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General Trends in Materials for PV Modules
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General Trends in Materials for PV Modules
Quick Review on Module Architecture

— Aluminium Frame
-, —— Tempered Glass

- Encapsulant - EVA

- Solar cells

— Encapsulant - EVA

— Back sheet

Junction Box
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General Trends in Materials for PV Modules
China PV Industry Association on Wafer Sizes

100%

. . . . G: Full Square
M: Chamferd Corner

50%
| l I
0'_:

2024 2028 fu ture

B Rectangular ™ Micro Rectangll 210mm Square B 1582mm Square 166mm and below

G12R & G12 will remain

No adaptation in

=

module sizes to be

expected in the near

Figure 32 Trend of Wafer Market Share by Size, 2024-2030
Source: https://english.www.gov.cn/news/202502/27/content_WS67c¢01568c6d0868f4e8f018b.html
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General Trends in Materials for PV Modules

Current Module Sizes

Rectangular wafers
Format
Margin1 Margin2
182.2 182.2
182.3 183.5
182.2 183.75
182.2 183.75
182.2 185.3
182.2 186.8
182.1 187.75
182.2 188
182.2 191.6
182.2 192.5

182.2 199
182.2 210

48pcs
module
format

1762*1134

S4pcs
module format

1722*1134
17221134
1722*1134
17221134
1722*1134

1762*1134

1747*1134
1762*1134
1800*1134
(up to
manufacturers)

1762*1134

66pcs
module
format

2382*1134

2382*1134

72pcs
module
format

2278*1134
22781134
2278*1134
2278*1134
2278*1134

2323*1134
2333*1134

2382*1134

2382*1134

2333*1134
2465*1134

Company

Astronergy
LONGi, DAS Solar, Tongwei, etc.
LONGI, Jinko, Tongwei, etc.
JA

Jinko
Aiko
JA

LONGi, Canadian Solar, Risen

Aiko

JA

Trina, Jinko, Tongwei,
Astronergy, etc.

Source: https://www.infolink-group.com/energy-article/solar-topic-trends-prospects-for-rectangular-module
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Note

1.3 GW pilot line
Specifically, for 54pcs
module

Mainly for 54pcs module
6 GW

For high cell-count
modules

e Width:

1134 mm (new std)

* Length:
1772 to 2382
(2464) mm

e No issue in
Germany since 2m
rule is obsolete

2



General Trends in Materials for PV Modules
Number of Busbar

100 . .
66 . M I e Round wire is standard
80 for both side contacted
70 ”
0 ” cells
50
- 5 e /BB or OBB technology
30 = will gain traction in the
20
future
10
5 L]
2024 2025 2027 2029 2032 2035
® < or equal 12 busbars

® Multibusbar technology with 13-18 busbars
Multibusbar technology more than 18 busbars
® Busbarless technology

Source: ITRPV Report 2025

Evolution of Busbar Design for Solar Cells (Source: PV-Magazine.com)
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General Trends in Materials for PV Modules
Front and Rear Covers

World Market Share [%]

100 * Glass is a major cost contributor
90 . .
w0 in module manufacturing.
70
o ; * Glass-Glass configuration is
> S about 55% market share
30 - (increasing)
20
10 * Framed modules are standard
0 2025 2029 2035
2024 2027 2032  Frame width reduced to 30mm
® Tempered glass front and foil as back cover (glass-foil)
® Tempered glass front and back cover (glass-glass) ) Frameless Only used in Spec|a|

® Foil front and foil back (flexible)

applications

Source: ITRPV Report 2025
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General Trends in Materials for PV Modules
Glass Thickness

I i sl * Glass thickness is secondary

6500 - L | UL . * Glass thoughening is the most
© 6000 1 ? - relevant process:
~— ] o |
B 5500 e HSG: Heat Strengthened Glass
3 |
o 5000- - TTG: Thermally Toughened Glass
= s |
= 3 .. L1 also calles safety glass
o 4500 * PV Modules: ( ye )

B Type 1:2/2 mm . .
oo ® Type2: 1.6/1.6 mm * Dominant glass thickness:
| Type 3: 1.6/1.6 mm
3500 4 * ¥ Type4: 3.2 mm (Ref) Glass-glass 2 2—2.5mm
30 -40 50 -60 -70 -80 -90 -100 -110 -120 -130 Glass-foils = 3.2 mm

Stress on Glass Surface / MPa

Source: https://doi.org/10.52825/pv-symposium.v1i.1237
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General Trends in Materials for PV Modules

Encapsulant Materials

100
50
80
70

60
50
40
30
20
10

0

2025
2024

® Pure Ethylene Viny| Acetate
@ Pure Polyolefin

Source: ITRPV Report 2025

2029
2027

EVA/POE mixture based
@ Others (incl. PPE, CPC)

2032

ITRPY 2025

2035

Encapsulant is a major cost
contributor in module
manufacturing.

EVA has still considerable market
share due to cost efficiency.

Pure POE and EPE (EVA/POE mix)
will dominate due to higher
reliability.

