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—— Aluminium Frame
—— Tempered Glass
—— Encapsulant

—— Solar cells

—— Encapsulant
—— Back sheet/Back glass

Junction Box
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oL PV module manufacturing in Europe IFc

Solar PV manufacturing value chain capacity across the EU 2025
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History of PV modules

EMPEIWER

: L ; Spectrolab
195 DR ' (Mini-module from JPL Block 11, 1977)

Full module efficiency: 6.3%
Cell technology: Monocrystalline silicon

Cell size: 51 mm in diameter, 380 pum thick
) Module materials:

Aluminum frame; polyester back; PVB
encapsulation; glass front.

All: EVA Eff: > 10%
ARCO:

ARCO Tedlar
/

ARCO EVA
Eff:6.5-8.4%

1980-
1981

US Government
Block | Block Il Block IlI Block IV Block V

Green, Martin A. "Silicon photovoltaic modules: a brief history of the first 50 years." Progress in Photovoltaics: Research and applications 13.5 (2005): 447-455.

Silicone oil with
plastic case

Philips BPX 47A

anodised Al Eff: ~6.4%
Targeting
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EMPEIWER

Spectrolab
(Mini-module from JPL Block I, 1977)

Full module efficiency: 6.3%

Cell technology: Monocrystalline silicon
Cell size: 51 mm in diameter, 380 pum thick

Module materials:

Aluminum frame; polyester back; PVB
encapsulation; glass front.

All: EVA Eff: >10%
ARCO: Trina
Tedlar/polyester/Tedlar Tandem

Eff: 27.1%

——

ARCO Tedlar
/

ARCO EV
Eff:6.5-8.4%

Silicone oil with
plastic case

Philips BPX 47A

anodised Al Eff: ~6.4%
Targeting

PV module

<

( US Government )

Block | Block Il Block Il Block IV Block V

Green, Martin A. "Silicon photovoltaic modules: a brief history of the first 50 years." Progress in Photovoltaics: Research and applications 13.5 (2005): 447-455.

l Modern

1980-
1981

This project has received funding from the European 9 Schweizerische Eidgenossenschaft Federal Department of Economic Affairs,
Confédération suisse Education and Research EAER
Union’s Herizon Europe research and innovation program Confederazione Svizzera State Secretariat for Education,
under grant agreement No 101172767 and the Swiss State Confederaziun svizra Research and Innovation SERI 4

Secretariat for Education, Research and Innovation (SERI).

Swiss Confederation



<
PV module - Encapsulant IFc

Polyvinyl
PVB but?raly Thermoplastic (noncross-linked)

3

*%

Poor moisture resistance
Low value electrical resistance (Risk of leakage current and PID)
Difficult lamination process

Difficult storage and process control due to high sensitivity to
environment and handling

3

*%

3

*%

7
0’0

Ethylene Vinyl

EVA Acetate Cross-linked Material Transparent EVA

White EVA

% Used as bottom encapsulant, increases light
deflection from cell gaps, power boost of 1% to
2% compared to transparent EVA

%

*

Excellent transmittance and low haze

Good mechanical flexibility

High resistivity and dielectric strength

Low curing temperature (~150 °C) and short

3 lamination time (10-20 min)

< % Low cost, widely available, and industry-standard

7
’0

CR)

7
’0

L)

vantages
X
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PV module - Encapsulant IFc

Polyvinyl
PVB but?raly Thermoplastic (noncross-linked)

3

*%

Poor moisture resistance
Low value electrical resistance (Risk of leakage current and PID)
Difficult lamination process

Difficult storage and process control due to high sensitivity to
environment and handling

3

*%

3

*%

7
0’0

Ethylene Vinyl . ,
EVA Acetate Cross-linked Material Weakness
» Discolor under prolonged UV exposure, reducing light
" % Excellent transmittance and and low haze transmittance.
o @ Gf)Od mgchgpical ﬂex‘ibility. » High water vapor transmission rate may cause
& * High resistivity and dielectric strength degradation (e.g.,formation of acetic acid) in hot, humid
S % Low curing temperature (~150 °C) and short climates.
% lamination time (10-20 min) > Lower PID resistance
< ¢ Low cost, widely available, and industry-standard » Delamination
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Encapsulant : POE

