability characterization. solar cell 
Thrust 2 – Develop and validate a transparent polymer back lamination technology 
comprising 1) a conformal, dense, multi-dyad thin-film barrier structure deposited directly 
onto the module backside using a scalable open-air spray plasma for pin-hole free transparent barrier layers barriers, 2) a high-quality transparent encapsulate, and 3) transparent polymer backsheet back containing fluoropolymer which provides robust mechanical protection. 

lamination transparent backsheet 
*Woodhouse, “Considerations for Utilizing Bifacial PV Technologies…” bifiPV Work. 2019. 



           

          

25 Year Low Cost Flexible Frontsheet Lifetime Prediction 

SPWR: David Okawa, Hoi Ng, Sam antha  Hoang, Tam ir  Lance , Hiram  Dunn, Abby Taussig  

NREL: Mike  Kem pe , Pe te r  Hacke , Michae l Owen  -Be llin i, Derek Holsapp le , Trevor  Lockm an, Joshua  Morse  

© 2020 SunPower Corporation 



   

         

   

        

     
    

    
      

 
     

   

Background Value of Low-cost Frontsheets 

Flexib le  pane ls  enable  
saving  in  BOS  &  Insta ll  but  
added  cost  to  the  m odule  

• PV installed system costs have dropped significantly, in 
particular the module cost 

• Light -weight, roof -conforming panels have potential to 

– Reduce the mechanical BOS, logistics & install laborcosts 

– Open up  new  m arke ts  (low  load  othe r)  

• A non-rigid fron tshee t  is  the  key  enab le r  to  the  poten tia ls  

• Transparen t,  com m odity-grade plastics are gene ra lly not 
durab le  for  outdoor  PV applica tions  

• However, long-life tim e fron tshee t  options, like ETFE, are 
Source: U.S. Solar Photovoltaic System Cost Benchmark: Q1 2018substan tia l cost  adde rs  to  the  m odule  cost  

A low-cost and re liab le fron tshee t  enables  fu ll  cap ture  of  the  cost  saving  

© 2020 SunPower Corpora tion | 2 



    

          

       

    

      

         

       

Flexible Panel EnablersA Non-rigid Frontsheet 
• Known non -rigid frontsheet solutions: 

– Ultra -Barrier Film : Requ ired for  wate r-sensitive  ce ll technology bu t com plex structu re  with  high  cost  

– ETFE Film:  Good  weathe rab ility  bu t  one  of  the  highest-cost  fluoropolym er  

– Thin-glass: PV-fam ilia r m ate ria l bu t costly tem pering process 

• Lower-cost m ate ria l choices like PVDF, PC,and  PETare poten tia l fron tshee ts  

• For non-fluoropolymers ,  various  designs  can  be  used  to  protect  non-UVstab le m ate ria ls 

Protecting layer 

Polymer Polymer Polymer 

UV-filtering Layer UV-filtering Coating Integrated UV absorbers 

15  fron tshee t  candida tes,  includ ing  an  ETFE  contro l,  are  investiga ted  

© 2020 SunPower Corpora tion | 3 



    

 
  
  
  

 
 
 
 
 

 
 

 

Frontsheet Material Candidates 
ETFE PVDF 

ETFE(Positive control) 

Non -PET options 
PET w/ UV 

filtering layer 

PET w/ UV 
filtering 
coating 

PET w/ 
integrated UV 

absorbers 

Non -stabilized 
PET (Nega tive  control)  

Polycarbonate (PC) 

PET 

# Material Cost 
1 ETFE High 
14 PVDF High-Med 
15 Acrylic-coated PC High-Med 
3 Fluoropolymer-laminated PET Medium 
13 Fluoropolymer-coated 2 PET Medium 
4 Acrylic-coated 3 PET Med-Low 
9 Acrylic-coated 1 PET Med-Low 
11 Acrylic-coated 2 PET Med-Low 
12 Fluoropolymer-coated 1 PET Med-Low 
6 UV-blocker 1 (High) PET Med-Low 
8 UV-blocker 2 (High) PET Med-Low 
5 UV-blocker 1 (Med) PET Low 
7 UV-blocker 2 (Med) PET Low 
2 Untreated PET 1 Lowest 
10 Untreated PET 2 Lowest 

© 2020 SunPower Corpora tion | 4 



    

       
  

     
      

 

Xenon-Arc Lifetime Experiment Set-Up 

• Xenon -Arc chambers were  se lected  as  the  indoor  acce le ra ted  aging tool to  understand  
photothe rm al  degrada tion .  

• Bare-films for a ll 15 m ate ria ls  were  prepared  for  each  condition  and  UV-Vis transmission 
m easurem ents  were  taken  throughout  the  exposure  tim e .  

Condition 1 2 3 4 5 6 

Sample Temperature 70°C 70°C 70°C 50°C 80°C 90°C 

UV Intensity 1X 10X 2X 2X 2X 2X1X = 0.4 W/m2-nm @ 340nm 

Same temperature Same UV irradiance 

© 2020 SunPower Corpora tion | 5 



    

    
           

    

∆TRN = T-Delta Transmission Fluoropolymers x Tinitia l 

Condition :  70°C, 10X Condition :  90°C, 2X 

ETFE PVDF ETFE PVDF 

• ETFE exhib ited  little  degrada tion  throughout  the  te st  
• PVDF did  not degrade  a t the  UV-in tense  conditions  but sligh tly a t the  90°C case 

© 2020 SunPower Corpora tion | 6 



    

        
      

    

       

       

∆TRN = T-Delta Transmission PETw/ Integrated UV Absorbers x Tinitia l 

Condition :  70°C, 10X Condition :  90°C, 2X 

UV-blocker 1 
(Med) PET 

UV-blocker 2 
(Med) PET 

UV-blocker 2 
(High) PET 

Untrea ted  
PET 1 

UV-blocker 1 
(Med) PET 

UV-blocker 2 
(Med) PET 

UV-blocker 2 
(High) PET 

Untrea ted  
PET 1 

• UV-blocke r  type  is  m ore  critica l than  the  UV absorbe rs  concentra tion  
• Observed  UVblocker  degrada tion  ind ica ted  by  the  increased  ΔTRN a t sub-400nm 

© 2020 SunPower Corpora tion | 7 



    

       
        

    

 
 

    
 

   
  

∆TRN = T-Delta Transmission UV-filtering on PET x Tinitia l 

Condition :  70°C, 10X Condition :  90°C, 2X 

Fluoropolym er  
-lam ina ted  PET  

Acrylic-coa ted  
1 PET 

Fluoropolym er-
coa ted  1  PET  

Fluoropolym er-
lam ina ted  PET  

Acrylic-coa ted  
1 PET 

Fluoropolym er-
coa ted  1  PET  

Untrea ted  
PET 1 

Untrea ted  
PET 1 

• A few UV-filte ring coa tings  protected  the  PET undernea th  from  UV  
• The  protection  was  not  as  e ffective  a t  highe r  tem pera ture  condition  

© 2020 SunPower Corpora tion | 8 



    

    

      

 

    

Metric for Lifetime Calculation SQEWT 
Solar Quantum Efficiency Weighted Transmission (SQEWT)  was  ca lcu la ted  from  the  

UV-Vis % transmission spectrum of the  m ate ria l, we ighted by  AM1.5 (Ee) in W/m 2-nm , and  

the  crystalline silicon quantum efficiency profile (xSiAve) 

𝜆𝜆=1486 𝑛𝑛𝑛𝑛∑𝜆𝜆=200 𝑛𝑛𝑛𝑛 𝜆𝜆𝑖𝑖 ⋅ 𝑆𝑆𝑒𝑒 𝜆𝜆𝑖𝑖 ⋅ 𝑥𝑥𝑆𝑆𝑥𝑥𝐴𝐴𝐴𝐴𝑒𝑒 𝜆𝜆𝑖𝑖 ⋅ 𝑆𝑆𝑇𝑇𝑇𝑇(𝜆𝜆𝑖𝑖 )𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = 𝜆𝜆=1486 𝑛𝑛𝑛𝑛 𝜆𝜆𝑖𝑖 ∑𝜆𝜆=200 𝑛𝑛𝑛𝑛 ⋅ 𝑆𝑆𝑒𝑒 𝜆𝜆𝑖𝑖 ⋅ 𝑥𝑥𝑆𝑆𝑥𝑥𝐴𝐴𝐴𝐴𝑒𝑒 𝜆𝜆𝑖𝑖 

𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 − 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑥𝑥 𝑇𝑇𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑥𝑥𝑅𝑅𝑅𝑅 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 = [ 1 − ] ⋅ 100% 𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑖𝑖 

70°C 
1X 

70°C 
2X 

70°C 
10X 

50°C 
2X 

80°C 
2X 

90°C 
10X 

*Som e da ta  a re  m issin ,  esp .  the  extrem e  cases,  due  to  sam ple  em brittlem ent  
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Lifetime Model The Set-up 
1. Use acce le ra ted  life tim e te sts  to  understand  photo-the rm al degradation  m echanism s  quantified by  ra te 

of  change  in SQEWT. Use the  activation energy (𝑬𝑬𝒂𝒂) and  linearity coefficient (x) to estab lish reaction  
kine tics. ∆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐸𝐸𝑎𝑎 𝑥𝑥 ⋅ e− 𝑘𝑘𝑘𝑘 Modified Arrhenius-Peck Relationship with UV = 𝐶𝐶 � 𝑈𝑈𝑉𝑉𝑖𝑖𝑛𝑛𝑐𝑐𝑒𝑒𝑛𝑛𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖 ∆𝑅𝑅 

2. Obtain Ea, x, and  C by solving two linear equations  or  fitting a ll conditions  sim ultaneously. 
1 𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑎𝑎 1

𝑦𝑦1 = 𝑅𝑅𝑙𝑙 ⋅ Data at constant UV intensity (y 1)= 𝑅𝑅𝑙𝑙𝐶𝐶 + 𝑥𝑥 � 𝑅𝑅𝑙𝑙𝑈𝑈𝑉𝑉𝑖𝑖𝑛𝑛𝑐𝑐𝑒𝑒𝑛𝑛𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖 −𝑆𝑆 𝛥𝛥𝑅𝑅 𝑘𝑘 𝑆𝑆 

𝛥𝛥𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑆𝑆𝑎𝑎 𝑦𝑦2 𝑈𝑈𝑉𝑉𝑖𝑖𝑛𝑛𝑐𝑐𝑒𝑒𝑛𝑛𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖 = 𝑅𝑅𝑙𝑙 = 𝑅𝑅𝑙𝑙𝐶𝐶 + 𝑥𝑥 � 𝑅𝑅𝑙𝑙𝑈𝑈𝑉𝑉𝑖𝑖𝑛𝑛𝑐𝑐𝑒𝑒𝑛𝑛𝑖𝑖𝑖𝑖𝑐𝑐𝑖𝑖 − Data at constant temperature (y 2)𝛥𝛥𝑅𝑅 𝑘𝑘𝑆𝑆 

3. Utilize 𝑆𝑆𝑎𝑎 , c, a specified critica l transm ission  loss percen t  (∆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑐𝑐𝑐𝑐𝑖𝑖𝑐𝑐), UV(t), and  T(t) from the  TMY3 file to 
ca lcu la te the  life tim e of  each m ateria l. 

𝑐𝑐=1 𝑖𝑖𝑐𝑐 𝑐𝑐=1 𝑖𝑖𝑐𝑐 
𝑆𝑆𝑎𝑎 � ∆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑑𝑑𝑅𝑅 = � 𝐶𝐶 ⋅ UV t 𝑥𝑥 ⋅ e𝑥𝑥𝑥𝑥 − 𝑑𝑑𝑅𝑅 

𝑘𝑘𝑆𝑆 𝑅𝑅 
𝑐𝑐=0 𝑖𝑖𝑐𝑐 𝑐𝑐=0 𝑖𝑖𝑐𝑐 

𝑐𝑐=1 𝑖𝑖𝑐𝑐 ∆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑑𝑑𝑅𝑅 ÷ SQEWTinitial ∆SQEWT1 yr = ∫𝑐𝑐=0 𝑖𝑖𝑐𝑐 

∆SQEWTcrit 𝐿𝐿𝑥𝑥𝐿𝐿𝑅𝑅𝑅𝑅𝑥𝑥𝐿𝐿𝑅𝑅 = 
∆SQEWT1 yr 
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Calculated Lifetimes by Candidate 

Material Cost ∆SQEWT1 yr ∆SQEWT25 yr 
Lifetime (yr) 
∆SQEWTcrit = -2% 

Lifetime (yr) 
∆SQEWTcrit = -8% 

1 ETFE High 0.05% 1.31% 38.14 152.3 

6 UV-blocker 1 (High) PET Med-Low 0.09% 2.30% 21.75 87.0 

12 Fluorine-coated 1 PET Med-Low 0.11% 2.83% 17.66 70.6 

5 UV-blocker 1 (Med) PET Low 0.25% 6.23% 8.03 32.1 

3 Fluoropolymer-laminated PET Medium 0.33% 8.19% 6.10 24.4 

14 PVDF High-Med 0.80% 20.07% 2.49 9.96 

11 Acrylic-coated 2 PET Med-Low 1.10% 27.54% 1.82 7.28 

13 Fluoropolymer-coated 2 PET High-Med 1.28% 31.88% 1.57 6.28 

9 Acrylic-coated 1 PET Med-Low 2.10% 52.57% 0.95 3.8 

4 Acrylic-coated 3 PET Med-Low 3.40% 85.04% 0.59 2.36 

15 Acrylic-coated PC High-Med 3.85% 96.33% 0.52 2.08 

2 Untreated PET 1 Lowest 7.01% >100% 0.29 1.16 

7 UV-blocker 2 (Med) PET Low 9.05% >100% 0.22 0.88 

10 Untreated PET 2 Lowest 35.61% >100% 0.06 0.24 

8 UV-blocker 2 (High) PET Med-Low - - - -

© 2020 SunPower Corpora tion | 11 



    

 

   

        

   
  

             

            

      

 
     

          

           
   

Calculated Lifetimes by Material Group 
• UV linearity factors (X)and  Activation Energy (Ea) are  sum m arized  by m ate ria l groups  

• The  la rge  range  ind ica te s  tha t  m ate ria ls  degraded  d iffe ren tly  even  with  sim ila r  approaches  

• UV linearity factors (X) 
– Lowest  for  fluoropolym ers  

– UV-filte ring (both lam ina ted laye rs or coa ting) on PETs worked well in filte ring ou t the UV 

– PETs  w/ in tegra ted  UV absorbe rs  are  still suscep tib le  to  UV, especia lly the top  su rface  

– Most m ate ria l showed sm alle r Xthan lite ra tu re value 

• Activation Energy (Ea) 
– Most m ate ria ls had sm alle r Ea than  lite ra tu re  values  

Material Group X Ea (kJ/m ol) 

Fluoropolymers 0.39±0.37 16.5±1.7 

Fluoropolymer-protected PETs 0.52±0.24 13.5±9.9 

– High Ea for acrylic-coa ted  PETs  from  breakdown  of  h igh  T  case  Acrylic-coated PETs 0.47±0.41 43.8±42.9 

PETs w/ Integrated UV absorbers 0.62±0.45 23.2±29.9 

Untreated PETs 0.57±0.07 19.1±7.9 

Fischer and Ketola* 0.64±0.2 36±18 * R. M. Fischer and W. D. Ke tola ,  “Error  Analyses  and  Associa ted  Risk  for  Acce le ra ted  
Weathering  Results,” Third International Service Life Symposium, Sedona, AZ February 2004, 2004. 

© 2020 SunPower Corpora tion | 12 

https://0.62�0.45
https://0.47�0.41
https://0.52�0.24


    

       

           

 

        

       
    

Conclusion and Next Steps 
• 15 low-cost frontsheet candidates were tested under various Xenon -Arc conditions 

• The delta transmission curves showed the importance of material and formulation 
selection 

• This work also demonstrated the benefit of multiple testing conditions ( IEEE PVSC paper) 

• A life tim e  m ode l based  on  the  transm ission  degrada tion  of each  m ate ria l was  presented  

• Few m ate ria ls can m eet high transm ission for 25 year PV product life tim es 

Next  steps  

• Continue  to  eva lua te  othe r  fa ilu re  m odes  of  best  fron tshee t  candidates  

• Life tim e  study  on substra te  and  encapsulan t  m ate ria ls for flexib le pane ls (2nd  DuraMAT 
project,  ta rge t  end  da te :  December 2021) 
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PET degradation 

• The ester carbonyl group (R -C-O) of the 
PET is subject to UV absorption, thus, 
photodegradation is  one  of  the  m ain  
degrada tion  m odes  of  PET  

• Degrada tion  can  occur  in  oxida tive  and  
non-oxida tive  environm ents.  Norrish  I  
and  II m echanism s  occur  under  non-
oxida tive  environm ents.  

• Photodegrada tion  leads  to  cha in  
scissoring, which  reduces  the  m olecula r  
weights  and  m echanica l prope rtie s  
and/or  causes  discolora tion  
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GHI = Global Horizontal IrradianceTMY3 Data 

https://rredc.nrel.gov/solar/old_data/nsrdb/1991 -2005/tmy3/by_state_and_city.html 
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Background 
Courtesy of ITRPV 

• PERC technology is the market 
mainstream and has gained >50% 
market share in 2019. 

• Some PERC solar cell technologies were 
found to be susceptible to a new 
degradation mode called LeTID, which 
may lead to up to 10% efficiency loss. [1, 2] 

• LeTID has attracted interest by buyers, 
and researchers in the last two years. 

• The topic was also brought in IEC TC 82, 
WG 2, where a discussion for a new 
technical specification targeting LeTID 
takes place. 

[1] K. Ramspeck et al., “Light induced degradation of rear passivated mc-Si solar cells”, 27th EUPVSEC 2012 
[2] F. Kersten et al., “A new light induced volume degradation effect of mc-Si solar cells and modules”, 30th EUPVSEC 2015 
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LID and LeTID 
LID: 
• Well known effect, impacting in the first several hours of the Current injection: ISC – IMPP 

testing Temperature: 75°C 

• Known mechanisms 
 Boron Oxygen complex formation (BO LID) 
 Iron Boron (FeB) pair dissociation 

LeTID: 
• Occurs at elevated temperatures > 50°C under illumination 
• Slower degradation rate, followed by a much slower 

recovery 
• Unknown mechanisms 
Possibly due to hydrogen diffusion in the bulk or hydrogen 

related defect activation [1] 

[1] A. Ciesla et al., “Hydrogen-Induced Degradation”, 7th World Conference on Photovoltaic Energy Conversion, Hawaii, 2018 
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Challenges of LeTID testing 

Low temperature / low current injection: 
• Slow degradation → High lead time → high cost 

High temperature / high current injection: 
• Underestimated degradation (fast regeneration 

occurs that covers most of the degradation) 
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[1] E. Garica Goma et al., “Irradiance and temperature test method for Light 

Challenges of LeTID testing 

Low temperature / low current injection: 
• Slow degradation → High lead time → high cost 

High temperature / high current injection: 
• Underestimated degradation (fast regeneration 

occurs that covers most of the degradation) 

Degradation assessment: 
• Intermediate power measurements may not fully 

reveal actual maximum degradation [1] 

• High frequency of power measurements 
→ High lead time → high cost 

• Low frequency of power measurements and Elevated Temperature Induced Degradation and Regeneration on 

→ Inaccurate assessment commercial PERC modules”, 27th EUPVSEC, Brussels, 2018 
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IEC Draft 

IEC test method TÜV Rheinland Energy GmbH 
Applied current ISC- IMPP Module Type U: LeTID degradation (detection) Temperature 75 ± 3 °C 

0 - Initial 1 - Degradation 2 - Degradation 3 - Degradation 4 - Degradation 162 hrs each cycle; 
700 Min. of 2 cycles x 162 until the 0 

Duration difference in PMAX between 2 cycles 
600 -1is less than 1% 

Real-time None -2 500 monitoring 
Power output Interim PMAX measurement every 

400 measurement cycle -3 

Pfinal n ≥ 0,95 × Pinitial n × (1-r[%]/100) 
300 If the inequality is not satisfied, the -4 

Evaluation PV modules are deemed LeTID-
200 sensitive -5 

100 -6 
Challenges: 

0• Long testing period (~600h)→ high cost -7 
Phase 

• Samples may still not fully stabilize
 Stress Time (h) Module 1 Type U 

• No information between 162h cycles 

Re
l. 

De
gr

ad
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[%
] 

0 h 

162 h 

324 h 

486 h 

648 h0.000 

-2.896 

-4.558 

-5.571 

-6.618 
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LeTID Test – TÜV Rheinland Standard 2 PfG 2689/04.19 
Comparison with the IEC test method 

TÜV Rheinland Standard IEC test method 

Applied current (ISC- IMPP) x 2 ISC- IMPP 

Temperature 75 ± 3 °C 

Duration Max. of 300 hrs or when the samples are in the fully 162 hrs each cycle; Min. of 2 cycles x 162 until the 
degraded condition, whichever comes first difference in PMAX between 2 cycles is less than 1% 

Real-time monitoring Dark voltage monitoring during LeTID to avoid None 
frequent taking in/out of samples, which might further 
affect LeTID testing 

Power output Initial and final PMAX measurement Interim PMAX measurement every cycle 
measurement 

Evaluation 1 − r %Pfinal n ≥ 0,95 × Pinitial n × 
100 

If the inequality is not satisfied, the PV modules are deemed LeTID-sensitive 

! The test method attempts to shorten the test lead time and simplify the test procedure while the severity of the test 
condition and quality of the final results is not compromised. 

2/25/2020 PV Reliability Workshop, Denver, Forum 2020 14 
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LeTID Test - TÜV Rheinland Standard 2 PfG 2689/04.19 
Our Test Protocol: 2 PfG 2689/04.19 Light and Elevated Temperature Induced Degradation (LeTID) Test for c-
Si Photovoltaic (PV) Modules: Detection 

2 samples 

 
        

    

 

 

   

 

  

   

   

     
     

 

 
   

  

     
   

     

Visual inspection 1) Test conditions 

Performance at STC 2) 

EL at ISC and 0,1 * ISC (optional) 

LeTID 3) 

Visual inspection 

1) acc. to 4.1 (MQT 01) of IEC 61215-2 

2) acc. to 4.6 (MQT 06) of IEC 61215-2 

3) to be performed at: 75 ± 3 °C 
Carrier injection of (ISC- IMPP) x 2 
Max. test duration of 300 hours 

Performance at STC 

EL at ISC and 0,1 * ISC (optional) 
! PMAX after LeTID considering reproducibility greater than 5% compared with the 

initial PMAX  Samples are deemed LeTID-sensitive. 

2/25/2020 PV Reliability Workshop, Denver, Forum 2020 15 
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Electronic set-up for LeTID testing 

…
…

 
PV 

2wire-4wire 
Conversion 

I+ 
I-

V+ 
V-

Current 
Divider 

Power Supply 

Multimeter 

Current Injection 

Dark Voltage 

Dark Current 
Temperature 

PV 

2wire-4wire 
Conversion 

I+ 
I-

V+ 
V-

Current 
Divider 

Power Supply 

Current Injection 
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…
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Environmental chamber 

Thermocouple 

Thermocouple 
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Correlation of dark voltage variation with power degradation 
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Variation in PMAX vs. dark voltage 

Variation of Dark Voltage 

2/25/2020 PV Reliability Workshop, Denver, Forum 2020 

Module Type B: #1 

Module Type B: #2 

Module Type B: #3 

Module Type B: #4 

Module Type D: #1 

Module Type D: #2 

Module Type D: #3 

Module Type D: #4 

Module Type F: #1 

Module Type F: #2 

Module Type F: #3 

Module Type F: #4 

• Dark voltage is plotted against power at 
various stages of LeTID testing (0, 46, 
106, 169, 201, 336, 450 and 600h). 

• Dark voltage loss correlates well with 
maximum power loss. 

• In statistics the correlation is strong 
(Pearson coef. >0.95) and statistically 
significant (confidence >99%). 

• Dark voltage monitoring is an effective 
means to understand when samples 
have reached maximum degradation 
and have entered the regeneration 
phase in the chamber. 
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LeTID Test - Effect of different current injection at PERC solar cells 
ISC-IMPP 2×(ISC-IMPP) 4×(ISC-IMPP ) 

Manufacturer A 

Manufacturer B 

Manufacturer C 
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LeTID Test - Effect of different current injection at PERC solar cells 
ISC -IMPP 2×(ISC -IMPP) 4×(ISC -IMPP ) 

Manufacturer A 

Manufacturer B 

Manufacturer C 
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LeTID Test - Effect of technology 
Poly and n-type c-Si solar cells 

P-type poly PERC N-type mono PERT 

ISC -IMPP 

2*(ISC-IMPP) 
N-type 

2*(ISC -IMPP) 
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LeTID test result (module A) 

“LeTID-free” PV module: 
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LeTID test result (module B) 

PV module with LeTID degradation: 
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Summary 

• PERC cells can be significantly affected by LID and LeTID which needs to be understood. 
• Unlike LID, LeTID occurs at high temperature (>50°C) and the degradation rate is much 

slower than that of LID. 
• Using the previously proposed IEC draft standard may result in long testing period (>600 

hours). Other test variants that assume ISC current to shorten the period of testing are not 
suitable to assess LeTID degradation, as they underestimate degradation. 

• TÜV Rheinland Standard (2 PfG 2689/04.19) shortens the LeTID testing period to 300h. 
Simulations show that test reveals the degradation that will occur in an open air environment 
within 2% and should therefore be understood as a screening test. 

• With environmental data and modelling, the energy loss of the PV module regarding to the 
LeTID can be estimated. The latter is the object of our current research. 
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 Thank you for your attention ! 



    
   

   
  

Materials characterization and multi-scale modeling 
of Electrically Conductive Adhesives 

M. Springer, N. Bosco, National Renewable Energy Laboratory, Golden, CO, USA 
J. Hartley, Sandia National Laboratories, Albuquerque, NM, USA 



    

 
 

   

 

 
 

  

  

 

Challenges - using the Finite Element Method for PV applications 

Materials modeling 
• complex materials (polymers = viscoelasticity) 
• various degradation mechanisms 

Geometry discretization 
• large aspect ratio 
• feature size from µm to m 

schematic 

shingled cell module 

long  computational times 
multi – scale modeling approach 2D FEM model (to scale) 

Goal Will the ECA joint hold? 

Si cell ? 

Glas s 

EVA 

ECA Silicon 

Backsheet 
ECA joint 

ECA 
Si cell 
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Outline 

Materials Characterization – Martin Springer (NREL) 
• viscoelastic characterization of ECA’s 
• identification of degradation mechanisms and failure criteria for ECA’s 

Multi scale modeling approach– James Hartley (SANDIA) 
• full scale model of a shingled ECA module 
• multiscale modeling approach towards degradation and failure prediction 
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Viscoelastic Materials Characterization - Loading rates 

What are the loading rates in a PV module? 
Thermal loading – module temperature 

time domain frequency domain 

FFT 

Fast Fourier 
Transformation 

Wind loading 
Resonance frequencies of modules between 10 Hz and 100 Hz 

Assmus, et al. 2011: Measurement and simulation of vibrations of PV-modules induced by dynamic mechanical loads 

Frequency range, f: 10-8 Hz to 100 Hz (or time period, T, from 1 year to 0.01 seconds) 
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Viscoelastic Materials Characterization – PV Applications 

Viscoelastic material Time-temperature superposition Material model 

Master curve (frequency domain) PV application 

Prony series Time domain 
• relaxation modulus, E(t) 

Frequency domain 
• storage modulus, E’ 
• loss modulus, E’’ 

Shift function 
WLF 

valid for one 
temperature 
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Springer M, Bosco N. Linear viscoelastic characterization of electrically conductive 
adhesives used as interconnect in photovoltaic modules. Prog Photovolt Res Appl. 2020.Materials Characterization - Viscoelasticity https://doi.org/10.1002/pip.3257 

ECA specimen Acrylate 1 Epoxy 1 Comparison of two ECAs 
(DMA) 

*values modified 

Data sheet* 
E’(-5°C) = 5 GPa 
E’(30°C) = 2.5 GPa 

? 

Glas s 

EVA 

ECA Silicon 

Backs heet 

T = 35°C 
Epoxy 4 Epoxy 3 

Epoxy 1 

(30mm x 3mm x 1mm) stress high 
strain low 

Epoxy 3 

stress low 
strain high 
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Materials Characterization – Identification of damage mechanisms 

Thermal Cycling Test Vehicle interface area mechanical degradation 
Schematic 

Cu cylinder 
ECA N = 0 N = 490 

DBC 

N = 816 N = 1214Failure modes 
electrical degradation Mixed failure mode 

ECA ECA ECA 

Adhesive failure mode Cohesive failure mode 

  

 
 

 
 

Delamination Crack 

Schematics: 
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Failure criterion - debond driving force 

Maximum stress theory 
no failure if ultimate failure 

oversimplification 

Fracture mechanics – strain energy release rate 

debond driving force 

fracture criterion …critical strain energy release rate (or fracture toughness) 
…material or interface property 

8 



  

 

Materials Characterization – Subcritical crack growth 

Evolving fracture surface over time no growth subcritical critical 

caused by 
• viscoelastic relaxation 
• stress-enabled chemical reaction 

 environment 
• (fatigue) 
• … 
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Materials Characterization – Subcritical Debonding 

Temperature variation Humidity variation 
(dry environment AH < 5 g/m3) (Temperature = 45°C) 

humid dry 

Failure Mode 

• Cohesive Interface Failure 
(dry environment) 

• Adhesive Interface Failure 
(humid environment) 

viscoelasticity dry - viscoelasticity 
humid – stress enabled chem. reaction 

What is the debond driving force in a shingled cell module? 
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Debond driving force in a PV module 

Full size module to crack tip fracture mechanics 

Glas s 

EVA 

ECA Silicon 

Backsheet 

ECA joint 

ECA 

Si 

Si 

debond driving force 

J-Integral 

Challenges 
• crack tip requires very fine discretization  unfeasible in full scale module 
• 2D simplified model lacks the appropriate boundary conditions 

multi-scale modeling approach 

Crack 
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Multi-scale modeling approach: Goals 

(Simplified) checklist for understanding failure in an ECA joint 

 ECA mechanical property characterization: f(Time, temperature, moisture exposure, …) 

 Debond threshold characterization: f(temperature, moisture exposure, …) 

 Fracture mechanics finite element models of individual ECA joints 

 Driving forces affecting an ECA joint inside a deployed shingled cell module 

How do external environments propagate down to the ECA joints inside a module? 
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Multi-scale modeling approach: Why? 

Not enough computing power! 
• Finite element modeling discretizes geometries and equations of interest to estimate a solution 
• The problem for ECAs: More elements = too big to solve; Fewer elements = can’t resolve crack opening 

A finite element model An ECA finite element model A shingled ECA module 

Nodes 

Elements 

233,000,000,000 
elements needed 

Module dimensions: 
2.0 x 0.005 x 1.0 meters 

ECA element dimensions 
0.035 x 0.035 x (0.035) mm 

Not feasible to model all scales at once 
Analogy for # elements 

As of February 2020 vs. accuracy 
13 



  

  
       

      
     

    
  

   

Multi-scale modeling approach: How it works 

Models at larger scales provide boundary conditions for smaller scales 
• Coarse resolution at large scales captures large movements to apply at lower scales 

• Integrated quantities can be close.. The main difference is resolution 
• Validation at each scale gives better confidence for lower scales 

How do we drive this Map of deformed shape to apply Full scale module model model correctly? to next scale Higher resolution model 

Interpolation 

14 



   

  
   
   

  

   
 

    
   

Multi-scale modeling approach: A full-scale shingled module 

An example full-scale shingled module model 
• Developed from datasheet information and representative examples 
• Captures frames, assembly, interfaces, and mounting schemes 
• 8 million elements but low ECA resolution 

Geometry development Full model ECA resolution vs. 

Edge seal 

Mount rail 

Bolt head 

Sunpower 

Frame interactions, mounting 2D fracture mechanics model 
scheme, edge seal effects 

15 



   

    
      

    
          

    

 
  

 

Multi-scale modeling approach: A full-scale shingled module 

Goals of the full module model are to propagate environmental inputs to the ECA joints 
• May be driven by field-like mechanical and thermal loads with minimal assumptions or simplifications 

• Same material models may be used for full scale module models as 2D ECA models 
• Captures effects of neighboring materials and large-scale movements on the ECA joints 

Wind and snow load modules, not ECAs 
How do we capture the effective loads? 

Mount point 

Pressure (wind) load 

Thermal load 
20°C -> -40°C -> +85°C 

Boundary conditions apply directly to module model 
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Multi-scale modeling approach: Module-scale results 

Key questions to answer using a module scale model 

 Is a 2D assumption acceptable? 

 Which joints are under the highest stress? 

 What are the boundary conditions for ECA joint models? 
Normal stresses on ECA joints 

Plot of Z-direction strain in module 
(uniformity along cell widths is ideal) Principal stresses on cells throughout module 

17 



  

    

 

  

    

  

   

Multi-scale modeling approach: Boundary condition insights 

How should 2D models be driven based on full module results? 

• Cell-position and loading scenario specific 

• Every full module model point is available for this process (cell edges, free surfaces,…) 

0.000000 

0.000020 

0.000040 

0.000060 

0.000080 

0.000100 

0.000120 

0.000 0.020 0.040 0.060 0.080 0.100 0.120 
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m
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Distance along glass interface surface (m) 

Initial interface location 
Displaced interface 

Output points 

This captures the driving forces affecting an ECA joint! 

Movement of glass-EVA interface surface predicted by full module model 
18 
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Summary 

Materials characterization approach: 
• Characterize ECA mechanical (viscoelastic) behavior 

• Characterize ECA degradation and damage thresholds 

Multi-scale modeling approach: 
• Fracture mechanics finite element model to predict crack growth 

• A full scale shingled module model to receive realistic environmental inputs 

• A multi-scale modeling method to derive boundary conditions for fracture models 

Will the ECA joint hold? It depends… Find out more @PVSC2020 

19 
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Outline 

• Introduction 
• Clear Tedlar® PVF film performance and durability 
• Clear Tedlar® PVF-based backsheet performance and 

durability 
• Bifacial Module Testing - Comparison of GG and GB 

module durability 
• Conclusions 
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DuPont’s Approach to Understanding Module Reliability 

Begins in the Field…. Includes Film, Backsheet and Module Testing 

Supported by Robust Accelerated Testing Protocols 

Leveraging Global Network of PV Application Labs, People and Analytical Capabilities 

2/24/2020 
© DuPont 2020 
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Bifacial Cell Technology is Expected to Achieve 
>20% Market Share in 5 Years (ITRPV) 

Water Surface Rooftop Ground 

D u P o n t P h o t o v o l t a i c & A d v a n c e d M a t e r i a l s 
2/24/2020 Copyright © DuPont 2020. All rights reserved 
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A History of Transparent Tedlar® Backsheets 

Old Tedlar® Transparent Film was used in BPIV 
applications – a niche market 

Shown here is our oldest known field case: 

Age at Inspection 18 years 

Location Amsterdam, Netherlands 
Overhang of a building 

Number of Modules 51 full-size 

System Size 6.228 kWp 

Backsheet ID Tedlar®-based 

Status • No backsheet yellowing 
• No backsheet delamination 
• Slight ARC delamination 
• Slight EVA yellowing 
• Slight yellowing of insert used on 

junction box connection 

2/24/2020 
© DuPont 2020 
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Advantages of Transparent Tedlar® PVF film 

Higher Efficiency, Longer Lifetime 

• High light transmittance 

• Long-term field proven history 

• Excellent weather resistance 

• Long-term UV protection 

• Excellent mechanical properties 

• Anti-soiling & easy-cleaning 

• Salt mist & chemical-resistant 

• Sand abrasion resistance 

2/24/2020 
© DuPont 2020 
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New Transparent Tedlar® PVF Film: PV3001 

High transparency 
Robust mechanical properties 

Excellent UV protection for PET-core 
backsheet 

Property Value Method 

Thickness 25 µm Micrometer 

Optical Transmission 94 % ASTM D1003 

MD Elongation at Break 150 % ASTM D882 

TD Elongation at Break 140 % ASTM D882 
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      PVDF 3 PVDF 4 Tedlar® PVF

Elongation Retention of Tedlar® PV3001 Film Over a Wide 
Range of Temperatures 
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UV Durability of Transparent Tedlar®-based Backsheets 
Xenon Arc – RightLight filter UVA-340 Fluorescence 

90 °C BPT, 0.8 W/m2-nm @ 340 nm 70 °C BPT, 1.2 W/m2-nm @ 340 nm 
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Sample 1 - Transmission 

Sample 2 - Transmission 
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Elongation retention of Transparent Tedlar®-based 
Backsheets under Damp Heat 

Test Condition: 85C, 85% RH 

Based on field studies, DH1000 is sufficient for >25 years outdoor exposure 

2/24/2020 
© DuPont 2020 
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More Output – High Light Transmittance of Transparent 
Tedlar® Backsheet 

Wave Length (nm) 

Tr
an

sm
itt

an
ce

 (%
)

Sample of Transparent BS Light Transmittance
（400~1100nm） 

TPC sample by laminator A 91.23% 

TPC sample by laminator B 92.15% 
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Advantages of Clear Tedlar® PVF Film
Color Stability of Tedlar® -based Backsheets in UV 
exposure 

Clear backsheet #1 

Clear backsheet #2 

PET backsheet #1 
Tedlar® backsheet #1 

Tedlar® backsheet #2 

0 63 125 188 250 313 

kWh/m2 

Super UV Exposure: 
• 1500 W/m2 from 290-450 nm，52C Black Panel Temperature，50 % Relative Humidity，No water spray 

Mid-layer PET 

Other 
material 
based clear 
backsheets 

Tedlar® clear 
PVF based 
backsheet 

2/24/2020 
© DuPont 2020 
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Transparent FEVE
Coating Back sheet 透明 Tedlar® 背板 透明FEVE涂覆背板 透明PET背板

Vo
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ut
(L

) 
ASTM E424, Standard Test Methods for Solar Energy GB/T 23988-2009, Determination for abrasion resistance of - Coatings by
Transmittance and Reflectance (Terrestrial) of Sheet Materials falling abrasive material 
Wavelength: 400nm~760nm. Amount of sand refers to the amount required to wear through this layer 
Backsheet samples after 100 liters of sand and surface cleaning The outer layer of PET back-sheet has 2um UV resistant coating 

2/24/2020 15 
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 Bifacial Module Testing 
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 Advantages of Bifacial Module with Transparent Tedlar® Backsheet 

01 Light Weight 02 Less Glass Breakage Lower 
Easy to transport & install, lower labor cost Thin & semi-tempered glass of G/G module is prone to 

EPC / O&M breakage during transportation, installation and field service 

Cost 03 Easy Cleaning 04 More Power Generation 
Stain-resistant, less cleaning frequency More IR heat dissipation enables more power generation 

05 Longer Lifetime 06 Breathability 
More Reliable 35+ years field proven records, low power degradation Breathable backsheet ensures less delamination and 

corrosion System 
07 Less PID risk 08 Harsh Climates Applicable 
Sodium ions from rear glass lead to higher risk of rear Fully tempered glass and robust frame ensure low 
PID of bifacial p-PERC cells risks in harsh climates (hail, wind, extreme 

temperature) 

2/24/2020 
© DuPont 2020 
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G/G Module is Much Heavier Than G/B Module 

• 60-cell module 
• G/B module: 18~19 KG 
• G/G module (2.5/2.5 mm, w/ frame): 25~26 KG 38% 
• G/G module (2.0/2.0mm, w/ frame): 23~24 KG 27% 

• 72-cell module 
• G/B module: 22~23KG 

34%• G/G module (2.5/2.5 mm, w/ frame): 27.5~33 KG 
• G/G module (2.0/2.0 mm, w/ frame): 25.5~27.5 KG 18% 

Making Double Glass Modules 
• More Difficult and Expensive to Transport 
• More Difficult and Expensive to Install 
• Higher Racking & Tracking Cost 
• More Susceptible to Breakage in Transportation 

2/24/2020 
© DuPont 2020 
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More Output – More Rear-side Power Gain with 
Transparent Tedlar® Backsheet 

Output Bi-facial module with transparent Tedlar® back sheet has 
（kWh/kW/day) 0.83% more rear-side power output than G/G bifacial module 

6 
14% Location: Haining, 

5 12% China 
4 10% Tilt: 30° 

8%3 Installation Height: 
6% 

2 1.2m 
4% Rack type: Fixed 1 2% 

Land: Sand 
0 0% 

Test Duration:Feb Mar Apr May Jun Jul Aug 
2019.2.1~2019.8.31 

Energy gain (TV) Energy gain (BDVP) Benchmark TV BDVP 

• TV---bifacial with Tedlar® transparent backsheet; BDVP—bifacial with dual glass 

Rear side power gain: 11.02% (transparent Tedlar® backsheet) vs. 10.19% (G/G) 

Source：Jinko, SWAN bi-facial module presentation 

2/24/2020 19 
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PID Performance of G/BS and G/G Modules 

• Full size Glass/Backsheet and Glass/Glass bifacial modules 
• Same BOM (POE encapsulant and identical bifacial p-PERC cells) 
• -1500V, 85oC, 85%RH.  Module power measured at 96 hour intervals. 