EPE is gaining market share mainly
due to price and properties
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General Trends in Materials for PV Modules
Encapsulant Materials - EPE

T * EPE is a co-extruded film of EVA
122 and POE
::2 e Quality control for EPE is
150 3 . important and still not fully
A solved (Gel Contest Test)
140 - -
135 * Process window is smaller to fit
- : " E both EVA and POE

t / min

Figure 1: Lamination process windows recommended for
the two encapsulant materials (front and rear) of a
commercially available solar module.

Source: S. Lust et al., EUPVSEC 2023: 10.4229/EUPVSEC2023/3D0.19.3
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General Trends in Materials for PV Modules
Module Interconnection Technology

ITRPV 2025

122 * Infrared-based soldering
80 with lead (SnPb) coated
70 . .

“ wire remains standard.
50 :

40 -

22 * PV Modules are still

10 excluded from RoHS, but
0

2025 2029 2035 lead-free approaches
2024 2027 2032

are gaining market

@ Lead-containing soldering
@ Lead-free soldering Sha re.
® Electric conductive adhesives

Source: ITRPV Report 2025
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General Trends in Materials for PV Modules

Module Interconnection Technology

100

[ [ ] ] [ | | .
S0
80
70
60 —
r\'
50 S
-
40 =
30 .
20
10
a
2025 2029 2035
2024 2027 2032
@ Cu-ribbons as interconnectors
@ Cu-wires as interconnectors Structured metallized foils
Non Cu-based ribbons as interconnectors ® Shingled cell interconnection

Source: ITRPV Report 2025

* The expected trend for wire

diameter is to go from 260 um
(in 2024) down to 200 um in 10
years.

Cu-wires and shingling
technologies are required to be
compatible with larger cell
formats and thinner cells (95 —
140 um).

Low-temperature and
adhesive-based approaches
have an inherent advantege
due to lower thermal stresses.
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General Trends in Materials for PV Modules
Bifaciality

World Market Share [%] e Bifacial module market

100
? share keeps growing
8
7
6
. 2 * Bifacial gain is relevant
3 in all utility scale
2 . .
o configuration
0

2025 2029 2035
2024 2027 2032

o O O O o O o
ITRPYV 2025

o

@ Bifacial c-Si modules with bifacial cells
@ Monaofacial c-Si modules with bifacial cells
® Monofacial c-Si modules with monaofacial cells

Source: ITRPV Report 2025
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General Trends in Materials for PV Modules
Bifaciality — Applications & Gains

. y Table 2. Energy gains in systems using tracking and bifacial modules [20].
a Slanted S/N b zontal B/T € Vertical EW d Tracked E/W & g Installation Geometry Monofacial [%] Bifacial [%]
Direct Direct -

Direct sunlight sut'\hgm i su::light o Fixed tilt (flat roof) 100 105-115

Direct . ! g | - - —
sunignt ot : ‘ ot Fixed tilt (utility scale) 100 107-130
g~ smight : 2 [y "™ Vertical (utility scale) 40-50 95-140 *

4 ' i
f Sunlght “Sumignt | 4 1"~ sunkght b HSAT 110-122 117-145
S RSB EN TIN TR PRI SN TR * comparison with monofacial fixed tilt.

R Kopecek; J Libal, Bifacial Photovoltaics 2021: Status, Opportunities and Challenges, Energies
2021, 14, 2076. DOI: 10.3390/en14082076

€
2 i monciech
g gjr'bifaci?l . ] ] ]
monotacial "
g — Ewbracal Bifacial Gain Range:
8 = = E'W monofacial

--— E/W tracked monofacial O
— EI/W tracked bifacial 1 — 30 /0

Time of day

Figure 5. (a—d) possibilities for installations of bifacial modules and (e) comparison of power generation curves for
monofacial and bifacial modules [16]. S/N means South/North, B/T is Bottom/Top and E/W is East/West.

R. Kopecek, J Libal, Towards large-scale deployment of bifacial photovoltaics, Nature Energy 3 (6) 2018, 443-446
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Alternative/Innovative
Manufacturing Processes for PV Modules
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Manufacture of PV modules with busbarless cells
Process 1: Smart Wire Connection Technology (SWCT)

¢ Te C h n O I Ogy : Busbar-less Cell

* 18 micro-wires are robotically positioned in parallel
and held in place by a transparent foil in an
interwoven pattern

* This foil-wire assembly (FWA) is based on TPO and
also corresponds to the encapsulation material of e
the module — |

* Technology patented by Meyer Burger

* Advantages:
* Strong adhesion

* High conductivity
* Disadvantages:
* Pre-fabrication of the FWA
* EL testing only possible after lamination

Tin alloy coating

@300pm

SWCT (Source: SolarTech Universal Brochure 2020)
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Manufacture of PV modules with busbarless cells
Process 2: Integrated Film Covering (IFC)

* Depending on cell technology can be used ononeor
both sides

*  Ohmic contact is formed during lamination (soldering)

* Technology:
* Polymer (pre-curing or skin) film is used to pressure - = |
ribbons onto cells for pre-interconnections N

* The skin film is independent of the encapsulant layer of
the module

* Advantages:

* Strong adhesion

* No welding process required

° Disa dva ntages . Schematic of IFC process (Source: nxxnsolar.com)

*  Skin film required
* EL testing only possible after lamination
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Manufacture of PV modules with busbarless cells
Process 3: Conductive + Insulating adhesive (ECA+NCA)

* Technology:
* Gum printing: dispensing/printing a ECA-NCA pattern
* Ribbon placing: positioning of wires on wet paste
*  Pre-curing: UV pre curing of NCA to handle string
» Skin film: placing skin film to maintain wire position during lamination

* Lamination: after applying encapsulant layers the ECA and NCA are fully cured
during lamination. Skin film melts first and help wires to maintain position while
ECA/NCA is curing.

