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Global Solar Technology Trends
From Silicon to Modules

Dr. Radovan Kopecek, Andreas Halm et al.
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Agenda

1. ISC Konstanz r&pand technology ramp-up
2. c-Si PV tech

Market forecast (outside of China, in US)
Highest efficient modules

PV value chain

a. Material (Si, ingot, wafer)

b. Solar cells

c. Modules

d. Systems

Statements in PV arena

Hot R&D topics in PV arena
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Employees at Turnover Educated Achieved solar Transferred
ISC Konstanz 2025 scientists cell efficiency* technology
70 / 8 Mio€ 150 / 24.6% A 71GW A
(Lab: 24.8%)

*in industrial manufacturing



Technology transfer & Ramp-up service — track record

e |ISC Konstanz has 20 years of experience in development and industrialization of n-type cells concepts

* Successful process transfers into industry:

* 2015 @ MegaCell, Italy — BiSoN (40MW nPERT technology successfully transferred)

* 2017 @ Adani, India — BiSoN (80MW nPERT technology successfully transferred)

¢ 2018 @ undisclosed Asian customer — BiSoN converted to !/TOPCon!!

* 2020 @ SPIC, China —> ZEBRA (200MW IBC technology transferred and in mass production )

* 2021 @ Valoe Solar, Lithuania —> ZEBRA (60MW IBC technology, ramp-up service)

* 2023 @ Asian customer, India —> PERC (2GW process optimisation on Asian process equipment)

* 2024 @ Asian customer, India - PERC (450MW process optimisation on European process equipment)

* 2024 @ Asian customer, India — TOPCon (2GW process optimisation on Asian process equipment)

* Ongoing @ Asian customer, India —> TOPCon (1.2GW process optimisation on European process equipment)
* Ongoing @ Suniva, US —> PERC (1GW process optimisation on European process equipment)

* Ongoing @ Asian customer, India — TOPCon (500MW > 4GW process optimisation on European process equipment)
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Total production capacity and forecast

Y

= Fraunhofelsg Status 05/25, collected based on current public announcements

)
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Total cell production until 2027 and ISC’s projects e

)
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roduction landscape in NA
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Production landscape in NA
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c-Si technology
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Highest efficiency modules in August 2025

Tf\II)ANG N TaiyangNews Top Modules: Highest Efficient Commercial Solar Modules 08-2025
Rank | Company | Series Model "l’af‘i’ E;ell‘ C:’I‘Is | Cell Tech | Tﬁ?‘lf“f,““ P?:','\er Efﬁ,ffff“y
1 NAIKO ¥ Comet2u AIKO-G660-MCH72Mw ntype 182 144 ABC Half-cell, Back Contact 660 24.4
2 LONGI  Hi-MO9 LRE-66HYD63S-655M  ntype 182 132 HPBC  DpocowHalhcell Back 655 242 3 X B C 2 4 + 0/
3 Maxeon Maxeon 7 SPR-MAX7-445-PT ntype 125 112 18C Back Contact, Full-cell 445 241 0
4 @HUASUN  Himalaya HS-210-B132D5730W ntype 210 132 HT  Bifacial, Half-cell, MBB 730 235
5 JinkO Tiger Neo JKM625-630N-66HLAM-BDV ntype 210R 132  TOPCon Bifacial, Half-cel,MBB 630 2332
6 JASOLAR  DeepBlue4.0Pro  JAM72D40 600/MB ntype 182 144 TOPCon Bifacial, Half-cel,L MBB 600 232
7 @ ssmonerov  AstroN7 CHSMBERN(DG)/F-BH ntype 182 132  TOPCon Bifacial, Half-cel, MBB 625 231 0
8 Trinasolar  VertexN TSM-NEG21C.20 ntype 210 132  TOPCon Bifacial Half-cell,MBB 715 230 H J T 2 3 + /O
8 1w soLAR TWMHF-66HD700-715W  n-type 210 132 HT  Bifacial Half-cell MBB 715 230
8 DMESS infinityRT DM620G12RT-BEEHSW ntype 210 132 TOPCon  Bifacial, Half-cel, MBB 620 230 TO P C 2 3 (y
11 Jetion Solar Jenits JT SLk(B) 690-710W ntype 210 132 HIT Bifacial, Half-cell, MBB 710 229 O n + O
12 (@ 6rand Sunergy GSM-MH3/132-BHDG710  ntype 210 132 HT  Bifacial Half-cell MBB 710 22.86
13 9 TW SOLAR TWMND-72HS575-590W  n-type 182 144 TOPCon  Half-cell, MBB 590 228
13 &SPIC  ANDROMEDA3O  SPICNG(LDF)-60/BIH410W ntype 166 120 THE | ey s ek Wil | 228
15 w¥Z _  _  Luminall $58-72HD-585N ntype 182 144  TOPCon Bifacial Half-cel,MBB 585 2265
16 RECGroup  AlphA®Pure-RX  REC470AA Pure-RX ntype 210 88 HT  Bifacial, half-cell, MBB 470 226
17 O | GCL-NT12/66GDF ntype 210 132  TOPCon Bifacialhalf-cellMBB 700 2253
17 @b Niwa Pro JW-HD108N415-440W ntype 182 108 TOPCon  Bifacial, Half-cell, MBB 440 22.53 O
19 &risen  Hyperion RSM132-8-700BHDG ntype 210 132 HT  BifacialHalf-cell, MBB 700 225 P E R C 2 1 o 5 - 2 2 A)
19 CASOLAR DAS-DHIS6NA-620-630W  n-type 182 156 TOPCon  Bifacial, Half-cel, MBB 630 225
19 CanadianSolar  TOPHIKuG CSE6W-570-580T ntype 182 144 TOPCon  Half-cell, MBB 580 225
19 Eging PV STAR Pro EG-580NT72-HL/BF-DG  n-type 182 144 TOPCon  Bifacial, Half-cell, MBB 580 225
19 RUNERGY HY-DH144N8 ntype 182 144 TOPCon  Bifacial, Half-cell, MBB 580 225
08.09.2025
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International Technology
Roadmap for Photovoltaics

