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2019 marks the tenth anniversary of the Photovoltaic Reliability
Workshop (PVRW)! This year’s workshop continues in the
tradition of engaged attendees. Participation requires sharing of a
paper—either an oral or poster presentation—by each company at
some time during the week. This workshop provides a unique
opportunity for group discussions that can yield answers and bring
participants to a common understanding for current questions in
module and system reliability.

Hot topics during this year’s workshop include performance of
fielded systems and degradation rates, system analytics and large
data sets, durable module materials, structural and site-specific
effects, collaborative research, standards and accelerated testing,
extended testing beyond design qualification, power electronics,
bifacial and glass-glass constructions, new system types, and
system end-of-life.
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AGENDA - Tuesday, 26 February 2019

7:30-8:00

8:00-10:00

10:05-10:25

10:25-11:55

11:55-12:55
12:55-13:55

13:55-15:45

15:45-16:00

16:00-17:30

17:30

Continental breakfast

Session 1: Performance of fielded systems and degradation rates

8:00 —Welcome to the PV Reliability Workshop — Ingrid Repins, NREL |

8:05 — Blido Tutorial — Josh Stein, Sandia National Laboratories|

8:10 — DC health: field testing and results — Jim Rand, Core Energy|

8:30 — Degradation rate case studies — Dirk Jordan, NREI}

8:50 — Field observations on module degradation and power loss — Eric Daniels, SunCycle

9:10 - Critical material degradation impact performance of PV modules in the field — Kaushik Roy-
Choudhury, DuPont

9:30 —|DuraMAT research collaborations and highlights — Teresa Barnes, NREL |
9:45 — Discussion — Chairs: Ulrike Jahn, TUV Rheinland, and Ingrid Repins, NREL

Coffee break

Session 2: System analytics and large data sets
10:25 —|Optimizing PV system asset management using scalable digital models — Nikhil Vadhavkar,
Raptor Maps

10:45 — Signal processing on PV time-series data: degradation analysis without physical models —
Bennet Meyers, Stanford National Accelerator Laboratory

11:05 {Large-scale electroluminescence inspection: multi-sensor platforms and automated evaluation
Andreas Fladung, AEPVI

11:25 — Discussion — Chairs: Kaushik Roy-Choudhury, DuPont, and Mike Deceglie, NREL

Lunch (poster viewing/discussion encouraged)
Poster Session | (see poster agenda)

Session 3: DuraMAT capabilities
13:55 —|Announcement of DOE PV fleet performance data initiative — Inna Kozinsky, US DOE
14:00 —[Fleet-scale performance and degradalion analysis — Mike Deceglie, NREL ]

14:15 -{ Multi-scale, multi-physics modeling for PV reliability — James Hartley, Sandia National
Laboratory

14:35 —[Combined- and sequential-accelerated stress testing for derisking photovoltaic modules — Petg
Hacke, NREL

14:55 —|DuraMAT module forensics — Laura Schelhas, Stanford National Accelerator Laboratory

15:15 — Discussion — Chairs: Margaret Gordon, Sandia National Laboratories, and Teresa Barnes,
NREL

Coffee break

=

Session 4: DuraMAT projects

16:00 —|Characterizing adhesives and edge seals for roll-to-roll photovoltaics packaging — Michael
Sulkis, Georgia Institute of Technology

16:20 —|A unified constitutive model for electrically-conductive adhesives — Martin Springer, NREL

16:40 —[Development of low-cost, crack-tolerant metallization using screen printing — Sang Han, Osazda
Energy

17:00 — Discussion — Chairs: Teresa Barnes, NREL, and Margaret Gordon, Sandia National
Laboratories

17:25 — Poster Session | poster awards — Ingrid Repins, NREL

Adjourn (poster viewing/discussion encouraged)



POSTER SESSION I: Tuesday, 26 February 2019

1. K. Sakurai, H. Tomita, D. Schmitz, S. Tokura, K. Ogawa, H.
Shibata, A. Masuda, “Complete recovery of CIGS solar cells from
PID stress with light”

4.B. King, “DuraMAT Capability 5: field deployment for reliability”]

7. C. Staiger, S. Lopez, E. Elce, “Development of a spray
deposition method for polysilsesquioxane coatings in thin-film
photovoltaic applications”

10. | P. Hacke, “Module-level solutions for cell-front ionization
damage”

131 A. Jain, T. Karin, C.B. Jones, M. Deceglie, “DuraMAT data

nalytics: clear sky detection and new climate zone
lassifications”

16. |[J. Stein, C. Deline, C. Robinson, “PV lifetime project: measured
PV module degradation over three years”

19.|D. Goossens, “Using an environmental wind tunnel for PV and
CSP applications”