* Advantages:

*  Simple process

* No welding required Insulation pad
i<ad _ @ ECA pad/dot

Disadvantages: 0 NCA pad/dot

* Insufficient mechanical adhesion I Finger

* High precision requirements for dispensing — Wire

Schematic representing ECA+NCA process for IBC technology
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Manufacture of PV modules with busbarless cells
Process 4: Soldering/welding + Insulating adhesive

* Technology:

Ribbons soldered onto solar cells while
simultaneously applying non-conductive
adhesive to mechanically reinforce the bond

Typically, IR infrared is used to solder and UV
light is used to cure the NCA

This approach does not require a load-bearing
skin film

* Advantages:
No need for load-bearing film
Strong adhesion

* Disadvantages:

High precision requirements for dispensing =SS
Representation of a busbarless HIT Module (Source: HUASUN)
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Towards XBC technology

* Back-contact (XBC) technologies 0

80

are gaining ground, with forecasts
showing potential to overtake HIT

Market Share (%)

and reach up to 35% market
share by 2029

©
2
=}
(C]
a
=]
vy

2030 | 2032 | 2035

Source: CPIA, Exawatt; ITRPV, S&P Global
PERC ' TOPCon HNHIT XBC M Tandem
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Towards XBC technology

Back-contact (XBC) technologies
are gaining ground, with forecasts
showing potential to overtake HIT
and reach up to 35% market
share by 2029

Historically, IBC has always been
considered the efficiency leader
among the commercially offered
modules. In May 2024, AIKO
introduced its Comets series with
24.2% efficiency.

—_
=
>
Q
c
2
o
i

23.02
Huasun

22.8
Tongwei

21.7 2(;LSI7 Astronergy
JA Solar

csli ;
LONGI

Csl . DMEGC
CSl LONGI Risen

LONGiI -
LONGi |/ Risen
: / DAS Solar f
Risen pisen / DAS Salarg, orach |BAS Selas

Tongwei Tongwei Tongwei
clo|ls| s > u|l5|® B
felISl<|e 5 7|2 o

2023

IBC —HIT —TOPCon —PERC Source: TaiyangNews 2025
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Manufacture of PV modules for IBC cells
Process 1: Conductive backsheet solution

* Technology:

* Interconnects IBC cells by placing them onto a metal-

T
patterned polymer backsheet (typically a Cu-based L2
laminate) so that during lamination, the cell rear -
contact pads bond directly to the conductive traces g

i

* Advantages:
@ Aluminium frame

* Reduced serial resistance losses (conductive foil vs © Glass

wires) allows higher power output ® Encapsulant
© MWT or IBC cells

* Allows for the interconnection of thin cells (~¥120 um) @ Encapsulant

© Electroconductive backsheet Build-up of a module for back-contact cells using CBS (Bennett et al.)

* Increase aesthetics due to lack of front wires

* Disadvantages:
* Cell to foil alignment must be precise (tens of microns)
*  Complex and costly fabrication of conductive foil
* Difficulties of reworking
* Some design are patented (e.g., ECN, Sunpower)

Bennett, I. J. et al. IEEE 7th World Conference on Photovoltaic Energy Conversion (2018). Doi:10.1109/PVSC.2018.8547995. . . A
Beaucarne, G. et al. Energy Procedia 55, 444450 (2014). 4 cells module using CBS without solder mask and organic
solderability preservative (OSP) finish (Beaucarne et al.)
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Manufacture of PV modules for IBC cells
Process 2: Light-Transmitting Conductive Substrate (LTCS)

* Technology:

LTCS is a transparent, electrically conductive laminate place at
the read side of (bifacial) IBC cells that simultaneously
transmits light and provides patterned conductive paths for
rear contacts

LTCS implementations use glass or polymer films coated or
patterned with a transparent conductive layer (TCO)

e Advantages:
Bifacial ready
Integrated interconnection & encapsulation
Potential for high conductivity with good light transmission

Compatibility with thin cells

* Disadvantages:
Conductivity vs transparency tradeoffs

Manufacturing complexity and costs

Patterning/alignment tolerances ,.
Reliability of the TCO Module using the LTCS technology (Source: IBC4.eu)
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Manufacture of PV modules for IBC cells
Process 3: 3D Multi-Ribbon Interconnection

* Technology:

*  The 3D multi-ribbon fabric consists of a polymer-based
encapsulant foil with integrated solder-coated metal ribbons

* The foil acts as a carrier and separates two layers of metal
ribbons, providing electrical insulation

* The busbar ribbons are stitched through the polymer-based
foil and overlap with the cell-to-cell ribbons, establishing a
third interconnection dimension (floating point)

* Advantages:
* Can be tailored for various metallization designs and cell sizes

*  Potential cost reduction due to less manufacturing steps

* Disadvantages:

* Preparation of the foil is not yet industrial ready and is
complex

* Low-melting point alloys are required to match encapsulant

R.Van Dyck et al., Progress in Photovoltaics, 2021, vol 29, p 507-215 (DOI: 10.1002/pip.3390)

celtto-cell
ribbons

busbar ribboni

floating
connection
points

<:

il

| |

ribbon

~ interruption

— tapered design

— encapsulant foil
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Metal ribbons incorporated in an encapsulant foil using the hybrid stitch-weave
method (R. Van Dyck et al.).



