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DuraMAT Technology Scouting

Si Modules Thin Film Modules

* Track technology changes ot s it e Mt oo o w0
that could affect PV reliability . . —
* Assess changesin PV P p— ]

reliability risks over time
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Tech Scouting To Date

Getting Ahead of the Curve: Assessment of New
Photovoltaic Module Reliability Risks Associated
With Projected Technological Changes (2024)

Jarett Zuboy, Martin Springer, Elizabeth C. Palmiotti,
Joseph Karas, Brittany L. Smith, Michael Woodhouse,

Teresa M. Barnes

https://ieeexplore.ieee.org/document/10347402

Interconnects

Increased l!dmdanty

Mudule architecture

Larger modules
Larger cells
Cell (umng

Thinner cells

process changes
Material changes

Growing Panes: Investigating the PV Technology
Trends Behind Frequent Early Failures in Modern
Glass—Glass Modules (2025)

Elizabeth C. Palmiotti, Martin Springer, Jarett Zuboy,

Timothy J. Silverman, Jennifer L. Braid, Dirk C. Jordan, Salil
Rabade, Teresa M. Barnes
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https://ieeexplore.ieee.org/document/10347402
https://ieeexplore.ieee.org/document/10847304

Tech Scouting 3.0: PARADEA

HIGH EFFICIENCY BI-FACIAL GLASS-GLASS PV MODULES

IVI a r ket_S p e C i fi C PV ‘\1//,\ SUPERIOR HAIL TEST PERFORMANCE

/
+ 2 45mm hail test passed from third party laboratory with
impact velocity up to 27m/s
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N-type Bifacial TOPCon Technology
@ e ¢ O 1.0
‘bQ QQ S O oS Superior weather resistance, Tested up to ice ball of 55 mm diameter
) D S '19 ’19 effortlessly handling extreme wind according to IEC 61215 standard

Midway, TX hailstorm with a +5400/-5400Pa load
Hurricane Maria capacity and 45mm hail resistance.

What combinations of environmental and extreme weather stressors should be addressed
for US markets now and in the future?

What is the best approach for durability/reliability of modules in different environments now
and in the future?
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Tech Scouting 3.0 Contributions

—

High-risk climates & hazards Review of stressors, effects, solutions

/ \

Direct insights from today’s industry
Developers

Financiers, insurers

Independent engineers

Module and BOS manufacturers
Test labs, standards organizations

Business-focused analysis

* Economic drivers/barriers by
business model & stakeholder

* Influence of PV development
processes on product viability

* Manufacturer feasibility

Guidance
for end
users &

researchers

\ /

Technology & market trends Reliability implications

~_,

NATIONAL

U.S. DEPARTMENT OF

ENERGY €BDuraMAT LABORATORY _ DuraMAT | 5



USPV Database

e LBNL US PV Location database v4 April 14 (energy.usgs.gov/uspvdb/)

=
g 4000 County
Q 13500 —e— Kern, CA (5.69 GW)
8 3000 S s Riverside, CA (4.36 GW)
O % —e— Clark, NV (3.69 GW)
< 2500 = Maricopa, AZ (2.46 GW)
v {2000 %’4 —e— Imperial, CA (2.11 GW)
Sfes) S Pecos, TX (2.07 GW)
© 11500 o —e— Los Angeles, CA (1.82 GW)
E 1000 © 3 San Bernardino, CA (1.78 GW)
E 500 Q —e— Fresno, CA (1.61 GW)
o) ﬁ Kings, CA (1.51 GW)
0 > —e— Pinal, AZ (1.20 GW)
50 o 2 Lamar, TX (1.17 GW)
> —e— Pueblo, CO (1.15 GW)
g Yuma, AZ (1.11 GW)
-120 ol —e— Wharton, TX (1.09 GW)
Andrews, TX (1.07 GW)
2 4o —_— Fort Bend, TX (1.02 GW)
(U . Qe Madison, OH (0.96 GW)
2008 2010 2012 2015 2018 2020 2022 2025 e Tl C’A 0 93’ GW)
ulare, .
Yae =eh Year Brazoria, TX (0.88 GW)

U.S. DEPARTMENT OF NATIONAL Sandia

ENERGY E::ZBDuraMAT O Natonal_ DuraMAT | 6



Cumulative AC Capacity (GW)
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State