22. A. Richter, “Performance investigation of different PV
technologies in the field”

25. |M. Springer, K. Han, N. Bosco, “A unified constitutive model
for the degradation of electrically-conductive adhesives”

28.| 0. Abudayyeh, A. Chavez, J. Chavez, S. M. Han, F.
Zimbardi, B. Rounsaville, V. Upadhyaya, A. Rohatgi, B.
McDanold, T. Silverman, “Development of low-cost, crack-
tolerant metallization using screen printing”

31.| M. Sulkis, J. Hah, S. Graham, J. Moon, C.P. Wong, S.
Sitaraman, M. Reese, S. Garner, S. Jones, D. Vak, “Scalable
packing materials for roll-to-roll processed thin film solar cells”

34. A. Shinn, B. Browne, “Measuring degradation of fielded
systems at scale on an ongoing basis with RdTools”

37. R.H. French, J. Liu, M. Wang, A.J. Curran, W-H Huang, E.
Schnabel, M. Kohl, J.L. Braid, “Glass-backsheet and double-
glass PV module degradation across climate zones determined
from Suns-VOC, Loss Factors, and |-V steps analysis of eight
years of time series |-V datastreams”

40. |S.L. Moffitt, L. Schelhas, M. Gordon, P. Burton, A.
Zakutayev, P. Hacke, N. Bosco, “DuraMAT: materials
characterizations and forensics”

43. Y. Zhu, C. Taubert, K. Chen, B.D. Vogt, H. Fan, “Low
percolation threshold in electrically-conductive adhesives using
complex dimensional fillers”

46. |J. Karas, A. Sinha, V. Buddha, A. Augusto, G. TamizhMani,
S. Bowden, “Reliability of modules with high-efficiency solar
cells with copper-plated contacts”

49. |[M. Mate, L.T. Schelhas, S.L. Moffitt, “Evaluation of PID
chamber and field testing of CIGS modules”

52.| R. White, M. Deceglie, C. Deline, “Development of PV fleet

data acquisition and analysis pipeline”

55. F—mc-m S J.Y. , C.C.Roberts, “Thermar and
viscoelastic behavior of photovoltaic module encapsulants”

58.

61

64.

67.

70.

73

76.

79.

82.

85

88.

93.

A. Lyons, |. Nayshevsky, QF. Xu, D.C. Miller, J. Newkirk, D.
Furhang, “Self-cleaning coatings for solar cover glass:
durability and effect of artificial soilant particle type”

. D. Sulas, “Fill factor loss in fielded photovoltaic modules due to
metallization failures, characterized by luminescence and
thermal imaging”

B. Strauss, T. Shimpi, C. Moffett, L. Maple, W. Sampath, K.
Barth, “Evaluation of different models to describe reverse
breakdown characteristics of CIGS solar cells”

D. Fleming, A. Sahm, J.R. Sherwin, B.H. King, C.S.
Thompson, “Field installations of a high-performance
antireflective coating for solar modules”

K. Barth, J. Morgante, W.S. Sampath, T. Shimpi, “Non-
lamination encapsulation technology to improve reliability and
reduce costs”

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

B. Hartweg, K. Fisher, J. Huxel, M. Branch, N. Chawla, Z.
Holman, “Failure mechanisms of electrically-conductive
adhesives in shingled solar modules”

R. Andrews, “Industry reliability benchmarking: DC health data
from 6 GW of operational assets”

N. Ramchandani, “Case study: first year unavailability at solar
PV plants”

M. Owen-Bellini, “Combined-accelerated stress testing for
advanced reliability assessment of photovoltaic modules”

wen-Bellini, "Correlation of advanced acceleraied siress
testing procedures with field data through advanced
characterization and data analytics”

+DEMONSTRATION TABLE: M. Bora, “Back side defect
imaging in crystalline silicon photovoltaic modules”

DuraMAT posters are indicated with green-printed titles



AGENDA - Wednesday, 27 February 2019

7:30-8:00

8:00-10:05

10:05-10:25

10:20-11:55

11:55-12:55
12:55-13:55

14:00-15:45

15:45-16:00

15:40-17:30

17:30

Continental breakfast
Session 5: Structural and site-specific effects

8:00 — Designing for wind — Alex Roedel, NEXTracker

8:20 —|Dynamic wind loads on ground-mounted PV — David Banks, CPP Wind|

8:40 — Soll corrosivity testing 1o maximize useful lite — Ed Hernandez. Corrosion Project X

9:00 — Reliability and safety issues observed in flood-affected PV power plants in India — Narendra
Shiradkar, IIT Bombay