Power Loss- Frontside Power Loss- Backside 
3 5 

Glass/ Backsheet Glass/Glass Glass/ Backsheet Glass/Glass 
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96 192 3840 

96 192 384 
Hours at -1500V, 85C, 85%RH 

Hours at -1500V, 85C, 85%RH 

• Lower power loss in Glass/Backsheet structure with appreciable 
difference on the back side of bifacial module 

• Use of POE does not prevent PID 

2/24/2020 
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°

°

Less O&M Cost – Easy-cleaning Tedlar® Backsheet 

Clear Tedlar® film 
Average contact angle：70°± 6 

2.5mm float glass 
Average contact angle：26°± 2 

 Tedlar® PVF film is fluoropolymer with hydrophobic and stain resistant characteristic, it is mainly covered 
by loose surface of soil (Layer C) 

• Cleaning uses lower water pressure and is less frequent, bringing benefits from less water consumption and less cell crack risk 
• Tedlar® film is abrasion-resistant, loose soiling can be cleaned by dry brush, suitable for arid area and mitigates leakage risks of J-

box 
 Glass is hydrophilic and dirt can form layers which is chemically adhered to the surface 
• Surface dirt is hard to clean, requires higher water pressure to clean leading to cell and glass cracking 
• Easy to get corrosion under humid and salt mist environment, causing stubborn stans (white spots) 

Cuddihy, E. and Coulbert, C. and Gupta, A. and Liang, R. (1986) Electricity from photovoltaic solar cells: Flat-Plate Solar Array Project final report. 
Volume VII: Module encapsulation. JPL Publication, 86-31, volume VII. NASA , Springfield, VA 

2/24/2020 
© DuPont 2020 
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Back-sheet

Less O&M Cost – Easy-cleaning Tedlar® Backsheet 

Before rinse 

After rinse 

Soiling Resistance Test 
Transparent Tedlar® PV Glass 

Backsheet 

Test Standard： GB/T 9780-2005 Test method for dirt pickup 
resistance of architectural coatings and paints 
Dirt fineness： 0. 045 mm square hole sieve (5.0士2.0)% 
Suspension liquid：dirt：water = 1:0.9（by weight） 
Suspension liquid amount： ~2 g 
Stain surface：10 cmX10 cm 
Dry time：10 min 
Water flush speed：0.3-0.5 m/s 
Water flush time：~10 s 

2/24/2020 
© DuPont 2020 
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Less O&M Cost - Tedlar® Backsheets Keep Clean in Field 

Golmud, West China, 
Installed in 2013, inspected in 2018 

2/24/2020 
© DuPont 2020 
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Reliability Risk – Impermeable G/G Leads to Delamination 

Front side 
Of G/G module 

Back side of 
G/G module 

Failure Mechanism: 

Dynamic mechanical loading combined 
with UV, thermal cycling and humidity 
freeze lead to delamination of G/G 
modules at edges. 

G/G structures are not breathable, 
moisture ingression from edges and 
acid from degraded EVA encapsulant 
are trapped in the module. 

The sequential test simulates outdoor 
delamination of G/G modules 

UV + TC/HF + DML 

2/24/2020 
© DuPont 2020 
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Reliability Risk – Impermeable G/G Leads to Delamination 

Hot spot, Edge 
back side delamination 

delamination 
Datong, China, 

Qinghai, China, Half year operation 
2-year operation 

Serious 
corrosion 

and 
degradation 

Hainan, China, 
15-year 

operation 

Yellowing and 
glass breakage 

Arizona, US, 
10-year operation 

2/24/2020 
© DuPont 2020 
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Power Loss Comparison of 60cell GG and GB modules 
after Damp Heat 

60cell bifacial p-PERC modules 
Front Back

DH1000 DH2000 DH1000 DH2000

G/TBS 1 -7.3% -12.1% -5.2% -12.1%

2 -6.8% -10.7% -4.7% -10.1%

3 -6.5% -9.9% -4.5% -9.2%

avg -6.9% -10.9% -4.8% -10.5%

sd 0.4% 1.1% 0.4% 1.5%

G/G 1 -6.6% -9.3% -5.0% -8.3%

2 -6.0% -9.2% -3.9% -7.9%

3 -6.3% -10.7% -4.2% -10.6%

avg -6.3% -9.7% -4.4% -9.0%

sd 0.3% 0.8% 0.6% 1.5%

Damp Heat 85C/85% • Most of the power loss 
attributable to current 
loss. 

• No appreciable 
difference between GG 
and GB durability at 
DH2000. 

• Front side and rear side 
of module have similar 
power losses. 

© DuPont 2020 2/24/2020 
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Full-sized module sequential testing 

Test protocols 

Dynamic mechanical loading (DML) sequence: 
65 kW-hr/m2 UV front + DML (±1500 Pa, 
1/6th Hz, 1000 cycles) + TC50 + HF10 

Static mechanical loading (SML) sequence: 
65 kW-hr/m2 UV front + SML (±2400 Pa, 1-
hr load-hold) + TC50 + HF10 + repeat rear 

Visual inspection, IV, EL evaluate at each step 

2/24/2020 

D u P o n t P h o t o v o l t a i c S o l u t i o n s© DuPont 2020 
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Mechanical Loading power performance 

Glass/glass and glass/flex exhibit similar changes in frontside Pmax 

1 

D u P o n t P h o t o v o l t a i c S o l u t i o n s© DuPont 2020 
2/24/2020 



  

  

 

Mechanical Loading power performance 

Glass/glass and glass/backsheet exhibit similar changes in rearside Pmax 

1 

© DuPont 2020 D u P o n t P h o t o v o l t a i c S o l u t i o n s 2/24/2020 



  

  

  

         

  

Cell Stress Measurements x-ray topography (Bertoni, ASU) 

Cell deflection and in-plane residual stresses in laminated GG/GB mini-modules evaluated via x-ray 
topography 

• GG and GB both exhibit residual tensile stress in cells, near tabbing ribbons 
• Magnitude of stress is greater in GG; distribution of stressed regions is larger in GB 
• Stress magnitudes are lower in POE encapsulated modules 

Internal Use Only 

D u P o n t P h o t o v o l t a i c S o l u t i o n s© DuPont 2020 
2/24/2020 
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Performance in IEC Hot Spot Testing 

No appreciable difference in hot spot performance in standard IEC 
hot spot test conducted by third party (RETC) 

2/24/2020 
© DuPont 2020 



   
   

 

  
  

 
   

Durability in Module Accelerated Sequential Test (MAST) 

No cracking, yellowing, or delamination 
observed in third party (UVA) and internal 

(UVX and UVMH) MAST testing 

Transparent Tedlar® PVF-Based Backsheet 

Backsheet cracking in MAST 
testing of 60-cell commercial 
module by third party (PVEL) 

Same backsheet cracking 
Large MD crack 4 years in field 

2/24/2020 
© DuPont 2020 

32 



  

 

  

 
  

Summary 

• DuPont commercialized Tedlar® PV3001, a durable transparent Tedlar ® 

PVF film with high performance and reliability 

• Transparent Tedlar ® PVF film based backsheets have shown good 
performance in the field in the past; current generation undergoing 
multiple field testing 

• Transparent backsheets offer a pathway to have bifacial modules with 
long term durability using established materials and processes 

• Initial results indicate that transparent Tedlar ® based backsheets offer 
some cost, performance and durability advantages over glass/glass 
module structures 

2/24/2020 
© DuPont 2020 
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Degradation Mechanisms in Fielded Modules: 
Imaging for Identification of Resistance Effects 

D.B. Sulas-Kern, S. Johnston, D.C. Jordan, H. 
Moutinho, M. Young, J. Meydbray, C.S. Jiang, 
M. Al-Jassim, A. Norman, M.A. Alam, R. 
Asadpour, M. Owen-Bellini, K. Terwilliger, A. 

Sinha, L. Schelhas, R. Bhoopathy, S. 
Zhang, Z. Hamieri 



 
 

  
   

     
 

 
   

    
   

 
    

Outline: 
Imaging Fielded Modules to Identify Sources of Series Resistance 

Atypical Solder-Bond Degradation Causing Failure in Fielded Modules 
• Severe series resistance degradation over 2 years 
• Rs issues located with combined luminescence and thermal imaging 
• Simulations show how point-like heat pattern develops from partial solder-point breakage 
• Microscopic characterization of unusual solder/screen-printing interfaces 
• Can accelerated stress testing reproduce this failure? 

Hydrogen Movement in Fielded HIT Modules Leading to Slow Degradation 
• VOC degradation and apparent RS problem with unusual patterns developed over 10 years 
• New method: time-resolved contactless-EL for simultaneously characterizing RS and carrier lifetime 
• Preliminary hypothesis: Hydrogen motion affects passivation, decreasing VOC and increasing RS 



 

 
 

 

   

    

IV Characterization: 23 PV modules degraded during outdoor operation 
Thanks to Steve Rummel and Alan Anderberg for flash testing! 

Loss Correlates 
with Fill Factor 

8-36% Power 
Loss over Two 

Years 

Sulas, D.B. et al. PVSC 2019 
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Imaging Characterization: 23 PV modules degraded during outdoor operation 
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Cell-by-Cell Measurements Confirm Hot Cells Have Higher Resistance 

Low-current EL High-current EL Dark Lock-in Thermography 
• Cell contacts accessed through 

backsheet 
• Dark IV curves show higher 

resistance in cells with hot spots 
• . 

• Busbar-to-busbar lateral resistance 
also higher, suggesting resistance is 
at contact (not shown) 

Increasing 
Rseries 

Dark IV Curves 
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1.5 

1 

Understanding Fill Factor Loss by Correlating Solder Heating with Series Resistance Maps 

Hot Spots Correlate with Series Resistance (Rs) Series Resistance Maps Show Heating From Current Crowding 
2.5 400 

𝑁𝑁𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝐸𝐸𝐸𝐸𝑖𝑖,0.8𝐴𝐴(𝑥𝑥𝑖𝑖𝑚𝑚𝑚𝑚𝑚𝑚 ) 
1. Calculate scaling factor using Qualitatively: Heating observed 

𝑪𝑪 = 
∏𝑖𝑖=0 � max EL at low-injection per cell at solder points. 𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 

300 

R
 (

) 
se

rie
s 

C = calibration constant 
Vmod = module voltage 
VT = thermal voltage 
(x,y) = pixel position 
ELi = EL intensity of cell i 
xi,max = position of max signal 
Rs = series resistance 
J0 = dark saturation current 
n = ideality factor 

R 2 =0.98 

R 2 =0.70 

200 
N

o.
 o

f H
ot

 S
po

ts
𝑒𝑒 𝑉𝑉𝑇𝑇 and measured module voltage. Quantitatively: Increasing hot 

𝑚𝑚𝑚𝑚𝑚𝑚 𝑥𝑥𝑖𝑖 100 𝐸𝐸𝐸𝐸𝑖𝑖,0.8𝐴𝐴 solder points correlate with 
increasing Rs (from IV curve), 

2. Find cell voltages at low injection. 𝒎𝒎𝒎𝒎𝒙𝒙 𝑽𝑽𝒊𝒊,𝟎𝟎.𝟖𝟖𝟖𝟖 𝒙𝒙𝒊𝒊 = 𝑉𝑉𝑇𝑇 ln 
𝑪𝑪 0.5 0 

200 225 250 275 300 
𝒎𝒎𝒎𝒎𝒙𝒙)P  (W) decreasing fill factor and power. 𝑽𝑽𝒊𝒊,𝟎𝟎.𝟖𝟖𝟖𝟖 (𝒙𝒙𝒊𝒊 3. Calculate spatially-varying Output 

𝑪𝑪𝒊𝒊 𝒙𝒙, 𝒚𝒚 = 𝐸𝐸𝐸𝐸𝑖𝑖,0.8𝐴𝐴 𝑥𝑥, 𝑦𝑦 𝑒𝑒 𝑉𝑉𝑇𝑇 calibration constant per cell at low Rs. 
𝐸𝐸𝐸𝐸𝑖𝑖,8.8𝐴𝐴 𝑥𝑥, 𝑦𝑦 

𝑽𝑽𝒊𝒊,𝟖𝟖.𝟖𝟖𝟖𝟖 𝒙𝒙, 𝒚𝒚 = 𝑉𝑉𝑇𝑇 ln 4. Map voltage at high injection when Rs is significant. 𝑪𝑪𝒊𝒊 𝒙𝒙, 𝒚𝒚 
𝑚𝑚𝑚𝑚𝑚𝑚 𝑽𝑽𝒊𝒊,𝟖𝟖.𝟖𝟖𝟖𝟖 𝒙𝒙, 𝒚𝒚 − 𝑉𝑉𝑖𝑖,8.8𝐴𝐴 𝑥𝑥𝑖𝑖 5. Map series resistance from high-injection V distribution. 𝑹𝑹𝒔𝒔 𝒙𝒙, 𝒚𝒚 = 𝑽𝑽𝒊𝒊,𝟖𝟖.𝟖𝟖𝟖𝟖 𝒙𝒙,𝒚𝒚 Assume shunt resistance is high. Use J0 from IV curve fitting. 𝑛𝑛 𝑉𝑉𝑇𝑇 𝐽𝐽0 𝑒𝑒 

White spots are DLIT 
hot spots  overlaid 

Rs (Ohm) with series resistance 
map, showing heating 
at low-resistance 
areas within high-
resistance cells. This 
indicates current 
crowding causes heat. 



Simulating Point-like Heat Pattern From Solder Bond Failure 
Collaboration with Reza Asadpour and Prof. Muhammad Ashraf Alam from Purdue, manuscript submitted. 

Simulated Front-
Side Soldering 

 
    

  
   

     
         

   

  

Simulations suggest: 

• Heat dissipation decreases at broken joints. 
• Heat increases at adjacent solder joint due to current crowding. 
• DLIT hot spots represent “last good connections” in the cell. 
• Overall solder degradation in a given cell is likely accelerated by 

local heating induced by partial solder breakage. 

Application to Back-Side Solder Pads 

1 2 3 4 5 6 7 8 
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Microscopic Analysis of Solder/Screen-Printing Interfaces 

Silicon Cell 

Back Cu Ribbon 

Front Cu Ribbon 

Ag Screen Printing 

Solder 

Solder 

Thanks to Helio Moutinho for coring and SEM/EDS! 



  

  

   
  

 

 
 

  
 

   

Compositional Analysis at Front-Side Solder/Screen-Printing Interface 

Front Side of Cell: 

• Front-side busbar has Ag 
stripes ~200 µm long and 
~15 µm thick 

• Sn signal observed within 
screen-printed area, 
consistent with previous 
observations of Ag3Sn IMC* 

• Solder made up of separated 
Sn-rich and Pb-rich areas 

* Yang et al. Solar Energy Mater. And Solar Cells 2014, vol. 123, 139-143. 



  

   

1 2 3 

1 2 3 
Front-Side Solder/Ag Interface 

• Ag stripe ~15 µm in thickest spot 
• Separated Pb and Sn Areas 
• ~20-30 µm solder layer 
• Possible conversion of Ag layer to Ag3Sn 

intermetallic compound 
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Compositional Analysis at Back-Side Solder/Screen Printing Interface 

Back Side of Cell, at Solder Pad: 

• Ag layer is discontinuous and 
only ~5 µm thick 

• Sn signal observed within 
screen-printed area, 
consistent with previous 
observations of Ag3Sn IMC* 

• Solder made up of separated 
Sn-rich and Pb-rich areas 

* Yang et al. Solar Energy Mater. And Solar Cells 2014, vol. 123, 139-143. 



 

   

1 32 

1 32 
Back-Side Solder/Ag Interface 

• Thin Ag layer (~5 µm) 
• Separated Pb and Sn Areas 
• ~15-20 µm solder layer 
• Possible conversion of Ag layer to Ag3Sn 

intermetallic compound 

At
om

ic
 P

er
ce

nt
 

Si cell 

Ag 

Cu Ribbon 

Solder 

Distance (µm) Distance (µm) Distance (µm) 



    

 
 

 
 

 

 

 

 

 

8 

Damp Heat Voc Isc FF PCE 

Accelerated Stress Testing Before Stress After Stress 

Thanks to Michael Owen-Bellini and Kent Terwilliger for stressing modules! 

Damp Heat Stress 1000 hrs
Module 1 Before After 
Module 2 Before After 

0 10 20 30 40 

Voltage (V) 

C
ur

re
nt

 (A
)

C
ur

re
nt

 (A
) 

6 Before (Module 1) 45.25 8.750 70.9 15.0 
DH 1000 hrs 45.19 8.719 63.3 13.3 

4 Before (Module 2) 45.29 8.767 69.2 14.7 
DH 1000 hrs 45.20 8.703 58.8 12.3 
Average Change (%) -0.2 -0.5 -12.9 -13.8 2 

0 

8 Thermal Cycling Voc Isc FF PCE 
Before (Module 1) 

6 TC x200 
TC x400 

4 Before (Module 2) 
TC x200 
TC x400 2 

45.16 
45.14 
45.30 
45.38 
45.27 
45.40 

8.743 
8.801 
8.860 
8.754 
8.768 
8.843 

72.0 
70.1 
67.9 
70.9 
65.4 
63.5 

15.2 
14.9 
14.5 
15.0 
13.8 
13.6 

403020100 
Voltage (V) 

Thermal Cycling Stress
M1 Before x200 x400 
M2 Before x200 x400 

Average Change (%) 0.2 1.2 -8.1 -7.0 
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Outline: 
Imaging Fielded Modules to Identify Sources of Series Resistance 

Atypical Solder-Bond Degradation Causing Failure in Fielded Modules 
• Severe series resistance degradation over 2 years 
• Rs issues located with combined luminescence and thermal imaging 
• Simulations show how point-like heat pattern develops from partial solder-point breakage 
• Microscopic characterization of unusual solder/screen-printing interfaces 
• Can accelerated stress testing reproduce this failure? 

Hydrogen Movement in Fielded HIT Modules Leading to Slow Degradation 
• VOC degradation and apparent RS problem with unusual patterns developed over 10 years 
• New method: time-resolved contactless-EL for simultaneously characterizing RS and carrier lifetime 
• Preliminary hypothesis: Hydrogen motion affects passivation, decreasing VOC and increasing RS 



 
 

     
  

    
  

     

   

   

Understanding Weathering in Fielded Silicon Heterojunction Modules 
Prior I-V Characterization (Jordan et al. JPV 2017) 
• 0.67% / year performance decline over 10 years 
• Loss dominated by voltage 
• Some decrease in fill factor 
• Increase in series resistance (1.15 to 1.75 Ωcm2) 

Sulas et al. Solar RRL 2019, vol. 3, iss. 8, 1900102. 

Investigating Underlying Causes of I-V Changes 

Ongoing studies evaluate cause of voltage loss and 
series resistance using imaging and microscopy. 



Time-Resolved Characterization of Carrier Spreading 
Series resistance hinders lateral carrier spreading following patterned illumination 

Proof of Concept: Microwave photoconductive decay (µPCD) can be used as a tool to 
understand kinetic processes linked to luminescence images. 

• Luminescence spreading imaged with time-gated camera demonstrates 
contactless electroluminescence generation over hundreds of microseconds. 

• µPCD confirms carrier kinetics consistent with luminescence spreading. 

Evaluating Effects of Higher Series Resistance in Weathered HIT Module 

 

        
   

  
  

   

   

  

     

 

 

 

  

     

Weathered 
Control 

Weathered Control 
𝑡𝑡−𝑡𝑡0 𝑡𝑡−𝑡𝑡0− 

∆𝑅𝑅 𝑡𝑡 = 𝑦𝑦0 − 𝐴𝐴 � 𝑒𝑒 𝜏𝜏𝑚𝑚𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 + 𝐴𝐴 � 𝑒𝑒−𝜏𝜏𝑑𝑑𝑐𝑐𝑐𝑐 In Weathered Module: 

• Steady-state imaging 
shows ~2x higher 
PL/ELcontactless ratio. 

• Illuminated spot has 
slower decay. 

• Dark region has slower 
rise and faster decay. 

Sulas et al. Solar RRL 2019, vol. 3, iss. 8, 1900102. Sulas et al. Solar Energy and Solar Cells 2019, vol. 192, 81-87. 



  

   

    
    

  
  

      

  

 

 

Selecting Degraded Areas for Further Microscopic Study 

Collaboration with University of New South Wales (UNSW) – imaging series resistance 

• UNSW: Testing whether series resistance effects can be identified with outdoor PL imaging. 
• NREL: Confirm imaging of resistance using EL; subsequent coring and microscopic analysis. 

PLOC − PL3.3A EL0.38A UNSW NREL Areas to be cored are categorized based on luminescence and thermal imaging. 
PLOC − PL2.7A EL3.8A 

UNSW Resistance Map EL 3.8A PL 0.25 Sun DLIT 3.8A 

R. Bhoopathy & Z. Hameiri 

Material Degradation: Dark in both PL and EL. Heats up in DLIT. 
Resistance: Dark in high-current EL. Bright in PL. Cold in DLIT. 
No Problem: Bright in EL and in PL. Medium in DLIT. 
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Preliminary Results from Collaborative Microscopic Studies 
TCO Degradation? Passivation Degradation? Structural Changes? 

S. Zhang & Z. Hameiri: EQE, Suns-VOC, PL 
1.6 

1 2 3 4 5 6 7 8 

Control Degraded 

C.S. Jiang: SSRM 

 

 

 

 

 

 

 
 

   

c-Si 

a-Si:H 

In2O3 

A. Norman: X-Section TEM 
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M. Young: SIMS 

Weathered Control 

H. Moutinho: SEM, EDS A. Sinha & L. Schelhas: XPS, XRD 



      
      

     
     

      
  

Thank you! 

D.B. Sulas-Kern, S. Johnston, D.C. Jordan, H. 
Moutinho, M. Young, J. Meydbray, C.S. Jiang, 
M. Al-Jassim, A. Norman, M.A. Alam, R. 
Asadpour, M. Owen-Bellini, K. Terwilliger, A. 

Sinha, L. Schelhas, R. Bhoopathy, S. 
Zhang, Z. Hamieri 



Photovoltaic Climate
of Climate

Todd Karin ⇤,

⇤Lawrence Berkeley
†Sandia National

Abstract—The effects of climate on photovoltaic
a large area of current research with open fundamental
and practical implications for solar energy economics.
the degradation rates used for economic
location-dependent, even though the climate stress
in different locations varies significantly. In order to
expected degradation rates in different climates it is
essary to create a climate zone scheme specific to
degradation. Prior work studying the variation of
rates with climate has used the Köppen-Geiger
scheme which was developed for botany based on
temperature and rainfall. In this work we use the
variation of climate stressors specific to PV
temperature, temperature cycling, damp heat, wind
UV exposure) to create a new climate zone
(which we refer to as PhotoVoltaic Climate Zones or
further compare

Index Terms—photovoltaic, degradation,
Köppen Geiger, climate zone map, PVCZ

I. INTRODUCTION

SOLAR photovoltaic (PV) power generation in
benefit from an accurate long-term estimate of

energy production. Often, PV analysts apply a loss
about 0.5% to 1.0% per year to account for an e
in power output caused by material and system de
However, previous studies have found that loss
individual systems vary from 0 to 2.5% per year
ing on multiple factors including exposure to en
stressors [1], [2]. An inaccuracy of 1.5% per year
degradation results in a 0.7 cents/kWh inaccuracy
lifetime energy production out of a system cost
cents/kWh, making degradation uncertainty one of
unknowns in predicting levelized cost of electricity

In order to study how climate affects long-term
performance and reliability, researchers have often
Köppen Geiger (KG) climate zone classification
regions based on seasonal precipitation and
terns [4], [2]. However, KG was not created for
PV degradation, making these analyses difficult.
modifying an existing, non-PV-focused classification
this paper introduces a photovoltaic climate zone
sification system based on PV module degradation
specifically.

temperature 
stressors. 

Arrhenius constant of Lines world. the 1 

is found from V The root-mean-squared wind speed 
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energy, and Tm(t) is the module
is Z t2

from total
a constant factor

dt. (5)

ve of UV

ZONES

(PVCZ) scheme
climate stres-

degradation
since individual
for a particular

since thermal cycling
bond degradation [15]

temperature and
comparing the amount
different areas.

stressor is given a
the stressor intensity
the classification T5

module
The threshold limits for
able. I. The thresholds

were calculated by first 5 and 95 percentile
stressor values for all locations GLDAS dataset and
linearly interpolating to create 10

this

Figure 1(a) shows the distribution of Arrhenius

v c zone
map. For example, much of the US desert southwest falls
into the Cold Arid KG zone, but often experiences high
temperature and falls into the T7 zone. As mentioned above,
the Arrhenius temperature is mostly sensitive to time spend
at high temperature, whereas KG classifies these locations by
their cold winter temperatures.

A quantitative comparison of KG and PVCZ zones in shown
in Fig. 1(g). While individual PVCZ temperature zones span
5.3 C, equivalent temperatures for locations in KG zones often
span more than 10 C.

Some PV degradation mechanisms are related to the com-
bined action of two different stressors. For example, solder
bond degradation stress occurs fastest under high thermal
cycling and high temperature [15]. The climate zones scheme
can be used to create maps of multiple stressors.
We illustrate this in Fig. 1(g) by multiplying the T
and C stressors and creat a zone scheme for the product of
temperature and thermal c ng stress. We also emphasize that
PVCZ provides a direct ve description of the stressor
intensity in each zone the stressor experienced in
different KG zones has been quantified before this work.

IV. CON AND OUTLOOK

We have developed a zone scheme specific to degra-
dation stressors affecting . KG zones are suboptimal for
PV degradation analysis two locations with the same
stressor intensity may nev have different zone classifi-
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Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols,data analytics, 

and financial models to reduce the LCOE of solar energy 

Capability 1: Data Management & Analytics 
Todd Karin1, Xin Chen1, Birk Jones3, Robert White2, Anubhav Jain1 

1Lawrence Berkeley National Lab, 2National Renewable Energy Lab, 3Sandia National Lab 

DuraMAT Capabilities Capability Goals Accomplishments Outcomes and Impact 
1. Data Management & Analytics, DuraMAT Data Hub • Provide data analytics, machine learning, and software • Formalizing data standards and best practices with other • 2 publications in IEEE JPV 

support to PV researchers within collaborative projects 2. Predictive Simulation capabilities / collaborate on DuraMat Data Hub • Multiple conference papers / presentations 
3. Advanced Characterization & Forensics • Develop PV analysis software toolkits and predictive models • Deployment of pvtools.lbl.gov web site • Developed clear sky classification software based on GHI 
4. Module Testing to estimate performance and degradation • Code contribution to open-source pvlib library • Developed module string sizing tool 5. Field Deployment • Deploy interactive web sites and visualizations 

• Developed PV climate zones for PV degradation 6. Techno-Economic Analysis 
• Additional projects in progress 

Capability Development https://pvtools.lbl.gov 

Data analytics 
DataHub • Provide data mining, analytics, visualization, and Data analytics 

machine learning support via research 
collaborations 

• Capabilities and analytics team can prototype 
software tools and provide feedback 

• Software developed during research process is 
made freely available to other PV researchers 

Characterization 
Field Techno-economic 

analysis 

Capabilities and researchers 
upload and disseminate data 

Discover new data sets and 
software tools to enhance research 

Capabilities, Data Hub, and analytics 
teams can communicate on data storage 

and software tools 

Zones: the Global Distribution 
Stressors Affecting Photovoltaic 

Materials 
Forensics & Module Predictive 

testing simulation deployment 

Photovoltaic Climate Zones (PVCZ) Electroluminescence image analysis 
Degradation 

C. Birk Jones † , Anubhav Jain ⇤ 

National Laboratory, Berkeley, CA, U.S.A 
Laboratory, Albuquerque, NM, U.S.AClimate affects photovoltaic (PV) degradation. 

• We want to know how climate affects PV degradation rates – both for post-analysis as well as to 
potentially develop module designs and testing protocols that are climate-specific. 

degradation is The specific stressors we use in our analysis are: Arrhenius-• Conventionally Koppen-Geiger climate zones are used to compare PV degradation by climate. This questions weighted mean module temperature, mean module tempera-
Currently, scheme classifies zones based on temperature and precipitation patterns relevant for plants.ture rate of change, wind stress, specific humidity and UVcalculations are not exposure, which are identified in prior work [5], [6], [7].experienced• Instead, we suggest to use climate variables relevant to PV degradation: Arrhenius-weighted 
determine The PVCZ scheme can be used for future studies correlating

equivalent module temperature, mean temperature velocity, specific humidity, wind speed and UV first nec- observed degradation with climate, predicting the real-world 
photovoltaic longevity of a technology from indoor aging tests, makinginsolation. We expect such variables to correlate better with degradation modes. degradation more precise levelized cost of electricity calculations andclassificaionDevelop a PV Climate Zone Schemeengineering systems for resilience to climate stressors in theseasonal 

installation location. geographical• Climate zones are defined by thresholds on individual stressors.
degradation (module• Useful tool for the research community to study degradation and climate. stress and 

Conventional string length calculations are unnecessarily conservative 
• Longer strings lower system costs – get more power through the same wires. 
• Most common practice is to use minimum historical ambient temperature and 

1000 W/m2 for calculating maximum string Voc. 
• But minimum temperatures often occurs at night – when Voc is zero. 
• Furthermore, ambient temperatures and module temperatures can differ, and 

voltages are typically at max power point rather than open-circuit conditions. 

Need for a more realistic method for calculating string length 
• We developed and validated a method for calculating the string length by 

modeling the system VOC over time at the location of interest. 
• Method is consistent with NEC 690.7(A)(3) standard. 
• Web dashboard uses Sandia models for cell temperature as a function of 

ambient temperature, irradiance and wind speed [1], weather data from the 
National Solar Radiation Database (NSRDB) [2] and PVLib [3] to simulate Voc. 

Impact 
• In the US, string lengths increased by 10% on average using site—specific 

modeling, leading to a 1.2% reduction in LCOE ! 

Improving LCOE with More Accurate String Length Calculations 

• Paper presented at PVSC 2019 

[1] D. King, W. Boyson, and J. Kratochvill, “Photovoltaic array performance model,” SAND2004-3535, 2004. 
[2] M. Sengupta, Y. Xie, A. Lopez, A. Habte, G. Maclaurin, and J. Shelby, “The national solar radiation data base (NSRDB),” Renewable and Sustain-
able Energy Reviews, vol. 89, pp. 51 – 60, 2018. 
[3] W. F. Holmgren, C. W. Hansen, and M. A. Mikofski, “pvlib python: a python package for modeling solar energy systems,” Journal of Open Source 
Software, vol. 3, no. 29, p. 884, 2018. 

Climate data from GLDAS. 
https://ldas.gsfc.nasa.gov/gldas/ 

classification system
PVCZ). We 

climate zones, 

vestments 
power and 

factor of 
xpected fall 

gradation. 
rates for 
depend-

vironmental 
in linear 
in total 
of 6-12 

the larger 
[3]. 

photovoltaic 
used the 

which divides 
temperature pat-

describing 
Instead of 

scheme, 
(PVCZ) clas-

stressors 

II. WEATHER DATA AND CLIMATE STRESSORS 

Historical weather data is sourced from NASA GLDAS at 
0.25 degree resolution across the world for the years 2016-
2018 at 3 hour intervals [8], [9]. Module temperatures are 
calculated from ambient temperature, irradiance and wind 
speed using coefficients for an open-rack configuration using 
King. et. al. as a model [10]. 

Since the rate of many degradation processes such as 
solder bond degradation or encapsulant browning follows an 
Arrhenius dependence [11], [12], [13], an Arrhenius-weighted 
equivalent temperature Teq(Ea) has been identified [6], [7] for 
quantifying the amount of temperature-activated stress present 
at each location, defined by 

exp 
✓ 
� 

Ea 

kB Teq(Ea) 

◆ 
= 

1 
t2 � t1 

Z t2 

t1 

exp 
✓ 
� 

Ea 

kB Tm(t) 

◆ 
dt 

(1) 
where t1 and t2 are the limits for the time integration, 
Ea = 1.1 eV is an activation 
temperature at time t. The Arrhenius-weighted temperature 
mainly responsive to time spent at elevated temperature: for 
example when equivalent time is spent at 50 C and 40 C, 
Teq = 46 C, while for equivalent time at 50 C and 0 C, 
Teq = 44 C. 

We use mean module temperature velocity 

C = 
1 

t2 t1 

Z t2 

t1 

dTm 

dt 
dt. (2) 

as a proxy for thermal cycling. Eq. 2 provides a combined 
measure of the number and extent of thermal cycling. 

V 2 = 
t2 t1 t1 

v(t)2dt, (4) 

where v(t) is the wind speed at time t. Eq. 4 quantifies the 
average wind load on the panels. No directionality is taken into 
account since local wind speeds can be strongly influenced by 
topography. 

Lastly, the total UV insolation is calculated 
downward shortwave radiation GHI using 
of 6%, 

U = 0.06 
1 

t2 t1 

Z t2 

t1 

GHI 

which has been shown to be a good representati 
insolation in more detailed analysis [14]. 

III. PHOTOVOLTAIC CLIMATE 

We develop the photovoltaic climate zone 
by setting thresholds on individual or combined 
sors in order to create zones specific to particular 
mechanisms. PVCZ can be flexibly applied 
maps can be built from variables of interest 
degradation pathway. As an example, 
at elevated temperatures causes solder 
a combined zone map of equivalent module 
temperature cycles would be useful for 
of solder bond degradation expected in 

In the threshold classification, each 
letter key and a number describing 
in a particular location. For example, 

temperature (T) at a stress level of 5. 
each stressor and zone are given in T 

different zones. 
This classification system provides a tunable balance be-

tween precision and generalization which will be useful in 
future studies. For example, certain studies of photovoltaic 
degradation can only find significance by binning temperature 

across 
temperatures approximately follow lines of constant latitude. 
The temperature velocity zone map shown in Figure 1(b) 
shows regions of highest temperature cycling. 

The KG zone system shown in Fig. 1(f) has limited 
agreement with the Arrhenius-weighted temperature zone, and 

ycli 
quantitati 
whereas 

PV 
because 
ertheless 

cation. The PVCZ scheme allows a quantitative understanding 
of which types of degradation may be expected in different 
geographic areas. Future work may explore alternate methods 
of determining climate zones such as K-Means clustering [16], 
[17] or the DBSCAN algorithm [18]. Clustering algorithms 

https://github.com/toddkarin/pvcz https://pvtools.lbl.gov/pv-climate-stressors https://ieeexplore.ieee.org/abstract/document/8980831 

Top: Site-specific procedure to model voltage over time. 
Bottom-left: Example distribution of expected voltages and various string sizing 
standards. 
Bottom-right: Distribution of string length increases over the US using new 
690.7(A)(3) standards versus conventional 

https://github.com/toddkarin/vocmax 

https://pvtools.lbl.gov/string-length-calculator 

computing thehttps://ieeexplore.ieee.org/ 
document/9000497 

corresponds to a location with an Arrhenius-weighted 

in the 

is qualitati ely different from the temperature ycling 

combined 
technique 

ing 

not 

CLUSION 

climate 

TABLE I 
Stressor thresholds specifying the limits for photovoltaic climate zones. For example, threshold temperature zone T1 contains all points with T stressor less 

than 2.50 C, the 1-2 threshold. 

We use mean specific humidity H as a measure of damp 
heat Z t2 

H =
1 

SH(t)dt, (3)
t2 � t1 t1 

where SH(t) is the specific humidity at time t. 

Conventional KG 
zone places 
regions from 
Mexico to 
Canada into a 
single zone (Bk). 

2 

PVCZ matches 
expectations for 
solar degradation 
zones better 
(quantitative 
testing under way) locations into “hot” and “not hot” locations [1], [2]. In 

case, binned stressors T1-6 and T7-10 could be used for 
comparison. 

We illustrate threshold classification maps related to Arrhe-
nius weighted module temperature and temperature cycling 
as well as a combined zone scheme based on these two 

The pvtools.lbl.gov web site is deployed and allows researchers 
to apply the analyses developed by the data analytics thrust. 

In the past year, the 
site has hosted ~500 
sessions from ~250 
unique visitors, with 
an average session 
duration >3.5 minutes. 
The vast majority of 
users are from the 
United States. 

The site currently 
includes two 
interactive tools. 

We are working in collaboration with EPRI and other DuraMat partners to 
develop an image analytics framework for analyzing electroluminescence 
images and correlating cracks to power loss. Currently, the system can 
automatically segment modules into cells; the next step is to deploy machine 
learning to assess crack damage level and locations. 

Split along 
horizontal 

Binary & vertical 
threshold directions 

Raw image Image after Schematic 
binary threshold diagram of splits 

Linear fit Detect edges 
edges in in each split 
each split 

Detected internal Detected internal edges 
edges from each split from the whole module 

Perspective 
transform and 
crop individual 
cells 

Around 30,000 single cells 
cropped out with ~90% 

successful rate, excluding 
incomplete(~3%) or poorly 

exposed(~10%) pictures 

Roadmap 
Completed work 

• New clear sky detection thresholds for Reno and Hansen method – published in IEEE 
JPV and incorporated as part of pvlib-python 

• String size calculations based on site-specific modeling – published in IEEE JPV and 
deployed as part of PVTools web site 

Ongoing and future work 

• Testing of new PV climate zone classifications developed in previous term 
• PV-Pro – extracting module parameters from power production data (see 

companion poster) 
• Electroluminescence image analysis for detecting cracks in cells 
• Simple, onsite optical measurements for assessing the presence and degradation of 

antireflective coatings 
• Collaborations with the DuraMat data hub, e.g., uploading accelerated stress test 

measurements 

Interested in a data analytics 
project collaboration? 

Contact us: ajain@lbl.gov 

Threshold 
Description Symbol 1-2 2-3 3-4 4-5 5-6 6-7 7-8 8-9 9-10 

Module Temperature (C) T 2.50 7.91 13.32 18.73 24.15 29.56 34.97 40.38 45.79 
Temperature Velocity (C/hr) C 0.82 1.06 1.29 1.52 1.76 1.99 2.22 2.46 2.69 
Specific Humidity (g/kg) H 1.69 3.39 5.08 6.78 8.47 10.17 11.87 13.56 15.26 
Wind speed (m/s W 1.41 1.99 2.57 3.15 3.72 4.30 4.88 5.46 6.04 
UV insolation (kWh/dat) U 0.43 0.52 0.61 0.69 0.78 0.87 0.96 1.05 1.14 
Module Temp. and Temp. cycling product (C2/hr) TC 1.78 16.53 31.27 46.02 60.77 75.52 90.27 105.01 119.76 

https://pvtools.lbl.gov
https://pvtools.lbl.gov


   
 

  

 

   
   

        

 

 

  

   
  

  

 

    
 

 

 

 
 

       
      

 

 

 

 

 

 

 

 

Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols,data analytics, 

and financial models to reduce the LCOE of solar energy 

DuraMAT Data Hub Year 4 – Operations, Distribution and Analysis 
Robert White1, Kris Munch1, Nick Wunder1, Dave Evenson1, Courtney Pailing1, Chris Webber1, Michael Bahl1, David Rager1 , Jianli Gu1 

DuraMAT Data Team: Anubhav Jain2, Todd Karin2 

PV Fleets Team: Chris Deline1, Mike Deceglie, Dirk Jordan1,Matthew Muller1,Kevin Anderson1, Kirsten Perry1 ,Lin Simpson1 
1National Renewable Energy Laboratory; 2 Lawrence Berkeley National Laboratory 

RD Tools 

Publication 
Data 

Researched 
Data 

Data Hub Project 

Overview 

Data Hub Projects 

103 53 

112 598 

Data Hub 
Membership Projects 

Datasets Resources 

+ 75% 

From 
2/2019 

+ 36% 

+ 230% + 136% 
The DuraMAT data hub is currently in operation and continues to grow in 
available resources and registered users. 

The DuraMAT data hub is built on a highly customized CKAN data sharing 
framework, tuned to meet our needs. Large sections of the codebase are 
standardized across all the EMNs, providing a consistent, easy-to-use interface 
common to any researchers working across the EMNs, but each has their own 
custom additions for data viewing and retrieval. 

The data hub can archive a broad range of data formats and files stretching from 
experimental results to reports. We have developed a set of user 
documentation, guidelines, and best practices to inform researchers. The 
policies help ensure that data is as contextually complete as possible, containing 
full sets of data and metadata that will allow others to re-analyze, examine, or 
reproduce any findings. Prior to any public release of data we will evaluate the 
data sets for contextually completeness 

C-AST Data Extraction 

Time-Series Data and PV Fleets 

Analytical Tools 

Synthesis 

Measurement 

Analysis
Round-Robin Experiments 

Example Project: 
“Advanced Multifunctional Coatings for PV 
Glass to Reduce Soiling and PID Losses” 

- WattGlass, SLAC, NREL, D2 Solar 

Automated Data Repository Distribution of Information 

Example Project: 
“Outdoor Accelerated Testing of PV Modules” 

- Sandia 

The data hub provides the ability to store and connect 
raw and processed data to publications or research, 
providing an additional platform for researchers to 
distribute their supporting datasets. 

Example Projects: 
“Albedo Data for Bifacial PV Systems” 
“NREL Soling Map Datasets” 

By utilizing the available API system built into the CKAN platform, 
researchers can construct software to automatically upload data to 
the data hub. The system requires that all necessary metadata be 
processed within the same process as any data that is pushed to the 
hub. Security is still applied as part of the API and a researcher cannot 
upload or download data from projects that they are not members. 

The data hub can support many different 
workflow activities by researchers. With the final 
goal to be able to archive, protect and distribute 
data, the flexible platform can be tuned to meet 
any requirements of the DuraMAT consortium. 

The data hub is capable of supporting a Round 
Robin experimentation process where the 
resources and personnel are geographically 
distributed. Synthesis and sample information is 
added as a dataset to the project to initiate the 
cycle. Measurement and analysis data is then 
generated at other labs. All project members can 
see the datasets at anytime in the cycle. 

Field Measurements 

https://pvdata.duramat.org 

RdTools is a set of Python 
scripts and software for 
analysis of photovoltaic time-
series data. The open-source 
tools were developed in 
collaboration with industry to 
bring together best practices 
and years of degradation 
research from NREL. Although 
the toolkit can be used for 
many useful PV analysis 
purposes, the primary use is to 
evaluate degradation rates 
over time. 

PV Climate Stressors The Data Hub contains links to analytical 
tools focused on the areas of 
importance to DuraMAT research areas. 
The tools exists either within github 
repositories or have their own 
interactive web applications. These 
tools can be interconnected as part of a 
pipeline where data is drawn from the 
data hub projects and datasets, using 
the API, and then fed into the analytical 
tools for processing. 

