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PV Module Quality Assurance Toolbox

Kiwa
Pl Berlin

1,000+
Factory Audits Conducted

200+ GW

PV Production Capacity
Evaluated

Kiwa PV Module Testing Lab or Office @
audits @
Previous year audits @

3 PV Labs in Key
Markets

Berlin, Suzhou, California (Kiwa
PVEL)
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Quality

. Global Batch Defect %: Pre-Shipment Inspections
Over Time ’ g g

Kiwa PI Berlin’s 10+ year
database spans 125+ PV
manufacturers, providing a
benchmark for global el e
module quality trends.

Key Point: Consolidated
PS| data shows defect

rates increasing across
factories worldwide.

%

PQP testing reveals a
parallel rise in BOM-
related failures, reinforcing
the upward defect trend
observed in PSI
inspections.

Defect %

2016 2017 2018 2019 2020 2021 2022 2023 pLop 2 2025
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Defect Distribution

79 - 1% 0 & Lamination 17.8%

@ Frame 17.6%

of all defects e
: e EL Findings 15.6%
identified o 2 °
from five O & celasting  14.4%

categories
© @ celipefects  13.7%

* Over the last year, Kiwa Pl Berlin performed
PSI on nearly 160,000 PV modules across 65
global manufacturing facilities.

* Inspections followed contractually agreed to
criteria, with defects evaluated against AQL
requirements.

* End-of-line data showed greatest defects
came from lamination, cell/string interconnect,
cells, frame, and glass-related issues.

PSI Defect Distribution

]

Backsheet

Cell

Cell and string

EL

Lamination

Frame

Glass

| Junction Box

]

Label and Packaging

Electrical Performance

Kiwa Pl Berlin
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Creepage Distance &
: How are
Collaboration In Action

Cell Spacing

The Good News
we doing?

Managing BOM
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The Good News: Quality Improvements
Another positive trend has been the
reduction of TOPCon-related findings
2024 2025 - Q1 2026 during production oversight compared
with the prior year, when TOPCon

100% 100% : { 2
90% 90% showed higher Major and Critical defect
80% 80% rates versus PERC.

70%

70%

60% 60%

50% 50% Findings have now leveled into a more

40% 40% balanced distribution between

S0 9% technologies, allowing buyers to apply

20% 20% imilar OA l ;

fons io% similar QA coverage, quality requirements,
0% and inspection plans without requiring

Cr Ma Mi Cr Ma Mi

0%

heightened TOPCon-specific controls.

H TOPCon PERC W TOPCon PERC
I
. . E : Major EL Defects %
EL Defect Reductions Over Time e 100.00%
= 80.00% - — ——
" . Fatie - —e
A positive trend in recent years has i 60.00% ——
been the reduction of Major EL defects - 40.00% ol o
relative to total defects identified E 20.00%
during global pre-shipment inspections. = 0.00%
E ; 2024 2025 2026
— Year
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- Cell-to-Cell Spacing

Cell Defects

The short circuit

caused by cell-to-

cell contact led to a

Cell-to-Cell Spacing hot spot and failure.

Inadequate control of
cell-to-cell spacing
during production.

Non-compliance with
UL/IEC safety
standards:

Modules were
produced with cell
gaps smaller than

Cell-to-cell gap

Creepage Distance
Defects
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Cell Defects

The short circuit

caused by cell-to-

cell contact led to a
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Cell-to-Cell Spacing

Cell Defects

The short circuit

caused by cell-to-

cell contact led to a

Cell-to-Cell Spacing hot spot and failure.

Inadequate control of
cell-to-cell spacing
during production.

Non-compliance with
UL/IEC safety

Modules were

produced with cell

gaps smaller than
UL/IEC requirements. | t

Creepage Dist
Defects

Quality !
In an kv

YOU SURE ABOUT THAT?
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CASE STUDY Recent fin
Arecent batch g proje Co., Ltd’s laborat:
ned at Kiw N : China indicat

Creepage Distance

kiwa

With larger cells,
manufacturers minimized
inactive areas to maximize
the efficiency.