Different cell technologies = ITRPV

For GW-scale device and equipment manufacturers
World Market Share [%]
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SPGI2024 2024 2025 2027 2029 2032 2035
® PERC cells @ Crystalline silicon-based tandem cells
® TOPCon double sided contact cells ® xBC
@ Silicon heterojunction (SH)) double sided contact cells

TOPCon-based back contact cells (TBC) 1) S&P Global data for 2024 are indicated as reference
SHJ-based back contact cells (HBC) 2) xBC from S&P Global data includes HBC and TBC

21.5-22%
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c-Si PV value chain

Module

mgSi Polysilicon

.......u ....... -....U------.......U------------

*  Quartz * Graphite chuck * Hotzone + Diamondwire * Ag paste * Glass
* Prebaked * Gases (HCI, N,, * Crucible * Screens * Encapsulation material
electrode H,, Cl,) * Ar * Chemicals * Al frames
* Coal * Gases * Junction box
* Ribbons
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ITRPVI Rosms or Pt

Si material: from p-type to n-type

Poly-Si: Siemens, FBR and other (e.g. UMG-
Si/Highland) > electronic grade purity
necessary (10N+)

Ingot: Recharged Cz-Si, P, Sb (Tai Ray) Lggas

doping, 2+ms (wafer) lifetime

612

Wafer: M10/G12 families, 130um thickness
direct wafer (NexWafe) l\fl(_)
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Crystalline silicon solar cell technology

A Eﬁ:ICIenCy _ 3.5 TBC solar cells 3.5 HBC solar cells

: 3.3 TOPCon*-2 solar cells 3.4 SHJ solar cells
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| O
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: B BN BE B B The « tunnel » SiO, layer is represented by a yellow line.
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Crystalline silicon solar cell technology

A p-type low cost ] p-type bifacial ) n-type bifacial ] n-type XBC bifacial
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Solar cell pictures of PERC, TOPCon, HJT and IBC

IBC 26%+
BF: 0.75+
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Module technology: what is the trend?

half cell, 1/3 cell technology negative gap

OBB technology bifacial BC

led free (gluing instead of solder) Y Metallization

from 3mm to 2mm glass Laser processing

arge “floppy” modules

smart modules
steel frames
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PV systems: applications

World Market Share of monofacial and bifacial modules

World Market Share [%]

100
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2024 2027 2032
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@ Bifacial ¢-Si modules with bifacial cells

® Monofacial c-Si modules with bifacial cells
® Monofacial c-Si modules with monofacial cells

@ 08.09.2025



PV systems: bifacial applications and gains

m. # Table 2. Energy gains in systems using tracking and bifacial modules [20].
T —— . ;_er:;a' g o & Tecked W Installation Geometry Monofacial [%] Bifacial [%]
i . ire o
g Dltect muight sunkght Ny 1 o suniignt P Fixed tilt (flat roof) 100 105-115
ik’ T 1 Reflected Fixed tilt (utility scale) 100 107-130
& amign = T : suniight ; -

4 ) Vertical (utility scale) 40-50 95-140 *

L7 Reflected Reflected | Reflected
' sunignt sunlight © [} . sunlight HSAT 110-122 117-145

* comparison with monofacial fixed tilt.

; — /N bifacial QO\O
= ~ — S/N monofacial rb

e B/T bifacial 6¢

é B/T monofacial

= — E/W bifacial @)

8 - = E/W monofacial 6

8 -—— E/W tracked monofacial K (\

— E/W tracked bifacial (}6\
Time of day ;\60
*

Figure 5. (a—d) possibilities for installations of bifacial modules and (e) comparison of power generation curves for Q\
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), 443-446, 2018
R Kopecek; J Libal, Bifacial Photovoltaics 2021: Status, Opportunities and Challenges, Energies, 14, 2076, 2021 https://doi.org/10.3390/en14082076
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Statements in PV arena

“For new cells Siemens and FBR material purity must be electronic grade.”

“TaiRay is the future!” “Laser tech is
the future.

“PV developed from low cost Si-material and Al-BSF to
electronic grade material/wafers and selective processes.”

"LECO killed HITI"  «TopCon with LPCVD, PECVD, PVD is similar”

“The last step to TBC as mainstream is the development of low
cost effective insitu p-poly!”

Tandem will need much more time for large GW scale! “Alis the

“Energy transition will be driven by c-Si tech with
80TW total installations until 2050!”

future”
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Statements in PV arena

“For new cells Siemens and FBR material purity {%R tronic grade.”
“TaiRay is the future!” BP:‘ “Laser tech is

e ona S\ 0T TR
0 O \S P\ \\\ s similar.”
Cli‘fe?f?c}g OR Pfé\,\ ,mGEV*

“Tandem w P\N\ e for large GW scale!” “Al i the
Ener will be driven by c-Si tech with

S80TW  _aiinstallations until 2050!”

future”
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Hot R&D topics in PV arena

- Direct wafer

- Edge passivation

- Additives for advanced chemistry
- Cu metallization

- Bifacial BC technology

- Tandem technology

- Shingling tech

- Conductive adhesives

- Laser module production

- ¢-Si space cells and modules
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