Using a map-based interface 
and information on the 
installed PV equipment, this 
tool determines the maximum 
inverter string length for a 
solar PV installation at a 
specific location. The method 
follows National Electric Code 
(NEC) 690.7(A) standards. . 

PV String Calculator Environmental stresses can 
possibly be a determining 
factor for degradation rates 
and modes effecting solar 
photovoltaic systems. This 
tool displays specific PV 
climate stressors based on 
conditions within regions of 
the world. The maps can 
demonstrate which areas 
could be prone to higher 
degradation losses 

Current Stats (year 2019-2020) 

Data Hub Users 
(by location and number) 

New 

Returning 
23.4% 

76.6% 

Combined-Accelerated Stress Testing System for Photovoltaic Modules; Spataru S.V., Hacke, P., Owen-Bellini, M., 
IEEE 7th World Conference 2018 DOI:10.1109/pvsc.2018.8547335 

C-AST 
Database 

DAQ 
Extraction & 
Translation 

Module Information 

Chamber recipe 

Chamber Measurements 

Module Measurements 

API 

Owner Database 

Under Development 

Field Loggers 

AWS S3 “Inbox” 

ETL 
Process API 

The Time-Series Database is a highly 
customized PostgreSQL database that 
utilizes columnar indexing to facilitate 
fast and efficient queries across a cloud-
based multi-compute node platform. 

Cell technology 

Fleets 
Analysis 
Pipeline 

Fleet Owner Reporting 

Aggregated US Fleet reports 

API 

Public Data 
Filter 

mean: 483.7 kW 

https://datahub.duramat.org/data_tools 

Data is captured in real time and 
extracted as static data sets. 

https://pvdata.duramat.org/
https://doi.org/10.1109/pvsc.2018.8547335
https://datahub.duramat.org/data_tools


While thin-film modules are inherently immune to cell cracking, Crystalline Silicon modules are inherently susceptible to the frac-

ture of the cells that make up a typical PV Module. Many design and processing factors contribute to the sensitivity of a particular 

module to cell cracks [1]. In addition, many installation and weather factors contribute to the generation of cell cracks [2]. 

Cell cracking can occur at any point during the module life cycle [3], including after installation in the field. Center-mount tracker 

configurations push mounting locations closer to the center of the module, increasing deflections and stresses within a mod-

ule. Higher stresses contribute to crack propagation, and resulting power loss. 

Modules are required to meet minimum mechanical load requirements specified in international standards [4]. However, stand-

ards do not capture several factors that are important to understand the impact of cell cracking on system performance. For in-

stance: 

1.Sequential environmental stress to mechanical loading or impact has been shown to extend cracks and further power loss 

[5]. Current base certification standards do not include any sequential stress. 

2.Non-perfect mounting conditions can contribute to additional stress [6] 

3.Power loss at STC conditions are typically measured, but it has been shown that cell cracking impacts low irradiance perfor-

mance disproportionally, impacting energy yield more than STC conditions would imply [7] 

Modules with a variety of constructions are tested at mounting conditions simulating a typical center-mount single-axis tracker, in-

cluding conditions with non-perfect mounting conditions, simulated with one mounting location off-set from the others. 

9
9

8
 m

m
 

Manufacturer 1 Manufacturer 2 Manufacturer 3 Manufacturer 4 First Solar Series 6 

(Four Modules) (Four Modules) (Four Modules) (Four Modules) (Four Modules) 

Transportation: 
Characterization: 

From First Solar facility to 3rd party facility 
 MQT 01 Visual Inspection 

 EL Imaging 
Characterization 

 MQT 02 Maximum Power Determination 

 MQT 06.1 Performance at STC 

Transportation:  MQT 07 Performance at Low Irradiance 

From 3rd party facility to First Solar facility 

Static Load Test: Twist Test: Twist Test with Load: 

IEC 61215 MQT 16 [8] at 2400 Pa Mount module in flat planar configuration with Same conditions as Twist Test but 

one mounting point displaced by three degrees with a load of 2400 Pa applied 

Transportation: 

From First Solar facility to 3rd party facility 

MQT 12 Humidity Freeze (10 cycles) 

Characterization 

Next to be completed MST 11 Thermal Cycling (50 cycling) 

Characterization 

Modules were mounted using clamps at the 400 mm 

mounting positions in accordance with manufacturer Manufacturer Module Assembly 
specifications 

Supplier Front Back Cell Type Cell Shape Framed 

2018 mm 

First Solar Glass Glass CdTe Thin-Film Yes 400 mm 

Manufacturer 1 Glass Glass p-type Mono PERC Full Yes 

Manufacturer 2 Glass Polymer p-type Mono PERC Full Yes 

Manufacturer 3 Glass Polymer p-type Mono PERC Full Yes 

Manufacturer 4 Glass Polymer p-type Mono PERC Half Yes 

References 

[1] M. Abdelhamid, R. Singh and M. Omar, "Review of Microcrack Detection Techniques for Silicon Solar Cells," in IEEE Journal of Photovoltaics, vol. 4, no. 1, pp. 514-524, Jan. 2014. 

[2] Köntges, M., S. Kajari-Schröder, and I. Kunze. "Crack statistic for wafer-based silicon solar cell modules in the field measured by UV fluorescence." IEEE Journal of Photovoltaics 3.1 (2013): 95-101. 

[3] F. Reil, J. Althaus, W.Vaassen, W. Herrmann, K. Strohkendl, “THE EFFECT OF TRANSPORTATION IMPACTS AND DYNAMIC LOAD TESTS ON THE MECHANICAL AND ELECTRICAL BEHAVIOR OF CRYSTALLINE PV 

MODULES,” PVSEC, no. September, 2010. 

[4] M. Koentges, I. Kunze, S. Kajari-Schrder, X. Breitenmoser, and B. Bjørneklett, “The risk of power loss in crystalline silicon based photovoltaic modules due to micro-cracks,” Sol. Energy Mater. Sol. Cells, vol. 
95, no. 4, pp. 1131–1137, 2011. 

[5] J. H. Wohlgemuth, D. W. Cunningham, N. V. Placer, G. J. Kelly, and A. M. Nguyen, “The effect of cell thickness on module reliability,” Conf. Rec. IEEE Photovolt. Spec. Conf., pp. 6–9, 2008. 

[6] ASTM E1830 

[7] M. Köntges and others, Assessment of Photovoltaic Module Failures in the Fiel. Report IEA PVPS Task 13 – ST3. IEA PVPS, 2017. 

[8] IEC 61215-2 ed. 1 

Impact of Narrow Center-Mount Configurations on Power Degradation 

Due to Cell Cracking 

Post Mechanical Load @ STC 

Post HF Tests @ STC Post HF Tests @ LI 

Post Mechanical Load @ LI 

STC: Irradiance 1000 W/m2 LI: Irradiance 200 W/m2 

 Modules with similar construction perform significantly differently (compare Manufacturer 2 to Manufacturer 3).  Both pass the standard IEC Static Me-

chanical Loading requirements. 

 The half-cell module (Manufacturer 4) shows significant reduction in low light response after Mechanical Loading and HF exposure. Passing base IEC re-

quirements but may have significantly reduced energy yield. 

 Glass/Glass packaged modules show better net robustness to Mechanical Loading and environmental exposure 

Note: Black line indicates five percent power degradation limit standard set by IEC 

  

   

  

   

    

  

 

 

  

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

  

 

  

  

   

 

     

      

     

     

     

     

 

 

 

 

 

 

Twist Test with Load 

First Solar Manufacturer 1 Manufacturer 2 

Manufacturer 3 Manufacturer 4 

Conclusions: 

 The proliferation of center-mount single-axis trackers with narrow module engagement configurations necessitate 

additional testing scrutiny to ensure long-term system performance. 

 IEC 61215 Mechanical Load standards are insufficient to distinguish variations in module quality that will impact sys-

tem performance 

 Measuring performance at STC conditions only, is also insufficient to highlight changes in energy production 

 Adding module twist in the mounting configuration did not show a significant difference between planar mounting 

configurations. 

 It is necessary to add environmental stress following mechanical loading to comprehend variations in module quality. 
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(c)

Current growing, annual multi-GW solar-
PV markets have increased the needs to 

Purpose and Position: The Why History and Evolution: The 

Photovoltaic Reliability R&D: 
An Assessment of the Evolution of Soiling R&D 

from Observation

A timeline glimpse of soiling R&D investments based on publications 

Lawrence L. Kazmerski1,2, Suellen C. Silva Costa2, and Antonia Sonia A.C. Diniz2, 
1Renewable and Sustainable Energy Institute (RASEI), University of Colorado Boulder, Boulder, Colorado USA 

2Pontifícia Universidade Católica de Minas Gerais (PUC Minas), Belo Horizonte, Minas Gerais Brasil 

40nm 

From the single pioneering 
paper evaluating the impact 
of soiling on the solar thermal 
collectors on the first MIT 

Europe (8.5%) 

U.S. 
(14.1%) 

India (10.1%) 
Japan (7.2%) 

Africa 
(1.5%) 

America 
(2.3%) 

Middle East (3.8%) 
Rest of World (4.7%) 

China (48%) 

2018 PV Installed: 90.5 GW 

Solar Collector – Soiling Publication Histogram 
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Year 

Geographic Areas Performance, (91 pubs – 28%) 

ensure system reliability and sustained solar house in 1942 to the 
almost 400 publications in 
2019: The research has 
evolved from observing and
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 performance. A substantial portion of these 

markets are situated in world climate zones 
that are not only solar-resource rich, but 
also susceptible to high levels of soiling. 

documenting the effects on 
Cumulative PV Installed performance to discovering
(2008-2018) cost-effective and long-

lasting solutions for solar 
electric collectors & systems. 

The world research community has recog-
nized the importance of the soiling issue, 

Importance? A 5% loss 

In
st

al
le

d 
PV

 (G
W

) 
H.C. Hottel and B.B. Woertz, in 1-year due to soiling is 

equivalent to the output of“The performance of flat plate solar heat collectors,”
ASME Transactions 64, 91–104 (1942). 

PV power installed in India 

Hoyt Clark Hottel
(1903-1998) MIT Solar House - 1939 O

bs
er

va
tio

n

M
iti

ga
tio

n B.B. Woertz 

especially over the past decade. This poster and the U.S. in 2018. 

Latin 

Year 
provides a review and analysis, highlighting
the R&D investments and documenting the 
changes in focus from observing the effects 

Source: Based on 
data analysis of of surface dust on performance toward Paula Mints, 
Solar Flare, 2019 offering solutions to this important problem. 

Year 

Research Activities: The Where and The Who 

India 

Africa 
Sub-Sahara 

North 
Africa 

Australia 

China 

Japan/Korea Europe 

Gulf Region 

Asia (Other) 

South 
Asia 

17
%

18
%

16
%

 

12
%

13
%

10
%

9%8%6%
 

4%4%
 

10
%

11
%

 
9%

 

5%20
%

 

3%20
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8%20
%

7%20
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2%
 

2%

North America 

Central America 

South America 

Publications 
(Year Period) 

20
14

-2
01

5

20
18

-2
01

9 
20

16
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01
7 

23
6 

36
4 

63
2 

8.
5%

 
8.

5%
 

9%
 

15
%

12
.5

%
 

12
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2%2%
 

Where the research and 
literature comes from . . . 
Progress in worldwide soiling 
research originates from R&D 
centers spanning 6 continents. 

In each geographic area on 
the map, the publications are 
shown as a percentage of 
the total number of PV 
publications in each of the 
3 time periods corresponding 
to the inset (guide) to the 
right. (Bars with no entries 
indicate a contribution less 
than 2%.) 

(d 
)

(b) The publication output is dominated by the research and groups 
in the U.S., Germany, Spain, Qatar, India, Saudi Arabia, 

Evolving R&D Priorities: The What and The How Morocco, Japan, U.K., Chile, and Brazil. And the literature base 
has been expanding significantly over the past decade. This 

2018–2019 reflects the importance of this research and the funding—and the 2016–2017 Mitigation Approaches Pubs in priority in addressing this problem with the growing PV markets. Mitigation:
Cleaning,Coatings Mitigation: Time 

Period (Increasing R&D Investments) 
(51 pubs – 14%) Cleaning, Coatings

(177 pubs – 28%) 
Performance,
Climate Zones, & Preemption (Initial Conditions) Modeling & Simulation

(177 pubs – 28%) 

PV Soiling: 364 Publications 

Mitigation:
Cleaning,Coatings Reviews(23 pubs – 10%) 2014–2015 

Performance,
Climate Zones, & 

Geographic Areas
(106 pubs – 47%) 

Mitigation: Cleaning, Coatings 
Performance, Climate Zones,
& Geographic Areas 
Modeling & Simulation 
Particle Adhesion, Chemical Properties 
Dust Simulators & Instrumentation 
Transmission/Reflection 
Spectral Effects 
Charge, Electrostatics/DynamicsPV Soiling: 225 Publications Costs 
Standards 

Modeling & Simulation Climate Zones, & 
(119 pubs – 19%) Geographic Areas

(107 pubs – 17%) 

PV Soiling: 632 Publications 

The publication focus has shifted over this period:
• Routine observations and reports of the performance 

under various soiling and climate conditions have 
declined substantially. 

• The trend is to solving the problem: Inventing, 
developing, testing, & validating mitigation techniques. 

• Modeling and simulation has increased to provide 
guidance and insight needed for mitigation. 

• State-of-the-art computational methods, characterization, 
and high-tech and nanotechnology has become the R&D 
foundation. 

Summary: Just the Beginning 6 16 22 • Best possible module surface properties 
• Site issues (location, terrain preparation, • The soiling research literature has been expanding at annual rates 

cultivation) ~25%/year in the last 6 years—approaching 400 publications in 2019. • Module exposure control (tilt, stow) 
• The focus of the research has been evolving—from conventional 

Restoration (Cleaning) observations of the effect of soiling on PV module performance and 
10 25 75 • Washing (water, cleaning solutions) relationships to climate conditions—to finding solutions to this critical 

• Mechanical removal (brushing, wiping, problem based on state-of-the-art technology and methods. 
forced air, vibrating) • Research-group activities span 6 continents, with the largest • Hybrids, robots, automation 

publication contributions coming from the United States, Europe, 
Prevention (Surface Modification) MENA region, India, and South America. 

7 20 82 • High-tech coatings (nanotechnology, • The literature base represents research that provides the foundation 
superhydrophobic, superhydrophilic) to bring us to closer to discover the “holy grail”—the mitigation or • Electrostatics, Electrodynamics (charge) elimination of the soiling problem. 

Contacts: suellencscosta@gmail.com                                    [Brasil] 
asacd2012@gmail.com; asacd@pucminas.br [Brasil]
solarpvkaz@gmail.com; Lawrence.L.Kazmerski@colorado.edu [USA] 

RASEI
RENEWABLE AND SUSTAINABLE ENERGY INSTITUTE 
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Quantifying Cell Fractures in Si PV Modules 
Fracture Detection by Imaging 

UVF 

EL 

PL 

EL 

Cell Fracture Geometries 

Dendritic Multiple Parallel 

Perpendicular Diagonal Multiple 

Different fracture geometries have different criticalities:1 

● Cracks leading to electrical isolation have a larger influence on 
power output 

● Electrical isolation depends on crack orientation, intercepts, and 
whether the crack affects the cell metalization2 

● Cracking creates a defective silicon surface, increasing local 
recombination3 

● Shunts can occur as a result of debris formation and collection 
inside cell cracks4 

Quantifying cell fractures is a first step toward statistical 
understanding of the occurrence of these degradation modes. 

Crack Formation and Progression 
Cell fractures can be initiated at various points in the life of a 
PV module, by either thermal or mechanical stress. The cause 
of a fracture influences its geometry and severity.5 

Fractures can also progress (lengthen, widen, or increase 
electrical impact) as a result of thermal or mechanical stress. 
In the laboratory, cell fracture formation and progression have 
been demonstrated with mechanical load and thermal testing.6,7 

Real-World Causes of Cell Fracture 
Therma  Mechanica  

Shipping Cell Firing Installation Soldering Extreme Weather 

Extreme Temperatures Wind Loading 
Temperature Cycling Snow Loading 
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Crack Segmentation & Feature Quantification 
Crack Features 
Type 
Length 
Angle 
Location 
Busbar Intercepts 
Edge Intercepts 
Crack Intercepts 

Cell/Module Features 
# Cracks 
# Cracked Cells 
Total Crack Length 
% Dark/Isolated 
Total Busbar Intercepts 
Total Edge Intercepts 
Total Crack Intercepts 

Image Segmentation by Local Feature Extraction 
A number of automated local feature detection algorithms exist to locate occurrences of specific patterns in images. 
This approach is sometimes used with a bag of visual words approach for unsupervised clustering of images. Local 
feature detection can also be used to segment images by these features. Below are examples of local features 
detected by various algorithms. Combinations of local features related to cracks can be used for image 
segmentation, which is then analyzed with connected component types of analysis as above. 

Local Feature Detection Algorithms 

ORB (Oriented FAST Rotated BRIEF) 

FAST (Features Accelerated Segment Test) 

SURF (Speeded-Up Robust Features) 

AKAZE (Accelerated KAZE) 

STAR 

Applications of Fracture Quantification 
Correlation With Electrical Performance 
Statistical comparisons of fracture-related features with I-V and other electrical 
parameters will reveal criticalities of different crack geometries and 
combinations for module performance. 

Tracking Fractures Through Time 
Features of individual cracks through accelerated exposure or time in the field 
will aid understanding of how cracks progress, and which types of cracks are 
likely to cause power loss. This will also reveal vulnerabilities of specific cell 
and module architectures and materials to fractures and related power loss. 

Fracture/Cell/Module Classification 
Machine learning classification9 of fractures, cells, and modules by their 
measured features will build a framework for distinguishing critical and non-
critical fractures. Together with time-series analysis, this will enable image 
detection of faulty and at-risk fielded modules. 

Right: Intensity-based module-level image parameters, median intensity and 
fraction of dark pixels (FDP), with correlation to module maximum power and 
co-plotted through thermal cycling exposure.10 
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ETHYLENE-TETRAFLUOROETHYLENE COPOLYMER 

The Alternative to Glass 
What is ETFE? Fluon® ETFE film? 

Transparent 

Moldable 

Mechanical 

Flexible 

Adherent 

Unique thermoplastic fluoropolymer material with improved 
mechanical properties, great mouldability and excellent 
electrical properties and chemical resistance 

Highly sophisticated film produced by AGC, Inc. It does not 
contain a plasticizer or adhesive and has all the excellent 
properties of the fluorinated resin 

Outstanding heat and chemical resistance, non-stick and 
dielectric properties, Fluon® ETFE film applies to a broad range 
of industries like photovoltaics 

Electrical 

Light-weight 

Durable 

Resistant 

Non-stick 

H H F F 
C C C C 
H H F Fm n 

Outstanding Resistence to Weathering & Aging 

Before Test Atfer 15 Years of 
Exposure 

Light Transmittance % 96 94 

Tensuile Strength 
(MD) Mpa 62.8 56.9 

(TD) Mpa 64.7 57.9 

Tesile Elogation 
(MD) % 420 360 

(TD) % 440 370 

Outside Exposure Test Test Sample : 100µm (4mil Thickness) 

Fluorite 

Highest Transparency 
Better Adhesion 

Before Test Rentention After 4000 Hours 
S.W.O.M. Test 

Fluon® ETFE Film DCS 3000 gf/cm 92% 

Corona TRTeated ETFE Film 
from Other Supplier 600 gf/cm 79%

  

 

 

 

 

   
    

     

    

 

   

   
 

 

   

 

   

  

   

      

   
   

  

  

   

  
 

 

 

   

 

        

 

 

 
Optimum WVTR 

Film (µm) WVTR g/m2 - 24 Hours 

Fluon® ETFE Film 25N 
(Transparent) 3000 gf/cm 92% 

Corona Treated ETFE Film from 
Other Supplier 600 gf/cm 79% 

Sunshine Weatherometer 
Initial Value After 5402 Hours 

Fluon® ETFE Film 100N DCS 3000 gf/cm 92% 

TPT 600 gf/cm 79%Damp Heat 85% 85ºC 
Initial Value After 500 Hours After 1000 Hours 

Fluon® ETFE 
Film 100N DCS 

3200 gf/cm 3000 gf/cm 2500 gf/cm 

TPT 600 gf/cm 

Mimimal Diffused Light 
Glossy Type (60 µm) One Side Matt Type(60 µm) 

Total Light Transmittance 3000 gf/cm 0.92 

Diffused Light Trnasmittance 600 gf/cm 0.79 

Direct Light Trnasmittance 

The 2020 Photovoltaic Reliability Workshop (PVRW) 
Sheraton Denver West Hotel in Lakewood, Colorado, February 25th-27th, 2020 

Contact: Brent Brownell, Marketing and Sales Leader – AGC Chemicals Americas, Inc. 
55 East Uwchlan Ave., Exton, PA 19341 – Email: brenton.brownell@us.agc.com – Mobile: +1 (520) 539-1443 
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Impact of Interconnection Failures on Photovoltaic Module Performance 
Dylan J. Colvin, Eric J. Schneller, and Kristopher O. Davis 
Department of Material Science and Engineering, University of Central Florida, Orlando, FL USA 

Florida Solar Energy Center, University of Central Florida, Cocoa, FL USA 

Ribbon tabbing schematic. Adapted from [1]. 

Introduction 
There has been much work done in improving cell technology to increase module power 

output, but there has been an increasing interest in maximizing performance by also 

looking at cell interconnection schemes. Some technologies, including foils and shingling 

using electrically conductive adhesives, have entered the photovoltaic (PV) market as 

alternatives to the most common form of interconnection: ribbon tabbing. 

Conventional ribbon tabbing consists of cells 

strung together with a tin-coated copper ribbon 

soldered on the busbars and rear metallization 

(see left). There are points along the metallized 

areas on which irons are placed to solder the 

ribbon. In the field, these joints can break and the 

ribbon becomes disconnected [2]-[6]. 

• Electrical disconnections (solder joint failures) lead to an increase in series 

resistance (RS), and a reduction in fill factor (FF) and maximum power (Pmax). 

• It is not simply disconnections in and of themselves that impact power, but also 

which interconnect fails. E.g., for a four-busbar cell, there is a lower impact on 

performance if one of the central interconnections break than for one on the edges. 

• This work presents results from systematically inducing interconnection failures in 

full-sized modules and builds off of the work done by Annigoni et al. [7]. 

Cutting Modules 
a) Four multicrystalline aluminum 

back-surface field modules with 

four busbars were selected. A 

rotary tool was used to cut into 

the backsheet and break the 

interconnections between cells. 

The system used for inducing 

these breakages is described inb) 

a) 

b) 

 

 

   

 

 

 

  

 

two phases: 

a) Two modules are selected to 

have interconnect breakages 

on the outer busbars; the 

other two modules, the inner 

busbars. At each step, one 

cell from each substring is 

selected. Each breakage 

skips one cell and alternates 

sides. 

b) Within each group (inner and 

outer interconnections), one 

module is selected for 

sequential cuts; the other, 

two cuts per cell. Sequential 

cuts describe single cuts that 

are made in sequence 

following other cuts. Two per 

cell describe cuts that are 

made at each cell with one 

cut already present. 

Experimental Results 

Illuminated I-V 
Phase A Phase B • Three parameters are plotted against the 

number of cuts (interconnection breakages): 

Pmax, RS, and FF. Results are tabulated below. 

• During Phase A, the parameter changes 

maintain a closely constant slope. 

• During Phase B, slopes remain consistent 

only for the sequential cuts (square, circle): 

this is expected, as the sequential cutting 

scheme is simply a continuation of cuts in 

Phase A. 

• For the inner two/cell module (triangle), the 

degradation drastically increases. Its loss 

rates are similar to those of the modules 

with outer interconnection failures. This is 

because, like outer failures, redundancy is 

lost. 

• When a busbar is not receiving current from 

the preceding cell, the surrounding busbars 

must transfer it (since all cells are in series). 

When there is only one busbar next to the 

broken connection, it is only once redundant 

and fewer carriers are transported through 

the busbar with the broken connection. 

• I.e., the more busbars a cell has, the more 

resilient the module is to interconnection 

failures. 

Phase A Phase B 

Module ΔP (%/cut) ΔRS (%/cut) ΔFF (%/cut) ΔP R2 ΔRS R
2 ΔFF R2 ΔP (%/cut) ΔRS (%/cut) ΔFF (%/cut) ΔP R2 ΔRS R

2 ΔFF R2 

Inner Sequential -0.055 0.736 -0.058 0.988 0.997 0.998 -0.049 0.592 -0.064 0.983 0.984 0.988 

Inner Two/Cell -0.046 0.679 -0.048 0.996 0.993 0.997 -0.128 1.25 -0.136 0.995 0.987 0.993 

Outer Sequential -0.107 1.37 -0.120 0.988 0.992 0.994 -0.116 0.957 -0.113 0.991 0.998 0.995 

Outer Two/Cell -0.108 1.44 -0.131 0.996 0.994 0.993 -0.083 0.767 -0.089 0.996 0.998 0.996 

Dark I-V 

• 

• 

• 

Phase A Phase B 
Dark I-V measurements were taken 

for the module with two outer 

interconnections failures per cell. 

RS values were taken using the 

slope of the curve from 1/20 ISC to 

1.1ISC. 

The curve shows an overall trend 

towards increasing RS, but the 

change in slopes between phases 

is not consistent with what is seen 

in the illuminated I-V. 

Calibrated EL Image Analysis 
• A series of electroluminescence 

(EL) images were obtained at 

injection levels ranging from 0A 

to 1.25ISC. 

• Using the analysis technique 

described in [8], the RS of each 

cell was calculated and plotted 

onto an image of a module. 

• This method can be used to 

detect external RS effects on 

cell performance by analyzing 

module EL images. 

Conclusions and Future Prospects 
• As PV cell technology continues to improve, there has been a growing interest in 

improving module performance using novel interconnection schemes. 

• The emergence of novel interconnection schemes opens up research opportunity 

for studying module performance and reliability. 

• For the most commonly used scheme - ribbon tabbing - it has been shown that 

interconnection failure itself is at least as important as the location of the failure 

with respect to other interconnects on the same cell. 

• Various characterization techniques have been used to describe how the 

performance changes when failures occur. Losses in P , and FF were max RS, 
described using illuminated I-V. Dark I-V and EL image analysis was used to 

describe RS losses. 

• Interconnection failures are seen in the field as corrosion and solder joint failure. 

Busbar redundancy is important in ensuring that a module is resilient to these 

failures. 

• This work could be expanded by seeing if other cell technologies using busbars 

exhibit similar trends in performance loss. Work could also be done comparing 

other makes and models of modules of similar technologies. 
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Field Reliability of Glass/Glass Modules 
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Introduction 
 Reports indicate that glass/glass (G/G) modules would have a market share of 20 % by 2023 [1]. 
 Common degradation modes reported in literature of G/G modules: encapsulant delamination, 

encapsulant browning, corrosion and glass cracks. 
 There is a strong need to investigate the G/G modules in detail to identify and overcome any 

potential failures in the future constructions. 

Field Aged Modules 

REFERENCES 

Project Overview 

Conclusions 
 Literature review reveled encapsulant delamination and browning as major defects in glass/glass 

modules. 
 Field exposed glass/glass modules with 4 different constructions and 2 different encapsulant was 

used for the analysis. 
 Encapsulant delamination was the most common degradation mode in all four sets followed by 

encapsulant discoloration or browning, glass cracks, and corrosion. 
 Heavy discoloration or browning and delamination was observed in the EVA encapsulated Set 3 and 

Set 4 G/G modules. 
 EVA based modules suffer from both browning and delamination issues whereas, ionomer based 

modules do not experience these failure modes 

[1] Laureen, Sanderson, Templeton Todd, Lorenz Adam, and Cellere Giorgio et. al., International Technology Roadmap for Photovoltaic, 2019. 
[2] A. Skoczek, T. Sample, and E. D. Dunlop, The results of performance measurements of field-aged crystalline silicon photovoltaic modules, Progr. Photovoltaics, Res. Appl., vol. 17, pp. 227–240, 2009. 
[3] Y. Zhang, T. Dun, J. Du, X. Liu, H. Li, Q. Dong, T. Liu, Y. Huang, H. Jia, Y. Mai, How double-glass laminated amorphous silicon solar modules break in the field: A case study, Conf. Rec. IEEE Photovolt. Spec. Conf. (2013) 3279–3283. 
[4] Y. Chiba, A. Masuda, K. Ogawa, R. Koyoshi, T. Takayama, Y. Ishii, M. Kadowaki, H. Nishikawa, A. Nakahara, K. Arihara, H. Nishimura, Reliability and long-term durability of bifacial photovoltaic modules using transparent backsheet, Jpn. J. Appl. Phys. 57 (2018) 08RG15 
[5] J. Tang, C. Ju, R. Lv, X. Zeng, J. Chen, D. Fu, J.N. Jaubert, T. Xu, The Performance of Double Glass Photovoltaic Modules under Composite Test Conditions, Energy Procedia. 130 (2017) 87–93. 
[6] J. Park, D. Hengevoss, S. Wittkopf, Industrial Data-Based Life Cycle Assessment of Architecturally Integrated Glass-Glass Photovoltaics, Buildings. 9 (2018) 8. 
[7] J.Y. Ye, T. Reindl, A.G. Aberle, T.M. Walsh, Performance degradation of various PV module technologies in tropical Singapore, IEEE J. Photovoltaics. 4 (2014) 1288–1294. 
[8] K. Yedidi, J. Mallineni, B. Knisely, J. Kutiche, G. Tamizhmani, Failure and Degradation Modes and Rates of PV Modules in a Hot-Dry Climate: Results after 16 years of field exposure, 2014 IEEE 40th Photovoltaic Specialist Conference (PVSC), Denver, CO, 2014, pp. 3245-3247. 

Characterization Results and Observations 
• Set 1 : Substrate glass thinner than 

superstrate glass causing temperature 
difference. Mesh type interconnects 
and frame could also affect the 
operating temperature. 

• Set 2 : Moisture ingress through the 
junction box was found to be the major 
cause for delamination. Further EL 
images displayed metallization and cell 
cracks which leads to hot spots. Low 
degradation rates reported in literature 
as well. 

• Set 3 : High number of handling and 
shifting breakages observed in set 3. 
Encapsulant discoloration observed 
only after 10 years of exposure. Hot 
spots mainly due to corrosion in bus 
bars and gridlines. 

• Set 4 : Shifting breakage was observed. 
Uniform browning throughout the 
module. Large and heavy making it 
impossible to test indoor. 

Delamination, 
29% 

Browning, 
26% 

Glass Cracks, 
21% 

Corrosion, 
24% 

G/G modules field aged for 
average 20 years* 

No of modules – 289, includes G/G modules of monofacial 
and bifacial construction from different weather conditions 

Fig. 2 Major degradation modes observed from 
literature [2-8] 
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% deg/yr of G/G Modules at different climatic 
conditions 

Sub Tropical Hot and Dry Hot and Humid 
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(a) 

Fig. 3 (a) Cumulative chart from various literature 
displaying the effect of climate and encapsulants 

from monofacial G/G modules [2-8] 
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Fig. 1 Project world market share of modules with 
glass/glass and different encapsulant constructions [1] 

Set 
No of 

modules 
procured 

No of 
modules 
damaged 

Location 
Field 

exposure 
(years) 

Encapsula 
nt 

Nameplate rating 

Isc (A) Voc (V) Pmp (W) 

1 4 0 
Gold 

Canyon, 
Arizona 

35 Ionomer NA* NA* NA* 

2A 8 1 
Phoenix, 
Arizona 

19 Ionomer 6.4 64.5 300 

2B 3 0 
White 
Plains, 

New York 
19 Ionomer 6.4 64.5 300 

3 41 8 
Scottsdale, 

Arizona 
10 EVA 8.5 16.3 100 

4 3 9 
Mesa, 

Arizona 
10 EVA 4.95 95.5 350 

Set 1 Set 2 

Set 3 Set 4 

 Set 3 and 4 modules with EVA 
encapsulants showed Pmp degradation 
rate of 3.2% and 0.9% per year, 
respectively. 

 The major factor causing power 
degradation was the drop in Isc values. 

 Non-EVA encapsulant module (set 2A) 
displayed only 0.2 % Pmp degradation. 

 However set 2B modules from Cold 
and Dry conditions displayed slightly 
higher degradation of 0.3 %. 

EL Image UVf Image IR Image 

EL Image UVf Image IR Image 

EL Image UVf Image IR Image 

EL Image UVf Image IR Image 
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ASU 

Non - Destructive 
Testing 

Project Flow 

Field Aged Modules 
# 75 modules 

Accelerated Testing 
# 148 4-cell modules 

# 42 commercial modules 

Destructive Testing Indoor Testing 
# 146 modules (124+22) 

Outdoor Testing 
# 44 modules (24+20) 

Indoor 
Extended Acc. 

Indoor 
Sequential 

Combined Acc. 
Testing 

Hot & 
Humid 

Hot & Dry 

# I-V, EL, IR, UVf, DIV, Reflectance FTIR, Reflectance, Raman, DSC, 
TGA 

ASU ASU NREL FSEC 

Intermittent and Post characterization 

Pre-stress characterization 

• Aims to develop failure mode and degradation mode-specific indoor and outdoor accelerated 
tests replicating the field-observed failure/degradation mechanisms for at least top two 
failure/degradation modes in G/G modules. 

• 75 field aged modules exposed between 10 – 35 years has been used for the analysis. 
• 148 4-cell modules will be fabricated for the accelerated testing having 3 different substrates 

(glass, backsheet and clear backsheet) and two different encapsulants (EVA and POE). 
• 42 commercial monofacial and bifacial modules (20 G/B and 23 G/G) with two different 

encapsulants will be used for the accelerated testing. 
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Confidential 

Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols,data analytics, 

and financial models to reduce the LCOE of solar energy 

BACKFLIP Project 
Determination of BACKsheet material properties: a comparison of market-benchmark technologies to novel non-FLuoro-

based co-extruded backsheet materials and their correlation and ImPact on PV module degradation rates 
Frederic Dross1, Robert Janssen1, Peter Pasmans1, Kurt van Durme1, David C. Miller2 , Laura T. Schelhas3 , Archana Sinha3, Bruce H. King4, Ashley Maes4, John Sherwin5 

1DSM Advanced Solar, 2 National Renewable Energy Laboratory, 3 SLAC National Accelerator Laboratory, 4 SANDIA National Laboratories, 5 Florida Solar Energy Center 

DuraMAT Capabilities Industry Goals 

1. Data Management & Analytics, DuraMAT Data Hub 
2. Predictive Simulation 
3. Advanced Characterization & Forensics 
4. Module Testing 
5. Field Deployment 
6. Techno-Economic Analysis 

Industry Motivations 

This project 

• Study a variety of co-extruded, fluorine-free backsheet materials, and compared to benchmark 
market backsheets, 

as-is, artificially-weathered, and when-utilized in a PV module 
• Evaluate the relative rate of degradation of commercial and experimental backsheets. 
• Derive parametrized equation that describes degradation rates of backsheets to predict useful 

life from lab data. 

Expected Outcome and Impact 

• Quantifying degradation rate of backsheets will help procuring materials for 30+ years. 

• Today most backsheets on the market have a laminated PET core; polyolefin materials may 
provide better properties for backsheets  (barrier to water, mechanical properties through 
UV and hydrolytic environments, etc.) 

• End-of-life regulations may require  fluorine-free backsheet products in future global 
markets. 

Project Outline 

Commercial / Benchmark 
Backsheets: 

(TPT, KPf, PPF, AAA) 

R&D / Coextruded / 
Fluoro-free Backsheets: 

(PA-PP, specialty polyester 
-PP, all polyolefinic) 

• Parametrized equation predicting the service life of backsheets, 
and validated by both lab and outdoor extensive testing. 

• Technical and commercial confidence to the entire value chain: 
from backsheet and module manufacturers to the downstream 
community (IPP, banks, developers) that materials of higher 
quality can help reduce finance costs, therefore driving down 
LCOE. 

• A fast track PV module market adaptation for novel high-quality 
materials, such as co-extruded polyolefin-core backsheets, by 
obtaining unbiased durability data. 

Initial Characterization 

Small Angle X-ray Scattering (SAXS) 

BS 
Material 
Coupons 

Mini-
modules 1/4-cell mini-modules will be 

used for artificial weathering 

17 cm 

17
 c

m
 

Extra material 

Mechanical tensile test (minimum 1 cm x 15 cm) 

VBD 
(minimum 

5 cm x 5cm) 

BS Unlaminated BS Laminated 

Sheet-film backsheet coupons will be used to 
examine mechanical (tensile test), electrical 
(breakdown voltage), and material 
(crystallinity) characteristics. Scattering Vector, Q (Å-1) Scattering Vector, Q (Å-1) 

Accelerated Aging: 

 Hydrolytic – Humidity, Temp. 
 Photolytic – UV, Temp. 

Outdoor Weathering: • Baseline SAXS completed on all seven backsheets 
• Clear differences between laminated and unlaminated samples 

 New Mexico – hot & dry suggest microstructural changes happen during lamination 
 Florida – hot & humid • Preliminary WAXS data also completed (not shown) 
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Four-cell mini-modules will be 
used for natural weathering 

Parameterized equations 
defining degradation rates 

of backsheets to predict 
useful life from lab data 

Testing 
Characterization 

Analysis 
Correlations 

Backsheet Isc (A) Voc (V) Imp (A) Vmp (V) Pmp (W) FF (%) 
Mean 1σ Mean 1σ Mean 1σ Mean 1σ Mean 1σ Mean 1σ 

   
 

  

  
       

   
          

      

 
  
    

   

   
 

  
  

   
     

   
 

 

    

       
  

 

   

   
 

  
 

    
  

 
 

  
  

 

 
 

   
  

  

  
 

 

 

         

  

  
 

  

 

 

   

  
 

 
 

 
 

 
  

  

  

 
   

  
  

  
    

   

BACKFLIP DURAMAT TIMELINE

1 9.52 0.03 2.71 0.01 8.92 0.01 2.06 0.01 18.4 0.1 71.2 0.3 
2 9.53 0.02 2.70 0.01 8.93 0.02 2.05 0.01 18.3 0.1 71.2 0.2 
3 9.46 0.03 2.70 0.00 8.86 0.02 2.05 0.00 18.2 0.1 71.2 0.1 
4 9.52 0.02 2.70 0.01 8.93 0.01 2.05 0.01 18.3 0.1 71.3 0.2 
5 9.46 0.09 2.69 0.02 8.87 0.04 2.05 0.01 18.1 0.1 71.3 0.5 
6 9.52 0.02 2.71 0.01 8.92 0.01 2.06 0.01 18.4 0.1 71.3 0.2 
7 9.50 0.02 2.71 0.01 8.91 0.01 2.06 0.01 18.3 0.1 71.3 0.2MiMo and coupon specimens in 

Xe Ci5000 chamber for IEC Representative annual time-temperature 62788-7-2 method A3 
weathering. history for rack-mounted glass/polymer PV • Baseline flash testing completed on all 4-cell mini-modules 

modules deployed at the DOE RTC sites. 
• Inter-sample variation was generally 0.5% or less 
• Two backsheet types displayed slightly lower Isc than others; this 

trend will be followed during field exposure 

24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 

2022 

Delivery of 
samples 

1000h 
aging 

2000h 
aging 

1 milestone 
report 

12 months 
outdoor 

MiMo 
acelerated 

aging 
4000 h 
aging 

2 milestone 
report 

24 months 
outdoor 

2019 

Oct Sep May Apr Mar Jun July Aug Sep Oct 

2020 

Jan Feb Jun July Aug Nov Dec 

St 

2021 

Jan Feb Mar Apr May Jun July Aug Sep Oct Nov May Jun 

Project 
Start 

Jan Feb Mar Apr Dec Nov Dec 

6 
months 
outdoo 

18 
months 
outdoo 

3000 h 
aging 

Final 
report 

Experimental plan , 
outdoor and 

indoor weathering 

√ √ 

Timeline 



  
      
 

        
      

      

IEC 63209: 
Extended stress testing to inform decisions 

and risk assessment of modules 

Sarah Kurtz (NREL, UCM), George Kelly (Sunset Technology), 
Tony Sample (JRC), and Nancy Phillips (DuPont) 

NREL PVRW; February 25, 2020, Lakewood, CO 



Motivation for extended-stress testing of PV modules 

• Want to 
o Reduce/evaluate risk 
o Choose the lowest cost module that is adequate for 

intended use environment 
o Set rates for insurance 
o Minimize test time 

• How do we do these? 

• Use data: 
• Correlate field & lab 
• Use collective experience 

Cost & time Risk 
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Many extended test sequences 

• PV customers requests for more data resulted in 
creation of many test sequences 

Table 2. Accelerated Test Programs Available Commercially Today 
DH: Damp heat, TC: Thermal cycling, DML: Dynamic mechanical load, DHWB: Damp heat with bias, HF: 
Humidity freeze, HS: Hot spot. 

Program Name Extra Test Sequences* Key Features Test Length
(Months)** 

Holistic QA [15,16] DH, TC, DML Extended 61215 ~4 
Thresher [17] DHWB, TC, HF Document degradation after 

each test cycle 
~6 

Reliability 
Demonstration [18] 

DHWB, HS Comprehensive ~6 

Durability Initiative [19] DHWB, Outdoor, UV, 
HS, DML, TC 

Durability assessment ~6+ 

Test to Failure [20,21] DHWB, TC Test to failure >12 
Long-Term Sequential 
[22] 

UV, DH, TC, HF Sequential (pass-fail) ~12+ 

PV+Test [23] DHWB, TC, ML Assign rating ~4 
Weather [24,25] Multiple*** Simulates weather ~12 
* Beyond IEC 61215 or IEC 61646 test sequences 
** A “+” indicates additional testing in the field 
*** Not based on IEC 61215/61646 test sequences https://www.nrel.gov/docs/fy14osti/60950.pdf 

• Goal is to standardize – each of these is useful: none 
is “correct.” Challenge is to agree on one standard 
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https://www.nrel.gov/docs/fy14osti/60950.pdf


Qualification testing versus Extended-stress testing 
Qualification (IEC 61215) Extended stress (IEC 63209) 

• Intended to identify early failures 
• All module designs currently in 

the field expected to have 
passed, but failures still observed 

• 25% is acceptable fail rate! 