Tight spacing design without
minimal tolerance allowances

Equipment calibration often
needs increased frequency

Inadequate inspection criteria
and screening- it can be
identified in factory.

kiwa.com/2026pvmfrreport

pes involves cont
oversight of the entire manufacturing process
from initial assembly through final completion,
under the guidance of Kiwa P! Berlin's experi-
enced quality assurance engineers. This ap-
proach ensures that each stage of production
is executed in accordance with defined quality
standards. Certain critical assembly processes,
such as cell stringing and lamination, can have a
significant impact on the long-term reliability of
PV modaules if they are not properly controlled.

As with factory audits, any findings identified
during production supervision are classified as
critical, major, or minor, depending on their po-
tential impact on module safety, performance,
and reliability. All findings are formally reported,
and manufacturers are required to implement
corrective actions as part of a continuous impro-
vement process. Kiwa's on-site engineers track
the status of all findings, monitor open correc-
tive actions through closure, and review the
effectiveness and validation of the implemented
actions.

Kiwa P! Berlin's engineers have visited and
overseen over 5,200 production shifts over the
past year. The findings from this comprehensive
production oversight have been consolidated to
provide an overview of production control practi-
ces across PV module manufacturers during this
period

LAYUP PROCESS

The layup process remains a leading category of
findings during production oversight. This critical
step during assembly involves multiple sequen-
tial operations, including glass placement, POE/
EVA layering, cell string positioning, cross-con-
nector soldering, barcode labeling, EVA strip
placement, positioning tape application, rear
encapsulant and glass placement, and pre-lami-
nation EL testing( see opposite page for process
flow).

Due to its complexity, the layup process intro-
duces significant risks such as SOP non-compli-
ance, inadequate monitoring, material control
issues, and incorrect equipment settings. Many

Backsheet

1%
Call
1.7%

Label and Packaging
23%

Junction Box

Production Oversight

KEY POINTS

= Most frequent findings remain in rework, layup,
soldering, and junction box (J-box) application -
consistent with last year.

+  Rework findings decreased from 18.2% to
16.9%, while layup rose slightly to 15.6% and
soldering increased to 12.6%.

+  Layup issues strongly correlate with PSI
defects, including lamination defects (conta-
mination, cracks, bubbles) and cell spacing
anomalies.

+  TOPCon lines show significant improvement,
now comparable to mature PERC lines.

+  New production regions, especially the U.S.,
report higher findings than mature regions and
global benchmarks

final module defects—contamination, cell cracks,
spacing errors, bubbles, and delamination origi-
nate here, underscoring the need for heightened
oversight.

A recurring issue involves equipment qualification
or re-calibration after maintenance. Quality teams
should verify PV cell string placement accuracy (X,
Y, Z axes) and robotic positioning prior to laminati-
on to ensure repeatability within tolerance. Trans-
port after placement is equally critical; vibration or
movement before anchoring tape application can
displace components, leading to creepage dis-
tance violations. Kiwa Pl Berlin has documented

cases where outer strings shifted under the frame,
compromising required clearances.

FRONT GLASS
Front glass is inspected for thickness, dimensions, AR
coating defects, contamination, and surface quulily.
Surface cleanliness is venfied through particle and res-
idue checks, followed by automatad or manual loading
onto the layup table and confirmation of proper glass
alignment and positioning

FRONT POE/EVA PLACEMENT
Front POE/EVA is inspected for roll thickness,
gel content batch ID, and dofocts. Materialis.
cut to module size Lsing an automatic cutter
or pre-cut sheets, placed and aligned on the
glass, and verified for proper edge overhang

CELL STRING PLACEMENT
Cell strings are verified for correct onentation, including
‘polarity and layout. The strings are placed onto the
encapsulant, spacing between strings is adjusted, and
cell alignment and squareness are confirmed.

CROSS-CONNECTOR (CC) TO CELL
STRING SOLDERING
Cross-connectors are positioned onto the cell

strings, followed by soldering and inspection of
the solder joints for proper wetting and coverage.

BARCODE LABELING, POE/EVA STRIP PLACE-

MENT, & POSITIONING TAPE APPLICATION
tape is applied

followed by placement of pre-cut POE/EVA strips over

the cross-connector area. Inner barcode abels are then

applied

REAR POE/EVA PLACEMEN
Rear POE/EVA placement follows the same process.
Steps as the front POE/EVA placement on the
module.

