Etat des lieux et enjeux du

photovoltaique aujourd’hui

Prof. Christophe Ballif
EPFL & CSEM—Neuchdtel
Switzerland
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Order of magnitude

1'075 1'100

Sun intensity 1000 W/m? 115 1200
In CH~1000-1500 full hours R
=4
1000-1500 kWh/m? per year 4

b

3Pl Up to one barel (159 litres) of oil per m? par year

*1 liter gasoline ~10-11 kWh chemical energy
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Capacité installé mondiale a 630 GW (end 2019)

% Europe a lance I'installation de
—— masse suivi par I'Asie (Chine)

125-130 GW in 2019 ( 700 km?2)

. st F World —m 2-3 TW installed

v by 2030 2

United States

M Japan

\
‘ |— s —" c—
ENSE mE
2010 2011 2012 2013 2014 2015 2016 2017 2108 2019%e
Year

5
-2
E
o
3
o
a
>
a
o
2
©
whd
[72]
=
]
>
=
53
>
£
3
O

Installation PV par région 2010-2018

A. Jaeger Waldau, Energies 2019, 12(5), 769;
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Au cceur du PV: le module photovoltaigue

1985

=
)

Courbe d’'apprentissage:

=

En 30 ans, le Watt de module /.
A baissé d'un facteur 30 a 50
Cumulative Production [GWp]
01 | (0.2-0.3 CHF/Waltt)
0.001  0.01 0.1 1 10 100 1000 [pTRE RN

2020: 1 m2 d'un module a 20% = 44 CHF> 6000 kWh en Suisse sur 30 ans
Le module est meilleur d'un facteur 15-20 en coUt d'importation que le pétrole**
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2 Csem **1 W PV modules -> 1cts/kW, 1 liter oil imported
(3kWh mechanical in combustion engine) 60 cts = 20 cts/kWh useful



La révolution solaire en cours: grands parcs solaires

PV-Tender en Allemagne: attribution moyenne des contrats

Allemagne: moyenne
4.6€cts/kWh,
meilleure 3.8€cst/kWh

Regions ensoleillés
~ 1.5-3 cts/kWh |

85 €/MWh
159 MWp

100
80

Dans de nombreux
pays du monde le
PV est la source

d'électricité la
moins chere @

2 CsSem

Lowest PV-Tender
Round in Feb. 2018:
4.33 ct€/ kWh as
average quantity
weighted award price

Jul 16 Feb 17 Aug 17 Mrz 18 Okt 18 Apr 19

Uniform pricing Bubble size = Award Amount (MWp)
Data: BNA. Graph: PSE GmbH 2019



Mid 2020: 2.5 GW installed, 4.1 % of annual CH electricity co pfion
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CoUt des systemes PV en Suisse, 2018
Courant solaire

6 a 20 cts/kWh

En Suisse

>300 kW @ 1 CHF/W
30 cst/W panel

/ cts/W inverter
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8 cts/W mounting
strucuture

15 cts/W installation

30-100 100-300 40 cts/planning/admin

Plage de puissance en kW /margin

Source: rapport « Observation du marché photovoltaique 2018 » Suisse énergie, Planair




Installation Solar Planet, chez MPS par Soleol SA
~ 1 CHF invest 2> 1 kWh/an - 6- 10 cts/kWh Toiture solaire par Solstis,

2-3 CHF/W 10-15 cts/kWh
@ CsSem



reminder : electricity from hydro,

Current status of world energy solar and nuclear divided by 0.38
Consump’rion in 2018 to come to primary energy value
for BP report
World consumption
Coal MTOE
Renewables 14’000 162’000
B Hydroelectricity 13'000 TWh
Nuclear energy 12’000 0
M Natural gas 11’000 2-3%0
Oil 10°000 Annual
& 9000 Increase @
™ 5000 (except
7000 08-09)
-6’000
-5'000 Fossile for
4’000 80%

3'000
2'000
1’000

Coal for 27%

Dip in 2020 ?7?

.. Csel I l https://www.bp.com/en/global/corporate/enerqy-economics/statistical-review-of-world-energy.htmi



https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&ved=2ahUKEwjB5-LG97nnAhXNeZoKHW2ACDgQFjAAegQIBRAB&url=https%3A%2F%2Fwww.bp.com%2Fcontent%2Fdam%2Fbp%2Fbusiness-sites%2Fen%2Fglobal%2Fcorporate%2Fpdfs%2Fenergy-economics%2Fstatistical-review%2Fbp-stats-review-2019-full-report.pdf&usg=AOvVaw2-4FHh1TLr436eLRPP9jn7

Decarbonizing the power sector 25-40 TWp of PV*
—> electricity cost decrease from 70 to 55

and transitioning electricity Euro/MWh

* C. Breyer, et al. Prog Photovolt Res Appl. 2018

4
** C. Breyer et al. IEEE 2018 <10

power sector transport sector

PV demand S —
. 45 =
o T
g 40 S —
= E 4 | i
£ 3 c | I hydro
S 30 ) wind
o ©
S 25 o PV
2 20 E.)) 3t . . biomass/waste
% 15 > -OU’P.(
= O | I fossil gas
= 10 -
£ . B B fossil oil
- 2 2 I fossil coal
B > B nuclear
2015 2020 2025 2030 2035 2040 2045 2050 8
years €
1\