Advantages
Excellent water vapor barrier

High resistance to potential-induced degradation (PID) im

Well suited for glass/glass bifacial modules
No formation of radicals or acidic by-products as in EVA

R/ R/ R/ R/
0’0 0‘0 0‘0 0‘0

Weakness

v" Prone to bubble formation during lamination

v" Requires extended lamination time (approximately +6 min per
cycle)

v" Potential busbar displacement during cooling in MBB modules

v Lower glass adhesion strength compared with transparent EVA

v' Higher price than EVA

Question

How to economically combine EVA’s strong adhesion with POE’s low moisture transmission — for example, HIT cells
with TCO on both sides, where POE adheres poorly but EVA alone cannot provide sufficient moisture protection.
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Encapsulant materials IF

Transparent/White EVA POE EPE TPO PVB

< High transparency / e Excellen 9 X i 11 2 xcellent mechanical
high reflectivity, low bth and
cost, and good ion, high safety,

adhesion
performance. Meets
the requirements of
PV modules for high-
temperature and UV
resistance in
encapsulation
materials.

water and
cal resistance.

lamination
ncy, high cost,
slightly lower
ransmittance.

Weak PID resistance,
risk of corrosion to
solar cells and White EVA
ribbons, prone to 9%
yellowing, and poor
water vapor barrier.

Source: © TalyangNews 2025

PERC/BC TOPCon SHJ Perovskite BIPV

o
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Down conversion encapsulant material

How light conversion agent works: RayBo™ Film
In Orbital Electron Transition Mechanism

¥ Absorbance & Fluorescence s
Release Heat
Excited state 1 l I

The Stokes
Shift

Q Excited state 2
Absorb UVlight§ % Emit blue light 300 350 400 450 500 450

Wavelength(nm)
’ Ground state .
v

Intensity

-~
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S Down conversion encapsulant material

1001 210 SHJ 697.2W

. . mn ed
How light conversion agent works: RayBoON ess 693.4W
In Orbital Electron Transition Mechanism 2
w 690
8 ’ 686.3W
685.5W
Release Heat
685
|
Excited state 1
6580
The Stokes " " " "
Shift UV Cut-Lab Conversion Film- UV cut Conversion Film -
~ scale test Lab scale test - Pilot test Pilot test
. . 490
Excited state 2
P . 485 A
Absorb UV light \ / Emit blue ligh
3 -==-8ag1:90
3 480 e e
Ground state g
v Q.
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PV module - Backsheet

IFc

BACKSHEET Tedlar (PVF)/ PET/  Kynar (PVDF)/PET/  PVDF / PET/ Any Tedlar (PVF) / PET/
STRUCTURE Tedlar (PVF) Kynar (PVDF) other polymer Polyethylene
. EEl |_KPK* | | KPE | |_TPE |
% 2keyroles
. . Air side Tedlar Kynar / PVDF PVDF / Kynar Tedlar
» Protection from the environment
Core layer PET PET
» Electrical insulation to provide long-term |.,.a i
durability;
PVDF or Kynar / PET/ Kynar /IPET/ Tedlar (PVF) / PET/ Tedlar (PVF)/ PET/
Coating Polyolefin Coating Polyolefin
C . o
< Po [yester (PET), cost effective |_y Air side PVDF / Kynar Tedlar Tedlar
Core layer PET
0 . Cell side Polyolefin Polyolefin
% Poor UV stability
; Polypropylene/
PET/PET/ Coating / PET/ o t:;):)yr?)l:yl'?:nje , Polypropylene /
Polyethylene Coating Polyolefin Polypropylene
|_PPE | |_cPc_|
Chunduri, Shravan K., and Michael Schmela. TaiyangNews Solar Backsheets & Encapsulants PET/ PET/
Market Survey 2024/25, https://taiyangnews.info/reports/solar-backsheets-encapsulants- Polyolefin Polyurethane
market-survey-202425 | PPO_| | PPU_|
Air side Polyolefin Polyurethane
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PVV module - Bifacial |FE