REAR GLASS OR BACKSHEET PLACEMENT

Raar glass placement follows the same process as front glass
placement, with addtional attention to allgnment over the
cross-connectors through the glass holes. For backsheet
placement, the material is cut to module size using an auto-
matic cutter of pre-cut shoats, CC/J-box connaction holas
are opaned, the backsheat is placed and aligned on the glass,
and edge overhang is verified

VISUAL INPSECTION & EL TESTING
Laminate preparation goes through barcode
scanning and positioning, folowed by in-pro-
cess visual inspection. The laminate is placed
in the EL testing area with proper postioning
and oloctrical connection, EL testing and image
acquisition are performed, and dafocts are
identified and evaluated

Kiwa Pl Berlin 15



QA Toolbox Tools: Inspection Criteria

Managing Creepage Di.stance Risk Through SO T ———— Critical
Contractual & Inspection Controls
between cell or e Distance (S) <8.4mm
* Creepage distance findings are directly linked °"ytc‘_’”ld“C;"’e (1000V rated Module)
. materiat an
to UL/IEC 61730 safety requirements Sloss edges R T,
* If classified as Major instead of Critical, limited L e
occurrences may be allowable under PSI sampling HamiSICE RIS
criteria certified)
* Inspection criteria and quality agreements should
define these as non-conformances: including Generally, distance between cell or any conductive material
insufficient creepage distance and exposed conductive and the glass edge is difficult to measure in a finished Module
risk, as a Critical defects requiring escalation by the with an assembled frame.
supplier, buyer, and quality assurance provider. When conducting inspection of the creepage distance in this

case, the distance can be calculated based on the frame
groove depth, frame wall thickness, sealant thickness,
distance between frame inner side and conductive parts.

If there is any doubt or ambiguity, the frame can be removed
to measure the actual creepage distance.

Kiwa Pl Berlin




QA Toolbox Tools: Pre-Production Factory Audits

Identifying Higher Creepage Distance Risk PV Module Cross Section and Key Creepage Distances
Through Factory Audit Observations:
Frame
Case Study: / Frame Sealant
* During a pre-production audit, the auditor /

identified a potential safety risk related to tight
spacing tolerances.

D2 — Glass
=

* The inspection standard requires D1, measured
from the cell/busbar edge to the inner frame, to
be >1 mm.

/ Encapsulant

* With a measured frame groove depth of 9.4 mm,
any inconsistent glass alignment or sealant
application could reduce the effective distance
from internal live parts to the glass edge.

7~ Cell

* As a result, the effective creepage distance may
fall below the 10.4 mm minimum requirement
under UL 61730, creating a potential safety
compliance risk.

),
» *~ Encapsulant
Inner Side “ ' :

of Frame : ~
Glass Cell or Bus Glass
Edge Bar Edge

Kiwa Pl Berlin 17




QA Toolbox Tools: Active Production

Mitigating Risk During Active Production via
Pre-Shipment Inspections:

* During the first Pre-shipment Inspection batch #1:

Two Major Defects were reported for: “Distance
from the cell to the inner side of the frame <1
mm, not allowed.”

* Due to the Audit Finding, further investigated and
removed the frame to directly measure the
creepage distance

* Found to be nonconforming to the UL 61730
creepage requirement, measuring less than 10.4
mm.

* This resulted in upgrading defect from Major to
Critical, resulting in PSI Batch 1 failure.

Major Defect -
Glass to Cell Edge < Tmm

Critical - Distance Glass Edge
to Cell Edge
< 10.4mm

Kiwa Pl Berlin 18



PSI Batch Creepage Distance Defects
2025 Projects

PSI Batch 8
Results 4

SN
- Mitigation DR DE S i o o %

effectiveness is 0
trac ked and Batch1 Batch2 Batch3 Batch4 Batch5 Batch6 Batch7 Batch8 Batch9 Batch 10 Batch 11 Batch 12 Batch 13 Batch 14 Batch 15 Batch 16 Batch 17 Batch 18 Batch 19 Batch 20

evaluated across
production
batches

* Previous-year
projects showed
higher recurrence
of creepage
distance defects

kiwa



10 PSI Batch Creepage Distance Defects

. 2025 Projects
Toolbox
Takeaways .