9:20 —|Joint relaxation in PV racking system bolted joints — Jon Ness, Matrix Engineering Consultantg
9:30 — Discussion — Chairs: Evelyn Butler, SEIA, and Matt Muller, NREL

Coffee break
Session 6: Collaborative updates (PVQAT and others)

10:25 — (Collaborative updates: PVQAT TG 3 (Humidity, temperature and voltage [modules]), and TG
11 (PV systems — power electronics) — Peter Hacke, NREL

10:40 —[Standardization of non-uniform wind-load test method on PV modules in PVQAT TG 7 — Shu
Tsung (Anderson) Hsu, ITRI

10:50 —[Updates on PVQAT TG 5 (UV weathering) and TG 12 (soiling) — David Miller, NREL ]

11:05 - _PVQAT updates: toward further global collaboration — Tadanori Tanahashi, AIST |
11:15 —|Performance, operation and reliability of IEA PVPS Task 13 — Ulrike Jahn, TUV Rheinland |
11:25 — Department of Energy reliability portfolio and motivations — Marie Mapes, US DOE

11:35 — Discussion -- Chairs: Tony Sample, JRC, and Nick Bosco, NREL

Lunch (poster viewing/discussion encouraged)
Poster Session Il (see poster agenda)
Session 7: Activity in standards and accelerated testing

13:55 —[Quantifying Le TID through in-chamber, Tight sSimulator and outdoor testing — I ristan Erion-
Lorico, PVEL
14:15 —[Status of the IEC 61215 new edition — Tony Sample, JRC |

14:35 — Status of TS63126: Guidelines for qualifying PV products for operation at high temperature —
Kent Whitfield, UL

14:55 — [Changes in solar simulator classification and significance for PV power measurement —
Werner Herrmann, TUV Rheinland

15:15 — Discussion — Chairs: Bill Gambogi, DuPont, and Mike Kempe, NREL

Coffee break
Session 8: Beyond design qualification

16:00 —|CSA/ANSI C450 Sequence B variations: sequential application of static and dynamic
mechanical stresses to electrically isolate cracked cell sections — Colin Sillerud, CFV
16:20 —[ASsSessing backsheet durability iIn PV modules using multiple UV sources and test structures +
Bill Gambogi, DuPont

16:40 — Design considerations and evaluations for PV modules — David Okawa, SunPower
17:00 — Discussion — Chairs: Nancy Phillips, DuPont, and Michael Owen-Bellini, NREL
17:25 — Poster Session Il awards — Ingrid Repins, NREL

Adjourn (poster viewing/discussion encouraged)



POSTER SESSION II: Wednesday, 27 February 2019

advapcement of an indoor soil deposition chamber: a road to

2. Z}Hammond, T. Curtis, L. Simpson, G. TamizhMani, “Design
standardization”

qualification standards. procedures, kinetics and separation of B

5. rl Koentopp, F. Kersten, E. Herzog, “LETID testing in

O degradation from LETID”

8.

M. Kéentopp, E. Herzog, R. Won, “PID testing of bifacial
modules: how to adapt test protocols in qualification standards

in order to avoid polarization artifacts”

1.

14.

17.

20.

23.

26.

29.

32.

35.

38.
4.

50.

53.

56.

59.

. |B. Paudyal, S. Hackett, M. Bolen, "DC arc-flash risk in a
j nt”

47.

A. Gabor, R. Lockhart, A. Sanghvi, E.J. Schneller, J.
Lincoln, H. Seigneur, “Cracked up: how should we classify
and respond to various electroluminescence defects in silicon
P\/ madules?”

C. Thellen, A. Rothacker, D. Santoleri, “Characterization
of polyamide-ionomer based backsheet after highly-
accelerated stress testing (HAST) and acetic acid

exposure”

F. Dross, B. Custodio, “How to valorize the use of high-
quality materials”

B. Hallam, M. Kim, "Using numerical simulations to
understand BO-LID and LeTID”

H. Wilterdink, R. Sinton, C. Sainsbury, W. Dobson, J.
Dinger, “The bad practice bible: surefire ways to get poor
results when power rating PV modules”

T. Sample, “The European Commission's EcoDesign
preparatory study status and outlook”

L. Postak, S. Daroczi, “Reducing power degradation in c-Si
modules by using PIB edge seal”

C. Xiao, C-S. Jiang, S.P. Harvey, D. Sulas, X. Chen, J. Tiu, J.
Pan, H. Moutinho, A. Norman, P. Hacke, S. Johnston, M. Al-
Jassim, “Large-area material and junction damage in c-Si solar