• Intended to capture problems missed by 
IEC 61215 

• Some module designs should show 
degradation 
o Field failures are observed today – 

want to catch these 
o Need differentiation to assign risk 

• Ideal: Would like to identify all potential 
failures for all locations within target 
service life 

Why has such a standard NOT been defined? 
• Scientists say “you may get the hard-boiled egg instead of the chick” and many results 

will not be correct 
• Manufacturers are afraid of a “fail” due to false negative results 
• Financial stakeholders are afraid some designs will “pass” with false positive results 
• Application stresses ARE very different – some modules may be fine in some locations 
• History shows that people will blindly use test results to make poor decisions. 
• Industry stakeholders have struggled to find a solution 
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Scientific basis is essential, but impossible 

• It’s not possible to create a “correct” test (one that doesn’t 
cause false positives or false negatives for some situation); 
BUT: companies need to set rates, make decisions, etc. 

Where are we now? 
• WG2 acknowledges: 

• It’s not possible to write ONE test that covers all 
• It is impossible to avoid all false positives/negatives 

• Work package for the industry: 
• Understand that built-in quality and quality testing costs time and €€ 
• Companies need to do their job: 

• set reasonable degradation rate expectations 
• make decisions based on data and careful analysis 

WG2 agrees to 
• From the many extended test sets in use, take the sequences in common. 
• Where the sequences differ, discuss what makes sense and decide 
• Provide a common set of tests for data analysis, defer any pass/fail decisions 
• Consider the tests that the majority of companies have found useful 
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Status IEC 63209-1: Current plan addressing CD Comments 

STATUS IEC TS 63209-1: MODULES 
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For characterization 

Front-side UV 
exposure 

moved to IEC 
63209-2 
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IEC 63209: Sequence 1 (thermal cycling) 

• Failure issues: Thermal fatigue (thermal cycling) 
• 3 rounds of 200 thermal cycles (total of 600) 
• Was one of the few topics that was easily agreed 

upon 
• Thermal fatigue can be highly accelerated and still 

get a relevant result 
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IEC 63209: Sequence 2 (mechanical) 

• Failure issues: “Identify the likelihood that modules may 
lose power because of cell cracking”. Delamination is 
sometimes observed, but is not the primary focus 

• Sequence under discussion 
o 2400 Pa Static mechanical load 
o 1000 cycles of 1000 Pa mechanical load (IEC 62782) 
o 50 thermal cycles 
o 10 cycles humidity freeze 

• Some people think cracked cells are very important; 
others think cracked cells are unlikely to lead to power 
loss. One perspective on this test is to reduce anxiety. 
Other things can happen, too… 
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IEC 63209: Sequence 3 (UV on backside) 

• Failure issues: Degradation of polymeric materials (back) 
• Sequence under discussion 

o 200-hour damp heat 
o 60 kWh/m2 UV 
o 10 humidity freeze cycles 
o 60 kWh/m2 UV 
o 200 thermal cycles 

• Is most difficult because the kinetics of the UV-induced 
degradation can be very complex. 

• Better to use low acceleration factors and do long stress
on materials/coupons – IEC 63209-2 

NOTE: A FRONTSIDE UV SEQUENCE was considered, but discarded due 
to long test times. Front-side failures are known to occur and this is an 
identified gap in this test set. Project Team has left this for component 
testing. 
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IEC 63209: Sequence 4 (Damp heat) 

• Failure issues: Corrosion and packaging 
• 2 rounds of 1000 h damp heat (85°C/85% relative 

humidity) 
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IEC TS 63209-2: 
DURABILITY CHARACTERIZATION OF POLYMERIC COMPONENT MATERIALS AND PACKAGING SETS 

Approach 
• Data for risk analysis 
• Combination of test data from: 

o Component specific testing 
o BOM specific coupon testing 
o Mini module AND/OR

“structured coupon” testing 
• Correlate results to observed field 

failures 
• All possible tests for all different

specimens is not possible! 
• Do reasonable DoE with proper

statistics that allows for good
analysis and evaluation 

• Frontsheets 
• Backsheets 
• Encapsulants 
• Edge seals 
• ? 

•UV 
•DH 
•TC 
•Alone or in 
combinations 

Material 

Evaluation 
Methods 

Stress 
Protocol 

• Single component 
coupons 

• Multi-component 
coupons 
Mini-modules 

Specimen 
Design 

Mechanical properties 
•Optical properties 
•Adhesion 

11 
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Conclusions 

• It’s ESSENTIAL, but IMPOSSIBLE to define a scientific 
basis for a stress-test standard 

• WG2 directions: use commonalities in existing tests 
• IEC 63209-1: Extended-stress test current status 

o 600 thermal cycles 
o 2400 Pa/1000X 1000 Pa/50 TC/ 10 HF 
o UV test to be finalized 
o 2000 h damp heat 
o 192 h PID test. 

• IEC 63209-2 will define coupon testing 
Thank you to the dozens of people who have contributed! 
Join us to discuss next steps at 5:30 pm today in Boardroom 
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 AFM Topographic Changes after A3 for 4000 h

TD

AFM Images Focused on A crack

(10 µm)

Layer after Solder Bump Testing 

c 

Li, et al. RSC Adv., 2014, 4, 3938–3943 

(10 µm x 10 m) 

material in these regions has undergone a higher level of strain, leading to possible phase changes. 

Inside Crack Near Crack Tip Far Away from Cracks Proposed Phase Transformation 

(3 µm x 3 m) (3 µm x 3 m) (3 µm x 3 m) 

100 µm 100 µm 100 µm 

-phase 

-phase 

-phase 

-phase 

-phase 

-phase 

-phase 

Ordered 
structure 

Cracking and Microstructural Changes of PVDF-Based 

Backsheets during Aging 
Po-Chang Pan1, Stephanie L. Moffitt1, Lakesha Perry1, Deborah Jacobs1, Li-Piin Sung1, Stephanie Watson1, Xiaohong Gu1*, 

Michael D. Kempe2, Jared Tracy3, Kaushik R. Choudhury3 

1Engineering Laboratory, National Institute of Standards and Technology, Gaithersburg, MD U.S.A 
2National Renewable Energy Laboratory, Golden, CO, USA 

3E. I. du Pont de Nemours and Company, Wilmington, DE, USA 
Infrastructure 

Materials Group 

Introduction 

Experimental 

Polyvinylidene fluoride (PVDF)-based materials are 
widely used for highly weatherable architectural coatings due 
to their excellent chemical resistivity, UV stability and good 
mechanical properties. However, some recent field surveys 
showed that outer layer cracking and delamination of the 
PVDF-based backsheets can occur after only ~ 6 years of 
deployment. Several accelerated laboratory tests successfully 
reproduced the cracking; however, the mechanism is not yet 
well-understood. 

In this study, we have investigated the evolution of 
microstructures of PVDF-based backsheets during aging 
using atomic force microscopy (AFM) and scanning electron 
microscopy (SEM), with complementary small angle neutron 
scattering (SANS) and spectroscopic characterization. 
Specimens include free-standing PVDF backsheets before and 
after A3 exposure up to 4000 h, PVDF backsheets after solder 
bump testing, and PVDF outer layer separated from a field 
module after deployment in Arizona for 7 years. The outer-
most layers of these backsheets include both acrylic modified 
PVDF and “pure” PVDF. 

1) Free-standing film: Acrylic-PVDF/PET/ETFE backsheet, before 
and after A3 exposure (UV/65 C/20 % RH) for up to 4000 h, with 
or without water spray. 

Degradation of Acrylic Modified 

PVDF Backsheet 

2) PVDF/PET/EVA backsheet after solder bump testing 

▪ UV Exposure (2500 h) 
A3 (0.8 W/m²/nm @ 340 
nm, CAT= 65°C, 20% RH) 

▪ Thermal cycling (TC, 500 
Cycles) -40°C to 85°C 

3) PVDF outer layer, separated from field module after deployment 
in Arizona for 7 years ATR-FTIR: Air Side of 3 Backsheets 

0 h 4000 h 4000 h,  after 5% strain, 

TD 

4000 h,  after 25% strain* 

 Anisotropic Crystalline Structures of Backsheet Outer 

Layer after A3 for 4000 h (SANS and AFM) 

Scattering 
Intensity 

Machine 
Direction 

(MD) 

2D SANS Pattern 

• A high anisotropy ordering along the MD is observed at ~ 0.04 Å-1, corresponding to crystalline 
lamellar structure with size of ~15 nm. 

Ph
as

e 

Spherulite Crystalline Structure 
(AFM Phase Image) 

Morphologic Changes of Backsheet Outer Layer after A3 

for 4000 h and Sequential Small Stain (AFM Topography) 

 SEM Images of Backsheet Pits and Cracks for 5% Strain* 

• Pits are observed after aging, probably due to losses of acrylic polymers and TiO2 particles. 
• Microcracks appear as a coalescence of pits after 5% strain, perpendicularly to stretch direction. 

• Plastic deformation with formation of microvoids and ordered fibrous strucures.* relax for 3 weeks 

1 m 1 m 1 m 

100 nm 100 nm 100 nm 

Inside the 
crack 

Trench 

Ridge 

Air-Side Exposure 

1000 µm 

Confocal Images on 
Outer Layer Cracks 

100 µm 

TD 

❖ Microcracks appear in regions 

surface tends to crack under 

Cross-sectional Confocal Image of 
Unexposed Acrylic PVDF Backsheet 

Chemical Changes as a Function of A3 (ATR-FTIR) 

4000 3000 2000 1000
Wavenumber (cm-1)

 0
 250
 1000
 2000
 3000
 4000 1730 (C=O) 

2960 (C-H) 

1180 (C-F) 

➢ Substantial loss of 
carbonyl groups 
suggests degradation 
of acrylic polymers in 
outer layer of this 
backsheet. 

Loss of Carbonyl 
Group (ATR-FTIR) 

ATR-FTIR 

A
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Microstructure of PVDF Outer Layer from 

Field Module in Arizona for 7 Years 

Kempe et al. NIST-UL Workshop on PV 
Materials Durability (2019) 

➢ ATR-FTIR results suggest that air side of 
both aged solder bump and Arizona 
backsheets are mainly composed of PVDF. 

Choudhury et al. PVRW (2019) 

Microcracks Appear in Arizona Sample using 5% Strain 

- phase 

2D SANS Pattern Full Circular Integration 

MD 

High 

AFM Phase Image 
➢ SANS shows a 

10 m 

h 
(Attenuated total reflection Fourier-

transform infrared spectroscopy) 

0.04 Å-1  15 nm 

Full Circular Integration 

0.032 Å-1  20 nm 

Lamellae 

20 nm 

Tensile Test of Outer 

TD: 5.5% 
MD: 27.8% 

Cracks and Microstructure of PVDF Outer 

 AFM Topographic and Phase Images of Regions around 

Cracks and Away from Cracks 

• Highly oriented fibrous structures are observed near crack tips or inside cracks, suggesting that 

high anisotropy 
along the MD 

➢ Both SANS and 
AFM results 
indicate crystalline 
structures of PVDF 

Low outer layer.  

Layer of Arizona Sample originally without cracks Optical Image AFM Topography 
under 5% strain, indicating 

stress. 
❖ Aged Arizona sample shows 

high anisotropy in elongation 
at break, with much lower 
value in TD than MD. 

Summary 
▪ Acrylic modified PVDF outer layer has substantial degradation, showing pits after A3 

aging. Pits form microcracks once small tensile strain is applied. 
▪ Within cracks or near crack tips, there is consistent polymer microstructure ordering 

orthogonal to the wall of the crack. This ordering suggests that the material within the 
cracks has undergone a higher level of strain, leading to a phase change. 

▪ High anisotropy in structure shown in SANS is consistent with PVDF tensile results. 



   
 

  

  

  
  

 

 

 

Elucidating PID mechanisms using polyolefin encapsulants 
Brian M. Habersberger1, Peter Hacke2, Lisa Madenjian1 

1Dow Inc. 2National Renewable Energy Lab 

Background 
Typical material properties 

• Encapsulants used in most studies are commercial samples 
• Raw materials and formulation components are unknown 
• POE, EVA, and Ionomer are very different materials that are 

frequently boiled down to “resistivity” 

Shunting 
• Accumulation of Na+ in 

stacking faults 
• Critical predicted property: 

Sodium mobility in 
encapsulant 

Naumann, Volker, et al. Solar Energy Materials 
and Solar Cells 120 (2014): 383-389. 

PID-s 

Polarization 
• n-type 
• Negative 

charge in 
passivation/ 
AR layer 

• “PID-p” 

POE EVA Ionomer 

1014-1017 1013-1015 1016-1017 

Non-polar Polar Polar 

Polymer-bound 
N/A Free acid 

acid 

N/A N/A Zn2+, Na+ 

Organometallic 
Peroxide Peroxide 

catalyst 

Shunting 
• p-type 
• Na+ migration 

from glass 
• “PID-s” 

Delamination Other 
• Redox Rxn • Any voltage-
• Stress/ driven 

pressure at degradation 
cell surface 

• “PID-d” 

Polarization 
• Accumulation of charge in 

AR or passivation layer 
• Critical predicted property: 

Encapsulant resistivity 

Yamaguchi, Seira, et al. Japanese Journal of Applied 
Physics 57.12 (2018): 122301. 

PID-pResistivity (Ω·cm) 

Polarity 

Acid content 

Native ion content 

Polymerization 

3 POE resins, 1 EVA resin 
• POE resins have identical 

crystallinity and MW 
• All converted to film in the 

same facility in one day 
• Same UV stabilization package 

in all films 
• Same curing package used in all 

films 

1% 

0.5% 

0.25% 

PID study 
PID-s on multi-p cells PID-p on n-PERT cells 

• PID conditions: 80 °C/85% RH, -1000 V, 96 h 
• Catastrophic power loss with EVA 
• All POEs perform equivalently, regardless of 

resistivity 
• Conclusion: Sodium is mobile in EVA, 

nearly or completely immobile in POE 

• PID conditions: 60 °C/85% RH, -1000 V, 96 h 
• Mild-moderate power loss in EVA, POE A and 

POB B 
• Highest resistivity POE shows little power loss 
• Conclusion: High resistivity encapsulants can 

mitigate or prevent PID-p 



Electromechanical Characterization of Crack-Tolerant, Carbon-Nanotube-Reinforced 
Composite Gridlines Using In Situ Strain Test Setup under Scanning Electron Microscope 

Andre Chavez1,2 , Brian Rummel1,2 , Nicolas Dowdy2 , Omar K. Abudayyeh1, John Chavez1, Sang M Han1,2, Brian Rounsaville3, Vijaykumar Upadhyaya3, Ajeet Rohatgi3, Byron McDanold4, Nick Bosco4, Timothy Silverman4, Benjamin White5, and Brad Boyce5 

1Osazda Energy; 2University of New Mexico; 3Georgia Institute of Technology; 4National Renewable Energy Laboratory, and 5Center for Integrated Nanotechnologies at Sandia National Laboratories 

DuraMAT Capabilities Industry Goals Accomplishments Outcomes and Impact 

1. Data Management & Analytics, DuraMAT Data Hub 
2. Predictive Simulation 
3. Advanced Characterization & Forensics 
4. Module Testing 
5. Field Deployment 
6. Techno-Economic Analysis 

Cost Drivers 

Materials Characterization 

t0 tn 

Screen Printing & Light IV 

50 to 55 µm 50 to 55 µm 

~ 30 µm 

C om  m  ercia  l  
Pa  s  te  

~ 25 µm 

M e  t  Z  illa  TM 

Rc (Ω.cm2) Rb u s - to -b u s  (Ω.cm2) Laydown Weight Wet
(g) Laydown Weight Dry (g) 

Commercial Paste 7.800 0.041 0.161 0.130 

MetZillaTM  Paste 8.700 0.056 0.151 0.115 – 0.125 

Jsc Rseries Rshunt Area Device ID Voc [V] Isc [A] FF [%] Eff [%] n-factor [mA/cm2] [Ω.cm2] [Ω.cm2] [cm2] 

Baseline 0.666 9.43 39.61 77.9 20.56 1.21 0.59 4075 244 

MetZillaTM 0.669 9.70 39.72 77.5 20.58 1.20 0.72 5565 244 

• Produce screen-printable metal matrix composite (MMC) silver paste for gridlines and • Formulated MMC silver paste, matching both the viscosity and fineness of grind of 
busbars by incorporating low-cost, multiwalled carbon nanotubes (MW-CNTs). commercial DuPont paste. 

• Demonstrate enhanced fracture toughness against cell cracks that propagate through metal • Demonstrated MMC metallization bridging > 70 µm gaps with ability to “self-heal” to bridge 
contacts. 20 µm gaps after strained-to-failure and closed-gap cycles. 

• Develop electrical gap-bridging and self-healing capability for gridlines and busbars. • Controlled fracture toughness of gridlines as a function of CNT wt% incorporation. 
• Reduce LCOE by lowering cell degradation rate. • Printed and fired specialty MetZillaTM paste on PERC cells with an efficiency of 20.6%. 

Capability Development 

E s YS r S N e c 

s C Rsq r etc 

Step 2: Processing 
- Screen Printing & Firing 

ca boxy a on vs am na on µ w .% e c 

Step 1: Materials Engineering 
- MMC Paste Formulation 

Step 3: Materials Characterization 
- RACK & DMA 

Voc sc FF h accumu a ed damage equ va en yea 
the ma cyc es e c 

Step 4: Integration 
- Cell and Mini-Module Testing 

Ag 

CNT 

Goal 1: Commercial MMC 
Paste Product 

Goal 2: Proprietary
Integration 

Processing Recipes 

Goal 3: Predictable 
Module Performance 

& Degradation 

20 um 

In Situ Scanning Electron Microscopy 
During Strain Test 

Dynamic Mechanical Analysis Resistance Across Cleaves and cracKs 
(DMA) (RACK) 

a b 

c d 

Commercial Baseline 

• Control over mechanical performance with various CNT 
concentrations. 

• Strain energy density can be maximized with optimal CNT
incorporation. 

• Cell performance of MetZillaTM paste is identical to the 
commercial product. 

• The maximum bridgeable gap exceeds 70 µm. 
Fracture surfaces of (a) commercial paste and (b) MMC. (c and d) CNTs exposed around fractured surface. 
Images show evidence of micro-void coalescence for ductility increase as well as asperity-induced gap-

• ”Self-healing” settles at ~ 20 µm. 

• Bridging phenomena independently verified by NREL and bridging and crack closure. 
CINT at Sandia National Laboratories. 

• Demonstrate increased module reliability against stress-induced cell fractures. 
• Make specialized paste products  available for  integration on commercial  Si  PV modules.  
• Target future partnerships with cell production companies. 
• Provide new materials and integration solutions for terrestrial PV. 

Project Timeline 

DuraMAT II Begins Demonstrate MMC-
• Poster/Talk NREL PVRW2019 enhanced cells' similar Project Ends 

performance to baseline • Deliver degradation 
model 

• Compare mini-
module data 

Baseline Data • Present 3rd Poster • Present 4th poster/ 
• Ag Paste • Complete accelerated talk at workshop 
• p-type PERC Cell thermal cycling

of mini-module 

Establish MMC 
Paste Formulation • Demonstrate MMC-integrated cells maintain 

>90% beginning-of-life performance upon fracture 
PerformS-N fatigue curves on • Present 2nd Poster 
MMC-enhanced metallization • Mini-module construction (baseline &MMC) 

02/19 08/20 02/21 02/20 11/19 
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Summary 

Durability by Deliberate Design; 
Perfecting a Process that is Engineered to Last 

Osazda Energy, LLC. provides materials 
engineering solutions to improve solar cell and 
solar module reliability. Our specialized metal 
matrix composites have been proven to 
electrically bridge stress-induced cracks that 
appear in solar cells; the composites also self-
heal to regain electrical continuity. As the solar 
market is rapidly shifting towards thinner 
platforms for lower costs and making its way 
into wearable power systems and unmanned 
aerial vehicle market, our materials engineering 
solutions promise substantially improved 
reliability for solar power systems. 



      
   

         

      
           

      

      
     

 

      
       

    
    

    
       

   

      

    
   

     
 

      
      

      
     

     
   

    
   

      
   

      
   

   

  

       
      

    
         

       

  

  

   

    

          
 
          

 
    
       

 
       

       
       

      
      

 
     

      
    

  

   
   

  
 

  

   
         

   
       

          
    

  

 
          

  
 

-Discover, Develop, and De Risk module materials, 
architectures, accelerated testing protocols,data analytics, 

and financial models to reduce the LCOE of solar energy 

Data Cleaning for Degradation (and other) Analyses 
Clifford Hansen1, Dirk Jordan2, Michael Deceglie2, Matt Muller2, Thushara Gunda1, William Vining1 

1Sandia National Laboratories; 2National Renewable Energy Laboratory 

What? 

This project will significantly enhance capabilities 
to prepare data for analysis by: 
1. Building a data quality front-end for RdTools 
2. Extending capabilities to automatically filter 

time-series irradiance and PV power data 
3. Creating methods to automatically translate 

textual O&M records to time series indicators 
of PV system states. 

Deliver code through an open-source, extensible 
python library 
github.com/pvlib/pvanalytics 

Why? 

Data filtering and feature labelling are currently 
manual, time-intensive tasks relying primarily on 
human recognition. 

Many state-of-art algorithms are publicly shared, 
but not available efficiently in a common library 
• Conversations with researchers, O&M 

providers, independent engineers indicated 
broad interest in organizing available tools 

• Model the pvanalytics library on the success of 
pvlib-python for modeling algorithms 

When? 

Data quality front-end applied to RdTools – Sept 
2020 

Validated clear-sky condition detection using time-
averaged power – Sept 2020 

Validated local shading classification algorithm – 
April 2021 

Text-to-time series algorithms for translating O&M 
records to system state indicators – Sept 2021 

Data Quality Package Design 

Base layer of functions 
- Each function stands alone, implements or supports a published 

algorithm 
- Pattern <Boolean, information> = function(<input>, <input>) 

to label features, quality metrics in <time series> 
Classes with methods that wrap functions, and apply functions in 
combination for popular use cases 

Proposed modules 
filtering 

Example content 
Physical limits, day/night 

features Clear-sky conditions, shading, inverter 
outages, tracker misalignment 

quality.irradiance 
quality.weather 
quality.outliers 

Irradiance quality control (QCRad) 
Consistency among data sources 
Outlier detection 

fitting.temperature 
fitting.clearsky Site-specific temperature and clear-sky models 

metrics Performance ratio 

system System effective capacity, azimuth, tilt 

Local shading labeling 

• Local, fixed objects create recurring patterns in irradiance data 
• Recognized and labelled using morphological processing of time-of-

day vs. day-of-year intensity image 
• Verified for one-minute GHI data (Martin and Hansen, in 

preparation) 
• Extend to time averages, tilted plane-of-array, system power 

Clear-sky condition recognition 

Text-to-time series analytics 

Decommissioning of aged & failing 
modules 

Excessive vegetation caused inconsistent output 

• Information about changes in system states can be found in textual 
O&M records 

• Apply text analytics to identify and catalog common failures and 
maintenance actions 

• Correlate with time series features 
• Leverages PV-ROM database, informs Extreme Event analysis project 

Geometric methods 
• 1-min GHI time series (Reno et al. 2013) 
• 15, 30 and 60 minute sub-samples of 1-

min GHI time series (Ellis et al. 2019) 
• Normalize and extend globally for 1-min 

GHI time series (Bright et al. 2020) 
Statistical method 
• In-situ “clear-sky” reference signal for 

irradiance or power (Myers et al. 2019) 
When is this signal 
actually clear sky? 

Can these techniques 
be extended and 
validated for time-
averaged, plane-of-
array and power? 

Sandia National Laboratories is a multimission laboratory managed and operated by 
National Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of 
Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear Security 
Administration under contract DE-NA0003525. SAND2020-2354 C 

https://github.com/pvlib/pvanalytics
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Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols,data analytics, 

and financial models to reduce the LCOE of solar energy 

Failure mechanisms of electronically conductive adhesives (ECA) in dry and damp heat 

Arizona State University (ASU) 
B. Hartweg1, K. Fisher1, and Z. Holman1 

1Arizona State University 

MODULE GEOMETRY AND ECAS: 

SHINGLED MINI-MODULE FABRICATION: 

• Diffused junction cells 
are fabricated and 
laser-cleaved in house 

• After shingling, 
interconnected cells 
are cured on a hot 
plate 

• Cells are laminated in 
a glass, EVA, 
backsheet package 

BULK RESISTIVITY SAMPLES: 

ECA 
Glass 

ECA PROPERTIES: 

Components Characteristics Epoxy Silicone 

Wt % 80-100 83-88 

Ag:Cu ratio .875-.625 0.11-.13 
Filler 

Shape Spheres and rods Spheres 

Particle size (μm) 2-3 2 

Chemistry Epoxy Silicone 
Adhesive Shear modulus 

1720 ~20 
(MPa) at 25 oC 

RESISTIVITY VS AGING: 

DuraMAT Capabilities 
1. Data Management & Analytics, DuraMAT Data Hub 

2. Predictive Simulation 

3. Advanced Characterization & Forensics 

4. Module Testing 

5. Field Deployment 

6. Techno-Economic Analysis 

Project begins 

Obtain materials and characterize 
• Define systems to study Q1-2018 • Obtain materials 

SILICONE ECA RESULTS: RESULTS: EPOXY ECA 
Unaged 

Unaged 990 Hours in 85 oC Dry Heat 

820 Hours in 85 oC Damp Heat 

380 Hours in 85 oC Damp Heat 

CONCLUSIONS AND FUTURE WORK: 
• The voids appear to form in the silver coating on the surface of copper particles under thermal stress 
• More detailed analysis to be completed to determine if this is the cause of the ECA resistivity increases 
• Tests to additionally be completed on pure silver ECAs to determine if copper-based ECAs are more susceptible to failure 

University Goals 

• Failure mechanism(s) of ECA interconnects not known 

• Several flavors of ECA materials (e.g., silicone- vs. epoxy-
based); failure mechanisms of each may be different 

• Standard IEC tests may or may not be appropriate to 
accelerate ECA failure 

Accomplishments 

• Properties as a function of processing conditions evaluated 

• Fabrication sequence for making mini-module test structures 
for tabbed and shingled geometries developed 

• Evaluation of x-ray tomography as a failure analysis 
technique for these test structures begun 

• Our approach: ECA and module materials set → materials • Observed resistivity increases as a result of thermal stressing 
measurements and FEA model → accelerated tests • Detailed SEM/FIB/EDXS analysis begun on failed samples 

Timeline 

Test failure mechanisms 

Q3-2018 

Industrial sample analysis 
• Analyze failed ECA interconnects from 

Q2-2019 industrial partner 

• Measure properties and determine process conditions • Develop x-ray imaging technique for 
module analysis 

Outcomes and Impact 
• Outcomes will include preferred accelerated testing 

protocols, accelerated testing of select ECA materials, and 
recommendations for subsequent field testing 

• Close collaboration with Dupont, Eurotron, Coveme, and 
CelLink ensures that project remains relevant to PV industry 

• Several GW capacity online using ECA; this project has the 
potential to ensure that those modules last for 40 years 

Q4-2019 

Accelerated testing 
• Fabricate, characterize, and do 

accelerated testing on shingled mini-
modules 

• Run bulk and contact resistivity 
experiment alongside module aging 

Q1-2020 

Failure mechanism determination 
• Analyze in-house failed 

modules and bare ECA samples 
with developed analytical 
techniques 

ACKNOWLEDGEMENTS: 
This work was supported by the U.S. Department of Energy (DOE) under Contract No. DE-AC36-
08GO28308 with Alliance for Sustainable Energy, LLC, the Manager and Operator of the National 
Renewable Energy Laboratory (NREL). NREL is a national laboratory of the DOE, Office of Energy 
Efficiency and Renewable Energy. Funding provided as part of the Durable Modules Consortium 
(DuraMAT). 

https://0.11-.13


   
 

        

  
         

     
     

    
  

   
   

  

     
   

 

  

    
    

  

  

     

 
 

     

 

 
      

        

   
 

    
 

 
   

 
 

  

   

 
    
  

     
 

 
        

    
    

       
        

       
  
       

      
    

      

 

      
          

        
   

            
                                   

  
       

    
 

       
    
   

     
   

       
    

    

     

     
 

       
     

 
 

      
 

  

  

Increase over time 

Decrease over time 

Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols,data analytics, 

and financial models to reduce the LCOE of solar energy 

Challenges in Outdoor Accelerated Testing of PV 
Cameron T Stark, Joshua S Stein, Craig Carmignani, Craig One Feather, Doug Robb, Don Ellibee, Charles Robinson 

Sandia National Laboratories 

What? Why? Where? When 
This project is developing and Conventional methods for This work is being done at Sandia • Module characterization: May and June 

testing low cost methods for accelerated testing require large, National Laboratories in 2019 
• Accelerated temperature began in July 2019 

accelerating the ageing of PV expensive climate chambers. Albuquerque, New Mexico. • Accelerated humidity to began in September 
modules during outdoor operation 2019 

• Flash test baseline: February 2020 

Accelerated Temperature Hardware Design and Configuration 
Three SolarWorld 260W Poly modules: 
1. Reference module “Swamp Heater” design 
2. Insulated module • Heated water pumped over filter with forced heated air circulation 
3. Insulated with active heating of module 
4. Enclosed with circulated heated humidified air 

Three RTDs attached to back of 
modules 

Assembly of wooden box/rack for 
humidity chamber 

Blanket heaters placed behind Design drawing showing water tank Insulation fitted to back of module module and humidity/heater concept. 

Discussion Field Deployment 

Potential Advantages Potential Future Improvements 

Reference Heated 

Insulated 

Four modules have been deployed in the field (S-facing at 35° tilt). EL Imaging 
• More true-to-life conditions. Irradiance spectrum, • Utilize an IV curve tracer for data monitoring. (6/3/2019) 

wind conditions, rack grounding, grid-connection, Measuring Voc would enable more accurate 
etc. temperature corrections. 

• More affordable equipment with significantly lower • For the purpose of validation of this proof-of-
energy use. concept, (1) choose modules with a known 

temperature dependent degradation mechanism. 
Potential Disadvantages (2) characterize the ability to induce that 

mechanism with traditional HALT testing. • Takes a significant amount of time to get results. 
• Regulate heating elements to only heat up until • Difficult to control environmental doses to induce 3341-Insulation 85°C. Heated modules have shown the capability degradation. 

to reach temperatures above 90°C. • Cooling the module to extremely low temperatures 
• Design a maintainable cooling system. (-40°C) is not currently possible. 
Conclusions 
• Preliminary analysis showed a potential for Difficulties degradation but after several months there are no 

• Temperature uniformity in the heated samples is an differentiating results. 
Monitoring System 

issue. We suspect that variations in the thermal • Modules on microinverters • Insulating modules can provide exposure to 
contact between the heaters and the module may • Module level current and voltage 3343-Control significantly higher temperatures but does not 
explain the differences. provide as significant a “dose” as by active measured with shunts and 

• Average temperatures of heated module are about heating. voltage dividers 
twice that of the reference and insulated modules. • With heating there is a potential for exposing • RTD temperature sensors 

• Comparing to conventional HALT testing, there is modules to temperatures higher than traditionally measured with ICP-DAS little opportunity to reach -40°C with any method limits (85°C). • Logging with a Raspberry Pi here. • Controlling heat-humidity modules conditions 
• Maintaining heat-humidity conditions was require a more sophisticated setup to control 

challenging. temperatures sufficiently. 3344-Heat-Humidity 

Analysis 

PDFs and CDFs of module temperatures for all module samples. 
Preliminary analysis of monitoring data showed a potential for degradation but pre 
and post flash testing results do not support this interpretation. This effect may be 

due to temperature bias in the sensors and/or datalogger. 
Flash tests after 9 months of exposure show almost no differentiable degradation 

between modules despite preliminary analysis appearing to show gradual degradation. 

Sandia National Laboratories is a multimission laboratory managed and operated by 
National Technology & Engineering Solutions of Sandia, LLC, a wholly owned subsidiary of 
Honeywell International Inc., for the U.S. Department of Energy’s National Nuclear Security 
Administration under contract DE-NA0003525. SAND2020-2230 C 





  

 

 
 

 

 

 

 

 

 
 

 

 

 

 

 

 

 
 

  
  

 

Demonstration of Non-Lamination Encapsulation Technology to 
Improve Reliability and Reduce Costs in Thin Film PV Modules 

Sam Ellis, Larry Maple, Tushar M. Shimpi, Ryan Ruhle, Walajabad S. Sampath, and Kurt L. Barth 
Department of Mechanical Engineering, Next Generation Photovoltaic Center,  Colorado State University, Fort Collins, CO, USA 

Project Overview New Module Architecture Current Milestones 

The focus of this research program is to develop a new solar module architecture and 
encapsulation technology that will lower manufacturing cost and improve module 

Quality Milestone: Fabricate fifty 30 cm x 30 cm 
modules and test for the following: 

durability in order to meet solar cost (3 cent/kWh) and lifetime (>25 years) goals. 
Project overview: 

• Minimal overlap of PIB and silicone (<50%) 
• Mechanical Load Test (2400 Pa) 

• Improved reliability of PV modules 
• Damp Heat Test (85 C / 85 %RH) 
• Humidity Freeze (100 cycles -40 C to 85 C) 

• Significant reduction in manufacturing costs 

• Currently being optimized for thin film devices, but can translate to crystalline silicon Speed Milestone: Fabricate twenty 120 cm x 60 
• Elimination of time consuming vacuum lamination batch process cm modules and test for the following: 

• Demonstrate cycle time of under 1 min vs. 10 - 20 min for vacuum lamination 

• Reduce capital expenditures by ~ 3-5 times 

• Each processing step (PIB edge seal, silicone 
edge seal, and interlayer) taking less than 60 
seconds 

• Reduce module assembly factory footprint by nearly 20 times. • Total processing time less than 200 seconds 

Advanced Module Laboratory (AML) Tools Process Optimization 
The lab is set up for industry level advanced module research and development and is equipped with a throughput • On the encapsulation tool precise motion and dispense are controlled by a complex 
automated press and an encapsulation tool which precisely dispenses two perimeter seals and a polymer interlayer. set of parameters programmed into recipes that are executed in sequence. 

• The press has a maximum force of 1400 lb, which combined with reinforced 
support and preheated back glass is sufficient for a uniform seal. 

• Glass alignment is critical to avoid smearing. 
• With all systems optimized a perimeter seal and PIB interlayer structure was 

designed for milestone testing. 
Each encapsulation step <30 sec.  Glass Alignment Tool to test 

Non uniform seal 
Causes: Optimal
insufficient support, 
inconsistent height Poor Segment – Acceleration: 

520 ms Pump Prestart: 900 ms 

Uniform seal Overlap
Causes: reinforced 
support, back glass Before pressing After pressing Optimal Segment – Acceleration: preheat, consistent 690 ms Pump Prestart: 790 msdispense Void 

Dual Pumping System Dispense Tool Press Optimization Dispense Optimization Perimeter Seal Dimensions 

Milestones Testing and Results Discussion 

Quality Milestone Speed Milestone Significant advancements have been made on the 
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dual perimeter seal technology and demonstration 
show that the new module architecture has promising 
performance. Further testing will rigorously quantify 
the improvements in moisture and UV resistance. 
The automated encapsulation tool has shown 
significant manufacturability and has a high 
technology readiness level that can quickly translate 
to industry. Further developments will be made on 
the technology specifically the polymer interlayer 
dispense tool and the resulting module durability. 

damp heat test 15 20 15 25 15 25 10 30 25 14 

0 20 40 60 80 100 120 140 160 180 200
Automated Press Processing Time (s) 

For more information on the project 

This work is supported by the US Dept. of Energy award DE-EE-0008161. Thanks to Arizona State University Photovoltaic Reliability Lab and NREL for their research support. 
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Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols,data analytics, 

and financial models to reduce the LCOE of solar energy 

Correlation of advanced accelerated stress testing procedures with field data 
through advanced characterization and data analytics 

Michael Owen-Bellini1, Stephanie L. Moffitt2, Archana Sinha2, David C. Miller1, Ashley M. Maes3, James Y. Hartley3, Todd Karin4, Christopher Thellen5,  Donald R. Jenket1, Peter Hacke1, Laura T. Schelhas2 

1National Renewable Energy Laboratory, 2SLAC National Accelerator Laboratory, 3Sandia National Laboratories, 4Lawrence Berkeley National Laboratory, 5Tomark-Worthen 

DuraMAT Capabilities Capability Goals Milestones Outcomes and Impact 
This work will leverage state-of-the-art accelerated stress testing Year 1: Characterization of “unaged” backsheets and encapsulants 1. Data Management & Analytics, DuraMAT Data Hub 

2. Predictive Simulation (AST), materials characterization, simulation, and data analytics used for C-AST mini-modules, and of closest available “unaged” The approach developed by this work can be applied to 
materials to fielded modules additional materials systems, providing a new capability for to drive the establishment of best practices and the validation of 3. Advanced Characterization & Forensics Year 2: Acquire 3 different sets of fielded module samples DuraMAT stakeholders to use for discovering, de-risking, AST protocols for the PV industry. We will specifically investigate 4. Module Testing Year 3: Submit publication summarizing the results of the and enabling the commercialization of new materials and the correlation between different AST testing protocols and 5. Field Deployment demonstration project. Deliver recommendations to industry for designs. fielded modules by characterizing changes in the backsheet 6. Techno-Economic Analysis adjustments and/or adoption of new AST methodology to de-risk 

material properties. adoption of new module packaging materials. 

Project Overview and Approach Combined-Accelerated Stress Testing (C-AST) 

Field-Aged 
Materials 

Best 
Materials Combined- practices 

Characterization, Stress and Modelling and Data 
Testing Analytics validation 

Phase 1: Tropical 

4 Cell Mini Module Design: 

of ASTs Sequential 
Stress 
Testing Phase 2: Multi-season 

“C-AST is like a really bad day, every day” – Stephanie Moffitt 

AAA Failure Analysis PMR-255 Failure Analysis 
FTIR-ATR for AAA Outer Surface 

Finite element analysis to quantify the 
local stress/strain in the backsheet 

PhotoMark Reflections 255 

 Three-layer co-extruded backsheet 

 Inner and outer layers composed of nylon-12 
polyamide (PA) with TiO2 white pigment 

 Core layer PA and polypropylene (PP) blend 
with glass fibre filler 

 Broadening of bands between 3200 and 3400 cm-1 suggests the 
formation of hydroxylated products and primary amines  Known bad material with widespread failures 

across multiple climates manifesting as overt 
 Increase in the peak at 1710 cm-1 suggests formation of carboxylic cracking in GW of installed PV 

groups and C=C bonds which are associated with photo-oxidation 

PMR  5-layer co-extruded symmetric design PVDF 

 Polyamide-ionomer inner and outer 
layers 

 Polyolefein (POE) core layer PMR lasted much longer than AAA or PVDF 
 Talc filler for dimensional stability 

 Similar peak 1710 cm-1 peak change suggesting FTIR-ATR for PMR 255 Outer Surface 
oxidation process 

 Sharp increase in 1000 cm-1 peak intensity 
attributed to exposure of talc as outer polymer 
layer erodes 

Outer layer 
Talc 

Erosion 

AAA cracking after 4.5 months in C-AST 

PVDF Failure Analysis 
Displacement v. Time for Creep Hold SAXS for outer layer of PVDF Samples WAXS for outer layer of PVDF Samples 

cm-1 cm-1 1730 carbonyl group and 1151 
ester are associated with PMMA 

 Decreasing 1730 cm-1 and 1151 cm-1 suggests 
depletion of PMMA 

 Laminated construction with 2 principle layers  Increasing 1071 cm-1 symmetric stretching of 
CF2 and suggests a crystalline phase change is 

 Polyvinylidene fluoride (PVDF) and poly(methyl occurring, however, this could be either α, β 
methacrylate) (PMMA) blended outer layer or γ phase 

 Polyethlyene terephthalate (PET) core layer FTIR-ATR for PVDF Outer Surface FTIR-ATR for PVDF unaged and C-AST aged samples 

 6 months of tropical followed by moisture  Wide- and small-angle X-ray scattering 
 Adhesive interlayer and fluorinated coating on inner layer saturation or desiccation (SAXS/WAXS) collected at Stanford 

Synchrotron Radiation Lightsource 
 Known bad material  Micro-indentation shows measurable reduction (SSRL) at SLAC 

in viscoelastic response of aged PVDF, with  Inset in WAXS figure compares aged 
further reduction when desiccated. PVDF to unaged PVDF at peaks (020) 2x samples subjected to C-AST 

and (110), shoulder associated with α-
 Suggests plasticization effect when saturated phase crystal structure and an overall One with 3 months of Tropical weathering 

with moisture increase in crystallinity One with 6 months Tropical weathering 
 In SAXS, the lamellar feature of PVDF shifts towards smaller Q values after 

 Loss of modulus, hardness, with decreased creep aging, suggesting that the lamellar packing distance becomes larger and Cracking observed in both simultaneously following one cycle 
response suggests embrittlement and reduced more well-defined, consistent with the increased crystallinity observed in of Multi-season weathering 
fracture toughness WAXS 

This work was authored in part by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. Funding The information contained in this poster is subject to a government license. 
provided by U.S. Department of Energy Office of Energy Efficiency and Renewable Energy Solar Energy Technologies Office. The views expressed in the article do not necessarily represent the views of the DOE or the U.S. Photovoltaic Reliability Workshop 
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 Denver, CO 
reproduce the published form of this work, or allow others to do so, for U.S. Government purposes. NREL/PO-5K00-73368 



      
                 

       
       

    

    
   
    

  
  

   

    

 

 
 

 

  
 

  

  

 

   

 

  
 

PV-PRO: Methods for Determining Photovoltaic 
Degradation from Power Plant Production Data 
• Goal: Identify PV degradation modes and rates using only the data typically collected in a PV power plant. 
• Method: Use detailed production data (Max-power current and voltage, inverter on time, temperature, 

irradiance) to estimate single-diode model parameters, temperature coefficients. 
• Enables: Big data analytics for understanding degradation. 