Towards Low Temperature Approaches

Thermal Sensitivity of Materials — Both HJT and perovskite cells use
temperature-sensitive layers (e.g., amorphous silicon, transparent
conductive oxides, and perovskite films) that can degrade or lose
performance if exposed to conventional soldering or sintering
temperatures (>150 °C).

. Preservation of Passivation and Interfaces — High temperatures
can damage passivating layers and interfacial quality, leading to higher
recombination losses

e Compatibility with Flexible and Lightweight Substrates — Low-
temperature processes enable integration on flexible polymers or thin
glass.

. Reduced Energy Consumption and Environmental Impact — Lower
processing temperatures reduce manufacturing energy demand and
carbon footprint
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Manufacture of PV modules for Temperature Sensitive Cells
Process 1: thermoplastic and electrically conductive coated wire

* Technology: .

A thin copper wire is extrusion-coated with a
thermoplastic polymer (such as EVA or PA-based
compounds) loaded with silver particles.

During module assembly, the TECC wire is placed .
onto cell busbars or pads.

a)

Wire enamel Thermoplastic Coating

Under moderate temperature and pressure (typically
below 180 °C), the thermoplastic softens and flows,
creating mechanical adhesion (bonding the wire to the
cell surface), and electrical conduction (via the silver-
filled polymer layer).

Once cooled, the polymer solidifies, producing a strong,
conductive, and flexible joint.

b)|

varying nozzle diameter |

‘ ‘ solvent evaporation

wo s == T

Conductive paths
¢ * n ¥
’ ‘ ‘ 1 Pag= 12 vol.%

y P
S PN ncreas
A ’ increasing

) nozzle

i diameter -

conductive
multi- coating

coating
application direction

[_Ipolymer solutionRsilver flakes B polymer PR silver flakes

Marten et al., Solar Energy Materials and Solar Cells, 20

24, vol 273 (DOI: 10.1016/j.s0lmat.2024.112966)
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Manufacture of PV modules for Temperature Sensitive Cells
Process 2: Shingling (overlapping) approach

* Eliminates/reduces cell gaps (T~ active area)

* The solar cell is laser-cut into multiple
P * Reduces shading and resistive losses due to the

narrow strips. absence of busbars.

* Each strip overlaps the next one * Improved aesthetics (BIPV).
slightly (like roof shingles). * Higher mechanical flexibility (VIPV).
 The overlapping regions are bonded * Enhanced shading tolerance.
with a conductive adhesive that * Disadvantages:
provides both electrical connection * Requires laser cutting and edge passivation.
and mechanical attachment. * Costs are driven by ECA costs

*  Some major shingling methods are patented

Klasen, N., Mondon, A., Kraft, A. & Eitner, U. Shingled Cell Interconnection: A New Generation of Bifacial PV-Modules. SSRN Journal (2018) doi:10.2139/ssrn.3152478.
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Manufacture of PV modules for Temperature Sensitive Cells
Process 3: StickyTape approach

Place solar cells on tape,
add another layer of tape and cut the string.

Ignacia Devoto / Module Manufacturing — Advanced / IBC4EU & EMPOWER Workshop 2025



Industrial PV Modules
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Current Commercial Modules

PERC, TOPCon, HIT & IBC
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Current Commercial Modules
Highest Efficient Commercial PV Modules April 2025