; N o

S. Napoli, AW. Hauser, G.S. O'Brien, Y. Wang, A.
Fairbrother, S. Julien, X. Gu, L. Ji, K.P. Boyce, M.D. Kempe,
K-T. Wan, R.H. French, L.S. Bruckman, “Degradation of
commercial photovoltaic backsheets under outdoor and
accelerated indoor weathering exposures”

U. Wohlgemuth, "PV standards activities ot the IEC™ |

J. Qian, M. Ernst, A. Thomson, A. Blakers, “Hotspots in half-
cell modules undetected by current test standards”

W. Hobbs, B. Gilleland, “Fast acquisition of UV-fluorescence
images and automated crack detection”

S. Wendlandt, L. Podlowski, “Light and temperature-induced
degradation of PV modules with PERC technology: result of a
benchmark test on commercial products”

Z. Purohit, J. Carolus, H. Chaliyawala, M. Kumar, M.
Daenen, B. Tripathi, “Investigating the degradation kinetics of
¢-Si and CIGS solar cells under potential induced degradation

by various material characterization techniques”

B. Figgis, A. Abdullah, “Investigation of yield differences of
PV technologies in desert climate”

A. Abdullah, B. Figgis, “Photovoltaic module reliability in
desert climates”

62

65.

68

7.

74.

77.

80.

83.

86

89.

91.

95.

97
99

10

.| A. Meyer, V. LaSalvia, W. Nemeth, M. Page, D. Young,
S. Agarwal, P. Stradins, “Light-induced degradation and
Egeneration of p-type crystalline silicon solar cells”

X. Meng, M. Bertoni, “Imaging deflection and stress in
next-generation PV modules”

P. Robusto, B.J.J. Liu, V. Bheemreddy, “Status of IEC
63163 consumer products specification”

L. Burnham, D. Riley, “Electroluminescent imaging of multiple
module technologies exposed to snow and ice loading”

A. Pavgi, J. Oh, G. Kelly, G. TamizhMani, “Reductions and
climate-specific evaluation of module operating temperatures
using thermally-conductive backsheets”

E. Schneller, H. Seigneur, J. Lincoln, A. Gabor, “Re-
evaluating solar module mechanical durability testing”

B.G. Potter, M.R. Dzurick, K. Simmons-Potter, “Effect of
location-specific weather and PV degradation data on PV
power prediction using NREL PVWatts”

5. Harvey, S. Johnston, C.P. Muzzillo, L. Mansfield, P.
Hacke, M. Al-Jassim, “Utilizing TOF-SIMS to investigate
module degradation mechanisms”

B. Habersberger, “Encapsulant resistivity is not predictive
of PID-s susceptibility”

X. Gu, Y. Lyu, A. Fairbrother, J.H. Kim, M. Kempe, S.
Julien, K-T Wan, S. Napoli, A. Hauser, G. O'Brien, Y.
Wang, L. Bruckman, R. French, L. Ji, K. Boyce, “Failure
analysis of polyamide-based backsheet for PV modules
fielded under different climates”

+ DEMONSTRATION TABLE: J. Sorensen, “Cell
cracking”

R. Descharnais, F. Dross, “Accelerated testing
reproducing backsheet field observations”

. G. Robinson, “Field lessons from storm-damaged arrays”

F. Quartiani, “Long-term performance of light-emitting
diodes in IV curve testing of photovoltaic modules”

1} J. Gallon, “EL-Sweep for CdTe modules”

103. L. Malmgren, “Statistical analysis of performance

104.

105 A. Sinha, “Comparison of solder bond degradation

106

107.

differentiation through accelerated stress testing”

F. Lim, “Module reliability journey”

mechanisms in fielded PV modules at different climates”

P. Arularasu, “Role of humidity on the degradation of UV-
cut and UV-pass encapsulants”

A. Morabito, "Construction mishaps and long-term
roblems”




AGENDA -

Thursday, 28 February 2019

7:30-8:00

8:00-10:10

10:10-10:25

10:25-11:55

11:55-12:55
12:55-13:55

13:55-15:45

15:45-16:00

16:00-17:30

17:30

Continental breakfast
Session 9: Power electronics

8:00 —[Reduce to the max: what makes up a reliable PV inverter — Daniel Clemens, SMA

8:20 —hmmwmﬂmm

8:40 — Management of phantom ground faults in a PV plant with high DC circuit-to-ground
capacitance — Daniel Cormode, Bay4 Energy

9:00 —(Effect of Inverter Failures on the Return on Investment of Solar Photovoltaic Systems - Tyler
Formica, Johns Hopkins University

9:20 -
9:40 - |D|scu55|on — Chairs: Sumanth Lokanath, Flrst Solar, and Peter Hacke, NREL|