PRODUCTION DATA PV-PRO Application 

Methods Team: Todd Karin, Anubhav BIG data analysis • Filter power data 
• Meteorological data Jain (LBNL) Mike Deceglie, 
• Circuit model 

More accurate Dirk Jordan (NREL) Bennet 

De
gr

ad
at

io
n 

m
od

e • Parameter estimation power predictions 
Meyers, Laura Schelhas • Uncertainty analysis 

I-V Parameters Actionable analytics 
Time series 

Technology (SLAC) Ashley Maes, Clifford 
Output Hansen, Bruce King 
Rseries, Voc, Isc, Bvoc, … (SANDIA) database Solder bond damage detected 
Degradation Mode Estimates 
Soiling, PID, Encpasulant discoloration, 
solder bond failure Budget: $790k over two 

years 



     
      

   
    

    
       

    
      

   
      

        
  

   
   

   
     

         
   

 

       
  

 

 
  

  

Nearly all power plants have DC current/voltage 
temperature and irradiance 

Example: System 5008 
1-10 MW 
Multi-Si modules. 
7 years of data 
15 minute time resolution. 

Data selection and preprocessing 

• Domain of applicability: Need “good” data 
– Time resolution of data: 15 minutes or better. 
– Length: > 4 years 
– Need module temperature and POA irradiance 
– Known module with datasheet (optional) 
– Known string size and number of parallel strings 

• Preprocessing data: Remove “bad” time points. 
– Use solar-data-tools and statistical clear sky fitting 

(SCSF) to determine clear times. 
– Simple thresholds on DC voltage and current to 

determine if inverter is on (at max power point) or off 
(at open circuit) 

– Module -> cell temperature correction: include. 
– Spectral mismatch correction: ignore. 
– Reflection Loss correction: ignore. 
– Fraction of diffuse irradiance correction: ignore. 

Keep only clear times so that rapid changes in 
environmental conditions do not add extra 
noise. 

2 



Maximum power point curve fit Metadata: 14 modules in 
series, 33 in parallel, 60 cells 

Use equations for 6 parameter single diode model. in module. 

I I  
 V IR+ S   V IRS + 

= L − IO exp  − −1nV R  th   SH Parameter Fit Datasheet 

    
      

 

   

 

 

  

 

   
     

 

    

  

     
   

  
   

Solver currently uses pvlib.pvsystem.singlediode() Reference photocurrent 8.6 A 8.5 A 

Reference saturation current 0.8 nA 0.7 nA 

alpha_isc +0.023%/C +0.07 %/C 

ndiode 1.06 

Shunt Resistance 363 Ohm 

Series Resistance 0.50 Ohm 

CEC: 1.03 

CEC: 181 Ohm 

CEC: 0.23 Ohm 

• Only use points where Imp, Vmp 
> 1% of max values. 

• Large uncertainty in alpha_isc: 
cannot determine this param. 

Don’t trust the uncertainties. 
3 
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Suns-Voc before the inverter turns on � ✓ ◆ 
n kB T E 

= V 0 + �0Method: Fit open-circuit voltage model to data without Voc oc0 1 +  log voc(T � T0) 
any prior knowledge of system. 

Note no shunt resistance in model 

Curve fit has low uncertainty (note 
doesn’t capture other errors). 

Compare fit params to Datasheet 
poly Si 
14 modules in series 

Fit Datasheet 

Voco 36.0 V 37.6 V 

Bvoc -0.28 %/C -0.32 %/C 

ndiode 0.92 CEC = “1.03” 

Vcell q E0 

Data split into temperature 
bins centered at value 

Beta_voc 

Voco’ determines 
Cell voltage to offset 
n_diode ratio 
controls slope 

Note n_diode less than 1 is unphysical – what does this mean? 
4 



Impact of atmospheric clarity fluctuations 

Question: Can we use statistical clear sky Method: Run SCSF using GHI data from NSRDB. No other 
fitting (SCSF) to measure sensor drift? preprocessing. Use RMS Rd to calculate the accuracy of 

sensor drift estimation. True sensor drift is 0%/yr 

Answer: Yes, and with more years of data, accuracy increases. 

   

         

    
    

   
    

    
  

   
 

      
 

      
        

    

              

Conclusions: 
Need 6 years of 
data for SCSF to 
identify sensor drift 
to an accuracy of 
0.1%/yr 

3 years of data has 
RMS Rd of 0.3%/yr 
due to atmospheric 
clarity fluctuations. 

[1] B. Meyers, M. Tabone, E. Kara. Statistical Clear Sky Fitting Algorithm. 45th IEEE PVSC Conference. (2018). 
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Identify which sensors associate with which modules 
Sensor 14 Problem: Often a time-series dataset won’t have info on Sensor 13 

the location and orientation of irradiance sensors. Basic Weather Station IMT Ref cell 
Solution: Inspect correlation between array DC current 
and POA sensor to determine which sensor is physically 
closest and most spectrally similar. 

Sample Analysis: 
• Curve in sensor 13 can be explained by spectral mismatch between certain irradiance 

sensors and silicon PV modules. 
• Data on cloudy days better differentiate which sensor is physically closest to modules 

Cl
ea

r D
ay

s 
Cl
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dy

 D
ay
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POA 14 (W/m2) POA 13 (W/m2) 
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NREL SERF-EAST Max Power Fit 
• NREL SERF east array, DC Pos current/voltage 
• Data does not contain “open-circuit” 

conditions because loggers are only on when 
the sun is out. 

• Ignore data with current < 10% max because 
of artifacts at low currents. 

• Clear degradation in photocurrent. 
• However, datasheet photocurrent is 3.35 A. 

Isc degradation 

Siemens M55 Datasheet 
Voc = 21.7, Isc = 3.35 A 
Cells in series = 36 
Imp = 3.15, Pmp = 55, Vmp = 17.4 
Beta_voc = -0.077V/C, -0.35 %/C 
Alpha_Isc = 1.2 mA/C, 0.035 %/C 

7 

Discuss: Why the 
seasonal fluctuation? 
Why is Isat so low? 



        
 

       
     

    

   
    

    
           

     

Conclusions and Open Questions 

• Preliminary Conclusions: 
– Fitting the maximum power point data is a promising way to extract 

single-diode parameters. 
– Data at open circuit conditions (inverter off) can be used to fit 

parameters such as open circuit voltage (Voc), Voc temperature 
coefficient and diode ideality factor. 

– Need careful data preprocessing to get valid results. 

• Future Work and Open Questions 
– What are the best test datasets for this method? 
– What causes seasonal fluctuations in fit parameters? 
– How to improve parameter extraction? 
– What data to throw out? E.g. by using data at clear times, can avoid 

data where temperature/irradiance are rapidly fluctuating. 

8 



   
   

        

    

     
     

 
 

 
 

 

         
                

       
     

       
  

    
         

        
   

    
    

         
        

         
  

   
 

    
    

   

                      
                               

                       
                             

      

 
     

   
     

 
 

 
 

  
     

  

        
       

     
  

      
     

        
        

   

  

          
        

      
  

 
    

  
 
 

     

 
    

 
      

      
    

 

    
   

   

   

      
     

   

     

           
      

   
  
   

  
  

 
  

  
   

 
  

   
 

 
  

   

        

    

 

  
 

  
 

     

       
     

  

        
         

      
        

       
         

  

               
               
           

        

Accelerated Stress Testing (AST)

review time series, imaging, and I-V curves. The following are 
planned user interfaces to the data. 

data hub and for internal analysis. 

W
/m

2 /
nm

 

Wavelength (nm) 

Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols,data analytics, 

and financial models to reduce the LCOE of solar energy 

Application of Acceleration Science and Validation for Combined-
Accelerated Stress Test (C-AST) Development 
Peter Hacke1, Michael Owen-Bellini1, Michael Woodhouse1, Dana Sulas1, Robert White1, Tadanori Tanahashi2, Sergiu Spataru3, Bruce King4, Joshua Stein4, Ryan Smith5 

1National Renewable Energy Laboratory, 2National Institute of Advanced Industrial Science and Technology, 3 DTU Fotonik, 4Sandia National Laboratories, 5Sandia National Laboratories 

DuraMAT Capabilities Involved Capability Goals Milestones Outcomes and Impact 
1. Data Management & Analytics, DuraMAT Data Hub This project seeks to quantify, validate, and optimize stress levels Year 1: Perform outdoor C-AST on 6 modules at Sandia and Improvement in accelerated-lifetime testing, its validation, 
2. Predictive Simulation of the recently developed combined-accelerated stress testing compare with chamber results; distinguish LID, LeTID, and UV- data visualization, quantified acceleration factors. 
3. Advanced Characterization & Forensics (C-AST) protocol1. The value proposition of C-AST will be degradation in a C-AST run; publish acceleration factor study Application of C-AST to LID modes, BOS components 
4. Module Testing developed through techno-economic analyses, improved data for C-AST; demonstrate data visualization software. Design for scale-up of C-AST for wider adoption. 
5. Field Deployment visualization, and engagement with the value chain to obtain Year 2: Demonstrate: a system for supplying mechanical load to 
6. Techno-Economic Analysis feedback for the goal of wider adoption of the testing method. both sides of the module for C-AST; accessible results in 

Datahub; a BOS experiment in C-AST; results of outdoor testing 
in relation to C-AST with the determined acceleration factors. 

Innovation Combined-Accelerated Stress Testing Work this period 

We are here 
loading (mechanical, electric, pneumatic) 

• Method for illumination (UV and full spectrum) 
Cost-benefit analysis of C-AST 
Selection of modules for outdoor C-AST 
Inform standards • PVQAT 
• Climactic chambers 
• Stress test sequences 
• Testing outdoors 
• Requirements for samples & special situations 

Data flow and visualization Light sources 
Data generated by the C-AST system including in-situ EL images3 is Visualization of the experimental data may start at either the Properties sought 
incorporated into the NREL reliability database and merged with module level or the connection channel level. Details are • solar spectrum matching in UV range • low cost • dimmable 
additional resources in preparation for insertion into the DuraMAT obtained by “drilling down” from the experiment or module to • UV/ full spectrum balance • long life • low O&M 

Example database entries for EL images taken in-situ 

Thanks to : 

Partial list of 61215 tests that a single C-AST run can Catching outstanding module weaknesses Identification of preventable problems 
potentially cover for about the same cost* reduces average degradation by half if the 86 % of issues in the studies should be diagnosed with C-AST 

• 04 Measurements of T coefficients • 13 Damp heat test right-skew can be eliminated 
equency vs. Degradation Rate (%/y) 

Si Degradation rate average: 0.8%/y * 
Normal distribution rate without 
right tail average: 0.4 % 

Normal rate without tail 
Si degradation rate 

Fr
eq

ue
nc

y 

Where can C-AST fit in well ? 

* 

* 

*not well detected by C-AST 
0 0.5 1 1.5 2 2.5 3 3.5 4 

Degradation Rate (%/y) 

Combining the stress factors of the natural environment, with fewer modules and 
with fewer parallel tests, it is possible to discover potential weaknesses that are not 
known a-priori in new module designs2. If further developed and applied to full 
size modules on the market, we anticipate that we can reduce residual risk, 
accelerate time to market and bankability, reduce costly overdesign (false positives) 
and apply known degradation rate equations to estimate service life for the 
degradation mechanisms observed in C-AST. 

Maximize representation 2 

Samples: as close as possible as the shipping module 
Factors: include the multiple stress factors of natural 

environment 
Combination: assemble stresses and levels in field-

relevant ways 

Developing data flow and visualization 
• Visualization of data for modules and 

channels, chamber conditions, module 
temperature, leakage current, etc. 

• EL images 
• I-V curves (in-situ and ex-situ) 
Evaluating methods employing full size modules for 
• More representative cyclic (dynamic) mechanical 

• 06 Performance at STC 
• 07 Performance at low irradiance 
• 08 Outdoor exposure test 
• 10 UV Preconditioning 
• 11 Thermal cycling test 
• 12 Humidity freeze test 
* assumes 2 full-size modules in C-AST 

• 15 Wet leakage current test 300 
• 16 Static mechanical loading 
• 18 Bypass diode thermal test 
• 20 Cyclic (dynamic) mech. loading 250 

• 21 Potential-induced degradation 
+ LeTID, snail trail, corrosion, delamination 
discoloration, J-box failure, some hot-spots 200 

150 
First, when fewer tests are required 

• Design qualification # of tests 
100

Low/medium 
Low 

– Internal testing of new design 
– Third-party certification 

• Quality assurance 50 

– Q/C of products coming from production line High 
0• Certain number of modules pulled per week for test 

• Certain fraction of modules produce pulled for testing 

– Customer/investor/insurer–driven demand Low/medium *Based on: Photovoltaic Degradation Rates — An Analytical Review 
Dirk C. Jordan and Sarah R. Kurtz 

Based on: Dirk Jordan, et al 27th EU PVSEC, 2012 

This work was authored in part by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. Funding 1 P. Hacke, Development of Combined and Sequential Accelerated Stress testing for Derisking Photovoltaic Modules https://www.nrel.gov/docs/fy19osti/73984.pdf 
provided by U.S. Department of Energy Office of Energy Efficiency and Renewable Energy Solar Energy Technologies Office. The views expressed in the article do not necessarily represent the views of the DOE or the U.S. 2 P. Hacke et al.,“Combined and Sequential Accelerated Stress Testing for Derisking Photovoltaic Modules” In Advanced Micro- and Nanomaterials for Photovoltaics, pp. 279-313 
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 3 M. Owen-Bellini et al., “In-Situ Performance Characterization of Photovoltaic Modules during Combined-Accelerated 
reproduce the published form of this work, or allow others to do so, for U.S. Government purposes. The information contained in this poster is subject to a government license. Photovoltaic Reliability Workshop, Denver Stress Testing, 46th IEEE Photovoltaic Specialists Conference, 2019 (poster). 
2020. 

https://www.nrel.gov/docs/fy19osti/73984.pdf


Study of Microcrack Formation and Propagation During Module Shipment 
Claire Kearns-McCoy 

ckearns-mccoy@cea3.com 

Background Crack Propagation During Shipment 

Manufacturers of crystalline photovoltaic (PV) modules utilize an 
electroluminescence (EL) inspection during manufacturing and prior to 
shipment to identify defective modules. One form of module defect 
identified during EL inspection is module cell microcracking. Cracks that 
form during manufacturing and shipment have the potential to cause 
power loss during the module lifetime. The EL criteria used in the factory 
often do not consider microcracks under a certain length. However, it is 
likely these small microcracks will propagate during the lifetime of the 
module, possibly even during shipment. There is also the potential for 
new microcracks to be formed as a result of the shipment process, prior 
to delivery to the module buyer. 

Methods 

All modules considered in this study had one or more cracked cell 
identified during a post-shipment EL inspection. The quantity of modules 
considered for each manufacturer is based on the availability of factory 
images of modules with post-shipment cracks and should not be taken 
as an indicator of the overall frequency of cracks for the manufacturer. 
EL images taken after shipment of modules from three manufacturers 
were compared to the original factory EL images. Each area with a crack 
identified in the post-shipment image was examined in the pre-shipment 
image to determine if the crack was present before shipment and if so, 
whether it had grown during shipment. 

The modules studied represent three different manufacturers with three 
different module technologies. All modules in this study were shipped 
overseas although the details of the exact shipping method are not 
known. 

Manufacturer Cell Technology Wafer size Module 
Structure 

A Mono PERC Half-cut Glass-backsheet 

B Multi Full cell Glass-backsheet 

C Mono PERC Half-cut Bifacial 

Findings 
The findings of the investigation varied significantly for the three 
manufacturers studied. All but one of the cracks seen in modules from 
Manufacturer A were formed during manufacturing and did not worsen 
during shipment. However, the vast majority of cracks seen in 
Manufacturers B and C were not present in the factory EL image. While 
close to 80% of the total cracks seen in the post-shipment EL images for 
Manufacturer B were not present in the factory images, it is worth 
noting that most modules in the sample from Manufacturer B did have 
at least one crack in the factory image. In 10 modules, crack propagation 
was observed in one or more crack during shipment. 

Manufacturer Modules 
considered New Cracks Worsened Cracks 

A 32 1 0 

B 24 21 10 

C 6 5 1 

        
 

 

        
       

          
         

        
            

            
          

           
             

      

            
        

           
           

            
          

             
          

             
     

         
          
          

 

          
            

        
        

             
              

            
           

             
        

         
         

           
           

         
           

        
      

   

 

         
          

         
           
           

        
      

       
              

        
             

          
         

         
    

            
          
          
   

   

 

 

 

   

Crack propagation during shipment was observed in 10 modules from 
Manufacturer B and one module from Manufacturer C. Crack 
propagation was observed in 38% of cracks observed the factory images 
of modules from Manufacturer B. However, none of the cracks in 
modules from Manufacturer A were observed to propagate during 
shipment. Microcracks which were too small to be considered in the 
manufacturer’s factory EL criteria but propagated during shipment were 
identified on several modules from Manufacturer B 

Before Shipment Post-shipment 

Conclusions 

Shipping or handling damage resulting in crack formation was observed 
in all three manufacturers, but was significantly more common in 
Manufacturers B and C. While neither the packaging or shipping 
methods were examined in this study, the large difference in outcomes 
between the manufacturers studied suggests that it is possible to reduce 
crack formation during handling and shipment through module design 
and/or appropriate packaging design and shipment procedures. 

Cracks that propagated during shipment and/or handling were observed 
in two of the three manufacturers in this study. 42% of the modules from 
Manufacturer B contained cracks which propagated during shipment. 
Many of these cracks would have been too small to be considered under 
the EL criteria used by many module manufacturers. Based on these 
results, module manufacturers should consider the potential for crack 
propagation during handling and shipment and adjust their EL criteria or 
handling and shipment procedures appropriately. 

For buyers of PV modules, these results highlight the need to ensure 
modules are properly packaged and handled during shipment and to 
conduct a post-shipment EL inspection if there are concerns about 
potential shipping or handling damage. 

mailto:ckearns-mccoy@cea3.com


The Effect of Cell Crack Initiation, Propagation, and Opening on PV Module I-V Parameters: 
Paving the Way for Early Crack Fault Detection and Monitoring 
Hubert Seigneur, Eric Schneller, Manjunath Matam, Joseph Walters 
Florida Solar Energy Center, University of Central Florida, Cocoa, FL USA 

BrightSpot LoadSpot 

Percent Std. Dev. Average Change Test Condition Res. (Ω) P-Value Res. (Ω) in Res. Introduction Results: Evolution of Cracks (%) 

Baseline 2595.37 184.51 0.000 --
Cold 2683.72 110.62 3.40% 0.18 Module 1 Module 2 Module 3 Module B2 

2400Pa 1711.55 85.75 -34.1% 2.10e-10 • The ability to monitor crack formation and crack opening within 
5400Pa 1180.96 99.57 -54.5% 5.34e-14 Initial Initial Initial Initial 

1000 Cycles 1654.22 82.59 -36.2% 1.02e-10 PV modules installed in the field is indispensable to maximize 
2000 Cycles 1577.38 94.02 -39.2% 1.53e-11 

energy yield while minimizing crack-related power degradation 
or possible disastrous failures such as fires from hot spots. 

Percent 
Average Std. Dev. Change Test Condition P-Value Res. (Ω) Res. (Ω) in Res. • Various field testing and sampling methods have been proposed, 

(%) 

Baseline 0.241 0.016 0.000 --but their effectiveness in driving down LCOE remains unclear. Single Cold Exposure Single Cold Exposure Single Cold Exposure Single Cold Exposure Cold 0.250 0.017 3.87% 0.211 

2400Pa 0.255 0.009 5.93% 0.023 

5400Pa 0.013 0.013 7.54% 0.010 • System monitoring by means of smart electronics is an attractive 
1000 Cycles 0.283 0.003 17.22% 3.32e-06 

2000 Cycles 0.293 0.021 21.35% 3.97e-06 alternative offering the advantages of remote failure detection, 
100% sampling, daily testing, reduced operational expenditure. 

• This work focuses on studying in the lab the effects of crack After  2400Pa After  2400Pa After  2400Pa After  2400Pa Discussion initiation, propagation, and opening on module I-V parameters 

• A strong indicator for the presence of cracks, whether open or 
closed, is the shunt resistance Rsh (slope from Isc, assuming noExperimental Setup current mismatch) 

After  5400Pa After  5400Pa After  5400Pa After  5400Pa • 4 multi-PERC 60-cell modules (4 busbars) • The short-circuit current Isc is a good indicator that cracks were 
created and still closed • Finite-Element Computer Lab 

• The series resistance Rs and to some extent the voltage at– Abaqus/Simulia platform 
maximum power Vmp are good indicators that the crack is• LoadSpot tool from BrightSpot Automation opening and that areas of the cells are getting isolated 

– can achieve uniform pressures beyond ± 5400Pa After  1000Cycles After  1000Cycles After  1000Cycles After  1000Cycles • Maximum power Pmp and efficiency Eff could be indicators of how 
– can achieve cyclic loading up to 1Hz bad the cracks are getting in general. 
– Front side is unobstructed allowing for in-situ characterization 

• Maximum power Pmp dependence on irradiance provides insight 
• Sinton FMT-350 Flash Tester into the power loss regime (series resistance A or shunt B). The 
• Electroluminescence Camera series resistance is dominant at high irradiance while the shunting 

After  2000Cycles After  2000Cycles After  2000Cycles After  2000Cycles effects are larger at low irradiance. Note: Power axis is plotted with a log scale • ½ Thermal Cycling test 
– From 25°C to -40°C and back to 25°C 

APmax A 
270.00 

Data  Analysis 
262.00 

1.00 1.02
Percent Std. Dev.Percent Average Change Average Std. Dev. Test Condition Eff. (%) P-Value Change Eff. (%) in Eff. Test Condition Power Power P-Value Bin Power (%) (W) (W) B(%) BrightSpot LoadSpot 

Baseline 16.32 0.05 0.000 --
Baseline 267.08 0.86 0.000 -- Cold 16.37 0.04 0.34% 0.02 

Cold 267.96 0.77 0.33% 0.019 Sinton FMT-350 Flash Tester 
2400Pa 16.32 0.04 0.01% 0.94 2400Pa 267.34 0.96 0.10% 0.505 

5400Pa 265.67 0.62 -0.53% 0.0002 5400Pa 16.23 0.03 -0.54% 2.76e-3 100.00 1000 Cycles 264.83 0.88 -0.84% 4.39e-06 1000 Cycles 16.17 0.05 -0.87% 3.62e-06 0.40 0.60 0.80 1.00 
2000 Cycles 261.73 0.70 -2.00% 2.93e-13 2000 Cycles 15.99 0.04 -2.02% 4.39e-13 

IRRADIANCE 
120.00 

Initial 2400Pa 5400Pa 2000Cycles 0.47 0.52 

Percent Percent Average Std. Dev. Average Std. Dev.Change Change Test Condition Current Current P-Value Test Condition Voltage Voltage P-Value Voltage Current (A) (A) (V) (V) (V) (%) 
Electroluminescence Camera Baseline 9.13 0.021 0.000 -- Baseline 37.91 0.11 0.000 -- Conclusion 

Cold 9.16 0.024 0.33% 6.44e-03 Cold 37.99 0.13 0.20% 0.18 

2400Pa 9.18 0.021 0.54% 2.58e-05 2400Pa 38.02 0.09 0.27% 0.03 

5400Pa 9.19 0.022 -0.66% 2.12e-06 5400Pa 37.97 0.12 -0.15% 0.28 • While microcracks have virtually no effects on the module IV 
1000 Cycles 9.19 0.023 -0.60% 1.22e-05 1000 Cycles 38.05 0.04 -0.36% 3.41e-03 Procedure characteristics, their propagation into full cracks and subsequent 

opening (cell area isolation) affect module IV characteristics. 
2000 Cycles 9.11 0.030 -0.25% 0.05 2000 Cycles 38.07 0.10 -0.42% 3.62e-03 

1 Light soak 4 modules; baseline measurements 
Percent Percent Average Std. Dev. Average Std. Dev.2 Microcracks initiation: Cold exposure at -40 °C • Future work involves developing and validating algorithms for the Change Change Test Condition Current Current P-Value Test Condition Voltage Voltage P-Value Current Voltage (A) (A) (V) (V) (%) (V) early remote detection and monitoring of cracks in modules 3 Crack propagation: Load modules @ 2400 Pa 

Baseline 8.64 0.04 0.000 -- Baseline 30.91 0.13 0.000 --

Cold 8.66 0.01 0.26% 0.11 Cold 30.93 0.10 0.33% 0.64 installed in the field 5 More crack formation: Load modules @ 5400 Pa 
2400Pa 8.65 0.02 0.10% 0.52 2400Pa 30.88 0.10 0.10% 0.57 

5400Pa 8.64 0.03 -0.03% 0.87 5400Pa 30.74 0.11 -0.53% 3.27e-03 7 Open cracks: 1000 Cycles @±1000 Pa 
1000 Cycles 8.67 0.02 -0.33% 0.05 1000 Cycles 30.54 0.09 -0.84% 3.97e-07 

2000 Cycles 8.55 0.04 -1.06% 8.74e-05 2000 Cycles 30.61 0.13 -2.00% 2.77e-05 9 Open cracks: 1000 Cycles @±2000 Pa 

Displacem
ent (m

m
) 

This material is based upon work supported by the U.S. Department of Energy's Solar Energy Technologies Office under the Photovoltaic Research and Development (PVRD2) program Award Number DE-EE0008157 



        

     
 

  

  

 
  

                   
                 

                   
              

   
  

 

 

 

 

 

 
 

 
 

 
     

        
     

   

  
  

   
 

 
  

    
 

 
   

  
    

  
 

  
  

   
 

   
  

    
 

  
  

 

 

  
 

 

 
  

   
  

   
 

   
 

 
 

  

 
 

 
  
 

    

 
 

   
   

 
 
  

 
 

 
  

   
 

    
      

      
      

       
   

   

          

      
   

       
    

    

    
      

        
    

     

    
 

   
 

    

     
    

    
  

   

    
        

        
        
      
     

 

     
      

   
       

         

   

  

 

    

      
  
      

   

   
    

   
  

   

                  

         

               

 

 

   
   

    
 

  
     

  
   

  
    

  
 

       

Using Meteorological Data to Evaluate Worldwide 
PV Degradation Rates 
Michael Kempe, Derek Holsapple and David Miller 
National Renewable Energy Laboratory (NREL) 

Introduction and Background 
In assessing the durability of PV modules, the PV community 
frequently can mathematically describe the kinetics in a way that 
lends itself to extrapolation to the field for specific degradation 
pathways. In the past we would pick specific reference 
environments and plot tables of expected performance. 

Here we automate the process to enable the creation of world 
maps for specific PV durability metrics. The end goal is to create a 
tool for the creation of world maps predicting the sensitivity of 
modules to degradation to inform the development and utilization 
of module testing standards and to provide information to module 
designers. 

TMY (Typical Meteorological Year) Data was aggregated from sites 
around the world to render insight into factors contributing to the 
degradation of solar modules. The focus of aggregating data was to create a 
single dataset to work with utilizing Solar Irradiance values combined with 
Ambient Temperature, Relative Humidity, Wind Speed and Dew-Point 
Temperature. 

Edge Seal Ingress 

K 
(c

m
/h

1/
2 )

 

K vs Absolute Humidity By noting the loose correlation between 
0.006 

y = 0.0025x0.4434 

y = 0.0016x0.4544 

PIB Measured at 85⁰C 
PIB Measured at 45⁰C 

y = 0.0013x0.4933 Calculated 85⁰C 
Calculated 45⁰C 
Outdoor Modeled Data 

average ambient absolute humidity and0.005 

0.004 moisture ingress for edge seals, a map 
0.003 of required edge seal width can be
0.002 

0.001 created. 
0 M. D. Kempe, D. L. Nobles, L. Postak, and J. A. Calderon, "Moisture ingress prediction in polyisobutylene-based edge seal with molecular sieve 

0 2 4 6 8 10 desiccant," Progress in Photovoltaics: Research and Applications, vol. 26, no. 2, pp. 93-101, 2018. 
Absolute Humidity (kPa) M. D. Kempe, D. Panchagade, M. O. Reese, and A. A. Dameron, "Modeling moisture ingress through polyisobutylene-based edge-seals," 

Progress in Photovoltaics: Research and Applications, pp. n/a-n/a, 2014. 

Dew Yield (total dew in a year) 
By estimating the Dew Yield we can 
begin to model soiling effects and its 
relation to spectral loss. Dew Yield will 
also provide insight into corrosion 
processes. Researchers studying 
power loss as a factor of degradation 
can improve models with better soiling 
and corrosion predictions. 

157.5 
102.9 
67.2 
43.7 
28.3 
18.2 
11.6 
7.3 
4.4 
2.6 
1.3 
0.5 
0.0 

Note: Satellite data was decarded from this map due to poor cloud coverage data 
Beysens, D. (2016). Estimating dew yield worldwide from a few meteo data. Atmospheric Research Volume 167, 1, Pages 146-155. 

Module Environment Database 
Aggregated Data Sets

•Ground–based weather stations were first analyzed, and missing holes were filled with Satellite-based data. 

•3 Ground-based Weather Station databases (4,524 total sites)

•TMY3: (United States) 1961-1990 and 1991-2005

•CWEC: (Canada) 1953-1995 

•IWEC2: (Global) 12-25 years of data, dependent upon site location 

•2 Satellite-based (1,573 total sites) 

•PVGIS-NSRDB: National Renewable Energy Laboratory (NREL) and is part of the 
National Solar Radiation Database (2004-2014) 
•PVGIS-CMSAF: CM SAF collaboration for the area covering Europe and Africa (2007-
2016) 

The King Model provided module and cell temperature 

Fixed Tilt 
Open Rack 

at each site. 

Mounting Configurations 
• Open Rack Cell Glass Back 
• Roof Mount Cell Glass Back 
• Open Rack Cell Polymer Back 
• Insulated Back Polymer Back 
• Open Rack Polymer Thin Film Steel 

William F. Holmgren, Clifford W. Hansen, and Mark A. Mikofski. “pvlib python: a python package for modeling solar energy systems.” Journal of Open Source Software, 3(29), 884, (2018). 
https://doi.org/10.21105/joss.00884 

D. King et al, “Sandia Photovoltaic Array Performance Model”, SAND2004-3535, Sandia National Laboratories, Albuquerque, NM 

IEC 61730 UV Exposure 
• MST 54 in IEC 61730-2 or MQT 10 in IEC 61215-2 

o 60 kWh UV exposure 
o Module Temperature of 60 ± 5 °C 
o Irradiance uniformity of ± 15% 
o No “appreciable” irradiance below 280 nm. 
o Maximum of 250 W/m² between 280 nm and 400 nm. 
o Between 3% and 10% of the irradiance is between 280 and 320 nm. 

– ASTM G173-03 
 46.1 W/m² between 280 and 400 nm 
 1.52 W/m² between 280 and 320 nm (3.2%) 

– UVA-340 lamp ASTM G154-16 
 When operated at 0.8 W/m²/nm at 340 nm 
 43.8 W/m² between 280 and 400 nm 
 3.57 W/m² between 280 and 320 nm (8.1%) 
 Assuming significant sublinearity (x=0.64) for the same dose, this lamp irradiance setting would be 80% more 

damaging than the ASTM G173-03 solar spectrum 
o Assume we use a lamp with an action spectrum to match the solar spectrum damage. (e.g.

irradiance equivalent to ASTM G173-03 MST 54 and MQT 10 will be met with: 
– At 250 W/m² it will take 240 h. (5.4 UV sun exposure) 
– At 46.1 W/m² it will take 1302 h. (1 UV sun exposure) 

• Fischer and Ketola found that Typical UV degradation rates for paints and coatings could be 
modeled with a power law dependence on irradiance level with x=0.64±0.2 and an acceleration of 
1.41±0.21 for every 10⁰C temperature rise. 

𝑛𝑛 � 𝐼𝐼𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 
𝑥𝑥 

𝑇𝑇−𝑇𝑇𝑜𝑜 𝐴𝐴𝐴𝐴 = 
10 𝑇𝑇−𝑇𝑇𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑅𝑅𝐷𝐷~𝐼𝐼𝑥𝑥 � 𝑇𝑇𝑓𝑓 𝑛𝑛� 10∑0 𝐼𝐼𝑃𝑃𝑃𝑃𝑃𝑃 

𝑥𝑥 � 𝑇𝑇𝑓𝑓 
R. M. Fischer and W. D. Ketola, "Error Analyses and Associated Risk for Accelerated Weathering Results," Third International Service Life Symposium, Sedona, AZ February 2004. 

Thermal Cycling Solder Fatigue 
With Hourly Cell Temperature data 
researchers can predict thermal fluctuations and 
the impact on Solder Fatigue Damage 
(PbSn). 

Bosco, N., Silverman, T. and Kurtz, S. (2016). Climate specific thermomechanical fatigue of flat plate photovoltaic module solder joints. Microelectronics Reliability 62 124–129 

IEC 63126, High Temperature Modules 
The standards IEC 61730 
and IEC 61215 currently 
refer to rack and roof 
mounted arrays having 
different testing 
requirements. However, the 
real problem is not in the 
mounting but a combination 
of mounting and 
environment that result in 
high temperature. IEC 
hopes to remedy this by 
defining IEC 61730 as 
applying to systems where 
the 98th percentile 
temperature is less than 
70⁰C and then IEC 63126 
defines more tests for a 
system with a 98th 

percentile upper limit of 
80⁰C or 90⁰C. 

These plots will be part of 
IEC 63126 and serve to 
help people quickly assess 
the potential need for 
additional high temperature 
testing. 

Application to IEC 63209 UV 
When these plots 
were shown to the 
IEC 63209 Extended 
Module Testing 
working group they 
were contemplating 
using a double 
exposure to the front 
side of a module. 
Noting that for most 
of the world this 
would be on the 
order of less than 3 
years equivalent 
exposure, it was 
decided that the 
expense of extended 
front side module 
testing was Not 
worthwhile. 
However, the 
backside could easily 
be getting a relevant 
level of exposure and 
was included in the 
extended testing 
protocol. 

Conclusions 
Utilizing typical metrological year datasets has yielded 
insights into the metrological effects of degradation. We are 
developing software to create world maps of degradation to 
help visualize the regions where specific degradation 
processes would be expected to be more prevalent. 

Creating suitable solar modules for geo-specific regions can 
allow manufactures to improve the durability of their designs. 
This will aid by letting manufacturers know if additional costs 
are likely to result in broad or in localized improvement 
realizations. A system developer might note that they are 
building in a particularly harsh climate and focus additional 
testing protocols appropriately. 

This aggregated dataset will be applied to single axis trackers 
with back row shading in as the predicted future fleeted 
system. 

Future work will also include P10 particle data research, the 
effect of albedo on backside and other degradation factors. 

This work was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. Funding provided 
by U.S. Department of Energy Office of Energy Efficiency and Renewable Energy Solar Energy Technologies Office. The views expressed in the article do not necessarily represent the views of the DOE or the U.S. Government. 2020 NREL PV Module Reliability Workshop (PVRW) 
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 Lakewood, Colorado 

February 24 to 26, 2020 
published form of this work, or allow others to do so, for U.S. Government purposes. NREL/PO-5K00-76180 

https://1.41�0.21
https://doi.org/10.21105/joss.00884


Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols, data analytics, 

and financial models to reduce the LCOE of solar energy 

High-Throughput Optical Mapping for Accelerated Stress Testing of PV Module Materials 
Imran Khan1, Caleb Phillips1, Steve Robbins1, Robert White1, David C. Miller1 1National Renewable Energy Laboratory 

DuraMAT Capabilities Capability Goals 
1. Data Management & Analytics, DuraMAT Data Hub •Demonstrate rapid batch specimen measurement capability, 
2. Predictive Simulation e.g., allowing measurement time to be reduced from 
3. Advanced Characterization & Forensics 6 minutes/specimen to 5 seconds/specimen. 
4. Module Testing: Module Prototyping and Combined-

Accelerated Stress Testing (C-AST) •Demonstrate specimen mapping measurement capability, 
5. Field Deployment allowing the spatial dependence of material degradation to be 
6. Techno-Economic Analysis assessed within the same specimen. 

Motivation 
•Traditional spectrophotometers require a long 
measurement time (~ 6 minutes) because macroscopic 
components must be physically actuated for 
measurement. 
•Traditional spectrophotometers are limited to 
measurement of single spots (~ 1cm2). DH-2000-BAL Optical Fibers 

Approach 
•Transmittance (-hemispherical and -direct) and reflectance 
(-hemispherical) channels will be added to the NREL CCD 
array spectrometer for thick specimens. 

•Measurement capability will be benchmarked against 
existing specimens, examined in a round-robin study using 
conventional spectrophotometer instruments. 
•Data acquisition and storage will be integrated into the 
DuraMAT DataHub network along with data visualization 
tool, facilitating sharing of information. 

Key Components 

Outcomes and Impact 
•The measurement tool may be applied for other 
materials (encapsulants, backsheets, optical coatings) and 
accelerated test methods in the DuraMAT network. 
•The study here will provide guidance towards the design 
and application of larger and/or outdoor-use intended 
instruments. 

FOIS-1 Integrating Sphere ISP-50-8-R-GT integrating sphere EPP2000-UVN-SR spectrometer 
•Traditional spectrophotometers require physical (deuterium and halogen light source) (solarization resistant and UV durable) (transmittance measurements) (reflectance measurements) (all optical measurements) 
reconfiguration (with associated setup delay) for •Output from 215 to 2500 nm. •Practical operating range: 200 nm – 1100 nm. •38.1 mm diameter with 9.5 mm port. •50 mm diameter with 8.0 mm port. •25um slit width for 0.43 nm resolution. 
measurements of separate characteristics. 

Project Timeline 

Optical Mapping instrument (In Development) 

•The Optical Mapping instrument has been added to the Combi tester at NREL to leverage the existing 
control, analysis, and data storage software. 

τhτd 
Integrating Mounting Beam 

sphere 

YX-,Y- DoF 
Collimator lens 

X 

Spectrometer 

Sample (stationary) 

Collimator lens Y Z 
X 

Leveling Plate Integrating sphere 
X-, Y-, Z- DoF ρh or gloss 

Mounting Beam 

X-, Y-
Optical fiber Light translational 

Source motion 

Schematic of the OM instrument, the capabilities for 
transmittance (τ, green interconnections ) and reflectance (ρ, 
blue) are shown. 

Co
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Photograph of the OM instrument on the Combi tester. 

Initial Measurements & Shortcomings 

• Minimizing the effect of background noise 

Initial Transmission measurement of Unaged 
Encapsulant Coupons 

Steps taken 
 Increased halogen lamp intensity 
 Applied baseline procedure 
 Shielding stray light 
 Table reflection minimization 
 Local blocking around light source 
 Modified sample holder 

Dark background spectra 
• the peaks correspond to 

fluorescent room lighting 
• same noise is carried over in the 

transmission spectra (left) 

Raw spectrometer counts after the noise minimizing 
steps, showing much reduced  noise contribution in 
both the light reference and dark background spectra 

Custom masks 
•Greatly improve measurement quality. 

(see below) 

IMS300PP 
(long travel linear stage, stepper motor) 

•300 mm travel in 1.25 µm minimum increment. 

General Operation (Traditional Spectrophotometer) 

•The procedure used for conventional spectrophotometer measurements (e.g., as in IEC 62788-1-4) can be 
applied here to  minimize measurement noise and verify proper instrument operation. 
•NREL’s usual procedure requires (i.e., for ρ): working reference sample, calibrated reference, and a light trap. 

Quartz witness check 
95 
94 
93 
92 
91 
90 Representative transmittance spectra for silica 
89 τ~93% 88 

Trimmed average (50% excluded) 

87 Compare to database (PRE) 

Compare to database (POST) 86 
85 

200 700 1200 1700 2200 

baseline 
(at 100% and 0%) 

-τ: use air and opaque mask 
-ρ: use Spectralon and light trap 

silica measure working specimens reference 
-Verify baseline and proper operation 
-silica: will not solarize or degrade 
-silica: broad spectral bandwidth 
-τ~93% (most wavelengths) 
-ρ~8% (most wavelengths) 
-if fail: rebaseline or troubleshoot 

Early Benchmark of Unaged Encapsulant Coupons 

silica analyze & working publish 
reference 

-Verify continued operation 

Hemispherical optical transmittance measurement data 
obtained by Combi Optical Mapping instrument (top) 
and spectrophotometer (bottom) 

Compare spectrophotometer & Optical Mapping instrument 
 Developed early prototype Igor Pro loader and procedure for data analysis 
 Preliminary benchmark results of unaged encapsulant coupons showed 

comparable results for spectrophotometer and combi optical mapper 
instruments. 