. N :
* Mitigation . 2X=ERSE B SR S o
effectiveness is

Batch1 Batch2 Batch3 Batch4 Batch5 Batch6 Batch7 Batch8 Batch9 Batch 10 Batch 11 Batch 12 Batch 13 Batch 14 Batch 15 Batch 16 Batch 17 Batch 18 Batch 19 Batch 20
tracked and

evaluated across 10
production
batches

Projects Last —]
6 Months

* Previous-year
projects showed
higher recurrence
of creepage
distance defects

o N O~ OO ©

O O b PN O O O o)
Batch1 Batch2 Batch3 Batch4 Batch5 Batch6 Batch7 Batch8 Batch9 Batch 10 Batch 11 Batch 12 Batch 13 Batch 14 Batch 15 Batch 16 Batch 17 Batch 18 Batch 19 Batch 20

* Increased
inspection focus
and targeted
controls have ) )
helped |dent.|fy ’ Batch1 Batch2 Batch3 Batch4 Batch5 Batch6 Batch7 Batch8 Batch9 Batch 10 Batch 11 Batch 12 Batch 13 Batch 14 Batch 15 Batch 16 Batch 17 Batch 18 Batch 198at3h20 B
defects earlier
and reduce 10
recurrence in
recent projects

N W A~ O

v

Batch1 Batch2 Batch3 Batch4 Batch5 Batch6 Batch7 Batch8 Batch9 Batch 10 Batch 11 Batch 12 Batch 13 Batch 14 Batch 15 Batch 16 Batch 17 Batch 18 Batch 19 Batch 20

o N M OO ©
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Managing BOM Variations

. . . Key materials Additional materials
Evolving supply chains, domestic content

requirements, and mixed sourcing strategies
are increasing variation in cell supply and key
BOM materials.

Cells t.a Cellribbons
Glass (superstrate) : Cell soldering flux
Encapsulant (front of cells) String ribbons
Encapsulant (behind cells) Frame

Glass (substrate) Frame adhesive
As BOM materials change before or during
production, electrical performance must be
evaluated beyond Pmax alone, including
parameters such as Voc, Isc, Vmp, and Imp.

Junction box Silicon materials

Junction box pottant Quartzite

Junction box adhesive Metallurgical grade silicon

Bypass diodes (MGS)

Cables Polysilicon

Connectors Silicon ingots

it
S
<
&
&
g
.M_
Q
&

Even when modules remain within
specification, material variation can shift Silicon wafers
electrical parameters and create downstream

Cha“'enges for project deSIgn’ EPC installation, BOM material sourcing strategies continue to evolve in response to

and field commissioning. customer requirements, buyer procurement priorities, and efforts to
maximize financial incentives. This includes changes to both finished
module components and upstream materials, such as polysilicon

supply.

. Kiwa Pl Berlin 21
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Managing BOM Variations

Electrical Properties

E/ t " / P p t' Testing Condition

ec rlca ro er Ies Q Peak Power (Pmax)
MPP Voltage (Vmp)
MPP Current (Imp)
Open Circuit Voltage

Key Properties & Moving
Further than Pmax @

Short Circuit Current

Pmax has historically been the
primary metric for performance

tracking and quality control.

Modern projects require tighter
tolerances for electrical
parameters to ensure accurate
system design, affecting string
sizing and overall layout.

Maximum Power
Represents the
highest power
output a PV
module can
deliver under
standard test
conditions (STC).
Pmax = Vmp x
Imp

shorted (zero
voltage).
Indicator of
Irradiance & Cell
Health. Helps
assess module
performance
and detect
shading or cell
degradation.