Coffee break
Session 10: Bifacial and glass-glass construction

10:25 —[Evaluating the durability of transparent backsheets for bifacial modules — Mike Kempe, NREL]|
10:45 — Comparison of glass/glass and glass/backsheet mini-modules by accelerated test — Yuji Tno,
AIST

11:05 —[The risk/reward of bifacial PV system design — Itai Suez, EDPR |

11:25 — Discussion — Chairs: Tadanori Tanahashi, AIST, and Silvana Ayala Pelaez, NREL

Lunch (poster viewing/discussion encouraged)
Poster Session lll (see poster agenda)
Session 11: New system types

13:55 —|Reliability considerations of floating PV systems: experiences from the world’s largest floating

PV test bed — Thomas Reindl, SERIS

14:15 — Standardizing the ecosystem: future proofing power plant systems using energy storage —
Alex Au, NEXTracker

14:35 -

14:55 — The new PV hazard control standard (UL 3741): evaluating PV systems for reduced shock
hazards during fire-fighting — Tim Zgonena, UL

15:15 — Discussion: — Chairs: Michael Bolen, EPRI, and Dirk Jordan, NREL

Coffee break
Session 12: System end of life

16:00 —{PV module end-of-life management — Garvin Heath, NREL]
16:20 —|High-value PV recycling approach — Sumanth Lokanath First Solar

16:40 — [ASSessIng variability In toxicity testing of PV modules — Govindasamy Tamizhiiant, Arizona
State Uiliversity

17:00 — Discussion: — Chairs: Cara Libby, EPRI, and Tim Silverman, NREL

17:25 — Poster Session lll awards — Ingrid Repins, NREL

Adjourn — All posters removed



POSTER SESSION llI: Thursday, 28 February 2019

3.

6.

12

15.

18.

21.

24,

27,

30

33.

F. Faller, “Bifacial gain relative to different irradiance
levels”

Q. Wang, M. Bauer, T. Frech, J. Lindgren
“Junction-box terminal resistance-welding
development”

. [T. Tanahashi, N. Sakamoto, H. Shibata, A. Masuda,

“Corrosion underneath front electrodes of crystalline
silicon photovoltaic cells predominantly contributes
to their performance degradation”

K. Bedrich, Y. Wang, A.G. Aberle, Y.S. Khoo,
“Quantitative electroluminescence imaging of PV

modules: low-frequency blur removal”’

S. Napoli, B. Douglas, A.W. Hauser, G.S. O'Brien,
B. Skarbek, S. Lokanath, “Weathering performance
of cable ties for solar wire management”

D. McDougall, Y. Xue, D. Su, “Application for
electrically-conductive adhesives”

A. Skomedal, H. Haug, E. Marstein, “Endogenous
soiling rate determination and detection of cleaning
events in utility-scale PV plants”

L. Kazmerski, S.C. Silva Costa, A.S.A.C. Diniz, C.
Brasil Maia, C. Dias Campos, D. Senna Braga, M.
Machado Viana, P. P. Brito, V. Camatta, E.M.C.
Barboso, F. Costa, L.R. de Oliveira Cruz, S. de
Morais Hanriot, “Comparative studies of the effects
of soiling of PV modules and systems in tropical and
subtropical climate zones in Brasil”

M. Gostein, B. Stueve, “CdTe spectrally-matched c-

Si PV reference cell for PV plant monitoring”

|C. Libby, S. Shaw, “PV end-of-life management” |

. Fregosi, B. Paudyal, M. Bolen, “Module, string,l

36.[ J- Previtali, "How fo efficienily share data across the

39

42.

45.

48.

51.

54.

57.

60.
63.

66.

|G. Kelly, “IECRE site inspection demonstration” |

H. Kim, “Modeling thermal and mechanical stress of
flexible CIGS solar cells”

D. Kumar, “Performance optimization of a solar PV
hybrid SPV system for telecom applications”

S. Zhou, “The mechanism and damage of snail
trails”

D. Chawla, “Gaps in bankability of upcoming
photovoltaic technologies--PERC, bifacial, glass-

glass. half-cell”

S. Pulsford, “Testing and compliance of PV modules
in Australia”

B. Brownell, "Saving the PV module: repair tape for
scratched and cracked backsheets”

B. Marion, “Albedo data for bifacial PV systems”

H. Gopalakrishna, P. Arularasu, K. Dolia, A.
Sinha, G. TamizhMani, “Degradation comparison of
UV-cut and UV-pass encapsulants”

J. Irikawa, “Analysis of acetic acid generation in PV
modules”

69.

72.

75.

78.

81.

84.

87.

90.
92.

94.

96.

98.