" Diffuse
Reflection

@
ﬂ Ground

Beam Reflection - i | Albedo
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L |FE
PV module - Bifacial L

Market share of bifacial and mono-facial modules

100%
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Real Energy Generation Gain 2018 2019 2020 2021 2022 2023 2024
Energy Generation Gain (%)

M bifacial ™ nomo-facial

19%
e B [
i 75.0% —
7% 7%
5%

50.0%

25.0%

|
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Bifacial module - Glass vs Transparent backsheet IFC

KPf base
Cynagard 465 A(R)
Cynagard 465 A(R)P

transparent +
black patterned

_ Glass thickness (mm)

Glass/Backsheet 3.2mm FPf base
Cynagard 455 A(R)

Glass/Glass 2.5+2.5 2.5+2.0 2.0+2.0 1.6+1.6 Cynagard 455 A(R)P
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Bifacial module - Glass vs Transparent backsheet IFI-

EMPEWER
e 9

Power 405 445 465 500 560 ki

100
Area (m?) 1.98 2.21 2.28 2.41 2.70 :
: e . Anti-humidity
Easy to cloan and heat
G/B (kg) 23.3 24.8 25.7 271 30.3

2.0mm G/G (kg) 26.6 29.7 30.0 32.4 36.3

Ant-QvV
sahno-alkali

Energy
gonoraton

2.5mm G/G (kg) 30.8 34.4 35.5 37.5 42

Mechanical
propertes
Anti-abrasion

45

=o=8ifacial with transparent backshoot

=o=Bifacal with dual glass

Durability, Weight, Cost, and Thermal performance.

Weight ( kg )

G2G modules  historically offered superior
longevity, and today G2G module dominate the
1.98 2.21 2.28 2.41 2.70 market.

This project has receiw
Union’s Horizon Europ: w7 Sy GG =2 0mm GIG =—a=GB
under grant agreemen 15
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PV module - Glass

-

1, Size: 1560x992/1956 x 992mm?2---2384 x 1303/2500 x 1300mm? SE s
2, Thickness: 4mm, 3.2mm, 2.8mm 2.5mm, 2mm, 1.6mm S
3, Fully tempered vs Heat-strengthened

R

Fully 3-5 times stronger | requires
tempered than ordinary greater
glass thickness.

heat- roughly twice as thinner than 2 Module face an unavoidable risk of

strengthened strong mm can only be glass breakage, which can be caused
processed as by external force or spontaneous
heat- breakage. The latter mainly results
strengthened from uneven stress, including:

Lamination stress, Mechanical stress,
Thermal stress and Impurities

4, ARC coating, Double layer ARC coating
5, Anti-dust coating

This project has received funding from the European

Schweizerische Eidgenossenschaft Federal Department of Economic Affairs,
Confédération suisse Education and Research EAER

Union’s Herizon Europe research and innovation program Confederazione Svizzera State Secretariat for Education,
under grant agreement No 101172767 and the Swiss State Confederaziun svizra Research and Innovation SERI

Secretariat for Education, Research and Innovation (SERI).

Swiss Confederation



PV module — Frame

Main function:

s Protect the PV module laminated parts,

** Enhance the sealing performance when combined
with silicone

s Improving the overall mechanical strength of the
PV module

¢ Easier to handle, install, and transport.

Requirements:

» Sufficient mechanical strength and stability

> Corrosionresistance

Thi iact h ived funding f the E Schweizerische Eidgenossenschaft Federal Department of Economic Affairs,
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IFc

PV module — Frame

Aluminum alloy frame: Made mainly from aluminum profiles, with key
production stages including casting, extrusion, oxidation, and deep
AI processing. Over 95% market share, accounts for about 10% of the total
cost of a PV module, currently ranking second only to the solar cells in cost.

