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Kiwa PVEL

# Independent lab for PV Module
Performance and Reliability Testing.

# Headquarter test lab at Napa, US and
a sister company at Suzhou, China.

8 Known for PQP test sequences, which
gets updated every 2 years.

See more details at kiwa.com/pvel

12+ 700+ 400+

Years of Bills of materials Downstream
experience tested in the lab partners

Our mission is to support the worldwide solar and
energy storage buyer community by generating data
that accelerates adoption of solar technology.
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Factory Witness

Light-Induced Degradation

Thermal Damp MB;:::;:::I
e Heat Sequence

- il

TC 50+ HF 10

Factory Wi

uction prc

©PVEL LLC (“Kiwa PVEL”), 2026.

Potential-
Induced
Degradation

uviD

CcIiD LID

Backsheet

_ LETID Hail Stress PAN File Field Durability

color measurement

&IAMProfile | Exposure I | sequence

[

LETID 162hrs
75°C, 2*(Isc-Imp))

PAN File
1AM Profile

m?

80" Crear

50 +HF 10

TC 50 +HF 10

UV 65 kWh/m?

TC 50 + HF 10

UV 65 kWh/m?
Product Qualification
Program (PQP)

TC50 +HF 10



https://www.kiwa.com/us/en-us/about-kiwa/entities/pvel/
https://www.kiwa.com/us/en-us/about-kiwa/entities/pvel/

Agenda
INDOOR UV TEST

OUTDOOR FIELD TEST
(Real Environmental Exposure)

.
o

UviD
Metastability and
Stabilization

UVID Mitigation
Strategies

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026.



Why UVID?

® High-interest topic within the PV reliability
community as newer cell architectures
and module materials are deployed at
scale

® Degradation occurs at cell level and
adversely impacts the system performance
and warranty in the field.
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UVID: Risks, detection, and
impact on solar projects

Quantified Energy

Mark Hutchins
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Solving the UV problem of n-type solar

Laboratory testing has revealed that some negatively-doped, “n-type” tunnel oxide
passivated contact (TOPCon) and heterojunction (HJT) solar modules are susceptible to
ultraviolet (UV) light-related damage and degradation. That could mean trouble down
the line, if modules in the field begin to show UV-related performance loss.
Manufacturers are implementing solutions at cell and module level.

OCTOBER 21, 2024 MARK HUTCHINS
| osaLocy | [ worw |
Solving the UV problem of n-type solar — pv magazine USA

New research warns of unexpected UV-
induced degradation in TOPCon solar
cells from invisible light

Researchers from UNSW have found that invisible light accelerates Uv-induced
degradation in TOPCon solar cells, producing the same degradation effects as visible
light but at a much faster rate. This can lead to significant open-circuit voltage losses
and reduce cell efficiency.

AUGUST 11, 2025 EMILIANO BELLINI

MODULES & UPSTREAM MANUFACTURING [l TECHNOLOGY AND R&D Il AUSTRALA |

New research warns of unexpected UV-induced degradation in TOPCon
solar cells from invisible light — pv magazine International

NREL researchers quantify UV-induced
degradation levels in TOPCon solar cells

Researchers at NREL found that UV exposure can cause si
recoverable degradation in TOPCon solar cs i and intra-cell
variability linked to passivation and processing inconsistencies, While some UV-
related losses recover quickly under light and are unlikely to affect field performance,
the findings highlight gaps in current qualification tests and the need for improved UV
aging standards.
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t

FEBRUARY 18, 2026 EMILIANO BELLINT

TECHNOLOGY [l TECHNOLOGY AND R&D [l UNITED STATES

ify Ui ) )
solar cells - pv magazine USA
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UVID Concern for N-Type Modules

® Rapid shift to n-type cells.

Kiwa PVEL’s UVID testing

UVID 120 kWh/m?

®= TOPCon is the predominant technology. 2.5 1
® Higher module efficiency compared to PERC (~9% relative) 0.0
® |nitial power gain best with UV transparent encapsulants.

= Marketed with improved first year (1%) and annual =257
degradation rates (<0.4%/yr).

= Resilience to LID and LETID. Combined loss <1%.

_50 -

_75 -
. - -10.0 4

® N-type has higher vulnerability to UVID

® TOPCon and HJT modules showed a broad range of UV

Pmpp Degradation (%)

-12.5 A

I — TOP
susceptibility (0.4% to 16.6% deg) o PSR((Z:OH
T . . . —15.0 A
® Variability in bill of materials, cell architecture, and process — HIT
non-uniformities. T T T
0 30 60 90 120

® UVID can wipe out advantages of PERC over TOPCon for worst
performing TOPCon modules.

TOPCon modules with

Equivalent UV Dose (kWh/m2)

poor UV

stability can underperform PERC!
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Kiwa PVEL’s UVID Testing

® UV Testing with front-side exposure.

