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ITRPV — Methodology / Statistics // VDMA

10t edition: 55 contributors from Asia, Europe, and US Figures o/a: 90 (71) /
(incl. maturity report) Materials: 19 (16)
SILICON  CRYSTAL. WAFER CELL MODULE SYSTEM  Processes: 29 (21) 2 ITRPV

Products: 20 (14)
PV systems: 9 (8)

|
o

Participating‘ Independent data ‘ Review of data ‘ Next :::mwm“
companies collection / processing Preparation of publication ITRPV | e——m—

by VDMA - regional chairs edition feasability
Chairs US

\: //VDMA Chairs PRC

/ Chairs TW
/ Photovoltaic Chairs US
Equipment

7 VDMA
J

Parameters in main areas are discussed - Diagrams of median values
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PV learning curve — Module
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—> High volume shipped with huge price reductions
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Wafer: Product -market share of wafer type // VBMA

Trend: share of c-Si material types - p-type material will stay mainstream until 2029
—> base for p-PERC technology 2 ITRPV

Vv /0 I-

90% > casted-Si share shrunk to 50%:

80% g = - Dominance is gone,
= 70y s & - p-type HP mc-Si is dominating
=, o — & — =
o g g - mono-cast @ 1%
© 00 — »
S < - co-doping with Ga/P will improve ingot quality
E 50% g 90%
©
E 40% 2
g 30%

20%

1 0% 2018 2019 2021 2023 2026 2029

? - Mono technology will fast gain market share:

IHSM 2018 2018 2019 2021 2023 2026 2029

| - n- + p-type ~60% in 2019
m p-type HPmc ® p-type monolike p-type mono = n-type mono - n-type material share will increase (HJT, TOpCOﬂ)
- p-type will stay mainstream
- Mono will dominate (further boost by n_type) Ga doplng expected to improve for mass prod.

- 2018 values in line w/ IHS Markit analysis
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Wafer: Process — crystallization / wafering technology // V/DMA

Trend: wafer thickness Trend: poly-Si utilization / kerf loss
19
- 20 Tnesi/ monoSi I ;E ITRPV
18 = = 19
O . 18 e
W7 + :: \% - - 1 " * Poly-Si utilization:
| 2 Fi = 16 A ~ i
160 o & —— .l © - A i - ~ 16.5g / mc-Si wafer
1 . o g . R : - ~ 15.5g / mono wafer
I 7Y i - 2
o ? & . . o | - (156.75 x 156.75 mm?)
o +— o * » o 12 £
S [ ] 11
13 > g 10
i O m [ ) ’ 2018 2019 2021 2023 2026 2029
"ﬂ - : 3 @ Amc-Si, diamond wire based 0O mono-Si, diamond wire based
SR I '. SRRy : 5 mmm : [ J N kerfloAsdiamond wire sawing ﬁ
2018 2018 2021 2023 2026 2028 . . )  kerf loss
W n-type mono PERXx #n-type mono IBC @ n-type mono 4 h : N > z80pm 2019
i p-type mc-Si BSF Ap-type moand BSF # p-type mc-5i PERx 60 B 9 ~60pm 2029
« mono wafer thickness is reducing now! E e TTV
2019 2029 30 - will improve to 10um
2>p-type =170um today, >140um driven by PERx = s
>n-type ~150um today, >115um HJT leads ) — ———— —
->mc-Si still delayed ’ 2018 2019 2021 2023 2026 2029

4 Kerf loss for diamond wire sawing # TTV for diamond wire sawing

- Diamond wire sawing is the only wiring technology
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Trend: mono-Si wafer size
—->Mono will soon use 2161.75x161.75mm?

ITRPV 2019

m156.0 +-0.5*156.0 +- 0.5 mm?
m161.75 +-0.25 * 161.75 +-0.25 mm?

+ 2156.75 x 156.75 mm? (M2) is current mainstream!
—->156 x 156 mm? - disappeared
161.75x 161.75 mm? (M4) need upgrades of existing lines and larger modules
166.75x 166.75 mm? (M6) need new tools > new fabs
Ingot @ 210/ 211/ 223m

2019 2023 2026

m156.75+- 0.25 * 156.75 +- 0.25mm?

>161.75 +-0.25 * 161.75 +-0.25 mm?