Aluminum

= Steel frame: Made primarily of steel, with a magnesium-aluminum-zinc
Fe coating to enhance corrosion resistance. The main manufacturing process
involves cold bending and pressing to achieve forming.

/n,g;ﬁ\ Composite material frame: Made from materials such as glass fiber,
1»\:\51* 519 pol}/urethane, or other rfasints,, W.ith main productior? steps inclgding gla§s fiber
roving arrangement, resin injection, extrusion molding and curing, traction and
cutting, and surface coating.
Material Cost Weather./ Corrosion Insulation Flame Retardancy PID Resistance
Resistance Performance
Aluminum Alloy Frame High Moderate Moderate Good Moderate
Steel Frame Moderate Moderate Moderate Good Moderate
Composite Frame Moderate Good Good Moderate Good

LA>J

TTTOTET BT o IL OB C e e O UL LT 2707 o Te ST State LA o A

Secretariat for Education, Research and Innovation (SERI).
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PV module =Junction Boxes and Connectors

IFc

Features: Large housing, simple and uniform connector design.

Technology: Uses axial diodes with threadless connections and
air cooling. Protected by sealing rings; low current capacity.
Manual manufacturing process.

Features:Potting used for insulation and heat dissipation.
Smaller housing; wire harness products appeared.
Technology:1500V rated voltage became mainstream.
Simplified manufacturing process.

Features: Smaller housing with various polymer materials.
Potting widely used for insulation and cooling.

Technology: Chip diodes and modular diodes introduced.
Smart junction boxes emerged; semi-automated production.

Features: Compact housing; higher connector current
capacity. Smart products with optimization and quick shutdown
functions.

Technology: Mainly chip and modular diodes. Dual-glass, half-
cut, and shingled modules led to split-type boxes. Highly
automated production

VvV

Features:Refined designs for different applications; record-low
LCOE. Wire harness products gained more focus.

This project has received funding from the European
Union’s Horizon Europe research and innovation program
under grant agreement No 101172767 and the Swiss State
Secretariat for Education, Research and Innovation (SERI).

Technology: Axial and modular diodes used. New cell types
, perovskite) adopted. Split-type boxes

Confédération suisse Education and Research EAER mainstream; fully automated production. Moving beyond low-
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Si PV Module power development

High Rsh Selective PERC

+ Dense Emitter

flngen 156 5BB 158 + half
cut + MBB
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Development of Si solar module IFI.

@ Technology Roadmap Solar Cell Efficiency JASOLAR
i 101 29% erovskite & 5) | e i
High-efficiency PV Cells r— e
28% o /

PERC/PERC+, Heterojunction (HJT), TOPCon, XBC,
Tandem

27% '- M PERC
QES Neso 26.1% 26.2%
25.9%

26% zs:e.—’__z"'_______.-—-—'*—‘—‘

o 24.8% e 256% 25.7%
25.0% £

pcg Theoretical maximum of silicon e o~ oo s .
A solar cells 29.4% Passivation R = o '

Avg. Eff. of Mass-produced Solar Cell

I SO il R i o A ~ “gi;rx’ei 22%
| 2022H2 2023H1 2023H2 2024H1 2024H2 2025H1

A | WWW.JASOLAR.COM
a-SitH(Vp)

Tco  ¢-Si(n)
a-Si:H(in)