® UV exposure dose 120 kWh/m?2 of UV (280-400 nm)
when using metal-halide lamps (Pl China) or 55
kWh/m?2 when using UV fluorescent lamps (Napa).

® Module temperature 60°C £ 5°C, under short-circuit

S uvID
condition. Sensitivity
T Nt s ot cptical ier
e (\ \ UV 60 kWh/m?
60°C front
|
2
g2 f
5 v W UV 60 kWh/m?
: nM
! N
Ww
0 i , |

260 280 300 320 340 360 380 400 UVF chamber at Napa, CA
Wavelength (nm)
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Test Population

= | argest “public” UVID dataset (2024-2026):
= Total 370 modules. (millions of $).

= All industrial modules, manufactured at different locations
globally (China, India, US...).

® TOPCon constitutes 78% of test population.

® General BOM trends:
® Most of them are bifacial G/G modules

®" Encapsulants are a mix bag — EVA, POE, EPE, UV down
conversion

= xBC and CdTe technology modules also tested but not
included in this study.

® TOPCon w=wPERC = HIJT

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026.



UVID Test Results

® Characteristic “Checkerboard” pattern in
EL images.

® More pronounced with prolonged UV

Post-LID

exposure.

® Degradation is not uniform across the cells.

= Pposition-independent (unlike PID-s).

L

= UV susceptibility can vary from cell to cell

within the same module.

® Testing based on a few cells is not

sufficient.

= Test multiple cells or modules from

different batches.

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026.
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UVID Degradation Pathways

= UVID mechanisms vary by cell types.
® TOPCon: 0.4-16.6% deg, median 3.0%

" Voc most affected - cell passivation
degradation

® Greater Isc & FF losses in few BOMs >
mismatch loss

® HJT: 1.5-8.6% deg, median 5.2% (limited
sample size)

® Isc and FF losses are significant >
front TCO/a-Si interface degradation

® Voc is fairly stable

® PERC: lower degradation, median 2.1%
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Voc UVID120 Degradation (%)

FF UVID120 Degradation (%)
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Reversible Dark Storage Degradation

= Signs of metastability observed in the modules following

UV exposure when stored in the dark.

= Significant power loss and pronounced checkerboard pattern.
" Higher degradation with longer dark storage period.
® Maximum degradation up to 1%/day.

Post-LID

UVID-60

!
-—

T o e e
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UVID-120
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kiwa

2 days dark
storage

Other’s work

[1] Cell: 0.5%-3.0% degradation in dark

uv Dark storage Dark anneal at 85 °C
O Mo | Eeeee T 1
\\‘:"1-... ans T X
= DR R D EES -
= 10+ N 3 e B BT R =
£ S St S B oS B S i S —
o v,  |TTT-- A * »o—p-mmmT
E 20+ T P I
2 ~ \
3ot el ‘ :
2 -4 T] -k-T; “--.h‘ ______________ P o -
14 days dark 40 -»- T, -¥- T, i — ey g --Y
storage 0 20 20 60 140 50 100 150
Dose [kWh/m?] Days in dark Hours on HP
0
—— 1. Dark Storage -> 2. High Temperature
—— 1. Dark Storage -> 2. Current Soaking
[2] TOPCon modules -2 — HF0
degraded under dark 8 0 : 4
~
storage post UV test. §-4
-6
_8 .

[1] Thome et. al. Solar RRL (2024), 8, 2400628

Uvs5

Step 1 Step 2
Aging Step

[2] Gebhardt, P., Kraling, (2024), Prog Photovolt Res Appl
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Dark Storage Degradation and Stabilization

LID

® Dark storage degradation is partially or fully recoverable . 1 *H T | I :

via full-spectrum light soak.

= UV induced degradation isn’t recovered.

® |n general,

= TOPCon (extensive) - Fast and effective recovery.

® HJT (moderate) - Slower recovery.

® PERC (minimal) - No metastability.

Bad Good Bad Good
Pmax PERC PERC TOPCon TOPCon HIT

LID

uUVviD120

Dark Storage| -3.8% -2.3% -2.6%
LS 0.5kWh/m? -3.8% -2.4% -5.7% -2.4% -6.0%
LS 1kWh/m?2[  -3.7% -2.3% -5.6% -2.3% -5.5%

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026. 12



Light Soak Stabilization

® Kiwa PVEL implemented a LS stabilization step post-
UVID120 (via 0.5-1 kWh/m?2 of full spectrum light soak)
if more than 48 hours passed since test completion.

® For UVID-sensitive samples, light soak is crucial to get
accurate results.

® Many test samples are not affected by LS (change is
<0.4%), but some are very affected.