[Spectrophotometer Data] Quartz MATERIAL A MATERIAL B MATERIAL C MATERIAL D MATERIAL E MATERIAL T [Combi Optical Mapper] 

N/A 357.7 359.3 355.0 376.0 244.3 388.0 λcUV 
{nm} N/A 353.0 355.00 355.00 371.0 241.0 383.0 

𝛕𝛕 93.22 91.51 91.64 91.46 90.71 93.28 90.28 
mapping representative 

weighted {%} 
93.29 92.43 92.60 92.58 91.95 94.13 91.27 (300 nm ≤λ≤1100 nm) 

0.14 0.59 0.46 0.44 1.14 0.37 1.11 YI 
(D65 spectrum, 10° observer) 0.10 0.74 0.74 0.74 1.20 0.25 1.25 

Future Work 
 (Year 1) Measure and compare hemispherical transmittance of IEC 62788-1-4 round-robin samples. 
 (Year 2) Example the reflectance of weathered backsheet materials on MiMo samples. 



Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols,data analytics, 

and financial models to reduce the LCOE of solar energy 

Technoeconomic Analysis In Support of DuraMat 
Michael Woodhouse, Brittany Smith, and Robert Margolis 

National Renewable Energy Laboratory 

DuraMAT Capabilities Capability Goals Accomplishments Outcomes and Impact 
1. Data Management & Analytics, DuraMAT Data Hub • Develop customized lifecycle economics and finance models • Identified priorities for TEA through interviews of the • New analysis will be carried out and shared with researchers 
2. Predictive Simulation that can be applied to research DuraMat Industry Advisory Board and the PV community 
3. Advanced Characterization & Forensics • Manufacturing, installation, and operations and maintenance • Apply TEA to new ideas in order to quantify the value of • Adapt project levelized cost of energy (LCOE) and internal 
4. Module Testing (O&M) cost model development and data sharing research in pursuit of the SunShot goals rate of return (IRR) models to match data from the regional 
5. Field Deployment • Identify commercial partnership opportunities by leveraging • Leverage an extensive costs dataset and capability to test centers. 
6. Techno-Economic Analysis industry networks established for cost model development advance the objectives of DuraMat • Outreach to industry and DuraMat researchers to explain 

current cost drivers and develop models for unique ideas 

Capability Development 

Bottom-Up Manufacturing Costs Analysis 

Project Level LCOE Project Level IRR 

FY 2020 TEA Work Plan 

Methodology 

Operations and Maintenance Considerations 

Purpose of Technoeconomic Analysis (TEA) 
• Photovoltaics has evolved to become an industry driven by cost considerations.  The decision by manufacturing firms to adopt or reject 

new technologies is commonly made on the basis of costs competitiveness. 
• NREL’s Strategic Energy Analysis Center can provide a framework to calculate costs for incumbent, developing, and new technologies 

based upon the U.S. Generally Accepted Accounting Principles (GAAP) and the International Financial Reporting Standards (IFRS). This 
can then lead to insights useful for research decision-making, research proposals, technology selection, and for inclusion within 
publications. 

• Can be used to couple research milestones with projected costs. 
• Can be adapted to examine tradeoffs and breakeven analysis between total lifecycle project economics versus only the initial $/m2 or 

initial $/W. Analysis along these lines can help researchers and potential industry partners better understand the value of reliability and 
energy yield factors. 

• Through the process of collecting data for cost models one can identify commercial partnership opportunities. 

Outcomes of Technoeconomic Analysis (TEA) 
• TEA inputs and results will be made accessible to DuraMat IAB members and researchers. 
• Engagement with the IAB through data and analysis sharing, which will be followed by discussions and review. TEA also provides a 

powerful platform to gather input on current and future DuraMat research priorities, as well as new member recruitment for the IAB. 
• Models and results can be used for proposal ideas generation and ‘sanity checking’. 
• Results useful for publications and in quantifying the value of research to industry. 

Variable (cash) cost elements within the cost of goods sold: 
• Input materials 
• Direct manufacturing labor 
• Electricity 
• Maintenance of manufacturing equipment and facilities 

Fixed (non-cash) cost elements within the cost of goods sold: 
• Manufacturing equipment 
• Building and any facilitation expenses that can be capitalized 

Additional fixed (cash or non-cash) cost elements: 
• Research and Development (R &D) 
• Sales, General, and Administrative (S, G, & A) 

Opportunity Impact 

Reduce O&M expenses 
from $12/kW-yr to 
$6/kW-yr at 0.75% 

degradation 

Improve IRR 
by 113 bps 

Reduce O&M expenses 
from $12/kW-yr to 
$6/kW-yr at 0.20% 

degradation 

Improve IRR 
by 105 bps 

Reduce degradation 
rate from 0.75% to 

0.20% at $12/kW-yr 

Improve IRR 
by 63 bps 

Reduce degradation 
rate from 0.75% to 
0.20% at $6/kW-yr 

Improve IRR 
by 55 bps 

Achieve SunShot 
2030 reliability 

goals 

Improve 
Project 
IRR by 

195 bps 

Combined Accelerated Stress Testing (C-AST) on March 9
•Develop SEMI E35 cost of ownership (CoO) calculator that accounts
for CapEx (equipment and facilities) and OpEx (lamps, labor, utilities,
and  maintenance) 

•Compare to IEC 61215 testing costs
•Quantify LCOE benefits: Reduced O&M expenses due to module
failures, reinsurance premiums, and discount rates 

Module O&M With A Focus On Cracked Cells on June 8 
•Quantify breakeven in pro forma cash flow between higher cell and
module price versus avoided O&M due to cracked cells and hot spots

•Bottom-up derivation of paste costs and total cell conversion costs.
Comparisons to standard pastes. 

LCOE Calculator and Climate Zone Analysis on September 14
•Enter project latitude-longitude coordinates for derivation of climate-
specific degradation rate

•Calculate location-specific LCOE based upon weather files
•Code LCOE calculator within the DataHub 

Ad Hoc Support to DuraMAT researchers, the leadership team, and
the Industry Advisory Board 

   
 

  

  
   

 
   

  
   

 
   

     

     
   

    
 

    

  
     
 

 
     

   

 

  

 

        
   

      
       

     

 
       

       
 
     

 
     

      
        

    

    
 
 

   
     

  
   

 
    

 
 
 

 
 
 

 
  

  

 
  

  

  
 

  
  

  

 
   

 

    
  

  
  

 

  
 

 
   

  
 



Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols,data analytics, 

and financial models to reduce the LCOE of solar energy 

Manufacturer Model Cell Type 
Canadian Solar CS6K-300MS Quintech Mono-Si 
Hanwa Q-Cells Q.Peak-G4.1 300 Mono-Si 
Jinko JKM270PP-60 Multi-Si 
LG LG320N1K-A5 Mono (N) 
Mission Solar MSE300SQ5T Mono PERC 
Panasonic VBHN330SA17 HIT HIT N-type 

Characterization Methods 

Laboratory Non-Destructive ND Field Forensics Laboratory Destructive 
• Indoor Flash Test • FT-IR • Differential Scanning 
• Electroluminescence • UV Fluorescence Calorimetry (DSC) 
• Infrared thermography • Yellowness Index (YI) • FT-IR 
• Visual • Gloss • Thermal Gravimetric 

• Field Raman Analysis (TGA) 
• Near IR spectroscopy • X-ray Fluorescence 

• SAXS/WAXS 
• Raman Spectroscopy 

Non-Destructive Laboratory 

Manufacturer Rating Initial Year 1 % change 
Canadian Solar 300 300 ± 2 295 ± 1 -1.8 
Hanwa Q-Cells 302 ± 1 295 ± 1 -2.2 
Jinko 273 ± 1 268 ± 1 -1.9 
LG 319 ± 1 316 ± 1 -0.9 
Mission Solar 292 ± 1 289 ± 1 -1.0 
Panasonic 330 330 ± 0 330 ± 1 +0.2 

300 
320 
270 
300 

 
    

        

  
   

         
        
        

 
  

 

 

   

        

  
 

 
 

 

  

 

 

 

  

 
 

  

    

        

      

   

  
 

  
  

 

   
     

       

   

  

 
 

 

    

 

 

  
     

 

    
  

     

   

   

Initial Year 1 Panasonic 

Sample Cores 
• Two core samples from each module were extracted for laboratory destructive 

characterization. Additional cores available to DuraMAT partners 
• Razor blade used to cut along cell surface on both sides, exposing front-side and 

back-side encapsulant surface 
• Top and side view of back encapsulant + full backsheet: 

Mission Solar Panasonic Q-Cells 

Black inner layer, BS layer or Extremely thin encapsulant layer Representative of remaining modules 
encapsulant? Ribbon pressed deep into BS All white BS + distinct transparent 
Same seen on LG modules encapsulant layer 

• Transform measured spectra using standard 
normal variant method and run Principal 
Component Analysis (PCA). 

• Train a Support Vector Machine (SVM) on the PCA 
results from the known materials 

• Use SVM to classify the unknown materials 
Validate the classification graphically 

• Interpret chemical signatures 
Classification accuracy is expected to improve as more 

data is added 
Manufacturer # mods BS Outer Layer 
Canadian Solar 10 PVDF/PMMA 
Hanwa Q-Cells 10 PET 
Jinko 10 PVF 
LG 10 PET 
Mission Solar 10 PET 
Panasonic 10 PET 

Laboratory Destructive 

• Preliminary Raman spectroscopy of BS outer layers was consistent with FT-IR 
material identification 

• DSC characterization of front-side 
encapsulant layer showed similar 
crystal melting and glass transition 
behavior between all modules 

PE Crystal Fraction [wt%] Crystal Melting Onset Temp. [oC] 

• Small- and wide angle X-ray 
scattering (SAXS/WAXS) was 
conducted at SLAC on encapsulant 
+ full BS peeled from back side of 
cell (samples pictured lower left) 

• SAXS patterns show evidence of 
regularly spaced polycrystalline 
domains in all except LG and 
Panasonic samples 

• Canadian Solar and Mission Solar 
samples have anisotropic scattering 
due to alignment of domains along 
an axis (likely along machine-
direction of at least one BS layer) 

Field-Aged Module Library 
Bruce King, Ashley Maes, William Snyder and Josh Stein 
Sandia National Labs 

Capability Goal: Characterize material degradation from natural aging in 
commercially relevant PV modules 
• Acquire commercially available PV modules from independent vendors 
• Deploy alongside existing operational systems for extended timeframe (upwards of 10 years) 
• Remove single modules of each type at a fixed interval for destructive characterization to 

track changes in packaging materials 
• Utilize breadth of modules to develop and validate new field forensics methods 

SAND2020-2232 C 
Sandia National Laboratories is a multimission laboratory managed and operated by National Technology and 

Engineering Solutions of Sandia LLC, a wholly owned subsidiary of Honeywell International Inc. for the U.S. 
Department of Energy’s National Nuclear Security Administration under contract DE-NA0003525. 

Non-Destructive Field Forensics - FTIR 



Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols,data analytics, 

and financial models to reduce the LCOE of solar energy 

Technoeconomic Analysis In Support of DuraMat 
Michael Woodhouse, Brittany Smith, and Robert Margolis 

National Renewable Energy Laboratory 

DuraMAT Capabilities Capability Goals Accomplishments Outcomes and Impact 
1. Data Management & Analytics, DuraMAT Data Hub • Develop customized lifecycle economics and finance models • Identified priorities for TEA through interviews of the • New analysis will be carried out and shared with researchers 
2. Predictive Simulation that can be applied to research DuraMat Industry Advisory Board and the PV community 
3. Advanced Characterization & Forensics • Manufacturing, installation, and operations and maintenance • Apply TEA to new ideas in order to quantify the value of • Adapt project levelized cost of energy (LCOE) and internal 
4. Module Testing (O&M) cost model development and data sharing research in pursuit of the SunShot goals rate of return (IRR) models to match data from the regional 
5. Field Deployment • Identify commercial partnership opportunities by leveraging • Leverage an extensive costs dataset and capability to test centers. 
6. Techno-Economic Analysis industry networks established for cost model development advance the objectives of DuraMat • Outreach to industry and DuraMat researchers to explain 

current cost drivers and develop models for unique ideas 

Capability Development 

Bottom-Up Manufacturing Costs Analysis 

Project Level LCOE Project Level IRR 

FY 2020 TEA Work Plan 

Methodology 

Operations and Maintenance Considerations 

Purpose of Technoeconomic Analysis (TEA) 
• Photovoltaics has evolved to become an industry driven by cost considerations.  The decision by manufacturing firms to adopt or reject 

new technologies is commonly made on the basis of costs competitiveness. 
• NREL’s Strategic Energy Analysis Center can provide a framework to calculate costs for incumbent, developing, and new technologies 

based upon the U.S. Generally Accepted Accounting Principles (GAAP) and the International Financial Reporting Standards (IFRS). This 
can then lead to insights useful for research decision-making, research proposals, technology selection, and for inclusion within 
publications. 

• Can be used to couple research milestones with projected costs. 
• Can be adapted to examine tradeoffs and breakeven analysis between total lifecycle project economics versus only the initial $/m2 or 

initial $/W. Analysis along these lines can help researchers and potential industry partners better understand the value of reliability and 
energy yield factors. 

• Through the process of collecting data for cost models one can identify commercial partnership opportunities. 

Outcomes of Technoeconomic Analysis (TEA) 
• TEA inputs and results will be made accessible to DuraMat IAB members and researchers. 
• Engagement with the IAB through data and analysis sharing, which will be followed by discussions and review. TEA also provides a 

powerful platform to gather input on current and future DuraMat research priorities, as well as new member recruitment for the IAB. 
• Models and results can be used for proposal ideas generation and ‘sanity checking’. 
• Results useful for publications and in quantifying the value of research to industry. 

Variable (cash) cost elements within the cost of goods sold: 
• Input materials 
• Direct manufacturing labor 
• Electricity 
• Maintenance of manufacturing equipment and facilities 

Fixed (non-cash) cost elements within the cost of goods sold: 
• Manufacturing equipment 
• Building and any facilitation expenses that can be capitalized 

Additional fixed (cash or non-cash) cost elements: 
• Research and Development (R &D) 
• Sales, General, and Administrative (S, G, & A) 

Opportunity Impact 

Reduce O&M expenses 
from $12/kW-yr to 
$6/kW-yr at 0.75% 

degradation 

Improve IRR 
by 113 bps 

Reduce O&M expenses 
from $12/kW-yr to 
$6/kW-yr at 0.20% 

degradation 

Improve IRR 
by 105 bps 

Reduce degradation 
rate from 0.75% to 

0.20% at $12/kW-yr 

Improve IRR 
by 63 bps 

Reduce degradation 
rate from 0.75% to 
0.20% at $6/kW-yr 

Improve IRR 
by 55 bps 

Achieve SunShot 
2030 reliability 

goals 

Improve 
Project 
IRR by 

195 bps 

Combined Accelerated Stress Testing (C-AST) on March 9
•Develop SEMI E35 cost of ownership (CoO) calculator that accounts
for CapEx (equipment and facilities) and OpEx (lamps, labor, utilities,
and  maintenance) 

•Compare to IEC 61215 testing costs
•Quantify LCOE benefits: Reduced O&M expenses due to module
failures, reinsurance premiums, and discount rates 

Module O&M With A Focus On Cracked Cells on June 8 
•Quantify breakeven in pro forma cash flow between higher cell and
module price versus avoided O&M due to cracked cells and hot spots

•Bottom-up derivation of paste costs and total cell conversion costs.
Comparisons to standard pastes. 

LCOE Calculator and Climate Zone Analysis on September 14
•Enter project latitude-longitude coordinates for derivation of climate-
specific degradation rate

•Calculate location-specific LCOE based upon weather files
•Code LCOE calculator within the DataHub 

Ad Hoc Support to DuraMAT researchers, the leadership team, and
the Industry Advisory Board 

   
 

  

  
   

 
   

  
   

 
   

     

     
   

    
  

    
 

  
     
 

 
     

   

 

  

 

        
   

      
       

     

 
       

       
 
     

 
     

      
        

    

    
 
 

   
     

  
   

 
    

 
 
 

 
 
 

 
  

  

 
  

  

  
 

  
  

  

 
   

 

    
  

  
  

 

  
 

 
   

  
 



RELIABILITY STUDIES OF RIGID AND FLEXIBLE 
CU(IN,GA)SE2 DEVICES WITH THERMOGRAPHY AND 

LUMINESCENCE TECHNIQUES 
Aldo Kingma, Shruti Kulkarni, Klaas Bakker, Monique van den Nieuwenhof, Dorrit Roosen, Peter Toonssen, Mirjam Theelen 

TNO-SOLLIANCE SOLAR RESEARCH, HIGH TECH CAMPUS 21, EINDHOVEN, THE NETHERLANDS (ALDO.KINGMA@TNO.NL) 

Luminescence (PL/EL) and thermography (ILIT/DLIT) measurement techniques have proven useful to localize issues in photovoltaic (PV) 
material, both during production and after installation [1-4]. Here, it is shown how these techniques were used in reliability studies on 
Cu(In,Ga)Se2 (CIGS) devices to detect both microscopic defects in laboratory scale cells and macroscopic failure modes in flexible pre 
fabricates. The investigated pre fabricates were made using commercial CIGS material on flexible substrates, and intended as prototypes of 
low-cost integratable PV elements. 

Objectives 
• Identify the origin of visual features in luminescence and thermography 

images of CIGS-based devices using laboratory scale cells. 

• Find failure modes and possible improvements in the design of flexible CIGS 
pre fabricates with innovative design and materials. 

Microscopic defects in lab-scale cells 
Laboratory scale cells ( ~ 0.35 cm2 active area) were investigated using 
microscopy (optical, SEM, confocal) to identify the origin of features observed 
in thermography (ILIT, DLIT) and luminescence (PL, EL). The micorscopic 
defects that were identified could be classified on behaviour and expected 
impact on performance by comparing their appearance in luminescence and 
thermogrpahy. 

Exposed Mo 
• Commonly observed defect 
• In some cases shunted, in some cases not 
• Proposed explanation for shunting: presence of a piece of 

Appearances found 

PL Dark Dark 

EL Dark Dark 

LIT Hotspot X 
“X” = not visible conductive material short-circuiting TCO and Mo. 
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Mo 
SLG 

PL at VOC ILIT at VOC SEM EDX-Mo 

Partial Delamination 
Partial delamination of the TCO resulting increased series 
resistance but no shunting [1,2]. 

200 µm 
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Confocal microscopy DLIT +0.8 V 
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“X” = not visible 
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PL at VOC 

Current induced shunts 
• Formed after EL and dark forward bias exposure 
• Various appearances in PL/EL, 
• Always hotspots in ILIT/DLIT (shunting). 
• Various shapes observed in microsocopy, possibly 

burning/phase changes. 
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Confocal microscopy 
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Common failure modes in pre fabricates 
Commercial flexible CIGS modules were packaged in low-cost barrier materials 
to create pre fabricates with potential future use in integrated applications (in 
buildings, infrastructure, etc.). The pre fabricates were exposed to 85°C and 
85% relative humidity (damp heat, DH) and monitored at different stages using 
thermography and luminescence. This facilitated detection of failure modes 
and weak points in design. 

Deformation and barrier delamination 

Brighter region. 
Trapped air 
causes additional 
reflections. 

Hotter region. 
Trapped air 
causes slower 
heat dissipation. 

Moisture ingress and contact loss 

PL at VOC 

No edge sealing – 2700 h DH 

PL at ISC 
PL at ISC 

PL at VOC 

Complete 
extraction 

Incomplete 
extraction 

Increased PL signal. 
Likely TCO corrosion 
(less quenching) 

Edge sealing – 2700 h DH 

PL at VOC 
ILIT at VOC 

• Visualization of barrier foil delamination due to pre fabricate deformations 
• Brighter regions in PL (additional reflections), hotter regions in ILIT (slower 

heat dissipation at the air entrapment) 
125 

110 

100 

90 

80 

70 

60 

50 

40 

30 

20 

10 
0 

• Differences between samples with and without edge sealing after 2700 h DH 
• Bright edges in PL at VOC , dark regions in PL at ISC (contact loss). 
• Likely explanation: moisture from sides ingress causing TCO corrosion [5] 

resulting in contact loss and higher luminescence from either the CIGS 
underneath the TCO, or the corroded TCO itself. 

Conclusions and perspectives 
• ILIT/DLIT and PL/EL successfully used for detection of microscopic defects in 

lab-scale cells and larger scale failure modes in flexible pre fabricates. 

• Lab-scale cells: electrical behaviour of microscopic defects determined, 
additional analysis required to identify the origin 

• Pre fabricates: cause of dominant failure modes detectable with only 
luminescence and thermography, facilitating identification of weak points in 
the design. 

• Further work to be done on the evolution of defects in accelerated lifetime 
tests to better understand their long term impact on performance. 
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Measuring the Efficacy of Strain Relief in Delaying Solder Joint Fatigue 
Andrea Bowring, Gary Liang, Arbaz Shakir 

Introduction 
SunPower strain-relieved interconnects allow for much longer solder 
joint lifetime than observed in other technologies. Here we use digital 
image correlation to measure thermal displacements to more 
accurately evaluate the effect of strain relief features. 

100% 

Digital Image Correlation Results 
Three cell coupons of three types were cycled from -40/85°C inside an 
environmental chamber 
1. No interconnects 
2. Interconnects with strain relief cut-outs 

Temperature Cycling Results 
• Temperature cycling confirms that interconnects with no strain 

relief impose higher stress on joints 
• Extended temperature cycling on 2-cell coupons at 20 cycles per 

day shows that strain relief significantly decreased the number of 
broken joints as determined by electroluminescence imaging 
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Conventional Panels1-6 
95% 3. Interconnects with no strain relief cut-outs 

1 Kohl, “PV Reliability: Accelerated Aging Tests and Modeling of 
Degradation.” 2010. 

2 Meakin, “PV Durability Initiative for Solar Modules.” 2013.90% 
3 Ferrara, “PV Durability Initiative for Solar Modules: Part 2.” 

2014. 
4 Herrmann, “Outdoor weathering of PV modules - Effects of 
various climates and comparison with accelerated laboratory 85% 
testing” 2011. Pa
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0 1000 2000 3000 Electroluminescence image of a5 Ketola, “Degradation Mechanism Investigation of Extended 
Damp Heat Aged PV Modules.” 2011. Displacement was measured on all three samples using an initial length 6 Tsuno, “Effect of corrosion due to damp heat test on the I-V sample with no strain relief after Cycles 80% 
characteristics and analysis based on the equivalent circuit 
model.” 2014. 0 500 1000 1500 2000 2500 3000 of 6mm across the 2mm gap between cells. The temperature was cycled temperature cycling. Broken joints 

No Strain Relief Strain Relief Number of Cycles: -40 to 85°C (5 cycles per day) marked with xfrom 25 to 85 to -40°C. With strain relief the thermal displacement is 
similar to the sample with no interconnects, which suggests minimal 
stress on the solder joints. The sample with no strain relief has smaller Finite Element Analysis Results thermal displacements suggesting higher stress on solder joints.Digital Image Correlation Method 
Different trials show ~4μm variation. 

• Stereoscopic cameras provide a three dimensional view of samples 
• A calibration plate with markings with known spacing and two levels 

is used to create a function that maps the sample plane to the 
camera planes 

• Fine speckle painting on sample allows software to accurately 
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Both the digital image correlation and temperature cycling results 80 

are consistent with the results from our FEA model 60 

Calculated stress for a 60μm displacement for both designs shows how the strain 40 
relief features distribute stress 20 

0 
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Camera image showing speckled correlate images in a sequence and determine which regions have -40 

Time [min] sample with regions where been displaced 
displacement was measuredNo Strain Relief Strain Relief 
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Sample At 85°C the difference between the two interconnects is 19±4μm. 
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Temperature (°C)• Variation across measurements can be up to ~7μm (or 0.035% of the 
Strain Relief No Strain Relief 

starting length) and only part of this can be explained by the 
No interconnect 

calibration. We are working to understand this better. Conclusions 
Looking at the thermal expansion coefficients of the different 
components suggests that the encapsulant play a key role or that there 

0 1E-4 1E-2 1E+0 1E+2stereo 
Strain Relief No Strain 

Plastic strain energy density per cycle 
Relief 

cameras 20 
and lights • Lifetime model uses a 2D FEA model through the center of the solder joint 

0 •• We repeatedly measured displacement after 50°C heating in a steel Plastic work per cycle was calculated until stable load cycle was found 
50 1000 • Darveaux’s hyperbolic-sine creep models and Clech correlation7 used for lifetime 

plate with a known thermal expansion coefficient to evaluate method -20 • Lifetime estimates are lower than actual lifetimes from thermal cycling 
• Noise within a single measurement is typically ±~1μm 7Clech, J.P., Proceedings of the Surface Mount International Conference, San Jose, CA, August 25-27, 1998, pp. 315-324.-40 
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𝛼 = 10.6 × 10−6/°C is a complex interaction between the different materials 

Digital image correlation is a valuable tool for evaluating strain relief 
designs and validating finite element models 
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Next steps: 
More studies on variation between measurements 
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PV cell and module performance testing at NREL: 
Capabilities and services 

Allan Anderberg, Chuck Mack, Paul Ndione, Larry Ottoson, Steve Rummel, Tao Song, 
Rafell Williams, Dan Friedman and Nikos Kopidakis 

National Renewable Energy Laboratory 

The PV calibration chain Cell testing capabilities 
• Cell current vs. voltage 

Online Calibration Services Request 
1- and multijunction; 0.1-1 sun and concentrator • Quick, simple and available to anyone 

• Spectral responsivity • Subsidized for DOE subcontractors and US Universities and 
• Asymptotic IV for metastable devices – including multijunctions National Labs 
• Linearity of ISC vs irradiance (0—2 suns) • Pay with credit card or technical services agreement 

Primary calibration 
• Absolute radiometry traceable to the World Radiometric 

Reference 

• Fast turnaround 
• Arrangements for time-sensitive samples 
• https://pvdpc.nrel.gov 

• Highly accurate primary reference cell calibrations 
(0.40% uncertainty) 

Probing advanced metallization Si cells 9-channel simulator for multijunctions cells 

Secondary calibration 
• Calibration of reference cells and modules 

Reference Cells 
• Accredited to ISO 17025 for primary and secondary reference cell 

calibrations 
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Module testing capabilities ISO 17025 Accreditation PV performance 
measurements 
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Device performance • Current vs. voltage – flash and continuous simulators incl. AM0 • Lowest reported Pmax uncertainty for this size module for any• Any technology, any size 
• Independent testing 

available to anyone 
• Low uncertainty of 1.1% in 

Pmax for module 

• Device efficiency • Module Spectral Response accredited calibration laboratory 
• Quality control • Temperature Coefficients 

• Asymptotic (dynamic) IV for slow-responding devices • Module spec sheets 
• Accredited to ISO 17025 standards for secondary module calibrations • $/W cost estimates 

Quality Control 

calibrations 

Module QE 
+ mapping 

Osterwald et al. PVSC 2017 

Cell and Module Record Eff Charts Measuring Slowly-Responding Cells Lowering Module Calib. Uncertainty 
• Flash gives VOC 

• NREL CMP maintains • Rigorous stabilized state assessment • Outdoors w. spatial uniformity gives ISC 

these charts • Used for all emerging PV cells and modules • Indoor continuous gives final IV curve, with no sweep-rate artifacts 
• Valuable tool for PV • Used for all emerging PV multijunctions (e.g. perovskite/Si) 

stakeholders Spire flash simulator Outdoor test bed Continuous simulator 
• Raw data to be 

available soon VOC ISC 
25oC 25oC 

T= 25oC Use ISC to set simulator intensity ~0.2% Spatial Minimal heating during flash No ref. cell  no spectral error, Nonuniformity 
 Gives VOC (Irr) at 25oC no nonuniformity error  Gives ISC at 25oC 

 Gives J(V) at correct VOC and 
ISC, at 25oC 

• ±1.1% uncertainty in Pmax: lowest of any accredited lab 
pvdpc.nrel.gov Levi et al., 2017 PVSC 

Moriarty & Levi, 2017 PVSC 

This work was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. Funding provided by 
2020 PV Reliability Workshop U.S. Department of Energy Office of Energy Efficiency and Renewable Energy Solar Energy Technologies Office. The views expressed in the article do not necessarily represent the views of the DOE or the U.S. Government. The Lakewood, CO 

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. 

https://pvdpc.nrel.gov
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Simulation of the cross-linking reaction of
encapsulation materials with different model free 
kinetics approaches 
Marcel Kühne, Dr. Christian Stelling 
Hanwha Q Cells GmbH, OT Thalheim, Sonnenallee 17-21, 06766 Bitterfeld-Wolfen, www.q-cells.com, m.kuehne@q-cells.com (+49-3494-6699-53117), C.Stelling@q-
cells.com (+49-3494-6699- 52152) 

 MOTIVATION 
The optimization of the lamination recipe is decisive for 
the throughput of module production line. A strong 
knowledge of the physical and chemical properties of 
the used encapsulation materials is crucial. 
For cross linking materials, beside the physical 
properties, the curing properties are essential for the 
lamination process. The kinetics of the chemical cross 
linking reaction, which is strongly related to the used 
additive system, thereby defines the curing time 
needed to achieve a reasonable gel content. As a lot of 
reactions take place simultaneously, the identification of 
the reaction kinetics is challenging. 
The model free kinetics approaches of Friedman [1] and 
Ozawa Flynn Wall [2] [3] will be used to describe the 
chemical cross linking reaction in DSC measurements 
to predict the gel content of given lamination 
temperature profiles. 

DSC MEASUREMENT 

Fig. 1: Calculated conversion over temperature based on 
measured DSC measurements at different heating rates 

The conversion a at each temperature/time is given by the ratio 
between the partial peak area up to this temperature/time and the 
total peak-area. ̇∫  𝑄 𝑑𝑡 ∆𝐻(𝑡) 

a t = = (8) 
̇∫  𝑄 𝑑𝑡 ∆𝐻 % 

KINETICS RESULTS 

Fig. 4: Activation Energy Ea and pre-exponential Factor A over 
conversion rate a using the Friedman approach 

Fig. 5: Activation Energy Ea and pre-exponential Factor A over 
conversion rate a using the Ozawa-Flynn-Wall approach 

THEORETICAL CALCULATION 
In general, a chemical reaction can be described as follows 

𝑑𝑎 
= 𝑘 𝑓(𝑎) (1) 

𝑑𝑡 

where da/dt is the conversion rate, k is the rate constant and f(a) 
the conversion function of the reaction system. 

The temperature dependence of k is described by the Arrhenius 
equation: 

 (2) 
𝑘 𝑇 = 𝐴 𝑒  

where A is the pre-exponential factor, Ea is the activation energy, 
T is the absolute temperature and R = 8.3145 J/(mol K) is the 
gas constant. 
The Substitution of (1) in (2) results in 

𝑑𝑎 
 (3) = 𝐴 𝑒 𝑓(𝑎) 

𝑑𝑡 

FRIEDMAN 

Fig. 2: Logarithm of the product of heating rate β and rate of 
conversion (da/dT) against the reciprocal absolute 
temperature at different conversions a 
By assuming that the conversion function f(a) is constant at 
constant conversion, eqn. 6 implies that the plot of ln(β·da/dT) 
against 1/T gives a linear relationship whose slope is -Ea/R. 

SIMULATION RESULTS 

Fig. 6: Re-calculation of the DSC-conversion by using the 
kinetic parameters from the approaches of Friedman and 
Ozawa-Flynn-Wall 

Fig. 7: Conversion of a encapsulation material in a typical 
lamination process computed by using the kinetic parameters 
from the approaches of Friedman and Ozawa-Flynn-Wall 

The time dominated expression (3) can be converted into a 
temperature dominated by assuming the constant heat rate (β) 

𝑑𝑇 ∆𝑇 
𝛽 = = (4) 

𝑑𝑡 ∆𝑡 

which gives us: 
𝑑𝑎 

𝛽 = 𝐴 𝑒  𝑓(𝑎) (5) 𝑑𝑇 

The differential Friedman method (eqn. (6) [1]) and the model 
free integral from Ozawa-Flynn-Wall (eqn. (7) [2] [3]) were used 
to compute the activation Energy of the cross-linking reaction. 

𝑑𝑎 𝐸  (6) ln 𝛽 = 𝑙𝑛 𝐴  𝑓(𝑎) − 
𝑑𝑇 𝑅 𝑇 

ln 𝛽 = 𝑐𝑜𝑛𝑠𝑡 − 1.0516  (7)   

OZAWA FLYNN WALL 

Fig. 3: Logarithm of heating rate β against the reciprocal 
absolute temperature at different conversions a 

From eqn. 7 it follows that ln(β) against 1/T at constant conversion 
a but different heating rates β gives a linear plot whose slope is 
-1.0516Ea/R. 

 CONCLUSION 
• The kinetic parameters of the cross linking reaction 

of an encapsulation material as a function of the 
conversion were computed using the approaches 
of Friedman and Ozawa Flynn Wall 

• The two approaches yield different activation 
energies Ea and pre exponential factors A (Fig. 4 
and Fig. 5) but lead to similar results for the re 
computed DSC measurements (Fig. 6). 

• The model free kinetics approaches from Friedman 
as well as from Ozawa Flynn Wall can be used to 
compute the final gel content (via the conversion) 
of a given lamination recipe (Fig. 7) from the 
corresponding lamination-temperature profile. 

• These approaches can be used to optimize 
lamination-temperature profiles for currently used 
encapsulation materials and hasten the lamination 
recipe development for new encapsulation 
materials. 
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Contactless Electroluminescence of Photovoltaic Modules 

J. Gallon, G.S. Horner, E. Ignatovich L.A. Vasilyev 
Tau Science Corporation, Hillsboro, OR, USA 

Abstract 
The contactless Electroluminescence (EL) imaging System provides real-time, non-destructive analysis of photovoltaic modules. The system is demonstrated on silicon modules, and 

can be applied to thin film modules as well. EL images of modules are collected without making electrical contact and are analyzed to identify cracks, shorts, and other defects. Half 
of a module is imaged at a time, and the two half module images are stitched together to report one image of the entire module. Collecting only two images allows the system to 

move rapidly through a large array of modules. The contactless EL technique originally reported by Steve Johnston at the National Renewable Energy Lab, has been scaled up to 

enable automated field measurements of entire modules.  The system provides the EL images of modules without making electrical contact.  This not only saves time but also avoids 
any high voltage risks associated with disconnecting and connecting modules in the field. 

Background 

Module Scale Images 

Contactless Electroluminescence Scanner 

Summary 

The contactless electroluminescence system has been used to image 
individual cells in modules by measureing half of a module at a time. The 
technique provides a method to measure defects of individual cells in a 
module in a nondestructive manner. The speed and ease with which this 
system operates makes it useful both in a production quality assurance 
environment and pre or post installation environments in the field. 

This work is supported under the DOE SBIR Award DE-SC0017851. 

Module Contactless Electroluminecence 

Tau Science has imaged entire modues, modules of different cell types, and 
even taken detailed images of cracked problem cells with this system. Below is 
an entire shingled cell module that was imaged in two parts and spliced 
together. It displays cracked cells, dead cells, partially disconnected cells, and 
cells with shunting problems. 

Traditionally electroluminescence images have been used to detect cracked and defective 
cells in modules, and are collected by connecting the module to an electrical power supply. 
The need to disconnect and reconnect modules causes the traditional EL method to be 

cumbersome for testing modules that are already installed in the field. The contactless 
electroluminescence system uses non-uniform light incident on the module’s front surface 
and the facet that the cells are fully metalized to induce an electrical bias in the non-
illuminated areas of the module. Then a camera sensitive to the electroluminescence 
images the non-illuminated area which is under electrical bias. These contactless 
electroluminescnece images are analyzed for cracks, shorts, and other defects in the 
same manner as regular electroluminescence images. A higher resolution version has 
been demonstrated by Steve Johnston and Dana B. Sulas-Kern. 

The advantage of Tau Science’s PixEL software is that images can be automatically 
collected and analyzed in one program. Automated image collection and analysis coupled 
with module scale contactless electroluminescence allows for fast diagnostic testing for 
large scale arrays in the field. 

Tau Science also developed a contactless electroluminescence scanner which 
produces higher resolution images at the cost of speed.  This alternative system 
uses the same contactless electroluminescnce principals to collect images but is 
heavier and slower.  This model can scan modules at a speed of 1m/s.  

Software automatically controls the hardware to follow a user specified recipe to 
speed the data collection process. The ability to save recipes allows a user to 
define a recipe for a specific type of module, then run many similar modules 
though the PixEL software, like crack and short detection. 

The module scale contactless electroluminescnce system is light enough to be 
handled by a single person and can be manually placed on a module. It has 
multiple light bars. Each light bar illuminates a row or column of photovoltaic 
cells within the module. This configuration allows the camera to image a large 
portion of the module without moving. And since only one light bar needs to be 
illuminated at a time the power supply can be kept small and portable. 

Another advantage of the module scale contactless electroluminescence system 
is that it can work during the day or at night. Many operators prefer to measure 
modules during the day since that is when the maintenance personnel are on 
site. While other operators prefer to measure modules after dark to prevent 
power interruption The frame is light weight and still rigid enough to support an 
opaque cover.  

Below on the left is an image of half of a mono-crystalline Si module. It 
displays the shunt and absorption variation between cells within the module. 

An absence of cracks and severe shorts can be observed as well.  On the 
right is a detailed view of a cracked cell within a module. This image provides 
sufficient resolution to use automated crack detection analysis without making 

electrical contact to the module. 





       
    

  

 

 
 

 
 

           
  

    

Production Impacts of UAS-Identified Faults in PV Systems: 
NREL PVRW 

February 2020 Southeast and Mid-Atlantic Case Study 
Laura Kraus Lovenshimer, Strata Solar 

Introduction Results Conclusions 
This works seeks to answer the question “can aerial IR image-detected fault types be correlated to 

actual production losses?” 

Underproduction was regressed against fault counts by type to help assess whether a detected fault 
merits a repair to recover performance. 

Data on DC–side faults was captured by IR scans with drone technology in 2019. Automated image 
processing identified fault types including activated bypass diodes, hot spots, and tracker failures. PV 
system production and environmental data was separately captured by combiner and inverter-level 
telemetry. After adjusting for weather and outages, underproduction for each inverter array was 
calculated as the difference between the expected energy and actual energy. 

Data Set 
• Initial infrared inspection of 59 sites, 578 MW AC, and 2,524,809 modules was conducted by 

unmanned aerial systems across the Southeast and Mid-Atlantic (Figure 1). 
• Sites inspected range from 3 MWAC - 100+ MWAC and contain both polycrystalline and thin-

film modules. 
• 6,576 system faults were identified by data-processing partner Raptor Maps’ AI algorithm 

based on temperature deltas (Figure 2). 
• Data were cleaned of faults known to be attributable to natural disaster or proven 

manufacturer defect. 
• Real-time production and weather-data were captured at a 5-minute level by remote 

telemetry. 
• Expected energy values from Strata Solar Services' internal model were adjusted for outages 

and real-time irradiance, temperature, wind, and humidity. 

Methods 
Regression analysis was used to study the relation between the counts of occurrences of each fault 

category identified and the percent underperformance, summarized in Table 1. Underproduction is the 
difference between the outage– and weather–adjusted expected energy and actual production. An 
ordinary least squares multivariate regression was used to explore the correlation between counts of 
fault categories and site age in months on the dependent variable, underproduction. The large 
variance of the size of the sites lead to large variances in values of both the independent and 
explanatory variables. Thus, standard errors were clustered by site since inverter arrays within a given 
site typically have similarly sized-capacities for more robust error handing. Fault categories included 
in this regression analysis include cell, combiner, cracking, diode, diode multi, hot spot, internal short 
circuit, missing, module, shadowing, soiling, string, tracker, vegetation, and other. 

Figure 1, map of monitored sites. Figure 2, example automated fault identification 
from infrared imagery. 

Table 1, regression results. 

Combiner fault had the greatest coefficient at 235.944 indicating a 235.944 kW 
daily decrease in production with each identified instance of a combiner fault. 
Interestingly, faults identified as a tracker issue had the second strongest correlation , 
however the correlation was negative indicating and increase in production of 66.595 
kW when a tracker fault was identified within an inverter array. Diodes, hot spots, 
cracking, whole module issues, and soiling exhibited positive correlations with hot spot 
faults significant at the 95% percentile. Internal short circuit and vegetation faults 
both exhibited statistically-significant negative correlations with underproduction. 
However, the instances of internal short circuit and vegetation faults are very few in the 
data set compared to the other fault categories. 

Future Work 
Further research to identify additional explanatory variables could be valuable. 

Additional data cleaning to remove inverter blocks with any other ticketed issues or a 
larger data set could also help to increase the significance of results. Additional site 
descriptive statistics could be integrated such as module type, manufacturer, or site 
size “bins”. If significant results could be generated, such values will be implemented 
in cost-benefit analyses used to prioritize repairs and make long-term maintenance 
plans for sites experiencing significant impacts by DC-side faults. The findings of this 
study could also help to better predict lifetime production and maintenance costs for 
similar assets in the Southeast and Mid-Atlantic regions. 

References 
William F. Holmgren, Clifford W. Hansen, and Mark A. Mikofski. “pvlib python: a 

python package for modeling solar energy systems.” Journal of Open Source Software, 
3(29), 884, (2018). https://doi.org/10.21105/joss.00884 

Cameron, A.C. and Trivedi, P.K. 2009. “Regression Analysis of Count Data.” New 
York: Cambridge Press. 

Obropta, Eddie and Nikhil Vadhavkar. Raptor Maps Software and Report Portal. 
(2019) https://app.raptormaps.com 
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Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols, data analytics, 

and financial models to reduce the LCOE of solar energy 

Instrumented Modules for Environmental Characterization and 
Simulation Model Validation (SPARK Project) 
Ashley M. Maes, James Y. Hartley, Joshua S. Stein; Sandia National Laboratories 

DuraMAT Capabilities Project Goals Accomplishments Outcomes and Impact 
1. Data Management & Analytics, DuraMAT Data Hub 
2. Predictive Simulation 
3. Advanced Characterization & Forensics 
4. Module Testing 
5. Field Deployment 
6. Techno-Economic Analysis 

• Design, build, and test full-sized modules with embedded 
instrumentation to better characterize the internal states of 
modules in deployment environments 

• This project provides model validation data to support the 
Predictive Simulation capability area. If highly successful, 
instrumentation concepts could be applied in Field 
Deployment and Module Testing capability areas. 