TAIYANGNEWS

ALL ABOUT SOLAR POWER

TaiyangNews Top Modules: Highest Efficient Commercial Solar Modules 04-2025

Comet2U
Hi-MO9
Maxeon 7

Himalaya

AIKO-GB55-MCH72Mw
LR7-72HYD 625-650M
SPR-MAX7-445-PT
HS-210-B132DS720W
TWMHF-66HD700-715W

Module
Technology

Half-cell, Back Contact

Bifacial, Half-cell, Back
Contact

Back Contact, Full-cell
Bifacial, Half-cell, MBB
Bifacial, Half-cell, MBB

Power | Efficiency

AstroN7 CHSMBGRN(DG)/F-BH ntype 182 132  TOPCon Bifacial Half-cell MBB 620 230
Infinity RT DM620G1ZRT-BEGHSW ntype 210 132 TOPCon Bifacial Half-cel,MBB 620 230
JASOLAR  DeepBlue4.0Pro  JAM72D40595/MB ntype 182 144  TOPCon Bifacial Half-cel,MBB 595 230
Grand Sunergy - GSM-MH3/132-BHDG710  ntype 210 132 HT  Bifacal, Half-cell, MBB 710 2286
10  @1wsoar - TWMND-72HS585-590W  ntype 182 144  TOPCon Half-cell, MBB 590 228
10 &sPiC ANDROMEDA3.0  SPICNG(LDF)-60/BIHA10W  n-type 166 120 TBC Sl SackContact Half 410 228
12 Jinko~ TigerNeo JKM585N-72HL4-BDV ntype - 144  TOPCon Bifacial,Half:cel, MBB 585 2265
12 @ Luminall $58-72HD-585N ntype 182 144  TOPCon  Bifacia,Half-cellMBB 585 2265
14 REC Group AlphA®Pure-RX  REC470AA Pure-RX n-type 210 88 HJT Bifacial, half-cell, MBB 470 22.6
15 PR Niwa Pro JW-HD108N415-440W ntype 182 108 TOPCon  Bifacial, Half-cell, MBB 440 22,53
16 & risen  Hyper-ion RSM132-8-700BHDG ntype 210 132 HT  BifacialHalfcel,MBB 700 225
16 Tr;naso[ar Vertex N TSM-NEG21C.20 n-type 210 132 TOPCon  Bifacial, Half-cell, MBB 700 225
16 DASOLAR - DAS-DHISENA-620-630W  ntype 182 156  TOPCon Bifacial, Half-cel,MBB 630 225
16  CanadianSolar  TOPHKuUG CS6W-570-580T ntype 182 144  TOPCon  Half-cell, MBB 580 225
16 EgingPV  STARPro EG-580NT72-HL/BF-DG ntype 182 144  TOPCon Bifacial Half-cel,MBB 580 225
16 RUNERGY - HY-DHL44N8 ntype 182 144  TOPCon  Bifacial Half-cel,MBB 580 225
22 QnSOLAR - QNN182-HG-72 ntype 182 144  TOPCon BifacialHalfcellMBB 580  22.45
22 URECOD GLORY FBF580BSD niype 182 144  TOPCon  Bifacial Half-cel,MBB 580  22.45

e 3x XBC with 24%+
e 2x HIT with 23%+
e 3x TOPCon with 23%+

* Reference 2 PERC with 21.5 - 22%
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Testing Industrial PV Modules
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Module quality test (MQT) sequence

in IEC 61215 standard

10 Modules

MQT 01
Visual inspection

—T

MQT 19.1
Initial Stabilization®

|
MQT 06.1
Performance at STC
|
MQT 03
Insulation test

—

MQT 15
Wet leakage current

MQT 03

Insulation test Wel leakage current test

2 Modules 2 Modul
3 Modules 1 Module odules 2 Modules
Sequence A Sequence B Sequence C Sequence D Sequence E
MQT 05 and MQT 08 MQT 10 MQT 11 MQT 13
MQT 06.2 Measurement of UV precondition test Thermal cycling test Damp heat test
Per!ormange at NMOT and Outdoor 15 kWh/m? 200 cycles 1000 h
NMOT Exposure Test -40°C 10 85°C 85°C/85%RH
60 kWh/m? l
MQT 07 I MQT 11
Performance at Thermal cycling test
low irradiance 2 MQT 18.1 50 cycles
Bypass diode -40 °C to 85 °C
| thermal test ® |
MQT 04 MQT 12 1 Module 1 Module
Measurement of MQT 19.2 Humidity freeze test
temperature e 10 cycles
coefficients @ Final Stabilization 5 .
-40 °C to 85 °C MQT 16 MQT 17
85 % RH Static mechanical Hail test
1 load test
MQT 06.1 (design load)
Performance at STC
MQT 09
Hot-spot 1 Module
endurance test © | 1 Module
, MQT 14.1
Relention of
junction box test
MQT 18.2
Bypass diode
functionality test
MQT 14.2
Test of cord
anchorage
1 Module
t——_ __  measured together with
modules from sequences B-
E as control and to
determine reproducibility »
MQT 19.2
Final stabilization
MQT 06.1
Performance at STC
T 2 Modules \\
MQT 15

IEC
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Module quality test (MQT) sequence

— (E—
MQT 19.1

in [EC 61215 standard

MQT 06.1
Performance at STC

|
MQT 03
Insulation test
R

MQT 15
Wet leakage current

10 Modules

2 Modules
3 Modules 1 Module 2 Modules 2 Modules
Sequence A Sequence B Sequence C Sequence D Sequence E
MQT 01 MQT 05 and MQT 08 MQT 10 MQT 11 MQT 13
. ; . MQT 06.2 Measurement of UV precondition test Thermal cycling test Damp heat test
V isu al ins pE'GtI on Per!ormange at NMOT and Outdoor 15 kWh/m? 200 cycles 1000 h
NMOT Exposure Test -40°C 10 85°C 85°C/85%RH
60 kWh/m? [
I MQT 07 I MQT 11
Perl.mmance a; % Thermal cycling test
low irradiance MQT 18.1 50 cycles
M T 1 1 Bypass diode -40 °C to 85 °C
; | thermal test ® |
Initial Stabilization mar os e 1 Modulo 1 Module
M?asuremlenl of MQT 19.2 Humidity freeze test
c::'?i:nli;ea Final Stabilization 10 cycles
| W -40 °C to 85 °C MQT 16

MQT 17
85 % RH Static mechanical Hail test
L load test
MQT 06.1 (design load)
Performance at STC
MQT 06.1 |
Performance at STC