30 -

Count
N
o

10

0 2 4 6
Pmpp A (Post-LS — UVID120)

Pmpp Degradation (%)

kiwa ©PVEL LLC (“Kiwa PVEL”)
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* Change in EQE during recovery shows

EQE change during recovery power gain is greatest in the blue/UV

region.
«  TOPCon module experienced UVID followed by Clear evidence that:
several months of dark storage.
« Acquired EQE before and after a 2 minutes dose The dark-storage defect causes
from UV LED at 365 nm.

front-side passivation loss

= 1 Before UV light

2.0 2 After 2 min UV365nm exposure
—— 3 After 7 min UV365nm exposure
1.8 1
1.6 1
1.4+

1.2 1

1.0 - ,v/lﬂ

Quantum Efficiency Relative to Before UV Light

300 400 500 600 700 800 900 1000 1100 1200
Wavelength (nm)

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026.



UV LED (100 W, 365 nm)




Correlation of Indoor and Qutdoor

Testing
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Degradation (%)

Voc

Degradation (%)

FF

a
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—10 4 Median=-1.5% Median=0.1%
-12 v v
12-Month Control
a4
2 4
°] %
5 -
g
T -
—8
N=122 N=76
—10 A Median=-0.2% Median=0.0%
-12

12-Month

Control

Most FE BOMs would not meet a <1% degradation warranty

Field Exposure Testing & UVID Signatures Pmp
25§ Medanme2 2k ediane 2%
£ 00+
® 1-year outdoor exposure in Davis, CA. 5 s
® Modules installed in 2023-2025 period. 3“5 e
® Control modules exhibited stable performance. ] s i
a -10.0 1 -
® Significant Pmp degradation in field-exposed (FE) 5_12,5_
modules - median of 2.2% .
" Driven by Voc and some Isc losses, while FF is stable. 12:Month Control
® Combined LID and LETID Pmp loss <1%. Isc
= UVID checkerboard pattern is visible in EL images. N '
1.7% = -5.8% —2£2‘%6 ; J o] }8.0% - :: é ?
| . . et B
: e =
I 1 S N < |
at the end of first year.
kiwa ©PVEL LLC (“Kiwa PVEL”), 2026.
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1 yr Outdoor

Correlation Between Outdoor Field and Indoor UVID Testing

® Common TOPCon BOMs between FE and UVID testing data. FE Initial
® Voc exhibited a better correlation: UVID120 test (55 kWh/m2 - ,f::f?f
of UVF) corresponds to ~1.4 years of outdoor exposure in . f'{ _——-
Davis, CA. — 11
FE - =

®" Pmp showed a weaker correlation: Impact of additional

degradation modes (e.g. soiling, contact corrosion, etc.).

FE 6month

Voc Pmp
-7 ,/
04 h=20 L n=20 ® L
r=0.83 /_f. 0 r=0.56 age // UVO
- — ,’
® -11 o J/’ S ® ’ o
g % y -2+ % '
2 _, | Outliers - no LS @, 5 e
= - = a |
=] L ® o s o / ‘ !
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2 < § s // - !
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w w
w w
-6 -10 4
-7+ T T T T T T T T T T T T T -
-7 -6 -5 -4 -3 -2 -1 0 -10 -8 -6 -4 -2 0
UVID Post-UV 60 #2 Change [%] UVID Post-UV 60 #2 Change [%)] £ = .=

uveo
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Long-term Reliability Testing
uvo uv6e0 UV120 uv180 Uv240

® UVID test run extended to 240 kWh/m?2.

® Project 1 (UV-stable modules) — Degradation
saturated after UV120.

® Project 2 (UV-sensitive modules) - Degradation

continues up to UV240

UV dose (kWh/m2)
0 60 120 180 240 300 360
09
, | HETP— -
e [ FETR T il ? -12.31%
g |
g e
@
= T
4] hid :
E? ——
-g--lﬂ ..b.‘. /
E - ""u&..
-14 @@ -10.61% -12.31%
-16
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UVID Mitigation Strategies
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UVID Mitigation at Cell Level

® Cell design improvements:

" Front cell ARC/passivation layer process controls m 2024 Q4

(thicker AlOx, ARC and passivation stack uniformity)

Improvement

! \

-2

® Fixes associated with higher production costs.

= Example: A TOPCon BOM tested in 2024 Q2 with
a retest in 2024 Q4.

-4 4

® Original: deg 6.5% (average), strong
checkerboard pattern.

Mean Pmpp Degradation [%]

-8 -

_130) -10

® Retest: deg 1.3% (average), no EL anomalies.

'19:0 '\9{) '19:"“ 'Léf)
®= Many cell suppliers have improved their SuditSbar
production quality processes. Each line is an individual
= Better performance in 2025 compared to 2024. cell supplier.

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026. 21



UVID Mitigation at Module Level

UV blocking encapsulants can mitigate UVID.