D. Friedman, “Activities, capabilities and services
provided by the NREL Cell and Module Performance
Group”

L. Simpson, “Rotary brush test for PV abrasion
standard”

S. Kingston, A. Edun, E. Benoit, N.K.T.
Jayakumar, M.U. Saleh, C.M. Furse, M.A.
Scarpulla, J.B. Harley, “Simulating the spread
spectrum time domain reflectometry responses of
photovoltaic cells to detect and locate faults”

E. Benoit, N.K.T. Jayakumar, S. Kingston, M.U.
Saleh, M.A. Scarpulla, J.B. Harley, C.M. Furse,
“Spread spectrum time domain reflectometry for
complex impedance fault detection”

C. Wolfrom, “Using satellite albedo data to aid
bifacial performance modelling”

IM.U. Saleh, “Detection and localization of
disconnections in PV strings using SSTDR”

J. Driesen, “(Bi)PV power architecture reliability and
performance aspects”

H.H. Ng, “25-year low-cost flexible frontsheet”

S.T. Hsu, “Non-uniform wind load on floating solar
panel under the wind-wave environment”

J. Forbess, “Daily soiling rates correlated with air
quality and other meteorological data in Oakland,
CA”

B. Liang, “Impact of satellite-based solar resource
models (SRM) on utility-scale PV system design and
project economics”

K. Lu, “-High-speed quantum efﬁciency
measurements of solar panels’

100. J. Flicker, “Co-located accelerated testing of

module-level power electronics and associated PV
panels”

102. P. Dong, “A flexible solar cell/supercapacitor-

integrated energy device
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Jefferson Boardroom
Lookout Mountain Room

_ Stralght out ballroom doors, past bathrooms

You may reserve by talklng to Pat Kline. (Some tlmes aIready taken:) k:,;“
Spontaneous use when they are not reserved

Side Meeting Announcement — Initial Gap Analysis — Severe Weather

Failure Modes (gtrobmson@lbl gov) Tuesday 16:00-17:00, Lookout
- Mountain Room 2 .



mailto:gtrobinson@lbl.gov

Audience Questions and Event

Feedback Via On-Line Polling

e Sheraton Wifi Network: Meet @ Sheraton
e Wifi User name: sheratonmeeting n
e Sheraton wifi password: 360union \ /

1- b Wi Tew 357 i
* Please turn off your wifi streaming apps | sl _

! H.!I."..:h i

i ?

during oral sessions so we have enough
bandwidth for audience questions.
* NREL people - turn off your cloud back-up o b 8 & | &

NREL | 5



Time to
- take your
seats

NNNNN



An Important Video Clip

* You know solar has arrived when
super-heroes and super-villains
are fighting over modules.

* Nothing | do will ever impress my
kids now that 400% efficiency is on
the table.

 The super-villain doesn’t
understand that it’s not all about
400% efficiency. It’s about long-
term energy generation, which
means reliability.

NREL | 7



NREL PV Reliability Workshop

PV Degradation Observations
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About Exelon



Introduction

Exelon’s family of companies represents every stage of the energy
value chain.

Generation Energy Sales & Services Transmission & Delivery
Exelon Generation Constellation* Atlantic City Electric,
Generation Capacity: Competitive C&I Load Served: BGE, ComEd,
More than 32,000 MW 211 Annualized TWH (power)
1,634 Annualized BCF (natural gas) Delmarva Power,
Competitive Energy Sales: PECO and Pepco
Nearly 2 million business & public _
sector customers Servpg: _
1.4 million residential customers 10 million electric and natural
Wholesale sales, dispatch, and delivery gas customers
from Exelon’s ~33 GW power
generation portfolio
*Q1 2019 data

© 2019 Constellation Energy Resources, LLC. The offerings described herein are those of Constellation NewEnergy-Gas Division, LLC or Constellation NewEnergy, Inc., affiliates of each other and ultimate subsidiaries of Exelon
Corporation. Brand names and product names are trademarks or service marks of their respective holders. All rights reserved. Errors and omissions excepted.




Introduction

Exelon America's #1 Zero-Carbon
by the HE Nuclear energy provider and

i1 . “l A leading competitive
N um be s e : energy provider

> Service Territory:
A A
More than 25,590 mi Named to the

Elect Dow Jones
O MW Tfangiézoni Sustainabilit
of owned capacity y

11,472 mi North

America Index
for the

Operating 13th

Headquarters:

Chicago, IL Operates in 48 Revenues: :
Employees: States, DC & $36 yearin a

33,298 Canada Billion rOW in 2018.