• Selected strain gauges and data acquisition hardware, and 
post-processed existing simulation results to identify module 
locations of greatest interest for measurements. 

• Designed and built 3 instrumented modules and a control 
module to capture specific data objectives. 

• Completed EL imaging of modules to assess impact of gauges 
and wires on cells 

• This project provides module scale mechanical test data 
to support computational model validation 

• If successful, instrumentation concepts may be applied to 
field deployed modules to quantify the stresses imposed 
by outdoor exposures, or to supplement data acquired in 
modules undergoing accelerated testing 

Project Summary and Motivation Timeline 

Could strain gauges characterize fielded module strains? Verifying simulation output using strain gauges 

ε = 0.0001 xx 

? 
? 

? 

Can we verify that simulations predict the correct internal strain in a full PV module? Can gauges report fielded module strain? 

Computational Finite Element Models (FEM) are a useful tool enabling assessment and optimization of PV module designs. However, to be 
applied with full confidence, models must be validated against experimental data in controlled test cases. Currently, validation for full 

Quarter 1 
Module 

manufacturing 
Develop 

lead time 
instrumented 

module designs Quarter 3 

• FEM post processing 
Quarter 2for quantities and Analyze data and report 

on correlations and locations of interest 
lessons learned • Gauge selection Conduct testing 

• Gauge placements 
• Material choices • Simultaneous internal • Is gauge output reliable? • Data routing and 

and external data • Can a deformation acquisition 
acquisition magnitude and shape be requirements • Loads up to 2400 Pa to inferred? 

module mechanical FEM consists of comparing external deflection vs. load measurements, which is qualitatively adequate but could be 
improved upon when attempting to validate more complex quantities of interest. 
This project seeks to design, build, and test a set of custom modules containing internal strain gauge instrumentation, to collect internal 
measurements for detailed model validation. If the embedded instrumentation concept is successful, instrumented models could be 
deployed in the field to collect mechanical exposure histories, or subjected to accelerated testing to improve confidence in test 
representativeness. 

be tested • How do simulations 
compare? 

• Is the implementation 
suitable for outdoor use? 

Project will design, build, test, and report on lessons learned 

Instrumented Module Design and Fabrication Single Cell Prototype Coupons 

Three unique, instrumented modules plus one 
control module were manufactured with the 
following data objectives: 

• Assess J-box effect on nearby cell strain 

• Probe cells with maximum or minimum strain 
along module short edge 

• Probe cells with maximum or minimum strain 
Strain gauge measuring in the short edge direction 

along module long edge Strain gauge measuring in the long edge direction 

Dual axis gauge Dual axis gauge (non-adhered, floating • Confirm symmetry across module quadrants 
between EVA and Backsheet) 

Strain gauge measuring in the short edge direction (non-• Assess module-to-module variability adhered, floating between EVA and Backsheet) 

BOM includes EVA and a clear backsheet so 
gauges and wires can be visually inspected. 

Module fabrication and design considerations 
accomplished in collaboration with D2 Solar. 

Modules have been received at Sandia with gauges mounted at locations of interest 
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Photoluminescence images of two example gauge/wire placements 

• Single cell coupons were fabricated to match each desired 
gauge layout and the module BOMs. This allowed for practice 
and improvement of: 

• Strain gauge application with 2-part adhesive 
• Strain gauge soldering method 
• Wire management with alignment tape 
• Lamination conditions for selected BOM 

• Photoluminescence (PL) imaging before and after lamination 
step confirmed that gauge and wire placement did not lead to 
cell cracking 

Load Spot Module Mechanical Tester Module Imaging 

Simultaneous EL @ -5400 Pa loading 

Module under test, -5400 Pa 

Load Spot mechanical tester enables controlled module loading 
with simultaneous internal & external measurements 

• Air pressure based mechanical tester enables repeatable, 
controlled loads with simultaneous internal and external 
data collection 

• Experimental Load Spot test scenario can be simulated and 
compared against strain gauge output as well as 
electroluminescence images and external optical deflection 
measurements to validate outputs 

Photo of backside w/ gauges EL image of frontside 

• EL images collected for all modules to check for cell damage 
after lamination and shipping 

• Although cell mismatch observed (project not focused on 
cell performance), no issues with cell cracking over gauges 
or wires 

Project Status and Next Steps 

• Visit to D2Solar conducted in December 2019 to monitor and 
troubleshoot the fabrication of the first instrumented module 

• Preliminary EL imaging and strain gauge connectivity tests 
confirm gauges and cells survived the lamination process 

• Loads up to 2400 Pa will be applied to each module with a Load 
Spot mechanical tester while collecting strain data and EL 
images 

• Cell strain at each load condition will be compared to expected 
behavior and lessons learned will be shared at PVSC 2020 

Sandia National Laboratories is a multimission laboratory managed and operated by National 
Technology and Engineering Solutions of Sandia, LLC., a wholly owned subsidiary of Honeywell 
International, Inc., for the U.S. Department of Energy's National Nuclear Security Administration 
under contract DE-NA-0003525SAND2020-2366 C 

Unclassified Unlimited Release (UUR) 
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Tail-to-tail

Band-to-band

Reduced Metastability in High-
efficiency (Ag, Cu)(In, Ga)Se2 

NATIONAL RENEWABLE ENERGY LABORATORY 

Siming Li1, Rouin Farshchi2, Michael Miller3, Aaron Arehart3, Darius Kuciauskas1 
1National Renewable Energy Laboratory, 15013 Denver West Parkway, Golden, CO 80401, USA 
2MiaSolé Hi-Tech Corp., Santa Clara, CA 95051, USA 
3The Ohio State University, Columbus, OH 43210, USA 

Objective Characterization of mid-gap defect Light soak effect of ACIGS 
Applying optical and electrical measurement to develop a 640 nm 1200 nm Effective Interface 

• Amplitude gives change 

by 30% after 24 hours at
1 mW one sun 

21 ns 

SBR 6248 640 nm • Lifetime gives SRH center 
density: increase less than 

Mo foil 10% 

comprehensive electronic defect model for ACIGS absorber to 

A
C

IG
S 

A
bs

or
be

r 31 µW 55 ns in NA (doping): increased study efficiency and reliability-limiting defect properties. 

Inc. 1.2% Inc. 45 mV 

• Interface recombination velocity 1 
= σnvth𝐍𝐍𝐒𝐒𝐒𝐒𝐒𝐒 τ• Above-bandgap = estimation: deff = 1 – 2 x104 cm/s 

τsurf 

SBR 6248: ACIGS 

SBR6248 

MORE METASTABLE 

CIGS vs. ACIGS 
(SBR 5811) vs. 

ACIGS (SBR 6248) 

near surface (initial) • SRH recombination is dominated CIGS SBR 5811: ACIGS 

A. J. Ferguson, et 
Appl. Phys. (submitted) 

S. A. Jensen, et al. 2017, 

• Sub-bandgap = bulk under low injection. 
Industrial solar cells on 

DLTS SBR 5811 flexible steel substrate SBR 6248 
τ = 52 ns 

τ = 56 ns 

640 nm 
1200 nm 

(MiaSolé Hi-Tech Corp. ) 
PL

 in
te

ns
ity

 (c
ou

nt
s)

 103 

102 

SBR 5811 SBR 6248 SBR 5811 SBR 6248 

Methodology 
DH1000 101 

(VSe-VCu)+ • Lany-Zunger model predicts (VSe-VCu)(VSe-VCu) al., J. 
Light-soak is converted from a shallow donor to a 0 50 100 150 200 Sci. Rep. 

DLOS 
donor 

optacceptor 

configuration 

shallow acceptor and additional deep Time (ns) 

recombination center after light • The bulk lifetime is increased by a factor of 2.5 - 4 • The trap concentration of Evsoaking. 
• The SRH center (EV+0.58 eV) is decreased by a factor of 2 +0.98 eV is decreased by x5. 

A. J. Ferguson, et al. J. Appl. Phys. (submitted) • Mid-gap trap limits VOC, and increased VOC from 17 mV to 25 • The current ACIGS is more 
mV (RT*ln(factor)) metastable is probably due to 

low trap concentration. 
• Employ optical and electrical measurement to study defects 

within ACIGS, which are critical to understand to design an Characterization of metastable 
efficient solar cell defect 
Metastable defect, VSe-VCu (PL excitation spectroscopy, deep level optical 

(VSe-VCu) 

SBR 6248 

spectroscopy (DLOS)) 

Nt 

CB 

NtPL 

Potential fluctuation of ACIGS 

(1) 

Band tails (PL emission CB 
spectroscopy) 

Shockley-Read-Hall (SRH) recombination centers NSRH (time-resolved PL spectroscopy (TRPL), deep level 
transient spectroscopy (DLTS)) 

VB 

VB 

room temperature 

• Peak at 0.98 eV is contributed from VSe-VCu, which is found in (1) Carriers overcome potential 
CIGS (KF and no KF) and ACIGS. barriers due to thermal energy 

(2) Thermal excitation from band 

(2) 
• Sub-bandgap excitation spectra were measured with TRPL atSummary 

SBR 5811 SBR 6248 Source 

Material ACIGS + K+ 

and Na+ 

ACIGS + K+, 
composition 
optimization 

MiaSolé 

PL excitation 
spectra at RT 

PL emission 
spectra at 5 K 

SBR 6248 

Nt 

PL 

tails to band CB 

VB 

Blueshift at a rate of 13 
meV per decade 

Increased injection 

SBR 6248 
1.19 eV 1.22 eV MiaSolé Eg 

𝜏𝜏 ~15 ns 40-60 ns TRPL 

1.25 x1015 cm-3 2.5 x1015 cm-3 CVNA 

4x1015 cm-3 8x1014 cm-3 DLOS Nt 

• The blue shift with injection 
is due to large potential 
fluctuation. 

P• Ep = β ln 
P0 

• β is overall fluctuating 9x1013 cm-3 4x1013 cm-3 DLTS NSRH 

• Longer carrier lifetime and larger Eg cause an increase in VOC. 
potentials. 

• PL emission spectra were measured with steady state PL at 4.7 K (J. P. Teixeira, et al., 2019 Phys. 
Rev. Appl.)

• Requires low-temperature measurements, but more resolution • The increased lifetime is due to lower mid-gap defect density. 
and better signal-to-noise • CIGS: ~4.7-8.1 meV, 

• Much lower metasabilities in this ACIGS, probably due to a low 
concentration of metastable defect. 

CZTS: 23.5-14.3 meV 
• VSe-Vcu feature is detected by both excitation and emission 

spectra 

This work was authored in part by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. Funding provided by U.S. Department Office of Energy Efficiency and PV Reliability Workshop 
Golden, CO Renewable Energy Solar Energy Technologies Office. Authors acknowledge funding provided by the U.S. Department of Energy Office of Energy Efficiency and Renewable Energy Solar Energy Technologies office, Award Number DE-EE0008755. The views expressed in the article do Feb. 25 – Feb. 27, 2020 

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. 

Presenter
Presentation Notes
Edit DLTS and DLOS figureReference format consistent



       
    

  

 

 
 

 
 

           
  

    

Production Impacts of UAS-Identified Faults in PV Systems: 
NREL PVRW 

February 2020 Southeast and Mid-Atlantic Case Study 
Laura Kraus Lovenshimer, Strata Solar 

Introduction Results Conclusions 
This works seeks to answer the question “can aerial IR image-detected fault types be correlated to 

actual production losses?” 

Underproduction was regressed against fault counts by type to help assess whether a detected fault 
merits a repair to recover performance. 

Data on DC–side faults was captured by IR scans with drone technology in 2019. Automated image 
processing identified fault types including activated bypass diodes, hot spots, and tracker failures. PV 
system production and environmental data was separately captured by combiner and inverter-level 
telemetry. After adjusting for weather and outages, underproduction for each inverter array was 
calculated as the difference between the expected energy and actual energy. 

Data Set 
• Initial infrared inspection of 59 sites, 578 MW AC, and 2,524,809 modules was conducted by 

unmanned aerial systems across the Southeast and Mid-Atlantic (Figure 1). 
• Sites inspected range from 3 MWAC - 100+ MWAC and contain both polycrystalline and thin-

film modules. 
• 6,576 system faults were identified by data-processing partner Raptor Maps’ AI algorithm 

based on temperature deltas (Figure 2). 
• Data were cleaned of faults known to be attributable to natural disaster or proven 

manufacturer defect. 
• Real-time production and weather-data were captured at a 5-minute level by remote 

telemetry. 
• Expected energy values from Strata Solar Services' internal model were adjusted for outages 

and real-time irradiance, temperature, wind, and humidity. 

Methods 
Regression analysis was used to study the relation between the counts of occurrences of each fault 

category identified and the percent underperformance, summarized in Table 1. Underproduction is the 
difference between the outage– and weather–adjusted expected energy and actual production. An 
ordinary least squares multivariate regression was used to explore the correlation between counts of 
fault categories and site age in months on the dependent variable, underproduction. The large 
variance of the size of the sites lead to large variances in values of both the independent and 
explanatory variables. Thus, standard errors were clustered by site since inverter arrays within a given 
site typically have similarly sized-capacities for more robust error handing. Fault categories included 
in this regression analysis include cell, combiner, cracking, diode, diode multi, hot spot, internal short 
circuit, missing, module, shadowing, soiling, string, tracker, vegetation, and other. 

Figure 1, map of monitored sites. Figure 2, example automated fault identification 
from infrared imagery. 

Table 1, regression results. 

Combiner fault had the greatest coefficient at 235.944 indicating a 235.944 kW 
daily decrease in production with each identified instance of a combiner fault. 
Interestingly, faults identified as a tracker issue had the second strongest correlation , 
however the correlation was negative indicating and increase in production of 66.595 
kW when a tracker fault was identified within an inverter array. Diodes, hot spots, 
cracking, whole module issues, and soiling exhibited positive correlations with hot spot 
faults significant at the 95% percentile. Internal short circuit and vegetation faults 
both exhibited statistically-significant negative correlations with underproduction. 
However, the instances of internal short circuit and vegetation faults are very few in the 
data set compared to the other fault categories. 

Future Work 
Further research to identify additional explanatory variables could be valuable. 

Additional data cleaning to remove inverter blocks with any other ticketed issues or a 
larger data set could also help to increase the significance of results. Additional site 
descriptive statistics could be integrated such as module type, manufacturer, or site 
size “bins”. If significant results could be generated, such values will be implemented 
in cost-benefit analyses used to prioritize repairs and make long-term maintenance 
plans for sites experiencing significant impacts by DC-side faults. The findings of this 
study could also help to better predict lifetime production and maintenance costs for 
similar assets in the Southeast and Mid-Atlantic regions. 
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Summary and Conclusions 
• Minority carrier lifetime after Tabula Rasa has a strong dependence on ambient. 
 We attribute this to injection of vacancies or interstitials into the bulk during Tabula Rasa. 

• Ring-like structures due to oxygen precipitates appear on control samples and cause decrease in PL 
brightness which correlates to a decrease in iVoc. 

• Gettering of metallic impurities to the surface is enhanced due to the annihilation of lifetime-limiting 
oxygen precipitate nuclei that would allow for oxygen precipitation to occur. 

• Light-induced degradation behavior is altered after Tabula Rasa in samples that received the high 
temperature anneal (1100°C). 
 This is hypothesized to be caused by modification of oxygen bonding within the p-Cz Si sample bulk 

due to Tabula Rasa. 

Acknowledgements: We would like to thank Dr. Axel Herguth and Dr. Brett Hallam for their fruitful conversation and assistance in SiNx deposition and fast firing for hydrogen injection. 

Effect of Tabula Rasa on 
Degradation of Boron-Doped 

Czochralski Silicon 
Abigail R. Meyer,1 Vincenzo LaSalvia,2 William Nemeth,2 Matthew Page,2 David Young,2 

Sumit Agarwal,1 Paul Stradins2 

1Colorado School of Mines, Chemical and Biological Engineering, Golden, CO, USA 
2National Renewable Energy Laboratory, Golden, CO, USA 

Light-Induced Degradation 
Boron-Oxygen Related Defect 

Background on Light-Induced Degradation in Boron-Doped Czochralski Silicon 
Modification of Interstitial Oxygen 

by Tabula Rasa 

• Oxygen incorporated into the Si ingot at 
~1018 cm-3. 

• Oxygen precipitates can form during high-
temperature solar cell processing. 

• Precipitates hinder solar cell performance 
and prevent gettering of impurities. 

Effect of Tabula Rasa oxygen precipitation and LID kinetics 

Change in Minority Carrier Lifetime 
Immediately after Tabula Rasa 

Successful Gettering of Metallic 
Impurities as a Result of TR Treatment 

Degradation Behavior Changes 
after Tabula Rasa Step 

• Injection of interstitials increases lifetime and creation of 
vacancies decreases lifetime. 

• TR mitigates process-induced degradation in both ambient. 
• TR allows for subsequent gettering of impurities to the 

surface due to eradication of oxygen precipitate nuclei. 
• Samples that were subjected to a TR treatment prior to 

firing did not recover their minority carrier lifetime in the time 
frame of the witness sample. 

• Changing the thermal history modifies the Oi in 
the bulk, and therefore changes LID. 

• Witness sample does not show LID as lifetime is 
limited by process-induced degradation due to 
repeated harsh thermal budgets. 

• Hypothesize that there are two defects limiting 
the minority carrier lifetime during the light-
induced degradation process. 

Either O2 or N2 Ambient Tabula Rasa Mitigates 
Lifetime-Limiting Oxygen Precipitation 

Light-Induced Degradation 
Has Three Distinct States 

p-PERC Solar Cell 
Architecture 

• Annealed State – metastable, high 
minority carrier lifetime. 

• Degraded State – stable, low minority 
carrier lifetime. 

• Regenerated State – stable, high 
minority carrier lifetime. 

• p-PERC has enhanced 
passivation due to minimized 
Al-to-Si contact. 

• Efficiency now limited to bulk 
lifetime. 

• LID ∝ [Oi]2. 
• Manipulating Oi allows for 

investigation of effect of oxygen 
configuration on LID and 
regeneration. 

Funding for this work was provided by US DOE EERE contract DE-AC36-08GO28308 and under Contract No. SETP DE-EE0008171 for the PVRD2 project. 

D. C. Walter et al., 28th European Photovoltaic Energy Conference, 699, 
(2013). 

Schmidt et al., 3rd World Conference 
on Energy Conversion, (2003). 

Herguth et al., 4th World Conference on Photovoltaic 
Energy Conversion, (2006). 



Detecting and Understanding Sodium 
Movement in PV Encapsulants 

Stephanie L. Moffitt, Behrang Hamadani, Xiaohong Gu 

National Institute of Standards and Technology, Engineering Laboratory, Gaithersburg, U.S.A 

Acknowledgements/Contact Info 

Motivation 

Methods 

This work was funded by a National Research Council 
Research Associateship Program (NRC-RAP) Postdoctoral 
fellowship 
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To understand which encapsulant properties (chemistry, structure, state of degradation) influence the voltage-
bias-driven movement of Na+ in PV panels a new methodology will be developed. Ex situ studies will employ 
cross-sections of glass/polymer/glass samples, subjected to PID testing, to quantify Na+ movement and track the 
structure and chemistry of the encapsulants. In situ testing will employ X-ray reflectivity studies to monitor the 
kinetics and pathways of Na+ migration. A greater understanding of how Na moves through PV encapsulants at 
all stages of service life will inform the development of new encapsulants which can limit PID. 
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Energy dispersive X-ray spectroscopy (EDS) 

Ex Situ In situ 

String = panels connected in series 

• PV strings can operate at up 
to 1000 V 

• Leakage currents drive Na+ 

out of the top glass layer of 
the panels 

• Na+ within the core of the 
module has been 
associated with multiple 
degradation mechanisms 
know as potential-induced 
degradation (PID) 

• EDS 
• XPS 

• Changing the encapsulant has 
been shown to limit some 
Na+ -based degradation modes 

• The role of polymer 
chemistry/structure in limiting Na+ 

migration is not well understood 

• How the age/degradation state of 
an encapsulant factors into Na+ 

migration has not been studied 

Al frame Solar Panel Cross-section 
Cross-section w/ Degradation 

• IV-curve 
• Light 
• Dark 

Initial PID Testing Plan 

• Initial testing on as-laminated 
samples 

• Follow-up tests on samples 
exposed to accelerated aging 
conditions such as heat, humidity, 
and UV-light 

PID Test 

Pocket-modules 

L.-P. Sung et al. Polymers (2004) 

Small-angle neutron scattering (SANS) 

Light IV-curve of 2 X 2 cm diced cell 

X-ray reflectivity: 
• Is highly sensitive to interfaces 
• Enables in situ investigation of buried interfaces 
• Can be performed at resonant energies to provide chemically-

sensitive structural information 

• AFM (roughness, <1nm) 
• Ellipsometry (thickness ~100nm) 

Schematic for Reflectivity during Voltage-bias 

Prospective Evolution of Structure after PID 

Blend 1 
Blend 1 
Blend 2 
Blend 2 
Blend 3 
Blend 3 

PVDF/acrylic 
polymer blends 1) Develop spin-coating method to obtain measurable samples 

2) Confirm polymer films are representative of bulk polymer 

• FT-IR 
• Raman 

Nov 2019 
Start 

Jan 2020 
Source materials 
and laminate 
samples 

March 2020 
Build and run 
initial PID tests 

May 2020 
After analysis of initial 
PID test samples, 
decide on aging 
conditions for 2nd 

sample series 

Year 1 of 2 

Nov 2020 
Initial X-ray 
reflectivity on thin 
film EVA samples 

Aug 2020 
Run PID tests on aged 
encapsulant samples 

• SANS 
• Raman 
• Micro-IR 

• Photoluminescence 
imaging 

✓✓

20 
mm 

PERC 
cell 

Representative curve 
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Multi-scale thermo-mechanical parametrized framework for 

photovoltaic module stress 
P. Nivelle1,2 , E.Voroshazi2 J. Poortmans1•2 · 3 M. Daenen1,2 

1 UHasselt, Martenlarenlaan 42, 3500 Hasselt, Belgium 
2 imec/Energyville, Thor Park 8320, 3600 Genk, Belgium 

3 KULeuven, Oude markt 1 3, 3000 Leuven, Belgium Energy Vale, 

The objective of this work is to create a modelling 

framework to investigate stresses within PV modules. As 

the reliability is determined in a wide range of length 

scales, a multi-scale approach is implemented down to 
the material level. The approach enables design-for
reliability for various module technologies for different 
applications ranging from building attached PV (BAPV) up 
to building integrated PV (BIPV) and vehicle integrated PV 
(VelPV). Furthermore the approach allows to investigate 
the reliability from various perspectives. The flexibility is 
created through effective simplification and 
parameterization. Finally, also more representative 
accelerated tests can be devised based on the modelling 
results obtained. The main activities are: 

• Development of physics based models using FEM 
• Demonstrate feasibility using case studies 
• Validation of results and assumptions made 

Providing input and validation 

Leveraging the available expertise on material characterization, various 

thermal and mechanical material characterizations are performed to 

provide both input as well as validation. 

Thermal and mechanical characterization 

Characterization of both interface behaviour as well as bulk materials using 

techniques such as peel testing (a), four-point bend testing (b), dynamic 

mechanical analyses and others. The measured data is fitted to the appropriate 

material model with the aim of describing the material behaviour in the full 

operating temperature range of a PV module. 

Physical characterization 
I 

d e 

Physical characterization of various failure modes and material interactions 

using scanning electron microscopy (SEM) (d), Energy-dispersive X-ray 

spectrosopy (EDX) (e), confocal microscopy and more. These techniques allow 

to replicate a realistic geometry as well as compositions for alloys used. 

Objectives & activities Approach 
A seperate framing and racking model is created. This allows to efficiently 

switch between different PV applications such as BIPV and VelPV while 

providing additional meshing freedom. The frame is modelled in full 3D 

and contains the Al. frame, sealant and part of the laminate. 
As demonstrated in literature1 the total deformation of the module 

Is highly influenced by the method and assumptions made 
�'l=I-��� regarding framing and clamping. 

1----..:���� 
The laminate stack combines both 2D and 3D 

abstractions to overcome the large differences 

in size between the components. Using 

beam and shell elements to represent the 

interconnection and front cover 

respectively. Having a half module 

epresentation allows to study most 

I ading scenarios. 

The critical locations are further 

refined in the single cell 

submode!. Full module 

deformation can be transferred to 

single cell accelerated testing. 

Critical locations determined 

previously can be refined further to 

improve spatial accuracy. The 

layered shells are transferred to the 

full 3D description, adding further 

detail. 

On the smallest scale, the impact of porosity and 

alloy composition can be simulated and used as 

a homogenized material on larger length scales. 

Investigating both field and process 

induces stresses 

Mounting method will dictate 
Load( 

module behaviour during 

mechanical loading in the field. 

Therefore each PV integration 

method requires optimization 

as this will alter stress 

distributions. 

Firing of the metallization creates an intrinsic 

build-up of stress within the cell. These 

process induced stresses can result in high 

stress locations and will evolve into crack 

propagation paths during the lifetime. 

The authors acknowledge support for this work through the project 

Rolling Solar, executed within the framework of the cross border 

collaboration program lnterreg Euregio Meuse-Rhine V-A with financial 

support of the European Regional Development Fund. 
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Energy dispersive X-ray spectroscopy (EDS) 

Ex Situ In situ 

String = panels connected in series 

• PV strings can operate at up 
to 1000 V 

• Leakage currents drive Na+ 

out of the top glass layer of 
the panels 

• Na+ within the core of the 
module has been 
associated with multiple 
degradation mechanisms 
know as potential-induced 
degradation (PID) 

• EDS 
• XPS 

• Changing the encapsulant has 
been shown to limit some 
Na+ -based degradation modes 

• The role of polymer 
chemistry/structure in limiting Na+ 

migration is not well understood 

• How the age/degradation state of 
an encapsulant factors into Na+ 

migration has not been studied 

Al frame Solar Panel Cross-section 
Cross-section w/ Degradation 

• IV-curve 
• Light 
• Dark 

Initial PID Testing Plan 

• Initial testing on as-laminated 
samples 

• Follow-up tests on samples 
exposed to accelerated aging 
conditions such as heat, humidity, 
and UV-light 

PID Test 

Pocket-modules 

L.-P. Sung et al. Polymers (2004) 

Small-angle neutron scattering (SANS) 

Light IV-curve of 2 X 2 cm diced cell 

X-ray reflectivity: 
• Is highly sensitive to interfaces 
• Enables in situ investigation of buried interfaces 
• Can be performed at resonant energies to provide chemically-

sensitive structural information 

• AFM (roughness, <1nm) 
• Ellipsometry (thickness ~100nm) 

Schematic for Reflectivity during Voltage-bias 

Prospective Evolution of Structure after PID 

Blend 1 
Blend 1 
Blend 2 
Blend 2 
Blend 3 
Blend 3 

PVDF/acrylic 
polymer blends 1) Develop spin-coating method to obtain measurable samples 

2) Confirm polymer films are representative of bulk polymer 

• FT-IR 
• Raman 

Nov 2019 
Start 

Jan 2020 
Source materials 
and laminate 
samples 

March 2020 
Build and run 
initial PID tests 

May 2020 
After analysis of initial 
PID test samples, 
decide on aging 
conditions for 2nd 

sample series 

Year 1 of 2 

Nov 2020 
Initial X-ray 
reflectivity on thin 
film EVA samples 

Aug 2020 
Run PID tests on aged 
encapsulant samples 

• SANS 
• Raman 
• Micro-IR 

• Photoluminescence 
imaging 
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Accelerated Testing for Light and Elevated Temperature 
Degradation (LeTID) of Purchased Modules 

Ingrid Repins, Kent Terwilliger, Chris Deline 
National Renewable Energy Laboratory 

Sample Set 

Three purchased products currently 
installed in outdoor arrays at NREL: 
• Product A: Multi-Si 
• Product B: Mono-PERC Si 
• Product C: Multi-PERC Si 
Accelerated testing was performed 
on unfielded spares. 

Product A has degraded 3.5% in two years 
outdoors. Products B and C were deployed later, 

and analysis is underway. 

In-Situ Monitoring 
• Removing modules from stress for 

flash testing is labor-intensive and 
time-consuming. 

• Can we make the test less expensive 
by monitoring the voltage required for 
the stress current? 

• In-situ voltage for product B, module 
1, is shown below. 

Degradation Phase 

Voltage decreases as module degrades 

Voltage increases 
as module 
regenerates 

Small degradation at first – module 
was probably not completely done 
degrading after last IV check. 

Regeneration Phase 

Accelerated Test 

• LeTID testing performed as found in some published 
studies [1] and standards drafts [2]. 

• Degradation and regeneration on time scales consistent 
with LeTID observed in products A and B. 

• Substantial variation in amount of LeTID in two product B 
modules. 

• When the slope of the voltage curve is 0 (within yellow line), 
the sample is neither degrading nor regenerating. 

• The degradation (or regeneration) phase of the test can be 
stopped when the slope of the voltage curve is ~0. 

• No need to interrupt test and check progress with an IV 
curve every week. 

• Slope of voltage curve for all three product types is shown 
below. 

Positive voltage Product B 
slope means module 

is regenerating Product A 

Negative voltage Product C 
slope means module 
is degrading 

Degradation Phase Regeneration Phase 

Electroluminescence 

• Current applied is 0.1 x Isc. 

• The modules that degrade and regenerate show more cell-to-cell contrast 
when degraded. 

Current-Voltage Parameters 

Conclusions 
• Moderate LeTID was found in two of three product types in this study. 

• Results contradict the often-assumed association of LeTID with multi-
PERC cells only. 

• Module-to-module and cell-to-cell variation in LeTID is observed. 

• Monitoring voltage in-situ during LeTID testing can save labor by 
indicating when to stop stress, without removing modules for IV testing. 

References 
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Introduction 
Kynar® PVDF films and coatings have a long history of 
weatherability dating back to the 1960s 

No UV/Visible absorption along with no clear chemical 
degradation route allows for Kynar® PVDF coatings to last 
> 50 years in the field 

Outdoor Film Weathering Study 
• Southern Florida exposure of extruded single layer clear films 

without additives and a clear PVF film 
• Uninterrupted exposure from 11/10/2010 to 1/14/2020 at 45° 

south facing 
• ASTM G147 and ASTM G7 
• Optical testing yearly
• Mechanical testing at 0, 5 and 10 year time points 

Film Thickness (µm) 
PVDF 1 50 
PVDF 2 50 
PVDF 3 50 
PVDF 4 125 
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Conclusions 
Machine Direction Retention Transverse Direction Retention Optical 

Material Years Stress at 
Yield (PSI) 

Strain at 
Break (%) 

Stress at 
Yield 

Strain at 
Break 

Stress at 
Yield (PSI) 

Strain at 
Break (%) 

Stress at 
Yield 

Strain at 
Break YE 313 Transmission 

(%) 

PVDF 1 
0 
5 

10 

5,907 
6,048 
6,720 

344 
348 
164 

100% 
102% 
114% 

100% 
101% 
48% 

6,639 

6,160 

28 

7 

100% 

92% 

100% 

22% 

0.26 
0.18 
0.59 

95.7 
93.2 
93.9 
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4,266 
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100% 
105% 
105% 

3952 

4241 

482 

551 

100% 

107% 

100% 

114% 

0.74 
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95.5 
91.5 
85.3 
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0 
5 

10 

4,229 
4,111 
4,249 
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100% 
97% 

100% 

100% 
101% 
76% 

4,077 

4,095 

859 
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100% 
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0.36 
0.21 
0.26 

95.7 
92.0 
89.5 
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2.32 
1.11 
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• Clear Kynar® PVDF films 2, 3, & 4 show excellent mechanical retention 
(machine & transverse) after 10 y in south Florida. 

• Clear PVF film shows lower elongation retention than PVDF films 2, 3, & 4 

• Proven weatherability of pure Kynar® PVDF and properly formulated 
coatings show robust property retention for decades 

CONTACT: 
Gregory O’Brien 
900 1st Ave N 
King of Prussia, PA 19406 
610-878-6984 



   
     

 
       

           
      

 

      

         
    

   
      

        

           
  

         
         

      

     
   

 
    
   
 

 
 

 
      

         

at (a) 8 at AZ-1 site (b) 6 at AZ-2 site (b) 6 at NC site

Thermally Conductive Backsheets: Performance and Reliability 
Ashwini Pavgi, Jaewon Oh*, Sai Tatapudi, GovindaSamy TamizhMani 

Arizona State University Photovoltaic Reliability Laboratory (ASU-PRL), Mesa, Arizona, USA 
*Currently affiliated with Appalachian State University, Boone, North Carolina, USA 

• TCB_A, TCB_B and TCB_C_ performs better Introduction 
than TPT during Fall and Winter season with 

• Thermally conductive backsheets (TCBs) have a potential to reduce the module operating the median ΔTcell values about 2 °C, 1 °C and 
temperature and increase the lifetime. 0.4 °C respectively. 

• Various commercially available TCBs were secured and investigated, and four promising TCBs were 
selected for performing field performance and accelerated reliability testing. These TCBs were • The results clearly show that the cell 
tested against conventional TPT backsheet. temperatures of TCB modules are dependent 

• As part of field performance testing, the thermal performance of the nine-cell modules using on climate. 
these TCBs were compared with conventional TPT at three sites with different climate conditions. 

• As part of accelerated reliability testing, these TCBs were evaluated as per IEC 61215 and Beyond • The cell-to-cell differences within the module 
Qualification Plus tests, backsheet-specific accelerated testing. with TCB_A to be negligible, while for 

modules with TPT and TCB_C to be higher as 
shown Table I below. Experimental Setup 

A. Nine-cell modules for field performance testing • The cell-to-cell temperature variation within a 
module with TPT and TCBs is less in Summer 
than in Fall season. 

Table I. Median and Standard Deviation of Cell Temperatures at Center, Corner and Edge Cells 
Fall 2018 Summer 2019 

Fig. 1 Nine-cell modules installed at (a) 8 at AZ-1 site (b) 6 at AZ-2 site (b) 6 at NC site 

Site AZ-1 site AZ-2 site NC site 
Weather condition Hot and dry (low wind speed) Hot and dry (high wind speed) Temperate 

B. Four-cell module for accelerated reliability testing 

- 4 backsheets × 7 modules per backsheet 
(6 test modules + 1 control module) 

• Total of 28 modules Reliability 

• Pre and post-stress testing 
- LIV and DIV 

(a) - Electroluminescence imaging 
- UV fluorescence 
- Colorimetry (YI) 
- FTIR 
- Spectral reflectance 
- Infrared imaging 

Thermal Performance 
Fall season 

December 21st- March 20th March 21st- June 20th June 21st- September 20th

Winter season Spring season Summer season • All the modules practically showed no 
September 21st- December 20th performance degradation between pre (b) 

and post measurements through other 
tests except yellowness index (YI). 

• TCB_C performs better (lower 
temperature) than TPT during Fall • The highest values of ΔPmax/ΔYI and 
and Winter at AZ-1 and AZ-2 (under ΔIsc/ΔYI are seen in TCB_D modules 

Fig. 5 YI and I-V parameter correlation after DH 1000h: hot and dry climatic conditions). 
(a) Change in Pmax versus ΔYI (b) Change in Isc versus ΔYI 

Conclusions 
• The median ΔTcell values between • The median ΔTcell values between TPT and TCB_A nine-cell modules is about 2 °C during Fall and 

TPT and TCB_D are between 0.2-0.5 Winter and has least temperature non-uniformity in Summer as compared to Fall season. 
°C throughout the year with little • TCB_C performs better during Fall and Winter than TPT in hot-dry climates while TCB_D performs 
variation in ΔTcell. consistently better than TPT (median values between 0.2 and 0.5 °C) throughout the year. 

• All the modules with four selected backsheets passed the stress tests per the retest guidelines of 
IEC 61215 standard for the backsheet change. 

Fig. 2 ΔTcell (TPT−TCB) seasonal trends at 3 sites • Changes in YI (observed in TCB_D) may be used as early indicators for backsheet degradation. 

Fig. 3 ΔTcell (TPT-TCB) seasonal trends between TPT and 4 
TCBs (TCB_A, TCB_B, TCB_C and TCB_D at AZ-1 site) 

Fig. 4 I-V comparison between pre and post-DH1000 h 

Acknowledgments: This material is based upon work supported by the U.S. Department of Energy’s the Photovoltaic Research and 
Development (PVRD) program under Award Number DE-EE0007548. 
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Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols,data analytics, 

and financial models to reduce the LCOE of solar energy 

Effect of Cell Cracks on Module Power Loss and Degradation 
Cara Libby, Michael Bolen, Daniel Fregosi, and Bijaya Paudyal1, Xin He, Timothy Silverman, Elizabeth Bernhardt, Peter Hacke, and Michael Deceglie2; Todd Karin, Anubhav Jain, and Xin Chen3; and Will Hobbs4 

1Electric Power Research Institute; 2National Renewable Energy Laboratory; 3Lawrence Berkeley National Laboratory; 4Southern Company 

DuraMAT Capabilities Industry Goals Accomplishments Outcomes and Impact 
1. Data Management & Analytics, DuraMAT Data Hub • Set crack thresholds for large-scale PV plant commissioning, • Developed a finite element method (FEM) model of a 72-cell • Predictive modeling of the propensity for cracks and metal 
2. Predictive Simulation operations, and maintenance based on knowledge of crack PV module to enable exploration of crack development and fatigue to lead to performance problems provides technical 
3. Module Accelerated Testing progression and effects on performance and safety propagation and guide outdoor measurements basis for PV plant owners to set crack thresholds 
4. Field Testing • Reduce uncertainty in levelized cost of electricity (LCOE) • Developed automatic temperature dependent • Development of machine learning algorithms will advance 

predictions through improved warranty and insurance electroluminescence instrumentation for 72 cell modules the state of the art in module performance prognosis 
contracts and better plant performance • Confirmed two PV plant host sites for outdoor testing • Improved qualification and lifetime test procedures informs 

• Inform module designs that are less susceptible to cracking • Procured modules for outdoor testing and accelerated aging manufacturer development of new module designs 

Capability Development 

Finite Element Modeling Outdoor Module Testing 

Crack Detection Algorithm & Data Analytics Accelerated Lifetime Testing 

Cost Drivers 

Timeline 

Development of Novel Imaging Techniques 

Predictive simulation 
using finite element 
modeling (full 
modules) 

Module accelerated aging (full modules) at NREL 

Data management and analytics for crack detection 
and analysis 

Field testing at two large-scale PV plants 

Field testing at NREL’s small-scale 
outdoor test array 

Temperature-dependent electroluminescence imaging 

• 16 modules in pristine condition 
• Half of each set of modules will be intentionally cracked prior to on-sun 

monitoring 
• Existing single-axis tracker array at NREL will be used 

Test Matrix 

• 16 modules in pristine condition will be aged in 2 batches of 8 
• Half of each set of modules will be intentionally cracked prior to aging 

Automated temperature dependent EL set up has been implemented for 72-cell 
modules as a routine capability. Modules are being processed prior to outdoor 
deployment. 

Finalized cell cracking method: “lazy 
installer drop” test from successive 
heights on a dummy modules of a 
given type until ~1/3 of cells are 
damaged. Test modules are then 
cracked with a single drop from the 
determined height. 

Including more terms in the Prony series represents viscoelastic behavior 
(e.g. of EVA) with higher fidelity but increases computational complexity. We 
find that 25 terms provides a good compromise between computational 
efficiency and simulation error. 

Relative error in gap between cells gap and computation time for a stress relaxation simulation 

Period of Performance: April 2019–March 2022 (3 years) 
Budget Period (BP) Period 1, Apr. '19-Mar. '20 Period 2, Apr. '20-Mar. '21 Period 3, Apr. '21-Mar. '22 

Project Quarter Q
1

Q
2

Q
3

Q
4

Q
1

Q
2

Q
3

Q
4

Q
1

Q
2

Q
3

Q
4 

KEY 
Overall Task Duration * 
Subtask Duration † Annual Milestone 

Task 1 Finite Element Modeling 
1.1 Create FEM of relevant full-size module * 
1.2 Improve accelerated lifetime tests for crack/metal fatigue † 
1.3 Simulate and compare stressors from selected PV plants 

1.4 
Predict crack-induced power loss and degradation of new module 
architectures † 

Task 2 Outdoor Testing 
2.1 Identify and select two best-suited PV plants 

2.2 
Collect data and spare modules from PV plants; Post to DuraMAT 
Data Hub † 

2.3 Procure 2 additional sets of new modules † 
2.4 On-sun testing at NREL † 

2.5 
Correlate wind loading and module vibrations to wind speed and 
direction at selected PV plants † 

Task 3 Crack Detection Algorithm & Data Analytics 

3.1 
Develop software library for automatic crack detection in solar 
cells 

3.2 Testing and tuning of crack detection for project data sets † † 
3.3 Predict worst-case power loss; Update DuraMAT Data Hub † 

3.4 
Correlate crack characteristics and environmental factors with 
observed degradation modes and degree † 

Task 4 Accelerated Lifetime Testing 
4.1 Determine method for intentionally cracking modules 
4.2 Perform first round of accelerated lifetime testing † 
4.3 Perform second round of accelerated lifetime testing † 

4.4 
Compare and explain results of accelerated lifetime tests and all 
field tests † 

Task 5 Development of Novel Imaging Techniques 
5.1 Temperature-dependent EL imaging 

Task 6 Project Management and Data Review 
6.1 Project management and data review * * * * * * * * * * * * 

Deliverable 

Task 

Outdoor testing commences in Q1 2020 with wind loading measurements, IV curve 
traces, and in-field electroluminescence (EL) imaging at 2 plants sites and NREL 

Night time EL imaging Wind loading sensors Electrical enclosure 

Lazy installer drop 

Studied the sensitivity of the model to the number of terms included in the 
viscoelastic model for encapsulants to achieve an acceptable compromise between 
computation speed and accuracy, and implemented the FEM model on NREL HPC 
infrastructure. 