Cut-off wavelength of front encapsulant varies in

uvo uvi120 uvo uv120

= Higher degradation below 300 nm cut-off.

= Example: TOPCon BOMs, same cell supplier and
same encapsulant type but different UV cut-off.

= BOM1 - EPE (cut off <290 nm) | EPE

® BOM2 - EPE (cut off >290 nm) | EVA

UVID extent can be lowered when tailoring the
encapsulant cut-off band.

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026. 22



UVID Mitigation at Module Level

® UV down-conversion encapsulants.

higher efficiency and less prone to UVID. Uvo UV120 UVvo UVv120

= Example: same cell supplier but two different
encapsulation schemes.

= BOM1 - POE (UV transparent) | POE

® BOM2 - EPE (UV down conversion) | EVA

® Currently used in HJT module designs, not much in
TOPCon.

® Other reliability issues may arise, need to be tested
further to validate stability.

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026. 23



Degradation Mechanism other than UVID

" Not all UV degradation is cell-related.

= Example: TOPCon BOMs, same encapsulant type and
UV cut-off <290 nm

® BOM1 - EPE (cut off 280 nm) | EVA
® BOM2 — EPE (cut off 240 nm) | EVA
®= BOM1 has no signs of degradation.

® BOM2 has negligible Voc loss and no checkerboard
pattern in EL but significant Isc loss > severe
yellowing on the entire module.

® Encapsulant additives/stabilizers play a role in
degradation, that might be UV-unstable.

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026.
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Irradiance (W/m2/nm)

* This work: UVID120 was achieved with 120 kWh/m2 of ceramic
metal halide (CMH) or 55 kWh/m2 of UV fluorescent 345 nm (UVF).

UVF Dosing Change

Based on best evidence at the time, but we now suspect the UVF
is under-dosed compared to CMH

* In PQP V12 (active now!) UVID120 achieved with 75 kWh/m2 of UVF

TOPCon BOMs

Spectrum Differences 257 Meaner2.25% Meano176% |

— Median=-2.08% Median=-1.49% One BOM tested under

ek ~ 0.0 :

S S é both light sources
5 -25- 5
% 5.0 - (0] Average values of 2 samples
;.; 8 PMP% | VOC% ISC% FF%
S -7.51 @ CMH -2.65 1.71 -0.55 -0.41
~ o) UVF -1.89) 119 044 027
a -10.0 A
3
v —12.5 A HP
$ Voc Deg ratio: 1.4x

260 280 300 320 340 360 380 400 —15.01 Pmp Deg ratio: 1.4-X
Wavelength (nm)
Metal Halide UVF

1.4x on median
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New Development in Kiwa PVEL’s UVID Testing

® Streamlined UVID sequence in newer version of PQP

® Eliminate interim UVID60 characterization in favor of

a continuous 120 kWh/m2 exposure

® Option to extend up to 360 kWh/m2 for BOMs that
show higher UVID susceptibility to investigate the

long-term reliability impacts.

® Increased effective dosage for UV fluorescent lamps.

® 120 kWh/m2 of metal halide = 75 kWh/m2 of UVF o

® (Previously used 55 kWh/m2 of UVF).

kiwa

uvID
Sensitivity
UV 60 kWh/m?
60°C front

UV 60 kWh/m?
60°C front

~—— UVA fluorescent bulbs
with optical filter

w
L

N
"

Irradiance (W/m2/nm)

-
I

T T T
260 280 300
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LS stabilization
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Funding provided by the Durable Module Materials Consortium 2 (DuraMAT 2), an Energy Materials
Network Consortium funded by the U.S. Department of Energy, Office of Energy Efficiency and
Renewable Energy, Solar Energy Technologies Office agreement number 38259. The views expressed
in the article do not necessarily represent the views of the DOE or the U.S. Government.

Key Takeaways

Kiwa PVEL’s UVID test results (TOPCon only)

® UVID is a primary reliability issue for n-type modules.
Some TOPCon and HJT BOMs are stable. o
® UVID sensitivity depends not only on the cell architecture . 0 ===
but also on the BOM. X  ——
= A short light soak under full spectrum can stabilize _é _5 - ? 3
modules from metastability behavior in the dark post-UV z ©
exposure. ©
o
® Front cell ARC/passivation layer process controls and 8
better encapsulant additives selection can help in & —10 7
mitigating UVID. £
o
® Recent UVID testing on TOPCon modules showed a
significant improvement in UV susceptibility. =15 - 0)

I 1 1 I 1
2022 2023 2024 2025 2026

UVID Stability is Improving, But is Not Solved Yet. Audit Year

Note: Some big outliers are partially a result of dark metastability.

kiwa ©PVEL LLC (“Kiwa PVEL”), 2026. 29
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