ITRPV | Dr. Markus Fischer, Hanwha Q Cells

Wafer: Product - market share of wafer sizes

Wafer manufacturing mc-Si

Wafer manufacturing mono-Si

Cell manufacturing

Module manufacturing

=» Standardization is required

158.75 * 158.75 (+/-0,25) mm?
161.7 * 161.7 (+/-0,25) mm?
> 166 * 166 (+/-0,25) mm?

// VDMA

4

ax ITRPV

Implementation of new Wafer Size in Production

in existing lines possible
possible with upgrades
possible with new lines

158.75 * 158.75 (+/-0,25) mm? (full- & semisqiin existing lines possible
161.7 * 161.7 (+/-0,25) mm? (full- & semisquai possible with upgrades

166 * 166 (+/-0,25) mm? (semisquare)
2 166 (+/-0,25) mm?

possible with upgrades
possible with new lines

158.75 * 158.75 (+/-0,25) mm?*(full- & semisqu in existing lines possible
161.7 * 161.7 (+/-0,25) mm? (full- & semisquai possible with upgrades

166 * 166 (+/-0,25) mm?
> 166 * 166 (+/-0,25) mm?
158.75 * 158.75 (+/-0,25) mm?
161.7 * 161.7 (+/-0,25) mm?

2 166 * 166 (+/-0,25) mm?

possible with new lines
possible with new lines
in existing lines possible
possible with upgrades

possible with new lines
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Tab. 1

						Wafer Size in Production



										2018		2019		2021		2023		2026		2029

								Wafer manufacturing mc-Si		158.75 (+/-0,25) mm²

										161.7 (+/-0,25) mm²

										166 (+/-0,25) mm²

										> 166 (+/-0,25) mm²

								Wafer manufacturing mono-Si		158.75 (+/-0,25) mm² (incl. semisquare)

										161.7 (+/-0,25) mm² (incl. semisquare)

										166 (+/-0,25) mm² (semisquare)

										166 (+/-0,25) mm²

										>166 (+/-0,25) mm²

								Cell manufacturing		158.75 (+/-0,25) mm² (incl. semisquare)

										161.7 (+/-0,25) mm² (incl. semisquare)

										166 (+/-0,25) mm² (incl. semisquare)

										> 166 (+/-0,25) mm²

								Module manufacturing		158.75 (+/-0,25) mm²

										161.7 (+/-0,25) mm²

										166 (+/-0,25) mm²

										> 166 (+/-0,25) mm²
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Tab. 1 (2)

						Implementation of new Wafer Size in Production 



								Wafer manufacturing mc-Si		158.75 * 158.75 (+/-0,25) mm²		in existing lines possible

										161.7 * 161.7 (+/-0,25) mm²		possible with upgrades

										≥ 166 * 166 (+/-0,25) mm²		possible with new lines

								Wafer manufacturing mono-Si		158.75 * 158.75 (+/-0,25) mm² (full- & semisquare)		in existing lines possible

										161.7 * 161.7 (+/-0,25) mm² (full- & semisquare)		possible with upgrades

										166 * 166 (+/-0,25) mm² (semisquare)		possible with upgrades

										≥ 166 (+/-0,25) mm²		possible with new lines

								Cell manufacturing		158.75 * 158.75 (+/-0,25) mm²(full- & semisquare)		in existing lines possible

										161.7 * 161.7 (+/-0,25) mm² (full- & semisquare)		possible with upgrades

										166 * 166 (+/-0,25) mm²		possible with new lines

										> 166 * 166 (+/-0,25) mm²		possible with new lines

								Module manufacturing		158.75 * 158.75 (+/-0,25) mm²		in existing lines possible

										161.7 * 161.7 (+/-0,25) mm²		possible with upgrades

										≥ 166 * 166 (+/-0,25) mm²		possible with new lines
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Tabelle2
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Implementation possible


Implementation possible with upgrades


Implementation possible for new lines





Cell: Product — market share of cell technologies // V/DMA

Trend: share of cell technologies . BSF
- ~40% share in 2019 P2 I1TRPYV
100% —> focus on mc-Si BSF
90% -> will disappear after 2025
80% “PERX” (incl. passivated contacts) B
S => concepts with diffused junction :
0 s > >50% share in 2019 :
£ 60% < . . .
2 = - market mainstream in coming years!
£ 50% 5 - on p- and n- type L. it
5 ‘0% z Si- heterojunction (SHJ) o
$ 30% > ~2% in 2018 = >15% in 2029 Bifacial
20% —> on n-type only
10% Si-Tandem expected from 2023 onwards'
0% IHSM 2018 2018 2019 2021 2023 2026 2029 BaCK COntaCt COnceptS
Si-based tandem 2 =2 % in 2018 =2 10% in 2029
[ g?—%ketceigﬁﬁt:iton (SHJ) i i . .
:EEEC/PERL/PERT incl. w/ passivated contacts at rear side Bifacial cells will gain share
- =215% in 2019
> “PERX” - technologies will dominate ~ ~60% in 2029
(2018 ITRPV data are close to IHS Markit)
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2019: 20.25% x 0.987 (CTM) = 4.91W/ cell *
2> =183t/ GWp