TX (23.03 GW)
CA (22.88 GW)
FL(11.62 GW)
NC (6.70 GW)
AZ (5.49 GW)
GA (5.36 GW)
NV (4.76 GW)
VA (4.71 GW)
OH (4.09 GW)
IN (3.76 GW)
IL (3.22 GW)
NY (2.75 GW)
NM (2.60 GW)
CO (2.36 GW)
WI (2.34 GW)
UT (2.12 GW)
AR (1.80 GW)
MI (1.75 GW)
SC (1.65 GW)
MN (1.61 GW)

N w S wu

Cumulative AC Capacity (GW)
=
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Year

2008 2010 2012 2015 2018 2020 2022 2025

Sandia
National
Laboratories
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County
Kern, CA (5.69 GW)
Riverside, CA (4.36 GW)
Clark, NV (3.69 GW)
Maricopa, AZ (2.46 GW)
Imperial, CA (2.11 GW)
Pecos, TX (2.07 GW)
Los Angeles, CA (1.82 GW)
San Bernardino, CA (1.78 GW)
Fresno, CA (1.61 GW)
Kings, CA (1.51 GW)
Pinal, AZ (1.20 GW)
Lamar, TX (1.17 GW)
Pueblo, CO (1.15 GW)
Yuma, AZ (1.11 GW)
Wharton, TX (1.09 GW)
Andrews, TX (1.07 GW)
Fort Bend, TX (1.02 GW)
Madison, OH (0.96 GW)

—o— Tulare, CA (0.93 GW)

Brazoria, TX (0.88 GW)
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USPVDb “Hot Spots”

Top 7 States

e We use the cumulative of the last 3 years

County
—e— Kern, CA (2.42 GW) { (—~
S so00 Riverside, CA (1.27 GW) — CA (7.15 GW)
b —e— Clark, NV (1.20 GW) g 20000 o FL(6.41 GW)
g Maricopa, AZ (1.12 GW) ; OH (3.61 GW)
E 4000 —8— Wharton, TX_(l.OS GW) = —— IN (3.16 GW)
U San Bernardino, CA (0.99 GW] = AZ (2.75 GW)
©, —e— Madison, OH (0.96 GW) 9 150 o L1250 GW
2 2000 Pinal, AZ (0.82 GW) | ;
© —e— Milam, TX (0.79 GW) GA (2.11 GW)
o Fort Bend, TX (0.78 GW) O —&— VA (2.04 GW)
) —e— Morgan, IL (0.76 GW) o 10000 Wi (1.81 GW)
2 2000 Yuma, AZ (0.75 GW) v —— NM (1.79 GW)
© —o— Lamar, TX (0.71 GW) 5 NV (1.75 GW
E 1000 ] Jasper, IN (0.70 GW) o —o— NY (1.56 GW)
5 - ; —e— Tulare, CA (0.63 GW) E AR (1.45 GW)
o 1 P Falls, TX (0.59 GW) 5 —e— MI(1.39GW)
Mﬂm Brazoria, TX (0.56 GW) O LA (1.17 GW)
0 Bell, TX (0.56 GW) (o MS (1.15 GW)
1990 2000 2010 2020 —e— White, IN (0.55 GW) Dt e MO (0.83 GW)
Year onand o @22 oW 1990 2000 2010 2020 —e— PA(0.80 GW)
Year CO (0.77 GW)
Top 12 States: TX, CA, FL, OH, IN, AZ, IL, GA, VA, WI, NM, NV each over 1.75GW
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USPVDb “Hot Spots”

* Cumulative of the last 3 years mapped out

Top 500 Counties by PV Installed Capacity in the Last 3 Years Kern, CA (2.42 GW)
R e AL S T Kent, TX (0.45 GW)
: 7 i S R it Morehouse, LA (0.30 GW)
N P ' Gilchrist, FL (0.22 GW)

Clinton, IN (0.20 GW)
7 Wasco, OR (0.15 GW)
: Miami-Dade, FL (0.15 GW)

R ' Clay, GA (0.11 GW)
i _ Yakima, WA (0.08 GW)
; : Randolph, IL (0.07 GW)
s : : Richland, WI (0.05 GW)

A o n N Oswego, NY (004 GW)
B f i : Fulton, NY (0.03 GW)
L 3 : eI Chenango, NY (0.02 GW)

= , : Fayette, TN (0.02 GW)