On example of what it could be according to Breyer and al* Assuming

2% annual growth of energy demand and fully decarbonized transport . . . . . . . .
system

2020 2040 2050

s Csem years




A short look at Europe (in a area connected scenario)

B hydro
wind
PV
biomass/waste
B other
B fossil gas
Bl fossil oil
Il fossil coal
B nuclear

storage output [TWheI]
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2030 2040 2050 - | 2040 2050
ears

Battery storage and
pumped hydro necessary to
Global LCOE balance the grid

Lower by 20% than today !l!
2 Csem
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EBIERGY SUPPLY, ECONOMICS AND TRANSITION

Electricity storage - lithium ion batteries «  From 135 $/kWh in 2020

: : to 60$/kWh in 2025-
Evolution of the battery pack price from 2011 to 2020 20302
« Costreduction depends
on market growth
speed. Likely much
faster

Similar to PV:

Learning rate in the 20% * Bafteries willbecome

much cheaper, thanks'!3
to volume effects |

 Prices for li-ion
~600-1000 cycles.
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* More cycles more
expensive but synergy
with car batteries

- Csem BNEF, Battery Price Survey, 2019



 Green hydrogen from CH or abroad

Large PV powerplant at 0.3-0.4 cts/W in 2030
(today’s best at 0.5 cts/W) = electricity price
down to 1.1-1.3 cts/kWh

* Progress in Electrolysers (alkaline or
others) = < 500$/kW with potential cost <
250%/kW at full power plants level

Potential for hydrogen at 1-1.5%$/kg.

International trade of hydrogen

2 Csem



H2 as a support to energy management, and industrial process

\(Ea\ i
Hydrospider and
Alpig: 22MW
electrolyser for H2
for trucks, in
Gosgen

2 Csem

Or replacement in gas powerplants

In distribution network

~

Sustainable manufacturing

In a number of cases, creative companies have figured out sustainable business
cases. Swedish power company Vattenfall has calculated that producing a €20,000
car from CO2-free steel (using green hydrogen) rather than regular steel would add

just €200 to the price. That suggests premium markets could be developed for
consumers willing to pay 1% to 3% more for products manufactured using green
hydrogen.




Si"'hnumanité est sérieuse a propos de la décarbonisation
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- Augmenter x 10 la
production de PV d’ici
2030

- > 25 TW installées en 2050
- 30’000 TWh

(consummation mondiale

o A STl ST AR 2017 d’electricité ~ 22’000
Industrie Pétrcie/Charbon/Gaz TWh)
Lobbies, media et politiciiens qui y
sont ratttachés

Nous sommes juste au début de

= CSeM I’ere solaire ...



Que faudrait-il pour vraiment décarboniser la Suisse ¢
50 GW en 20502 _

PREFACE DE JACQUES DUBD

- Voitures électriques (+ 10-15% hydrogene)

- Pompes a chaleur/chauffage a distance

ET CLIMAT

- Efficacité (isolation, pompes, industrielles,...)

- Ecretage de 15 & 20% du PV

JORDMANN

* Soit 16% d'emission CO2 (9 TWh) pour electricite @ i 1t o € s e SRR

hivernale (gas) - ' *

+ ou stockage H2 ou CH4 (power-to-gas), ou
importation d’électricité eolienne du nord de
I'europe (si c’'est possible)...

2 Csem
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The second reason why you need to shift to renewables

Importation of 50 GW of solar pannels =

(30 years of energy) - 12.5 Milliards de CHF 2 years of oil import product

2 Csem
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R&D In photovoltaics and energy systems in Neuchatel

« CSEM, RTO
- EPFL PV/Center (since 2
IMT/PV-Lab (1984) . Focus on fe

« Fundamental research

- Advanced devices

@ CsSem


https://youexec.com/plus

Over 2000 m2 of ;. Q 7‘.?.'
Infrastructure S—
completed with

- UV chambers, thermal
cycling, Damp heat

- Battery env. Testing

- Battery EIS

N7 5 »\“:\

CONTRACTS WITH OVER &

2 Csem


https://youexec.com/plus

Market tfechnology evolution

About 133 GWp PV module production in 2019

2015
Thin film

Mono-Si
Multi-Si g

*2019 production numbers reported by

different analysts vary to some extend.

Different sources report a total PV )
module production between 129 and 137 © Fraunnofer 52
GWp for year 2019.

C-Si takes it all.

Only First Solar resists with CdTe modules and sufficient efficiency (18% modules)

2 CsSem
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Powerpure Permanent (sometimes invisible) improvements to technology

For 60 x 6''cells modules

SHJ

Adv PERC Passivated

PERT < '

C-Si PERC

sssssssssssss

2 Csem



PV module efficiency improvement: a necessary trend !

20.5% cell .