Cell: Process — metallization trends - o0 @1006W =62 % of word Sier market 2015 VDMA

S

\\

Trend: remalnlng Silver (predictions were met) Trend: number of bus bars
300 100% —— —
—— | : ] u2
I-HTn-typeull ; . 90% BBﬂess K ITRPV
%H’ June 2019: 500 USS/kg — . BBtrend:
< 200 * > =0.92 $cent/ Wp 3 -5 BB+ is mainstream
5 ® 2 £ - 3/4BB will disappear
g - - .:. 2 2 son - Next steps: 9/ 12 BB
% it I & 0 - Bifacial trend:
Z e i & . - Al- will also be reduced
E 20 | [ - | i'.: | lzol;lsb r l42(l’.))19b r l52b021b re 62:(?:; re b b2r026 busbarl e
-q o “" th usbars usbars usbars a ore busbars usbariess
" monofacial p-type cell / Nfacial p-type cell _
2021 20 2029

AHJT n-ty%te:l%aell [mg/cell] (fronf'lzfr rear side)
en-type cell (all cell types, without HTJ) [mg/cell] (front + rear side)

208 2013 \
+ monofacial p-type cell [mg/cell] (front + rear siOg
Obifacial p-type cell [mg/cell] (front + rear side)

Silver reduction will continue
- 90mg Ag for p-type cells
- n-type concepts need more Ag
Measures: - reduction of finger width - more bus bars
- finger width 40pm - 20um in 2029 ~ layout examples: (AIKO catalog)
- Single print will remain mainstream

* avg. module power 290W labeled ; ** Assumption = 29,500 t / 1033 MOz 2018 Ag physical demand htips://www. silverinstitute.org/publicatio
ITRPV | Dr. Markus Fischer, Hanwha Q Cells, 10th World Solar Congress 2019
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https://www.silverinstitute.org/publications/

Cell: Process — emitter doping

Trend: emitter sheet resistance
Sheet resistance will increase further

160
phosphorous doping (p-type) ]
140 |
[ |
120 - O} . 4 L 4
2 -
S 100 | *— o0
7 . 1
E 80 80
.C
(@] — 60
60 £
g 40
- -= <90 Q /5 emitter
40 20 | = Emitter w/ low doping
between fingers
20 ° 400 600 800 1000 1200
| wavs?ength (nm) |
0 boron doping (n-type)

2018 2019 2021 2023 2026 2029
® phosphorous doping (p-type cells) < boron doping (n-type cells)

P-doping: 2018: 100 Q/o - 2029 140 Q/o
- selective emitter use will be intensified

B-doping: 2018: 90 Q/o - 2029 120 Q/o
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Trend: doping processes

- P-doping: selective emitter will gain

100%

90%

80%

70%

60%

50%

World market share [%]

2018 2019 2021 2026 2029

m homogenous emitter by gas phase diffusion = selective emitter by laser doping
m selective emitter by etch back

—> B-doping: BBr; is mainstream

100%

90%
80%

70%

60%

50%

ITRPV 2019

40%

30%

World market share [%]

20%

10%

0%

2018 2019 2021 2023 2026 2029

other
m [on implantation with subsequent thermal activation
mBCI3 thermal doping
m BBr3 Thermal doping
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Cell: Product — cell efficiencies in mass production //VBMA

Trend: cell efficiency Trend: Cell fab size
) . .. : : . : -
92£)%type leads in efficiency with SHJ and IBC = 2GW will be min. Fab size ¥ 1TRPV
A 100%
25% N A N ® 90%
. g— 0
& 24% A 4 ° < ° 80%
g 2 . o ; (°) * N/ 70%
£ o -/ £
S 2% @ O 2 60%
) * £
o 21% = ¥ v 8 50%
.g o ! m g 0
% 20% . - = = §40A)
® 19% - = = 30%
18% -{SHJ n-type mono-Si 20%
17% all other ‘ ‘ ‘ 10%
2018 2019 2021 2023 2026 2029 0%
mass production 2018 2019 2021 2023 2026 2029