-15°C 25°C 60°C 

New capability enables us to study transient changes in electrical connectivity 
of cracked cells due to cell fragment movement with changing temperature 

Detected internal 
edges from each split 

Around 30,000 single cells 
cropped out with ~90% 

successful rate, excluding 
incomplete(~3%) or poorly 

exposed(~10%) pictures 

Raw image 

Binary 
threshold 

Image after 
binary threshold 

Split along 
horizontal 
& vertical 
directions 

Schematic 
diagram of splits 

Detect edges 
in each split 

Perspective 
transform and 
crop individual 
cells 

Linear fit 
edges in 
each split 

Detected internal edges 
from the whole module 

New split-sum algorithm for image segmentation offers short run time and is 
robust to rotated images, background noise, and racks in the background. Process 
is in place for automatic damage-level classification, and cracks will be detected in 
the future. 

This work was authored in part by the National Renewable Energy Laboratory, operated by Alliance for Sustainable Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. Funding provided as part of the Durable Modules Consortium (DuraMAT), an Energy Materials Network Consortium funded by the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, Solar Energy 
Technologies Office. The views expressed in the poster 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. 
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In- and Outdoor LeTID Degradation and Regeneration 
of p-type c-Si PERC Modules 
Stefan Wendlandt, Lars Podlowski and Jesse Nickerman* 
PI Photovoltaik Institut Berlin AG (PI Berlin), Wrangelstraße 100, D-10997 Berlin, Germany, e-mail: wendlandt@pi-berlin.com
*PI Berlin North America LLC, 225 Cedar Hill Street, Suite 200, Marlborough, MA 01752, USA, e-mail: nickerman@pi-berlin.com 

Introduction Indoor Experimental Setup 
Commercial demands are driving rapid innovation in the photovoltaic 

Fig. 1: Test sequence and industry. With this pressure, development cycles are shortened, which Climatic Chamber Initial Characterization test samples can cause unexpected product behavior in the field. Data Logger STC, EL We have tested aυ

PERC solar cell technology is one example – where, in certain commercial PERC BIPV cases, power loss has been documented in the field. This identified module type (mono c-Si) in power loss has been named ‘light and elevated temperature induced our lab. The module were 
stressed at 75°C / ~5% r.H. degradation’ (LeTID). υ 

Manufacturers have made changes in manufacturing to suppress Dry-Heat with different injectionITest LeTID, but because degradation requires time, an accelerated test is Climate Chamber Stress currents of ITest = (0.0A,  
required to identify the risk of power loss sooner. Currently, testing (75°C / ~5% r.H.) plus 0.5A, 2.0A, 5.0A, 10A)
involves applying an injection current, in the dark, at elevated different current injection which were applied to the 
temperatures. This poster showcases results of an accelerated lab test Test Module panels. Modules are 
on a commercial building integrated photovoltaic (BIPV) PERC panel. periodic characterized, andVAt the some type of module we additionally studied the outdoor module temperature and 
LeTID risk. In our case we observed the degration behavior depending thePeriodic / Final module voltage are 
on the environment conditions and the module operations in Voc-Mode. monitored. The modulesCharacterizationThis is absolute realistic during e.g. the installations phase, missing grid were tested without initialSTC, ELaccess, or power reducing due to grid excess capacity. stabilization. 

Indoor Electrical Characterization and Electroluminescence Analysis 
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Fig. 2: Power degradation at STC and Electroluminescence Analysis 
Figure 2 left shows an example the power degradation curves of module as the function of injection current level and stress time. Depending on 

M12.5 (10A) -current level the power minimum occurs after different stress times due to overlapping degradation und regeneration mechanism. The middle figures 
display the behavior of the main electrical properties for ITest = 0.5A & 2.0A. The EL images show a nice correlation to the power measurements (left). 

Outdoor Electrical Characterization and Electroluminescence Analysis Conclusions 
max. daytime module temperature: Berlin Fig. 3: Outdoor Observation • We tested a commercial BIPV PERC-Modules (with 6” mono c-Si solar2% mean daytime module temperature: BerlinOutdoor, LeTID-Module (Voc-Mode) 
min. daytime module temperature: Berlin Since PV modules often operating cells). The test conditions were 75°C / ~5% r.H. with different currentOutdoor, Ref.-Module (Voc-Mode) 55 

50°C 

45 also in Voc-Mode due to e.g. the injection levels (ITest = 0.5A, 2.0A, 5.0A, 10A) in our Lab. In parallel we 
0% logged the voltage drop at the modules during the stress. 35 installations phase, missing grid 

access, missing installation staff or
25 T M

od
 / 

°C
H e

,ti
lt 

/ k
W

h 

• For all modules LeTID was detected with maximum degradations varying 
between -1% and -9%. Maximum degradation depended on current level power reducing due to grid-2% excess 

15 capacity. Depending on the local and current injection time. LeTID can be observed in electroluminescence 

P m
ax

, i
ni

tia
l 5 conditions panels can LeTID (EL) images by increasing inhomogeneity between cells. The change in -4% 

-5 
120P m

ax

degraded in this time. We studied this EL image intensity correlates well with the power loss. Based on the 
tiled radiation (40°, South): Berlin at our outdoor facility in Berlin / results we could introduce our fast LeTID sensitive test sequence. 

Which is faster then standard draft. 
100-6% Germany. Our results show a clear 

80 
power loss (-> energy yield loss) and 

60 • Outdoor we observed a power loss and the typical EL chessboard pattern the typical EL chessboard pattern at-8% 
40 for a long period of time at a Voc-Mode operating module while thethe test module while the stabilized 
20 reference module (same design) has reference module was stable. In practice means that if a PERC solar field 

-10% operates in Voc-Mode and their temperature is >50°C the modules start0 a neglectable loss. We also observed 0 1 2 3 4 5 6  

Ee,accumulated / kWh         initial  After 271kWh        After 300kWh   After 335kWh After 355kWh 
Ee,accumulated@Tmod >50°C / kWh After   14kWh         After 14kWh 

After 
14kWh     After   14kWh 

mid Aug      mid Oct mid Dec mid Jan         mid Feb 

immediately to degradedue to LeTID. In worst case the PV generatora module regeneration during the 
winter season. becomes set to MPP-Mode when the modules have a high power loss. 

mailto:nickerman@pi-berlin.com
mailto:wendlandt@pi-berlin.com


 

 

 

 

 

 

 

 

 

 

  
 

 

  

 
 

 

 

 
  

 

 

 
 

 

 
 

 

 

Identifying Causes of New Degradation Modes in High Efficiency 
Silicon Heterojunction Solar Cells 

Christopher P. Thompson, Gbenga D. Obikoya, Anishkumar Soman, Ujjwal Das, & Steven Hegedus 
Institute of Energy Conversion, University of Delaware, Newark, DE, 19716 

Degradation of Silicon Heterojunction Solar Cells Experimental Methods Experimental Results 

•Fabricate devices and test structures & replicate SHJ VOC 
•Si heterojunction (SHJ) solar cells - high efficiency 
(26.7%) and VOC (750mV) – interface passivation key 
•New degradation modes in fielded SHJ solar cells 
•VOC and efficiency degradation reported for outdoor 
exposure of fielded modules [Jordan, NREL] 
•Few reports of controlled lab-scale studies 
•This work: SHJ degradation not from Staebler-Wronski 

• p-dopant diffusion possible cause of degradation 

n. c-Si wafer ITO Al
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c-Si

p.a-Si:H i.a-Si:H i.a-Si:H n.a-Si:H 

Hypothesized Degradation Mechanisms 
•Hydrogen diffusion – excess hydrogen from a-Si layer 
diffusing to interface/bulk and reducing interface passivation 
•Light induced defects (LID) – Staebler Wronski effect. Trap 
states within a-Si ‘bulk’ filled under illumination. Anneals out 
at low temperature (100-150C) 
•Dopant (boron) diffusion through intrinsic a-Si layer. 

Amorphous Si (a-Si) lattice network: 
strained, 

Pfanner et al Phys Rev B 2013 

dangling and floating bonds = defects 

Key Ideas 
•Microstructure factor (RMF) ratio of [SiH2]/[SiH+SiH2] from 
FTIR spectra 
•High RMF → more micro-voids and weaker H bonding 
•Gas phase silane dilution ratio (RH=H2/SiH4) – in the range 
of this experiment, increased RH decreases RMF 
•Thickness of a-Si – initial growth of a-Si has high RMF 

degradation and deduce cause of degradation 
•Vary Process conditions, accelerated lifetime testing 
(ALT) conditions (temperature and illumination) 
•Device VOC and test structure lifetime and implied 
VOC(iVOC) used as performance metrics 

Experimental Variable Potential degradation 
Increase TALT Anneal LID defects, 

accelerate diffusion 
ALT illumination Necessary for LID 
Decrease i.a-Si thickness Increase RMF – increase 

voids and decrease H-
bond strength 

Decrease RH Increase RMF 
No doped layer No boron diffusion 

Devices and Test Structures 
•a-Si films deposited with DC PECVD process with R of 
~3-3.8, and thickness from 8-15nm 
•a-Si depositions optimized for low RMF and excellent 
surface passivation: high VOC 

•Devices: ALT at 30, 100, and 120 C at 1-sun illumination 
for 600+ hours 
•i.a-Si/n.c-Si wafer/i.a-Si test structures 

• ALT at 100 C at 1-sun or in dark for 500hours 
•ALT system 1 used – samples in Argon ambient during 
ALT 

ALT system 1: Controlled ambient light 
and electrical bias 
4 pods with 4 samples each, in-situ IV 
measurements 

ALT system 2: Damp-Heat chambers 
with light and electrical bias 
2 chambers, 20 samples each, in-situ IV 
measurements 

SHJ VOC degradation not universal 
•Over 600+ hours of ALT, SHJ solar cells showed both 
stable (or improving) VOC and VOC degradation 
•VOC degradation rate (rd

Voc) was correlated with: 
• higher TALT 

• Thinner i.a-Si 
• Higher RMF deposition methods 

Increased RMF → Increased Metastablity 
•Lifetime and iVOC of test structures stable or improving 
•Change in iVOC over ALT was correlated with product of 
i.a-Si thickness and RH 

• Smaller RHxT correlated with higher RMF 
•Degradation over 2 months in storage before ALT shows 
metastability in high RHxT films – recovers with heat/light 

CONCLUSIONS 

•SHJ VOC degradation replicated in laboratory 
•Disproves common assumption of LID degradation in 
SHJ cells – no improvement with HT, degradation 
positively correlated with TALT (no annealing effect) 
•Difference between ALT w & w/o dopant suggests 
degradation driven by dopant diffusion 
•Correlation with thin i.a-Si or high RMF films suggests 
diffusion through microvoids 
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Spectral dependency of effect of illumination 
during high voltage stress to CIGS mini modules 

Keiichiro Sakurai1, Hiroshi Tomita2, Shuuji Tokuda2, Darshan Schmitz2, Kinichi Ogawa1, Hajime Shibata1, Atsushi Masuda1 

1AIST (JAPAN), 2SOLAR FRONTIER (JAPAN) 

Background 

• No PID in the field has been reported for this CIGS module 
• When stressed by high voltage (HV) in dark, Pmax decreases 

→ rapidly recovers when illuminated by metal halide light (MHL) 
• Rapid recovery by light illumination from HV stress has been further 

investigated, with focus on spectral dependency. 

Experiment 
• 10 x 10 cm CIGS circuit 
• laminated with tempered glass/EVA/Backsheet(PVF/PET/PVF) 
• glass surface grounded by stainless mesh or Al plate (Very harsh PID stress) 
• 85oC, <10% r.h. , +1000V (  insensitive to -1000V) 
• After PID stressing, light soaked by metal halide lamp (1 kW/m2) 

Experiment 1: 
HV stress + Dry Heat + Forward bias [2] 
→ Light illumination by metal halide lamp (MHL) 

Experiment 2: 
HV stress + Dry Heat + LED illumination 
→ Light illumination by metal halide lamp (MHL) 

Metal halide lamp spectrum with filters

Results & Discussion 

Cutoff UV ~ green → almost no recovery 
Cutoff UV only → slow recovery 

Light illumination is mainly affecting the TCO, 
possibly discharging the surface and grain boundaries 
(same to the old “Electrofax” copy machines?) 

・PID stress with UV or blue light → almost no decrease in Pmax
・IR light : no effect
・red light : suppressed decrease in Pmax
・recovery by MHL (except for dark & no forward bias case) 

Summary Reference 

➣Under dark conditions, PID stress by positive voltage led to temporarily decreased Pmax. 
The Pmax rapidly recovered by metal halide lamp(MHL) illumination. 

➣The recovery speed of Pmax by MHL was siginificantly faster than the decrease speed 
during PID stress. This is in line with the fact that no PID is reported in the field. 

➣The decrease of Pmax by PID stress and recovery by MHL is repeatable. 

➣The effect of light bias during PID stress was mainly seen in blue~UV region. 

[1] S. Yamaguchi et al., Japanese Journal of Applied Physics 
54, p. 08KC13 (2015). 
[2] K. Sakurai et al., Japanese Journal of Applied Physics 57, 
p. 08RG02 (2018). 

Contact: k‐sakurai@aist.go.jp 

http://www.aist.go.jp/ 
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Pmp Loss after Damp Heat Testing in Sequence E 
Colin Sillerud, Daniel Zirzow, James Richards, Jim Crimmins 

Background 
Unexpected power loss following 
damp heat testing on glass-glass 
modules with half-cut mono-PERC 
cells during an amended test 
regimen of IEC 61215: 2016 
Sequence E was reversed by adding 
current at Isc for an additional 44 
hours under damp heat test 
conditions (chamber stabilization). 

Electroluminescence imaging shows 
an increase in cell-cell mismatch, but 
no characteristic signs of moisture 
ingress or cell cracking, as would be 
expected with power loss resulting 
from damp heat and SMLT testing. 

Sequence E was designed to test 
modules’ susceptibility to moisture 
ingress and mechanical stress. Per 
our experience, modules with 
polymer backsheets can experience 
power loss on the order of 2-4 %, on 
average, following testing. However, 
glass-glass modules rarely show 
power loss > 1 %, because the 
moisture path is restricted to the 
edge seal, thus moisture ingress is 
limited. 

Test Flow Theory 

  

   
 

 

[1] J. Wohlgemuth and I. Repins, “Revision of the PV Module Qualification Standard (IEC 61215),” in NIST/UL Workshop 
on Photovoltaic Materials Durability, 2019. 

Initial DH500 SMLT Chamber Stabilization Initial DH500 SMLT Chamber Stabilization 

Results 

Test Stage 
Module 1 
(DH500) 

Module 2 
(DH500) 

Module 3 
(DH1000) 

Module 4 
(DH1000) 

Initial 
Stabilization 

376.04 373.31 382.66 374.68 

Damp Heat 363.21 359.72 365.07 358.68 

SMLT 362.98 361.66 358.75 354.11 

Chamber 
Stabilization 

379.88 380.04 379.83 377.34 

CFV's measurement uncertainty (k=2) on silicon modules is: Pmp ±2.2% 

POWERING SOLAR INNOVATION 



Design of a Statistically-Informed Field Survey Protocol for 
Backsheet Degradation Studies of Commercial PV Power Plants
Raymond J. Wiesera, Stephanie L. Moffittb,   Ruben Zabalzac, Xiaohong Gub, Colleen O’Brienc, Liang Jic, 

Adam W. Hauserd, Greg S. O'Briend, Roger H. Frencha,  Michael D. Kempee, Jared Tracyf, Kausik R. 
Choudhuryf, William J. Gambogif, Laura S. Bruckmana, Kenneth P. Boycec
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Field Survey Protocol
• Data taking procedure
• Survey Plan

○ Measure Racks
■ First
■ Middle
■ Last

• GPS tracking
○ Geotagging data points

• Measurement Types
○ FTIR
○ Color
○ Gloss
○ Chalking
○ Qualitative Observations

Motivation
● Accelerated conditions and testing

standards fail to replicate outdoor
observations

● Relate < Stress | Response > modeling
to real-world exposure

● Frame / Field architecture has been

shown to affect microclimate

○ Yu et al.3

○ Fairbrother et al.4

○

Objectives
● Design and implement a statistically

focused field survey which:

○ Encompasses a variety of Climatic
Zones

○ Surveys Micro-climatic conditions
● Analyze Field retrieved modules
● Model development

○ Spatio-Temporal Modeling of
degradation parameters

○ Backside UV irradiance
○ < Stress | Response >

Reproducibility and Reliability
● Instrument / Operator consistency
● GageRR, using SixSigma R package8,9

○ Three colorimeters were measured
○ Reproducibility

■ 10 samples, 5 replicates, 3 operators
○ Dynamic Range

■ 5 samples, 10 replicates, 3 operators

Spatio-Temporal Modeling
● Degradation Modeling

○ Data points distributed evenly
■ Extra measurements on the edges of racks

○ Allows for observations of the differences of
microclimate
■ Increased Irradiance on Edges

● Irradiance modeling
○ SMARTS
○ Cumulative measurements of irradiance

■ Includes spectral dependence of UV-reflection
● Modeled together

○ Dependence on Color & Gloss from irradiance

References:
1)DuPont global PV reliability
2) H. Hu et al., “Study of PV Backsheet Early Degradation Signs in Field and Relevance with Lab Accelerated Aging Tests,” p. 17,
Apr. 2017.
3) Y. Wang et al., “Generalized Spatio-Temporal Model of Backsheet Degradation From Field Surveys of Photovoltaic Modules,”
IEEE Journal of Photovoltaics, vol. 9, no. 5, pp. 1374–1381, Sep. 2019, DOI: 10.1109/JPHOTOV.2019.2928700.
4) Andrew Fairbrother, Matthew Boyd, Yadong Lyu, Julien Avenet, Peter Illich, Yu Wang, Michael Kempe, Brian Dougherty,
Laura Bruckman, Xiaohong Gu, Differential degradation patterns of photovoltaic backsheets at the array level, Solar Energy,
Volume 163, 2018, Pages 62-69,ISSN 0038-092X, https://doi.org/10.1016/j.solener.2018.01.072.
5) A. Lindsay et al., “MODELLING OF SINGLE-AXIS TRACKING GAIN FOR BIFACIAL PV SYSTEMS,” p. 8.
6) Kottek, M., J. Grieser, C. Beck, B. Rudolf, and F. Rubel, 2006: World Map of the Köppen-Geiger climate classification updated.
Meteorol. Z., 15, 259-263. DOI: 10.1127/0941-2948/2006/0130.
6) Julián Ascencio-Vásquez, Kristijan Brecl, Marko Topič, Methodology of Köppen-Geiger-Photovoltaic climate
Classification and implications to worldwide mapping of PV system performance, Solar Energy, Volume 191,2019, Pages

672-685, SSN 0038-092X, https://doi.org/10.1016/j.solener.2019.08.072.
8) Emilio L. Cano, Javier M. Moguerza and Andres Redchuk (2012)Six Sigma with R. Springer, New York
9) Emilio L. Cano, Javier M. Moguerza and Mariano Prieto Corcoba (2015) Quality Control with R. Springer, New York

Path Forward
● A minimum of twenty sites will be selected

based on:
○ Material Type
○ Climate Zone
○ Fielded Module Availability
○ Age

● Backside UV-irradiance
○ Simulated for individual racks

Results
● Initial Field Surveys

○ Observed Edge Effect
○ Partial Shading
○ Comparable to

published results3

● Edge Effect
○ Ability to observe degradation

with a single survey● Köppen Geiger Climate Classification6

○ Most widely accepted
○ Divides Climates into zones based on:

■ Temperature, Humidity, Seasons
○ Designed for use in botany

● New Classification Systems
○ kgcPV7

■ Based on Köppen Geiger designation
■ Adds Irradiance Zones

○ Machine Learning Model
■ Classifies based on observed weather in the field
■ Indicators include

● Temperature, Humidity, Irradiance and Daily
Fluctuations

Climatic Zone Determination

TL TR
JB

     C

BL       BR

Tl TR
 JB

  C

BL BR
* Top Left (TL), Top Right (TR), Center (C),  Bottom Left (BL),

 Bottom Right (BR), and Junction Box (JB)

Introduction
● Backsheet materials provide

○ Electrical Insulation
○ Mechanical Protection
○ Weather Insulation

● Backsheet Degradation
○ Measured by

■ Yellowness Index
■ Gloss Loss
■ FTIR
■ Visual inspection

● In a 2019 survey,  Out of 34% of modules
that displayed visual degradation1

○ 14% exhibit backsheet degradation
● Backsheet Failure

○ Leads to
■ Electrical insulation loss
■ Moisture / Vapor ingress
■ Accelerated Cell Degradation

Measurement Locations* 
Field survey overlaid on a satellite map using GPS tracking software

Observed differential irradiance throughout the length of a rack 4

Koppen Geiger Climate Map6

Koppen Geiger Climate  Photovoltaic Map7

Common observed failure modes, from left to right: Busbar 
Cracking, Delamination,Mudflat Cracking.2

Example Calculation of Rear Side Irradiance for BiFacial cells5

Survey Data from 1 MW  PV installation in 
Cleveland

Published Field Study Results for the same field 
surveyed in the results section

Published Field Study Results showing significant 
edge effect

 

 

 

https://www.dupont.com/content/dam/dupont/products-and-services/solar-photovoltaic-materials/solar-photovoltaic-materials-new/documents/DPVS_Field_Study_Analysis-1.pdf
http://dx.doi.org/10.1109/JPHOTOV.2019.2928700
https://doi.org/10.1016/j.solener.2018.01.072
http://dx.doi.org/10.1127/0941-2948/2006/0130
https://doi.org/10.1016/j.solener.2019.08.072


  

 

 

 

   
 

    

  
 

  
   

 

 
 

   
 

    

  

   
 

 

 
 

 

Suns-Voc Analysis for Diagnosing Module Degradation in the Field: an Overview 
Harrison Wilterdink, Ron Sinton, Wes Dobson, Justin Dinger, Cassidy Sainsbury, Karoline Dapprich 

Sinton Instruments, Boulder, CO, USA 

MOTIVATION 

Suns-Voc analysis [1] 

• What is it?—Measurement of open-circuit voltage (Voc) at multiple 
intensities generates a pseudo light I-V curve, representing maximum 
module output in the absence of series resistance. 

• What does it characterize?—Shunt resistance (Rsh), series resistance 
(Rs), and current mismatch effects [2 – 5]. Also changes in diode 
ideality factors and effective carrier lifetime. 

• Unique advantages— 
• Scales well from cells to modules to arrays [6] 

• Simple data collection (Voc, irradiance, and temperature); 
applicable to many existing datasets 

• Future algorithms and software packages [7] expected to 
increase spread of Suns-Voc technique 

Common degradation modes quickly identified by 
visual comparison of light I-V and Suns-Voc curves 

REFERENCES 
[1] R.A. Sinton and A. Cuevas, “A Quasi Steady State Open Circuit Voltage Method for Solar Cell Characterization”, in Proc. 16th EU 
PVSEC, 2000 (Glasgow). 

[2] M.K. Forsyth et al., "Use of the Suns-Voc for diagnosing outdoor arrays & modules," in Proc. 40th IEEE PVSC, 2014 (Denver). 

[3] M. Deceglie et al., "Real-time series resistance monitoring in PV systems without the need for IV curves," in Proc. 42nd IEEE PVSC, 
2015 (New Orleans). 

[4] M. Wang et al., “Evaluation of Photovoltaic Module Performance Using Novel Data-driven I-V Feature Extraction and Suns-VOC 
Determined from Outdoor Time-Series I-V Curves,” in Proc. IEEE 7th WCPEC, 2018 (Waikoloa). 

[5] S. Guo et al., “Detecting loss mechanisms of c-Si PV modules in-situ I-V measurement,” in SPIE Proceedings Volume 9938, 
Reliability of Photovoltaic Cells, Modules, Components, and Systems IX; 99380N, 2016. 

[6] R. Sinton et al., “Implementation of Advanced Solar-Cell Analysis at Cell Test,” in Proc. Workshop on Crystalline Silicon Solar Cells & 
Modules: Materials and Processes, 2016 (Vail). 

[7] R. French et al., “Module Level Exposure and Evaluation Test (MLEET) for Real-world and Laboratory-based PV Modules: Common 
Data and Analytics for Quantitative Cross-correlation and Validation”, Case Western Reserve University Technical Report, 2019. 

[8] D. Jordan et al., “Silicon Heterojunction System Field Performance,” in IEEE JPV, Vol. 8, Issue 1, 2018 

[9] D. Sulas, S. Johnston, D. Jordan, “Imaging Lateral Drift Kinetics to Understand Causes of Outdoor Degradation in Silicon 
Heterojunction Photovoltaic Modules,” in Sol. RRL, 3: 1900102 

[10] M. Deceglie et al., “Real-time series resistance monitoring in PV systems without the need for IV curves”, in IEEE JPV, Vol. 5, Issue 
6, 2015. 

[11] W. Marion et al., “User’s Manual for Data for Validating Models for PV Module Performance,” NREL Technical Report TP-5200-
61610, 2014. 

CASE STUDY #1—SILICON HETEROJUNCTION (HJT) MODULES [8,9] 

• Method—compare HJT modules fielded for 10 years against control module (Suns-Voc, light I-V, etc.) 

• Primary result—Uncommon Voc loss, due to 50 % degradation in effective carrier lifetime 

• Decreased carrier lifetime mainly driven by degradation of passivation layer (emitter) 

• Secondary result—Increased Rs, possibly due to transparent conductive oxide (TCO) degradation 

CASE STUDY #2—CIGS MODULES [10] 

• Method—Apply Suns-Voc analysis to public NREL outdoor datasets [11] with real-time I-V monitoring 

• Primary result—Steady increase in Rs for one CIGS module detected over several months (left) 

• Secondary result—Decreased Voc in another CIGS module due to significant shunting (right) 

• Shunting was independent of Rs changes, which were minimal 

Increased Rs signature; see 
reference [10] for more details 

Shunting signature in Suns-Voc curve. Shunting occurred 
at unspecified time during experiment (2011 – 2014, with 

deployment in Cocoa, FL; Eugene, OR; Golden, CO). 

CONCLUSIONS AND FUTURE WORK 

• Simple hardware requirements and broad applicability make Suns-Voc a great technique for probing 
degradation of series resistance, shunt resistance, effective carrier lifetime, and current mismatch effects. 

• Several excellent papers in the literature, as partially represented here; expected future applications include 
field monitoring of system health, forensic analysis of degradation modes observed in the field. 

Sinton Instruments, 4720 Walnut Street, Suite 102, Boulder, CO 80301 U.S.A.   www.sintoninstruments.com 

www.sintoninstruments.com


  
 

       
  

 

         
       

Electrical Signatures of Cracked PV Cells within a PV Module
˚Tadanori Tanahashi1 and Shu-Tsung Hsu2 

1National Institute of Advanced Industrial Science and Technology (AIST), Japan 
2Industrial Technology Research Institute (ITRI), Taiwan 

Backgrounds & Motivation 

Summary 
Cyclonic storms (typhoons, hurricanes, and cyclones) with high-velocity winds could induce severe 

damages to the PV systems installed around their tracks. In particular, the cell cracks within PV modules 
are attributed to the non-uniform wind loads. To prevent these damages in advance, we have discussed on 
the indoor test procedures for the non-uniform wind loads on PV modules, in PVQAT TG7. 

The pass/fail criteria on this test sequence have been focused as a topic which should be solved, because 
the serious power-loss is difficult to observe even in the PV modules with the pronounced cell cracks 
(which can be qualitatively identified by EL imaging). 

Then, to find the electrical signature caused by the wind-load stress, we analyzed the individual PV cells 
within a PV module damaged with non-uniform wind loading test, by means of current-voltage 
measurement under illuminated and dark conditions, and AC impedance spectroscopy. 

The power-losses of these PV cells with cracks primarily depended on the reduction of fill factor (FF). 
This FF reduction was clearly identified as the increase in Rs-ld, but not as that in Rs [Panels 5 – 7]. In 
addition, we confirmed that the increase in the saturation current density (J02) of the recombination current 
in the depletion region was associated with the power-loss. This increase in J02 was also identified as a 
reduction of time constant in the main arc (Z2) of AC impedance spectrum, which means the decrease in 
the minor carrier lifetime [Panels 8-12 & Right Panel]. 

These findings would contribute to establish the pass/fail criteria in the test protocol as an IEC standard. 

Results 

A part of this work was supported by the New Energy and Industrial Technology Development Organization, Japan. 
This poster does not contain any proprietary or confidential information. 



Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols, data analytics, 

and financial models to reduce the LCOE of solar energy 

Environmental Influence on Fracture and Delamination of 
Electrically Conductive Adhesives (ECAs) 
Martin Springer and Nick Bosco 
National Renewable Energy Laboratory, CO, USA 

DuraMAT Capabilities 
1. Data Management & Analytics, DuraMAT Data Hub 
2. Predictive Simulation 
3. Advanced Characterization & Forensics 
4. Module Testing 
5. Field Deployment 
6. Techno-Economic Analysis 

Electrically conductive adhesive (ECA) 
• ECAs are material compounds consisting of conductive particles and a polymer matrix 

Schematic of an ECA 

Conductive Particle 
Polymer Matrix 

Current state 

Some features of ECAs compared to solder 
• Lower thermal stresses 
• Adhesion to diverse substrates 
• Smaller feature size 
• Fast cure 
• Removes Pb from interconnections 
• “Easy-to-use” application processes 

• ECAs are incorporated into PV modules as new interconnects replacing metallic solders 
• Cell Interconnect Ribbon Bonding 
• Interconnection of Shingled Solar Modules 

Problem 
• Significant material change from metallic solders to ECAs 
• Durability of ECA modulus is still assessed by accelerated tests developed for solders 
• Reliability test results may not represent the long-term performance of ECA modules 

Identification of damage mechanisms 
Thermal cycling accelerated testing 
• designed to cause ECA degradation 

due to high mismatch in CTE 
• electrical and mechanical degradation 

is monitored 

This work was authored by the National Renewable Energy Laboratory, operated by Alliance for Sustainable 
Energy, LLC, for the U.S. Department of Energy (DOE) under Contract No. DE-AC36-08GO28308. Funding 
provided as part of the Durable Modules Consortium (DuraMAT), an Energy Materials Network Consortium 
funded by the U.S. Department of Energy, Office of Energy Efficiency and Renewable Energy, Solar Energy 
Technologies Office. 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. 

Capability Goals 
• Predict degradation and failure of ECA PV module interconnects. 
• Develop a physical model that connects mechanical and electrical behavior of ECA 

with a damage metric that captures the associated degradation processes. 
• Create the materials characterization and modeling workflow. 
• This work partners and contributes to Predictive Simulation, Advanced 

Characterization and Module Testing. 

Motivation 

Shingled solar modules 

ECA 

[Henkel, 2018] 

Cell interconnect ribbon bonding 

ECA 

[Henkel, 2018] 

Cu cylinder Failure modes 

ECA Adhesive failure - Delamination 

DBC 

interface area mechanical degradation electrical degradation Cohesive failure - crack through ECA 

decrease in 
interface area 

N = 0 N = 490 increase in 
electrical resistance 

Loading modes 
crack 

N = 816 N = 1214 
Mode I (Opening) 

Adhesive failure mode Cohesive failure mode Mixed failure mode 
Cu cylinder Cu cylinder Cu cylinder Mode II (Shearing) 

ECA ECA ECA 

DBC DBC DBC 
Mixed Mode (Bending) 

Outcomes and Impact 
• Established framework for ECA characterization and modeling. 
• De-risk new ECA’s as PV module interconnect materials. 
• Optimize the reliability of ECA interconnected modules. 
• Define appropriate qualification standards for ECA modules. 
• Provide an ECA service life prediction. 

Timeline 

Characterization of damage mechanisms 
Crack growth modes Characterization methods 

Mode I - loading a) Critical - loading conditions above 
• Single Cantilever Beam Method critical debond energy 

b) Subcritical - loading conditions 
below critical debond energy 

c) No crack growth - loading 
conditions below threshold 
debond driving force 

(c) (b) (a) 

Mode II - loading 
• 4-point end-notched flexure test 

(stable crack growth) 

Results – Environmental Influence on Fracture and Delamination of an epoxy-based ECA 
Mode II - Loading Mode I - Loading Failure mode 
Temperature variation Temperature variation Humidity variation Damp Heat Exposure Cohesive failure - dry environment 

(dry environment RH < 5 %) (dry environment RH < 5%) (Temperature = 45°C) (85°C / 85% RH) 
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Adhesive failure - humid environment 

Fracture 
Fracture surface 
surface 

Takeaways 

visco- visco-reaction and 
elasticity elasticity transport controlled N
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• Mode of fracture changes from 
cohesive to adhesive failure with 
increasing humidity 

• Subcritical debonding is more 
sensitive to humidity than to 
temperature 

The information contained in this poster is subject to a government license. 
Photovoltaic Reliability Workshop, NREL 

Lakewood, CO, USA 
2020-02-25 to 2020-02-27 

NREL/PO-5K00-76154 



   
 

  

   

  

      
    

      
      

       
    

      
     

     
     

    
   

  

    
     

   
    

     
        

  

     
 

 
   

 

 

      
       

   

 
 

     
 

 
   

      
 

   
    

  

    

  
     

     
   

  
  

    
   

              
    
  

      
         

             
  

 

    
   

 

   
  

  

 
  

 
 

    
      

  
   

 

     

    

 

   
 

 

  
    

   

       
    

   
  

    

  

     

     
   

    
 

     
   
 

  
  

    
    

  
  

  
  

   
 

  

 

 
  

 

   
  

   
  

 

 
 

    
  

   
  

Discover, Develop, and De-Risk module materials, 
architectures, accelerated testing protocols,data analytics, 

and financial models to reduce the LCOE of solar energy 

MODULE-LEVEL SOLUTIONS FOR DEGRADATION BY IONIZATION DAMAGE 
Laura Schelhas2, Archana Sinha2, Jiadong Qian1, Stephanie Moffitt2, 
David C. Miller1, Katherine Hurst1, Peter Hacke1 

DuraMAT Capabilities 
1. Data Management & Analytics, DuraMAT Data Hub 
2. Predictive Simulation 
3. Advanced Characterization & Forensics 
4. Module Testing: Module Prototyping and Combined-

Accelerated Stress Testing (C-AST) 
5. Field Deployment 
6. Techno-Economic Analysis 

Capability Goals 
Degradation processes involving damage from UV radiation 
and/or ion-related damage from positive high-voltage bias of 
the encapsulation and cell/encapsulant interface will be 
characterized, mechanisms will be clarified, degradation 
models and rate equations will be developed, and the value 
proposition of various packaging-based solutions will be 
quantified. 

Motivation Ionization Damage Mechanisms 
After years of improving module efficiency while targeting mean degradation rates of 
0.5 to 0.6 %/y for crystalline silicon technology, there is much evidence that the 
degradation rates are now increasing significantly. Contributing factors include: 

• Radiation damage (UV-Light Induced Degradation): 
- Trina solar: -4.5%/y degradation rate in Singapore 
- DOE National Laboratory Regional Test Centers showed degradation of 

-1 % ≤ r ≤ -2%/y in crystalline silicon modules. 
- Jinko Solar: -4% ≤ r ≤ -7% efficiency loss from 540 MJ⋅m-2 of UV-A light 
- ISFH: 15% relative power loss during of 1.8 GJ⋅m-2 UV exposure, attributed to H+ 

• Electrical bias from positive system voltage (e.g., +1000 V, +1500 V) can drive ions 
and metallization through the encapsulation. 

- NREL: Ion transport can affect the cell passivation, 
resulting in power loss of 5% to 40% in p-PERC+ (bifacial) 

- NREL: Damage at cell rear with up to 17% power at cell fronts in n-PERT modules 

Delamination can also occur due to cell surface reactions driven by light and bias. 

UV Light Screening Test 
• 2000 h UV dose in chamber ≈ 2 y outdoor exposure in Miami or Phoenix, USA (295 ≤ λ ≤ 380 nm). 

1National Renewable Energy Laboratory 
2SLAC National Accelerator Laboratory 

Accomplishments 
From the start of the project (October 1, 2018) we: 
• Tested Si cell types with n+ and p+ front surfaces and with 
silicon oxide, nitride, amorphous silicon, poly-silicon and 
aluminum oxide passivation to screen sensitivity to UV light 

• Analyzed the cell/EVA and EVA/glass interfaces of MiMo 
under positive-bias ionization test to probe the ion migration 
and material chemistry behind the degradation 

Outcomes and Impact 
The properties of polymer packaging materials required to 
mitigate module power degradation will be identified. 
Material properties and performance models will be 
entered into the DuraMAT DataHub. With this, we will 
inform the PV module value chain how degradation rates 
can be minimized for a 50-year module life along with the 
corresponding valuation of degradation and preventative 
packaging materials. 

Scope and Timeline 
• Quantify and characterize the effects of UV- and voltage-induced damage in 
various modern commercial cell types to identify samples of interest 
• Control the degradation rate by varying the UV cut-on wavelength to the cell 
• Characterization of the degradation processes including ion migration to 
understand the degradation and ensure its prevention 
• Identify polymer packaging materials to mitigate module power degradation 
• Enter results into the DuraMAT DataHub and inform the value chain how to 
minimize degradation rates for a 50-year life and value degradation prevention 

EQE Characterization of UV-LID 

• Screening of sensitivities of various cell makes to UV light show their potential to cause degradation 
• Degradation rate ≥ -0.5 %/y (equivalent) is common. 

• Heterojunction (HJ) was found to be the most susceptible cell structure to UV degradation, followed by rear HJ RJC 
junction cells (RJC), n-PERT and p-PERC. The conventional BSF cells exhibited higher resistance to UV-LID. 

• The back surface of bifacial cells was found to be more prone to UV-LID than the front surface owing to 
difference in passivation layer. 

*Abstract is submitted at IEEE PVSC, 2020 Comparison of UV-LID in cells when irradiated from 
Sensitivity analysis of cell designs to UV-LID 

HJ BSF RJC p-PERC n-PERT 

UV Filtering to Reduce UV-LID 
• Degradation in the screen test results from UV irradiation, but the 

threshold damaging wavelength is not agreed upon in the literature. 
• A series of five filters will be used similar to the ASTM G178 method 

to verify the wavelengths contributing to damage. 
• From the results, custom encapsulant formulations will be applied in 

the next round of study to demonstrate new materials that may be 
used to prevent UV-LID. 

Transmittance spectra, including NREL-verified 
(solid lines) and manufacturer’s catalog data 
(dashed lines), for the sharp cut-on filters that 
will be used in the second round of study. 

Comparison of UV intensity 
(for 295 ≤λ ≤ 360 nm, for 

UVA-340 lamp) for 
components and laminates 

used in PV modules, based on 
analysis of reflectance at 

interfaces and material 
absorptance. 

INTENSITY MATERIAL INTENSITY 
-2}STACK FACTOR 

bare cell 
{W⋅m 

48.5 1.0 
silica 44.9 1.1 

AR + textured glass 38.0 1.3 
J: POE-1 

2.6 18.8 
(UV blocking) 

A: POE-2 
41.8 1.2

(UV transmitting) 
silica/J: POE-1/SixNy 1.8 26.6 

silica/A: POE-2/SixNy 29.2 1.7 

back surface (BO) vs. front surface (FO) 
RJC HJ n-PERT p-PERC 

Positive Bias Voltage Degradation DuraMAT Thrusts Engaged
85°C/85%/+1000 V, ~2.5 months Cored cell Cored EVA Cross-section optical microscopy of EVA 

EVA 

EVA/glass 
interface 

Cell/EVA 
interface 

Ag+ 

• Migration of Ag+ into EVA from cell grid observed. No signature of Ag at 
EVA/glass interface, evident from optical imaging and XPS depth profiling 

• XPS results indicated that Ag2S and/or Ag2O are likely responsible for brown 
discoloration of EVA --> Isc loss 

• Sulfur is diffused into the module from the ambient air, facilitated by moisture 
and high temperature 

• Loss of EQE performance in 
UV-Vis and NIR (near bandgap) 
observed in literature for UV-

n-PERT LID. 
• EQE of weathered n-PERT cell 

shows decreased performance 
at λ < 700nm. 

• No change in EQE of HJ and 
RJC cells from screen test. 

• Additional characterization 
Comparison of EQE for three of the most (reflectivity, SIMS) and failure 
affected cell makes from screen test analysis (XPS/Auger) of cells is 
between unaged and weathered (8.9 ongoing. 
MJ⋅m-2 at 340 nm, 2000 h UV) 
specimens. 

DuraMAT Network Engagement 

The DuraMAT capabilities: 

Modules forensics: Chemical and structural 
analysis of interfaces to examine the photo-
electro-chemical degradation effects 

Accelerated testing & module prototyping: 
Mini-module fabrication and testing under 
UV or positive bias conditions 

Predictive simulation: Through application 
of models developed in this work 

Outdoor testing: For materials studies, 
experimental and reference modules 

Applied data analytics: With the DataHub 
for data tools to model designing, testing, 
and manufacturing procedures that can be 
used to forecast performance and durability 

Industry outreach: 

SLAC visit to NREL April 2019: 
• Module coring 
• Soldering tutorials 
• Project planning 

• Frequent engagement with Brian Habersberger from Dow 

• General guidance to the project directions 

• Characterization (laser ablation mass spec) 
AR + textured/J: POE-1/SixNy 1.7 29.3 • Materials 
AR + textured/A: POE-2/SixNy 24.9 1.9 *An abstract is submitted at IEEE PVSC, 2020 and a journal manuscript is under preparation 
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