MQT 09
Hot-spot
| endurance test© ! Moldule 1 Module
, MQT 14.1
Relention of
M QT U 3 junction box test
MQT 18.2
H Bypass diode
Insulation test funciionaily test
MQT 14.2
| Test of cord
anchorage
MQT 15 + odste
measured together with
Wet |eakage Current \moduleslmm sequences B-
E as control and to
determine reproducibility
|

MQT 19.2
Final stabilization

I

MQT 06.1
Performance at STC

T 2 Modules \\

MQT 03 MQT 15
Insulation test Wel leakage current test

IEC
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Module quality test (MQT) sequence
in IEC 61215 standard

3 Modules
Sequence A

MQT 06.2
Performance at
NMOT 8

MQT 07
Performance at
low irradiance 2

MQT 04
Measurement of
temperature
coefficients @

10 Modules

MQT 01
Visual inspection

—T

MQT 19.1
Initial Stabilization?

|
MQT 06.1
Performance at STC
|
MQT 03
Insulation test

—

MQT 15
Wet leakage current

MQT 03
Insulation test

Ignacia Devoto / Module Manufacturing — Advanced / IBC4EU & EMPOWER Workshop 2025

2 Modules 2 Modul
3 Modules 1 Module odules 2 Modules
Sequence A Sequence B Sequence C Sequence D Sequence E
MQT 05 and MQT 08 MQT 10 MQT 11 MQT 13
MQT 06.2 Measurement of UV precondition test Thermal cycling test Damp heat test
Per!ormange at NMOT and Outdoor 15 kWh/m? 200 cycles 1000 h
NMOT Exposure Test -40°C 10 85°C 85°C/85%RH
60 kWh/m? l
MQT 07 I MQT 11
Performance at Thermal cycling test
low irradiance 2 MQT 18.1 50 cycles
Bypass diode -40 °C to 85 °C
| thermal test ® |
MQT 04 maQT 12 1 Module 1 Module
Measurement of MQT 19.2 Humidity freeze test
temperature S 10 cycles
coefficients @ Final Stabilization 5 "
-40 °C to 85 °C MQT 16 MQT 17
85 % RH Static mechanical Hail test
load test
MQT 06.1 (design load)
Performance at STC
MQT 09
Hot-spot 1 Module
endurance test® | 1 Module
, MQT 14.1
Relention of
junction box test
MQT 18.2
Bypass diode
functionality test
MQT 14.2
Test of cord
anchorage
1 Module
t——_ __  measured together with
modules from sequences B-
E as control and to
determine reproducibility »
MQT 19.2
Final stabilization
MQT 06.1
Performance at STC
T 2 Modules \\
MQT 15

Wel leakage current test

IEC




10 Modules
(]
MQT 01
S
MQT 19.1
Initial Stabilizationd
[]
|
MQT 06.1
Performance at STC
|
MQT 03
Insulation test
R
MQT 15
Wet leakage current
T
1 Module
Sequence B
3 Modules q Siockion | Ny 2 Modules S P
Sequence A Sequence A Sequence B Sequence/C Sequence D Sequence E
| MQT 05 and MQT 08 MQT 05 and MQT 08 MarT 10 marT 11 MQT 13
MQT 06.2 Measurement of UV precondition test Thermal cycling test Damp heat test
Measurement of Performance at NMOT and Outdoor 15 kWh/m? 200 cycles 1000 h
MQT 06.2 NMOT and Qutdoar NMOT E);pooswe/Tezs( -40 °C t0 85 °C 85°C /85 % RH
. kWh/m'
Performance at Exposure T‘ZSt S | l
NMOT @ 60 kWh/m mart 07 MaT 11
Perl_nrmance a; % Thermal cycling test
low irradiance MQT 18.1 50 cycles
Bypass digde -40°Cto 85 °C
| | thermal test |
MQT 04
MQT 07 B)r};(a)gsjcﬁo‘lde Measrament of MQT 19.2 Humldr::yo;rre1ezze test 1:Module 1 Module
Performance at : ekl el L Final Stabilization 10 cycles
I irradi a thermal test —40 °C to 85 °C MQT 16 MaT 17
ow Irradiance 85 % RH Static mechanical Hail test
L 1 load test
MQT 06.1 (design load)
Performance at STC
MQT 19 2 . mg'rs;]‘?‘ 1 Module
MaT 04 Final Stabilization endurance test ® | 1 Module
Measurement of | , MQT 14.1
Relention of
tem p_e.raturea TS junction box test
coefficients MQT 06.1 Bypass diode
Performance at STC functionality;test
MQT 14.2
Test of cord
anchorage
MQT 09 |
Hot-spot 1 Module
C measured together with
endurance test [ modules from sequences B-
E as control and to
determine reproducibility »
MQT 19.2
Final stabilization
MQT 06.1
MQT 18.2 Performance at STC
Bypass diode T 2Modules
functionality test
MQT 03 MQT 15
Insulation test Wel leakage current test
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10 Modules
°
MQT 01
 —
MQT 19.1
Initial Stabilization?
.
|
MQT 06.1
Performance at STC
|
MQT 03
1 Modul !
odaule
3 Modul Seguence B 2 Modules
oaules q Sequence C Siiodiien 1 Module 2 Modules 2 Modules 2 Modules
Sequence A Sequence A Sequence B Sequence C Sequence D Sequence E
| MQT 05 and MQT 08 mar 062 N MaT Mo Thros) erolina Damp heat tes
easurement o ermal cyclin S| am eal £
Measurement of MQT 10 Fatformancs Gt NMOT and Outdoor Ry i 200 cyeles 7000 h
iti Exposure Test -40 °C 0 85 °C 85°C/85%RH
MQT 06.2 NMOT and Qutdoor UV precondition test Xpisun 19
Performance at Exposure Test 15 kWh/m? s E— | [
NMOT & 60 kWh/m? mar 07 Mar 11
Performance at Thermal cycling test
low irradiance 2 MQT 18.1 50 cycles
Bypass diode -40 °C to 85 °C
| thermal test ®
MQT 11 | — 1 |
MQT 07 MQT 18.1 Thermal cycling test MaT 04 mar 12 1 Module 1 Module
Bypass diode 50 | Measurement of MQT 19.2 Humidity freeze test
Performance at thyp oot b QCCYC es . lamperalire, Final Stabilization 10 cycles
A . a ermal tes —40 to 85 —40 °C to 85 °C MQT 16 MQT 17
low irradiance 85 % RH Static mechanical Hail test
L load test
MQT 06.1 (design load)
| | Performance at STC
MQT 19.2 i o o vost Hot.spot i
MQT 04 Final Stabilization uml1|0yc;ce:\?ezse es sndurance test® T“e 1 Module
Measurement of | -40 °C to 85 °C , MaT 14.1
Q, Relention of
temperature 85 % RH ) junction box test
coefficients 2 MQT 06.1 Bypass diods
Performance at STC functionallty,fask
MQT 14.2
Test of cord
anchorage
MQT 09 —
Hot-spot 1 Module
C measured together with
endurance test 1 Module \ modules from sequences B-
1 MY E as control and to
determine reproducibility
| MQT 19.2
Final stabilization
MQT 14.1 |
‘ Re_tenhcm of MQT 06.1
MQT 18.2 junction box test Performance at STC
Bypass diode T 2Modules
functionality test |
MQT 03 MQT 15
Insulation test Wel leakage current test
IEC
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Module quality test (MQT) sequence