Front Side Front Side Front Side Front Side Front Side
(W) 370 375 380 385 390
(V) 34.5 34.7 34.9 35.3
(A) 10.73 10.81 10.89 0.97 11.05
(Voc) (V) 41.4 41.6 418 0 42.2
(Isc) (A) 11.36 11.45 11.54 11.62 11.69
Module Efficiency (%) 19.95 20.22 20.49 20.76 21.03
Cell Temperature 25°C, AM1.5
ita above 1S Tor réferance only and the actual cata isin ince h the tical te
Power Measurement Tolerance +3
Maximum L
current under Open-Circuit
STC when Voltage:
module Maximum
terminals are voltage under
STC with no

load connected.
Critical for string
sizing and
inverter limits;
exceeding
ratings risks
damage and
safety non-
compliance (UL
61730).

Kiwa Pl Berlin 22




Pmp (570W)

576

575

574

573

572

571

570

569

568

567
0 200 400 600 800 1000 1200

Pmp  ==-=Pmp(Min) ----Pmp(Max)

When BOM changes are managed only
against Pmax, electrical parameters
can shift and affect string sizing,
inverter compatibility, and project

performance.

Voc (570W)

53.50

53.00

52.50

52.00

51.50

51.00

50.50
50.00 =———————————————e ————— ———ee e
49.50
49.00

48.50
0 200 400 600 800 1000 1200

——VOC Factory1 ——VOC Factory2 ———VOC Factory3

Voc variation may reduce the
allowable modules per string, for
example when modules from different
factories or BOM configurations are
combined.

Isc (570W)

14.20

14.00

13.80

13.60

13.40

1820 == ==mm e m e —— e

13.00

12.80

12.60
0 200 400 600 800 1000 1200

Isc = = = = |sc (Min) - = = = |sc (Max)

As module electrical properties are
interconnected, all key parameters
should be reviewed following BOM
changes to confirm alignment with
project design requirements.
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575

574

573

572

571

570

569

568

567

Pmp (570W)

200 400 600 800 1000 1200

Pmp  ==-=Pmp(Min) ----Pmp(Max)

Toolbox Takeaways

Voc (570W)

53.50

53.00

52.50

52.00

51.50

51.00

50.50
50.00 =———————————————e ————— ———ee e
49.50
49.00

48.50
0 200 400 600 800 1000 1200

——VOC Factory1 ——VOC Factory2 ———VOC Factory3

14.20

14.00

13.80

13.60

13.40

13.20

13.00

12.80

12.60

Isc (570W)

0 200

Isc

400 600

= = = = |sc (Min)

800 1000

- = = = |sc (Max)

1200

When BOM changes occur, electrical review should extend beyond maximum
power. Confirming key properties align with project design and string-sizing
requirements helps avoid redesign costs.

If variation is identified during production, buyers can work with suppliers to
adjust before shipment.




Collaboration in Practice:
Corrective Actions

* As domestic production and global supply
complexity increase, routine alignment between
buyers, manufacturers, and QA providers becomes
critical.

* Structured quality reviews help accelerate
agreement and implementation of corrective
actions during active production.

 If findings remain open while production continues,
defect exposure can expand across additional
batches or projects.

* Timely issue closure reduces quality risk, protects
project performance, and limits downstream cost
impacts.

kiwa




Average CA Closure

Collaboration in Practice:
Corrective Actions

* When meeting regularly between buyers,
manufacturers, and QA insurance providers,
reduction in quality corrective action time results in
projects

D E F G H | J
Projec

Continual Cadence & QA Meetings (Projects A-E) No Continual Cadence (Projects F-J)

kiwa

SUNDAY MONDAY

@ Building trust. Reducing risk. Powering performance

} TUESDAY

WEDNESDAY

THURSDAY |

FRIDAY

SATURDAY



Toolbox
Takeaways

* Quality Improvements: TOPCon
production and EL defect
performance continue to
improve.

* Key Risk Areas: Creepage
distance and cell spacing
remain critical but can be
controlled through inspection
criteria, factory audits, and in-
factory QA.

 BOM Variations:
Tracking Voc and other key
electrical parameters helps
prevent design impacts and
costly redesigns.

* Collaboration in Action: Buyers,
manufacturers, and QA
providers are aligning faster on
corrective actions and product
quality improvements.

kiwa Kiwa Pl Berlin 27



Thank You
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