Passivation __a:
interiayer > HSC

ESC
Metal

W W W W

xBC

25.0~25.2% for IBC
23.5~26.8% 23.9~26.1% for TBC
24.5~27.1% for HBC

O-e Solar Cell Types and Panel Efficiency v

TOPCon

22.6~26.89% >
+ Optimization of front

surface
* Improvement of J,

+ PVD/HWCVD

PERC « Bifacial capability

c5ue) 22.3~25.0%* LP/PECVD » a-Si:H passivation
Metal 8sF ALD « Interfacial SiO Sadl Poly PERC Mono PERC Half-cut Mono PERC Shingled Mono PERC
ﬂ!‘ /. I = *+ TCO 16-17% 17-19% 18- 20% 19-21.5%
SE technology * Doped poly-Si Aim: Lower LCOE
Al-BSF + High quality Si wafer Higher PCE
19.0~20.3%
Initial technology Mainstream technology Developing technology Future technology
(2010-2015) (2016-2021) (2022-present) (in the future)

Li, Wei, et al. "Passivating contacts for crystalline silicon solar cells: an overview of the current advances and future perspectives."
Advanced Energy Materials 14.18 (2024): 2304338.
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Development of Si solar module IF‘-

High-efficiency PV Cells

Half cut Full Cell Half-Cut Cell
fi— —
60 Cell 120 Half-Cut Cell

Bypass Diodes 10f6 Strings'(3 on top, 3 on bottom)

4

—
o —]

i (Electric Current)
A5y,

¥

2
Electrical Losses = (electric current) * Resistance

Bypass .
Diodes
1 f-3--" v' 2-3% higher power output than conventional
O . .
Strings full-cell design due to reduced electrical losses.
v" Improved performance under partial shading
: conditions.
_’\ ‘(—> — - :
This project has 1 Current Flow 1 of 60 Solar Cells - - { =
Union’s Horizon | 1 of 120 Half-Cut Solar Cells
under grant agre: 22

Secretariat for Ed
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Development of Si solar module

High-efficiency PV Cells
Half cut

60 Cell

Bypass Diodes

v

Current Fiow

1 of 60 Solar Cells

Bypass ..
Diodes

120 Half-Cut Cell
10of6 Stringsv(3 on top, 3 on bottom)

> % > >

1 of 120 Half-Cut Solar Cells
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Development of Si solar module

High-efficiency PV Cells
Half cut

Bifacial module

Diffuse

Bifaciality factor [%]

L 2 2 &>
PN L 2
*
A ) aam .
& ion N Reflection
. : . § - Beam Reflection -
70 e 'y ® &
65 A = Real Energy Generation Gain
60 Energy Generction Gain (%)
55 19%
50
2025 2029 2035
2024 2027 2032
® PERC modules 4 SHJ] modules
TOPCon (other passiv. contacts) modules A Back contact modules
Trend of bifaciality factor for modules with different cell

technologies
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IFc

EMPEWER Development of Si solar module
High-efficiency PV Cells S el T sason
Half cut = = ;ZZ ) 98.00%
Bifacial module S — ol | or.50%

692 |- 1 97.00%

MBB - Multi-busbars-0BB B oo
i ¢ ettt —t—r—t 638 | 4 96.50%
- The Evolution of Busbars I ——. 686 - . 96.00%
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Development of Si solar module

High-efficiency PV Cells
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Development of Si solar module

Solar Cell Size

1980 2000 2010 2019 2021 2023 2025
Water 500 um 300 ym 180-200 pym 170-180 pm 150-170 um 130-150 ym 120-140pm
Thickness H H H H H H H

106 mm 125 mm 156.75/158.75 mm 166 mm 182/210 mm 210R/182R mm 210R/182R mm

EMPEEWER

Modules are made of 60 or 72 M2 cells.
Module size 1600-2000 mm x 900-1000 mm

M6 166 mm cells:
» 60-cellmodule: 1956 x 992 mm
» 72-cellmodule: 2616 x 992 mm

G12 210 mm cells:

» 60-cellmodule: 2384 x 1134 mm
» 72-cellmodule: 2384 x 1303 mm

This project has received funding from the European
Union’s Horizon Europe research and innovation program
under grant agreement No 101172767 and the Swiss State
Secretariat for Education, Research and Innovation (SERI).
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PV module application
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