*Q1 2019 data

© 2019 Constellation Energy Resources, LLC. The offerings described herein are those of Constellation NewEnergy-Gas Division, LLC or Constellation NewEnergy, Inc., affiliates of each other and ultimate subsidiaries of Exelon
Corporation. Brand names and product names are trademarks or service marks of their respective holders. All rights reserved. Errors and omissions excepted.
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Introduction

EXELOM SERVICE AREA AND GENERATION ASSETS AS OF DECEMBER 31, 2018

Exe I 0 n ’ s EMELOM OWHNED REGIOMAL SERVICE COMETELLATION
ASSETS AND TRANSMIESION AREAS DESTRIBUTED
" HEADQUARTLRS CRGANIZATION (RTO) EMLRGY
u : W Heackuisriers CAISD B Ailanvc Ciiy Blecinic

Footprint — o
b Foasil-Irdermediabe SPP D Comid P Constellaton
& Hydro ERCOT [ Dirnanva Power S hag irsmsted in
A Wird B W Fico I e 454 MW
& Salwr 1150 M Feoco b
& Othar Rurewable 150-HE e

/-

+ Corshelation's compettive -ulall anc wholesale enengy supply

oy in kight peagraphic prosimat
ccabonn) oy apEs cro pymbal.
Pygking plarts are nat included on Shis map

© 2019 Constellation Energy Resources, LLC. The offerings described herein are those of Constellation NewEnergy-Gas Division, LLC or Constellation NewEnergy, Inc., affiliates of each other and ultimate subsidiaries of Exelon
Corporation. Brand names and product names are trademarks or service marks of their respective holders. All rights reserved. Errors and omissions excepted.
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About Constellation



Introduction

Constellation:

Approximately 2 million

Who We Are

% 123,561 Continually

Commercial & AR investing in

Industrial emerging
Power energy

customers served

113,325 M

g Commercial &
Industrial

Natural Gas

Customers technologies Customers

381 MW of In 2018, procured 8 million
solar projects RECs for customers,
developed I™ enabling them to avoid
since 2007 3.6 million metric tons of
= GHG emissions and support

o the development of
renewables power generation

*Q1 2019 data
Power and Gas customer counts are based on commodity served

Headquartered in

Baltimore,
MD

Dedicated Team
of Regulatory,
Market &
Wholesale Experts

© 2019 Constellation Energy Resources, LLC. The offerings described herein are those of Constellation NewEnergy-Gas Division, LLC or Constellation NewEnergy, Inc., affiliates of each other and ultimate subsidiaries of Exelon
Corporation. Brand names and product names are trademarks or service marks of their respective holders. All rights reserved. Errors and omissions excepted.
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Introduction

Constellation: Who, What and Where we Serve

3y 2 a & =

Natural Gas Retail Power Energy Efficiency Solar Distributed Generation
Approx 787 Bcf Approx 147 TWh 905,000 MWh 381 MW 65 MW
load in C&l markets”™ C&l load under contract” Annual MWH Savings customer sited, completed or  customer sited, completed or
from EE Programs under construction under construction

We serve approximately
2 million customers,

including
2/3 of the Fortune 100,
approximately 933 ()00 Business &

Public Sector customers,

and about 1.4 million unique
residential customers. ~—

[ semveo wini escTRGTY
B seenae witd natura, cas
*Q1 2019 data [ sz mveD wimh eLecTmcTY & maTURAL GAS

We serve Power & Natural Gas across all
e — competitive markets:
| B i .

© 2019 Constellation Energy Resources, LLC. The offerings described herein are those of Constellation NewEnergy-Gas Division, LLC or Constellation NewEnergy, Inc., affiliates of each other and ultimate subsidiaries of Exelon
Corporation. Brand names and product names are trademarks or service marks of their respective holders. All rights reserved. Errors and omissions excepted.
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Introduction

Distributed Energy

Solutions & Features
SOLAR () W

Solar photovoltaic systems generate
electricity from sunlight, and can provide

|-i’ i ENERGY EFFICIENCY ’/\\ ~“encfi'rﬁeﬁab 1 1 a Euhstant@! amount of renewable electricity
Energy efficiency services improve ‘?-E'E\ ,ﬁfp for your facility at a known rate.
energy-related equipment, éﬁb

infrastructure and systems with the
pricrity placed on reducing overall

o™

m
energy expenditures. & i ®v3_5 COGENERATION 4 () il i i
]
= DISTRIBUTED %‘ Cogeneration allows customers with
(7Y b . K = substantial heat and power needs to
é «f/m FUEL CELLS A ; 2 ENERGY VALUE < obtain both from an on-site asset in
Fuel cells are devices that convert PROPOSITION an economical and reliable manner,

fuelinto electricity through
an electro-chemical process 1§'
(rather than combustion), Illl ~'i|| é{'ﬂ‘ m BACKUP + i

praviding clean, quiet electriaity GEMERATION

directly at a customer's site. e
'5‘0,5!.5 Reﬂeﬂ"-" An an-site Backup Generation
asset allows customers to stay
on-line even when grid-based power