H BSF p-type cells mc-Si industrial solution
interin lutior
+ BSF cells p-type mono-Si : ieazasbc:li(y01

Oleading product (PERC, PERL or PERT cells including w/ passivated contacts at rear side) p-type mc-Si

m Share of <500 MW u Share of 500 MW to 2 GW m Share of >2 GW

=» Manufacturing challenge:

2018 2023 2029 Ramping up larger fabs — faster!
mc-Si PERC:  20.2% 21.0% 22.0%

p-mono PERC: 22.0 23.0 23.5%
n-mono PERX: 22.0% 23.2% 24.0% —->passivated contacts
SHJ: 23.0% 24.0% 25.0%
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Cell manufacturing - machine throughput and MES

// VDMA

Vi
Trend: throughput of cell tools

—> significant increase for new tools W ITRPYV
—> fast implementation possible (yellow marking)
—> going beyond 2021 values requires development

Trend: Machine Learning / automatic transport
—> high penetration is expectations for future fabs
Automatic transportation w/ machine learning
MES w/ automatic recipe downloads

17,000

100% * L 2 + chemical processes, progressive scenari

90% [ ) [ ) 15,000 thermal processes, progressive scenario

M &
80%
13,000
70% s o / /
’ -~
60% " o = 11,000 ] — < —
o = >
50% 3] = 2 / /
° 2 S 9,000 © — //lﬁ/ ’4
40% g A = | —
= &7/
30% ¥ 7,000 ] -
, M/

20% + = —

10% 5,000 - Iﬁ/

0% 3000 |Metallization and classification procese_

2018 2019 2021 2023 2026 2029 ’ 2018 2019 2021 2023 2026 2029

Automated fab logistic system

—e—-chemical processes, progessive scenario
Automated fab logistic system with machine learning

-m-chemical processes, evolutional scenario

+ Automated recipe download / MES integration to tools
o Automated lot dispatching and scheduling system
+Automated wafer to wafer & lot to lot process control system

ITRPV | Dr. Markus Fischer, Hanwha Q Cells, 10th World Solar Congress 2019

—~thermal processes, progressive scenario
-m-thermal processes, evolutional scenario
-e-metallization & classification processes, progressive scenario
-m-metallization & classification processes, evolutional scenario
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Module: Product — CTM and module power in mass production //V/DMA

Trend: CTM Trend: Module efficiency will increase
- ~1% difference mc-/ mono Si 2019 - PERC p/n mono =320/320 Wp =19.4% A ITRPV
> ~2% CTM boost for half cell modules 2026 > PERC p/n mono ~340/350 Wp = 20.4% / 20@%

=» larger formats enable higher power

Efficiency will become more important value for M2:M4:M6 = 1 : 1.06 : 1.12 area/power

modules -
Trend of Cell-to-Module (CTM) power ratio [ ) Module Power for 60-cell (156.75x156.75mm?) 1.67m? module
(include highest stabilized power - measured frontside STC)
104% 23%
) N A
103% ) 22% ®
I A
> A ®
102% 2 : = 21% . ° N o
= M = A L] o ( o ) ©
101% % 20% ®
u H ° . 8 m|
100% O ] 2 L 4 PP @ m]
I © 19% o 5
full & half . 3 . .
99% : ¢ 2 18% = . :
mono ¢ multi ’ o . v - "
98% * ¢ - =
17% ~
97% -
16%
96% | acidic textured multi-Si full cells/ half cells 2018 201 2021 2023 2026 2029
alkaline textured mono-Si full cells/ half cells _ " BSF p-type mc-Si #BSF p-type mono-Si
95% i i i \ \ \ O PERC/PERT p-type mc-Si © PERC/PERT p-type mono
2018 2019 2021 2023 2026 2029 ©PERC, PERT or PERL n-type mono-Si @ Silicon heterojunction (SHJ) n-type mono-Si
A back contact n-type mono-Si
W acidic textured multi-Si full cells + alkaline textured mono-Si full cells
acidic textured multi-Si half cells alkaline textured mono-Si half cells
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Module: Product — product warranty // VDMA

Vi
Trend: product warranty
- 1styear warranty: 2% } will be reached fast 2 ITRPV
- performance warranty: 0.5%ly as indicated by the yellow marking
—> product warranty: 15y in 2021