. % : Uintah, UT (0.01 GW)
Amelia, VA (0.01 GW)
3 Logan, AR (0.01 GW)
R Livingston, IL (0.01 GW)
Warren, NY (0.01 GW)
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PV Climate Zones

>40 GW AC

 PVCZ[1] are added to the analysis

e Colorbar Installations in Last 3 Years: PVCZ Classjf€ation
takes T and ‘ 7
H level

* Top PV
installations
across
counties

T7:H3 (4.64 GW)
T7:H2 (0.00 GW)
T6:H5 (16.12 GW)
T6:H4 (6.05 GW)
T6:H3 (5.85 GW)
T6:H2 (0.00 GW) )
- T5:H5 (0.70 GW)
aa - T5:H4 (11.06 GW)
FT5:H3 (3.26 GW)
FT5:H2 (0.39 GW)
- T4:H5 (0.00 GW)
FT4:H4 (14.80 GW)
FT4:H3 (1.30 GW)
FT4:H2 (0.32 GW)
- T3:H5 (0.00 GW)
- T3:H4 (0.41 GW)
{ T3:H3 (0.29 GW)
| \ T3:H2 (0.00 GW)
, | % T2:H5 (0.00 GW)
yay T2:H4 (0.00 GW)
T2:H3 (0.00 GW)
2l T2:H2 (0.00 GW)

[1] T. Karin 10.1109/PVSC40753.2019.8980831 e
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https://doi.org/10.1109/PVSC40753.2019.8980831

PVCZ: Degradation

* Matching degradations for PVCZ for most 3 year cumulative PV

1.3
e Jordan et al. Module County-Level Mean Jordan et al. Rd Across the U.S.
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https://onlinelibrary.wiley.com/doi/abs/10.1002/pip.2744
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PVCZ: Degradation

Matching degradations for PVCZ for most 3 year cumulative PV

Jordan et al. Module
level Rd
(10.1002/pip.2744)
Chen et al. system

PLR
(10.1016/j.solmat.2025.11

County-Level Chen et al. Si-PV PLR Mean Across the U.S.
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https://onlinelibrary.wiley.com/doi/abs/10.1002/pip.2744
https://doi.org/10.1016/j.solmat.2025.113839
https://doi.org/10.1016/j.solmat.2025.113839

PVCZ: Degradation

* Matching degradations for PVCZ for most 3 year cumulative PV

e Jordan et al. Module County-Level Ascencio et al k Total Rate Across the U.S.
level Rd : pa | A 0.7
(10.1002/pip.2744) N

* Chen et al. system T ED = ol
PLR =i 5
(10.1016/j.s0lmat.2025.11 | - Ll el E
3839) L, Pt

« Ascensio et al ™ 2 e &
simulated module B ’ 04°
degradation | YRS
(10.3390/en12244749) 0.3
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https://onlinelibrary.wiley.com/doi/abs/10.1002/pip.2744
https://doi.org/10.1016/j.solmat.2025.113839
https://doi.org/10.1016/j.solmat.2025.113839
https://doi.org/10.3390/en12244749

PVCZ Degradation stressors

Reminder top PV installation 3 years

Jordan et al. results
Wind, UV?

County-Level Mean Jordan et al. Rd Across the U.S.
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County-Level Maximum Temperature Across the U.S.
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[1] fema.gov/flood-maps/products-

F E IVIA H a Za rd I N d ex tools/national-risk-index

e Classification of hazards by annual loss, social vulnerability and community resilience [1]
* We attach to each county the list of extreme weather events

* Resultis a list with most common events
Extreme Weather Event County Count Installed Capacity (GW AC) Expected Impact

InlandFlooding 555 52.8 Total or light damage
Lightning 464 42.1 Minor if properly surge protected
Tornado 384 36.7 Total damage in path and high wind module/tracker damage
StrongWind 449 36.5 Module tracker damage
ColdWave 342 31.5 Ice can cause strain
WinterWeather 396 30.8 Snow and ice cause strain on modules
HeatWave 225 29.5 Accelerated degradation, power loss due to temperatures and fire risk if vegetation
Hail 245 28 Glass and cell break
Drought 190 27.3 Minor, fire risk if vegetation is present
Wildfire 129 21.5 Total damage
IceStorm 184 141 Mechanical strain
Earthquake 95 13.6 Damages to multiple components
Hurricane 115 13.5 Total damage
Landslide 43 7.7 Total damage
CoastalFlooding 90 5.9 Severe or total damage