in IEC 61215 standard

3 Modules
Sequence A

1 Module
Sequence B

MQT 06.2
Performance at
NMOT 8

MQT 07
Performance at
low irradiance 2

MQT 04
Measurement of
temperature
coefficients @

MQT 05 and MQT 08
Measurement of
NMOT and QOutdoor
Exposure Test
60 kWh/m?

MQT 18.1
Bypass diode
thermal test b

|
2 Modules

Sequence C

MQT 10
UV precondition test
15 kWh/m?

MQT 11
Thermal cycling test
50 cycles
—40 °C to 85 °C

MQT 19.2
Final Stabilization

MQT 06.1
Performance at STC

MQT 09
Hot-spot
endurance test®

MQT 12
Humidity freeze test
10 cycles
-40 *C to 85 °C
&85 % RH

MQT 18.2
Bypass diode
functionality test

1 Module

MQT 14.1
Retention of
junction box test

I
2 Modules
Sequence D

MQT 11

Thermal cycling test
200 cycles

-40 °C to 85 °C

3 Modules 1 Module
Sequence A Sequence B
MQT 05 and MQT 08
MQT 06.2 Measurement of
Performance at NMOT and Outdoor
NMOT @ Exposure Test
60 kWh/m?
S
MQT 07 I
Performance at
low irradiance 2 MQT 18.1
Bypass diode
thermal test ®

MQT 04

Measurement of
temperature
coefficients 2

MQT 19.2
Final Stabilization

—

MQT 06.1
Performance at STC

MQT 09
Hot-spot
endurance test©

10 Modules

MQT 01
Visual inspection
MQT 19.1
Initial Stabilization?

|
MQT 06.1
Performance at STC
|
MQT 03
Insulation test
R

MQT 15
Wet leakage current

2 Modules
Sequence C

MQT 10
UV precondition test T
15 kWh/m?

2 Modules 2 Modules
Sequence D Sequence E

MQT 11 MQT 13
hermal cycling test Damp heat test
200 cycles 1000 h
-40°Ct0 85°C 85°C /85 % RH

|

MQT 11
Thermal cycling test
50 cycles
-40 °C to 85 °C

MQT 12
Humidity freeze test
10 cycles
-40 °C to 85 °C
85 % RH

1 Module
| 1 Module

MQT 18.2
Bypass diode
functionality test

1 Module
t——_ __  measured together with
modules from sequences B-
E as control and to
determine reproducibility

MQT 14.1
Relention of
junction box test

M

MQT 14.2
Test of cord
anchorage

MQT 19.2
Final stabilization

I

MQT 06.1
Performance at STC

T 2 Modules \\
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MQT 03
Insulation test

1 Module 1 Module

MQT 16 MQT 17
Static mechanical Hail test
load test
(design load)

MQT 15
Wel leakage current test

IEC




Module quality test (MQT) sequence

in IEC 61215 standard

3 Modules
Sequence A

1 Module
Sequence B

MQT 06.2
Performance at
NMOT 8

MQT 07
Performance at
low irradiance 2

MQT 04
Measurement of
temperature
coefficients @

MQT 05 and MQT 08
Measurement of
NMOT and QOutdoor
Exposure Test
60 kWh/m?