35 Initial Degradation after 1st year 3.5%
30 /: < * & 3.0%
25 / 2.5%
] o =
£20 S — 2.0% §
2 > 5
£ a % ©
215 o ”,fl i 1.5% S
s =
g - | —ii i ./ %
10 o 1.0%
T
5 = = = = 0.5%
Degradation during performance waran
0 2 PG PETONT ) 0.0%

2018 2019 2021 2023 2026 2029

=--Performance warranty [years]

-B-Product warranty [years]

=o=|nitial degradation after 1st year of operation [%]
-=-Degradation per year during performance warranty [%]
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PV status — seen in the perspective of natural growth cycle // VBMA

PV experiment: Investigation of the growth of a Tomato plant (German product, “Tombolino” *) /
- look at PV growth: stacked logistic growth curves for different world regions c
N(t) = ———— 3 ITRPV
growth of a Tomato (Tombolino) 1+e (c-0)

developing fruits
100

Parameter set: ¢ = 1.12m k =0.07; ¢ = 67d
%0 === Aproximation

- Example: mixed scenario 10t edition
installation: 63 TWp/ 104 PWh (electricity + primery energy)
shipments: 70 4.5 TWp/year in 2050

80
being in flower
70

'E 60
£ 80
< . . . . .
20 50 s
2 start fertilizing 'V at the outse of growth|
2 10 \ O 4000 _
- : - @ 60 =
singulation = 3500 3
30 E 50
\ \ £ 3000 F
20 w2501 10 2
shooting \ | 2 3 20 g
N L 0¥ - 0 =
N s 0 Tt 2 1500 b
00‘-’ ———————— E 100¢ =
0 20 40 E 10

days after see

" 2015 2020 :

2015 2020 2025 2030 2035 2040 2045 2050
* Plants grown on my balcony in Thalheim April — August 2018
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Outlook - PV today and in future // VDMA

Different calculated scenarios in 10t edition:
IEA Breyer (“Electricity”) Breyer (“Broad electrification”)

low: 4.5 TWp/ 7 PWh (16% global electricity) hlgh 22 TWp/ 38 PWh (69% global electricity) mix: 63 TWp/ 104PWh (69% global energy)
market peak:300+GWp / 2030 market peak: 1,400+GWp /2050 market peak:4,500+ GW/ 2050

- Shipments 2018 were close to approaches!

1000 // \ 20 1600 ‘ 30 5000 80

900 ~—— 18 1400

ITRPV 20}‘ \
800 s ITRPV 2019
/ \ 1200
700 14

600 / \ 12 o \\
500 / \ 800
400 / .

ITRPV 2019

0

Global Wfistallation [TWp]
lobal Installation [TWp]
Global Installation [TWp]

Agnual Market & Shipments [GWp]

Annual Market & Shipments [GWp]
AnnuayMarket & Shipmenty [GWp]

/ 8 600 30
300 / O 6 400 a 20
200 ¥ = 4
100 2 2007 10
— ]
0 0 0+ - 0
2015 2020 2025 2030 2035 2040 2045 2050 2015 2020 2025 2030 2035 2040 2045 2050 2015 2020 2025 2030 2035 2040 2045 2050
. . . = Europe Eurasia = Europe Eurasia
= Europe Africa m—sia F=Americas =NENA Sub-Saharan Africa = VENA Sub-Saharan Africa
SAARC Northeast Asia SAARC Northeast Asia
. . == Southeast Asia == North America mm Southeast Asia = North America
~#-avg. anual Market 0 avg. anual Market ¢ historical Shipments == South America -#—avg. anual Market == South America -&—avg. anual Market
incl. replacement (25 y) O avg. anual Market incl. replacement (25 y) + historical Shipments O avg. anual Market incl. replacement (25 y) + historical Shipments

ITRPV finding:

- PV learning continues and progresses but market will remain volatile

- X times 100GW annual PV markets are ahead, and can be served based on todays PV technologies
- Corresponds to equipment markets of 20...400GW/a
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Summary VDMA
S
— Silicon based PV is key for a future zero greenhouse gas emission economy 2 ITRPV

— PV market will further increase (turbulently) by

—> further reduction of LCoE

—> diversifying (regarding technology, products, and application)

—> remaining extremely cost sensitive

—> increasing production capacity while further employing economy of scale

— ITRPV will describe path to stay competitive
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a* ITRPY
Thank you

for your attention!

Visit us at itrpv.vdma.org
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