NATIONAL
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fema.gov/flood-maps/products-tools/national-risk-index
fema.gov/flood-maps/products-tools/national-risk-index
fema.gov/flood-maps/products-tools/national-risk-index
fema.gov/flood-maps/products-tools/national-risk-index
fema.gov/flood-maps/products-tools/national-risk-index
fema.gov/flood-maps/products-tools/national-risk-index
fema.gov/flood-maps/products-tools/national-risk-index
fema.gov/flood-maps/products-tools/national-risk-index
fema.gov/flood-maps/products-tools/national-risk-index

FEMA Hazard Index

- » InlandFlooding
~ ey 555 counties, 52.77 GW AC

By i3
‘ n f T StrongWind
e 449 counties, 36.46 GW AC

v}

-
'
r

. - WinterWeather
— - .y 396 counties, 30.80 GW AC

] - Hall
o 245 counties, 27.98 GW AC

x - Ny ’ g Heatwave
225 counties, 29.54 GW AC

e
. - - ‘.
“A a Wildfire
a . 129 counties, 21.49 GW AC
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FEMA Hazard Index

InlandFlooding
555 counties, 52.77 GW AC

» StrongWind
449 counties, 36.46 GW AC

WinterWeather
396 counties, 30.80 GW AC

Hail
245 counties, 27.98 GW AC

HeatWave
225 counties, 29.54 GW AC

Wildfire
129 counties, 21.49 GW AC
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FEMA Hazard Index
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InlandFlooding
555 counties, 52.77 GW AC

StrongWind
449 counties, 36.46 GW AC

» WinterWeather
396 counties, 30.80 GW AC

Hail
245 counties, 27.98 GW AC

HeatWave
225 counties, 29.54 GW AC

Wildfire
129 counties, 21.49 GW AC
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FEMA Hazard Index

- InlandFlooding
555 counties, 52.77 GW AC

- StrongWind
449 counties, 36.46 GW AC

WinterWeather
396 counties, 30.80 GW AC

» Hail
245 counties, 27.98 GW AC

HeatWave
225 counties, 29.54 GW AC

Wildfire
129 counties, 21.49 GW AC
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FEMA Hazard Index
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- InlandFlooding
555 counties, 52.77 GW AC
- StrongWind
449 counties, 36.46 GW AC
WinterWeather
396 counties, 30.80 GW AC

Hail
245 counties, 27.98 GW AC

HeatWave

® 225 counties, 29.54 GW AC

o » Wildfire
129 counties, 21.49 GW AC
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Tech Scouting 3.0 Contributions

—

High-risk climates & hazards Review of stressors, effects, solutions

/ \

Direct insights from today’s industry
Developers

Financiers, insurers

Independent engineers

Module and BOS manufacturers
Test labs, standards organizations

Business-focused analysis

* Economic drivers/barriers by
business model & stakeholder

* Influence of PV development
processes on product viability

* Manufacturer feasibility

Guidance
for end
users &

researchers

\ /

Technology & market trends Reliability implications
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NATIONAL

U.S. DEPARTMENT OF

ENERGY €BDuraMAT LABORATORY uraMAT | 22



Market-specific modules and Survey results.
systems Looking for more
participants!

* Hail and wind drawing attention due to field failures
* Both module and system-level design improvements are needed
e Possible solutions
— Thicker glass
— Taller frames
— Wider mounting
— Improved stow strategies
— More secure connections
* Module and system changes will be driven by insurers and banks

* |Improvements in tests and standards are needed for current and future
products

NATIONAL Sandia

gﬂDu raMAT LABORATORY

National
OF THE ROCKIES Laboratories
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Conclusions

Modules manufacturing more flexible to address specific needs

A lot of PV is deployed in regions that show high degradation and
extreme weather events

Survey results emphasize importance of mechanical failures

Looking for more participants for our survey, please talk to us or reach
out: nrjost@sandia.gov or elizabeth.palmiotti@nlr.gov

NATIONAL Sandia
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& JDuraMAT

Durable Module Materials Consortium

Thanks to DuraMAT and US DOE IESO for funding this work.

s ‘ !-‘.1 '] q } | l -
Contact ul' about thishwork: nrjost@sandia.gov, elizabeth.palmiotti@nlr.gov & jlbraid@sandia.gov
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