MQT 18.1
Bypass diode
thermal test b

|
2 Modules

Sequence C

I
2 Modules
Sequence D

MQT 19.2
Final Stabilization

MQT 06.1
Performance at STC

MQT 09
Hot-spot
endurance test®

MQT 11
uv prehf:San?t?on lest Thermal cycling test
*‘200 cycles
2
15 kWhim —40 °C to 85 °C
‘ !
MQT 11 ﬂ
Thermal cycling test 52 Modules
50 cycles equence E
-40 °C to 85 °C
MQT 13

MQT 12
Humidity freeze test
10 cycles
-40 *C to 85 °C
&85 % RH

MQT 18.2
Bypass diode
functionality test

1 Module

MQT 14.1
Retention of
junction box test

Damp heat test

85 °C /85 % RH

1 Module 1 Module

MQT 16 MQT 17

Static mechanical Hail test
load test

(design load)

3 Modules

1 Module

Sequence A Sequence B
MQT 05 and MQT 08
MQT 06.2 Measurement of
Per!ormange at NMOT and Outdoor
NMOT Exposure Test
60 kWh/m?
MQT 07 I
Performance at
low irradiance 2 MQT 18.1
Bypass diode
| thermal test ®
MQT 04
Measurement of MQT 19.2

temperature
coefficients 2

Final Stabilization

—

MQT 06.1
Performance at STC

MQT 09
Hot-spot
endurance test©

10 Modules

MQT 01
Visual inspection

—T

MQT 19.1
Initial Stabilization

|
MQT 06.1

d

Performance at STC

MQT 03
Insulation test

—

MQT 15

Wet leakage current

2 Modules
Sequence C

MQT 10

UV precondition test

15 kWh/m?

|

MQT 11

2 Modules
Sequence D

Thermal cycling test

2 Modules
Sequence E

MQT 13
Damp heat test

Thermal cycling test

50 cycles
-40 °C to 85 °C

MQT 12
Humidity freeze test
10 cycles
-40 °C to 85 °C
85 % RH

|

1 Module

MQT 18.2
Bypass diode
functionality test

1 Module

t——_ __  measured together with

modules from sequences B-
E as control and to
determine reproducibility »

MQT 14.1
Relention of
junction box test

|

MQT 14.2
Test of cord
anchorage

MQT 19.2
Final stabilization

I

MQT 06.1
Performance at STC

T 2 Modules \\

MQT 03
Insulation test

200 cycles 1000 h
-40°Ct0 85°C 85°C /85 % RH
1 Module 1 Module
MQT 16 MQT 17
Static mechanical Hail test
load test
(design load)

MQT 15

Wel leakage current test

IEC
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Cost of Ownership for PV Module Manufacture
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Moduole COO — Assumptions

Module: 144 half cells with glass/glass configuration

Scenario: TOPCon module made in China using cells and BOM from China

* Cell cost: 0.038 USD/Wp
* Cell efficiency (TOPCon) 24.5%
Pvinsights.com 2025-10-15 — cells purchased from China

* Glass: 1.9 USD/m?2
* Encapsulant: 1.6 USD/m?2
* Frame: 11 USD/module

Total module BOM (w/o cells): 39 USD/module

CAPEX depreciation:

* process equipment: 5 years
e facility and utilities: 10 years:
* building: 20 years

» Electricity price (for module fab): 0.06 USD/kWh
* Floor cost for building: 1000 USD/m?2

Labor cost:

* QOperator: 19,000 USD/year

* Technician: 25,000 USD/year

* Engineer/supervisor 30,000/39000 USD/year

* Teams required for 24/7 production: 4
Cell to module Pmpp loss: 2%

Module Pmpp (144 half cells, M10) : 572 Wp/module
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Module COO — Total Module Cost

Module cost items share Total module COO
(total: 11.5 USDct/Wp) (cost of ownership):
e 11.5USDct/Wp (66 USD/module)
m cells
= module BOM w/o cells e Cells:
= production consumable 3.9 USDct/Wp (22.5 USD/ module)

m electricity cost - BOM (w/o cells):

m [abour 6.9 USDct/Wp (39 USD/ module)

m equipment depreciation
m other cost

m shipment
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Module COO — Module Bill of Materials Cost Share

Module BOM (w/o cells) cost share Module BOM (w/o cells):

2.6% = Glass 2 mm with ARC 6.9 USDct/Wp (39 USD/ module)

2.2% \ " POE : :
_\ Main cost items (except for cells):
0.2% = Flux_Unit
0.1%_—
FrameTape . Al frame
m Al-Frame . Glass
. POE
B JunctionBox

Junction box

 WN -

m Silicone
® Module labeling
= Module packaging

® Bussing ribbon

5 6% _/0,3% m Cell interconnetion ribbon
. a
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Main Takeaways
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Summary — Three Main Takeaways

1) Module technology develops evolutionary

* Sizes, materials and technology are further developed, no
disruptive changes

 For all technologies, reliable products can be found
2) Bifacial nPV is the new emperor

* TOPCon and HIJT are used for utility scale. Quality is
good when the process is under control.

3) BC is at the moment entering utility scale as well

e Bifacial BC will dominate the market form
2027/2028. Bifaciality will reach 80%.
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