4 jill BATTERY STORAGF
is interrupted,

=L
Balleries are energy slorage sysltems that *
allow customers to take advantage of
time-ol-use price diflerences as well as
revenue-generating programs in the
electricity marketplzce

© 2019 Constellation Energy Resources, LLC. The offerings described herein are those of Constellation NewEnergy-Gas Division, LLC or Constellation NewEnergy, Inc., affiliates of each other and ultimate subsidiaries of Exelon
Corporation. Brand names and product names are trademarks or service marks of their respective holders. All rights reserved. Errors and omissions excepted.
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== Constellation America’s energy choice.

PV Degradation Observations



Timeline
e Jan 2016 - Sarah Kurtz and Dirk Jordan from NREL lead effort to develop
IEC 61724-4;
0 Constellation provides data set to aid standard development;
O Variation in results observed when implementing draft standard,;

e Jan 2017 - Chris Deline from NREL presents results from early version of
Rd Tools;

0 YOY data closely aligns with lab degradation measurements;

* Q1 2018 - Rd Tools YOY Clear Sky method integration into Also Energy
platform complete;

O NREL validates results from 10 sample sites;
O Rd Tools run across Constellation Fleet;

Q22018 - Constellation observed degradation rates that in some cases
exceed modeled degradation rates (~0.5%/year);

Q2 2018 thru Present - Constellation conducts deeper investigation to
validate results from Rd Tools and to identify root causes of degradation;

* Present - development of robust Quality Assurance program.

—
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RdTools (2017)

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.

Additional details on software methodology and updates can be found on the RdTools info page and on the

GitHub software repository.

Clear-sky-based degradation results

Rg = -0.07%/yr
confidence interval:
-0.22 to 0.10 %/yr

oy
o

>
oy
@
c
w
200 -
E 0.8
£
S 100
S 06
o
T T T T T T T T T 0 = T T
O A0 A% A2 AP Al 49 40 a1 0 o
T IR S N TR IR S K. ° 80
Date Annual degradation (%)

RdTools system analysis includes filtering, normalization based on measured or modeled irradiance and degradation distribution calculation.

https://www.nrel.gov/pv/lifetime.html
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Field Testing

Module Manufacturers

65.47

oy S

-
Field Testing Sample

Module Manufacturers

/"_

A=

Inverter Manufacturers

359.52

DC Capacity

]
I —
253.11 B T
AC Capacity .-

—
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Field Testing Results

Frequency

13

250 Median: 0.5 %/year
Average: 0.8 %/year
# reported rates = 2128

200

Frequency
=t
=

50 1

150

Rl Q"’b ﬁhh ‘5“ “»b‘ w% “I:L "".::':"I "hﬁ "'Jh ":{b

Degradation Rate (%/year)
100

Photovaltaic Degradation Rates—an Analytical Review
D.C. Jordan, S.R. Kurtz

50

P e il = - —t | i

Degradation Rate (%/year) - 12 Sites
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AP/t (%/year)
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14

0%

Degradation Loss
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Thanks for Listening

Robert Flottemesch

robert.flottemesch@constellation.com
410-470-4238
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New Field Testing Protocol
Monitoring DC Health

February 2019

James Rand CORE
Mason Reed
Robert Flottemesch, Constellation



Core Energy Works' Experience
with Field Testing Modules

* Inspected >150MW in the Field at over 50 Sites

« Utihity and Commercial Scale Sites

e 20+ Different Module Manufacturers/Technologies

e Ground Mount, Roof Mount, Car Ports, Trackers
 Allofthe Testing Reported on Today is for Installed Modules

Short Conclusion : They are almost All Good!
....Trust yet Verify

Caveat — Utility scale with no microinverters or power optimizers

© 2019 James Rand Core Energy Works




Outline

f'
Arial IR Imaging (by Drone)

Review from a
FieldTesting < Electroluminescence Imaging
Point of View

|V Test

\~

Field Testing Protocol

Case Studies

Energy

Conclusions Monitoring

© 2019 James Rand Core Energy Works
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Aerial IR Imaging

Open Circuited Sub- String (OSS)

Shorted Sub-Strings(SSS) and
Open Sub-Strings (OSS)

© 2019 James Rand Core Energy Works



IR Imaging by Drone .

Pros

100% Inspection

Fast (minimal field time)

Forgiving with the Weather

Excellent at Detecting Non-Uniformities
Open Circuits*
Short Circuits*

*Circuits = Substrings up to Whole Inverters

Cons

Uniform Degradation Mechanisms are Undetectable
Limited<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>