4

Cell-fo-module 3

losses
24-26%
A modules
20-22% 2035
modules

2025

Reduced system costs

2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 More money for management or

——Multi  ——Mono Blended Average transformation (power-to-x)
Data source: HIS Markit 2019

2 CsSem



Powerpure

MQjOr Mafkef.
lreng 2%

Switch to monocrystalline
Al-BSF

Maia Tool

Of Meyer Burger , PERC: passivated emitter and rear cell
local front and rear contact

20% PERC
+1-2%  22%
Cell efficiency

2 Csem



Powerpure: the change in module design

= dRiERERAE: (EEEEEEEE

\ 4\ |

More busbars to save on the cost of screen-printed Ag lines

2 cell or shingled cells to gain space and reduce loss in riblbbons

100 mg less of Ag per solar cell, 0.5% more power
@ CSem



A drastic change in the PV industry

PV Technology Shares by Production

100%

2013

2 CsSem

2015 2017 2019

Source : PV tech

Thin-film

All variants

m c-Si n-type Mono
PERT, IBC, HIT, etc.

c-Si p-type Mono
PERC

M c-Si p-type Mono
Al-BSF

c-Si p-type Multi
PERC

M c-Si p-type Multi
Al-BSF

The market is shiffing very
quickly to moncrystalline silicon

(progress in crystal pulling and
sawing, need for quality for high eff.)

PERC solar cells are taking 95% of the
market

TOPCON, Heterojunction as high
efficiency products pulling
(extending ) PERC ¢

But new products with new
challenges ... (e.g. degradation
modes)

28



Mines et matériaux

95% du marché panneaux en Silicium, 2¢me
materiaux le plus abondant (pris du quartz ou
du sable)

Pour 1 m2 (- 6000-2000 kWh sur 30 ans)

1.5 g d'argent par m2 de panneau, 1 kilo de
polymeres/plastic, 200 g de Cu

Pas de probleme d'approvisionnement, Ag et
Cu peuvent éfre reduit

2 Csem
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Durabilité du photovoltaigue

- Energie grise: une réduction forte W":f_n—‘ ) \.

gréce aux progres industriels. - t.a.";--f ¥
” s

9|r

Il'y a 20 ans, il fallait 17 g de silicium pour
fair 1 W de cellule

Et il fallait 300kWh/kg d'énergie pour
mettre le silicium en forme, soit 5kWh/W =

- Temps de retour de I'énergie de |I'ordre
de 5 ans en Suisse.

2 Csem



1€ amélioration majeure

» La purification et crystallisation du
silicium : le procedé Siemens

Recrystallisation de 10 fonnes a la
fois, surfaces réflechissantes, seed
tubulaires...

Plus que 45 kWh/kg contre 200
kWh/kg en 2000 !l

2 Csem



Powerpure

Yesterday, multi-wire
sawing, SIC particles
loose 200 microns

Today, diamond wire

e for mono loose 60

microns

o * = 60 % more wafers
than 5 years ago !

wire \

o000 s 0 0o 3.5-4 g of Si/Wp
Silicon 12-15 CHF/m2

E-Payback-time down to <<1 year!

2 Csem



Silicon usage per watt

N W
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=2.
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2 CsSem

1990

2004 2006 2008 2010 2012 2013 2014 2015 2016 2017 2018
Year

Silicon usage [g/W ]

Improved processes
Ne|\Wilgle

Efficienty

2 34

From 17 to 3.5 g/W
In 20 years,

With low grey energy



Powerpure

Trends which will make PV even cheaper, and greener

- System voltage - 1500 V

- 40 modules in series

LCOE reduction

« T-axis tracking

+ +20-30% energy, at +15-20% initial
system costs + maintenance Y <4

5-10% LCOE reduction - 15-25% more energy for «freey,
- Longer lifetime

2 Csem



Empreinte CO2 d'un module
Q CELLS

Les modules Hanwha Q CELLS obtiennent une nouvelle
certification en faible empreinte carbone pour les appels
d’offres solaires en France

— Empreinte carbone de 300 kg-eq/C0*/kWc atteinte pour les séries de
modules Q.PEAK et Q.PEAK DUO.

— Les objectifs ambitieux de la France en matiere d’énergie solaire
sont fixés par le marché des appels d'offre CREqui favorise

300 g/W: Sur 25 ans, 25 kWh

Pour les meilleures panneaux cristallins: Avec les procdés de
fabrication aujourd’'hui, c'est - 8-10 gCO2 par kWh. Contre 400
a/kWh pour centrale au Gas et 900g/kWh pour centreale au
charbon

2 CsSem
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Sustainabllity world with PV-batteries

hoto oltaic

JOGY
1 PLATFONM

With current good practice,

Producing (30 TW at 300 g/W) PV
panels and batteries (2 billionsx 50
kWh at 60 kCO2/kWh) would lead to
92+6 =15 GT CO2

1.5% of what is left in the 2°c
scenario

S & ﬂ S eRecycling

2 Csem



Powerpure development at CSEM/EPFL

Silicon Heterojunction
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2 Csem

Passivating contacts devices for PERC upgrade

Back-contacted solar cells

Few process steps

High(er) efficiency

Higher energy yield

Work with 100 micron wafers
Bifacial

38



Heterojonction CELL STRUCTURE

All screen-printed contacts

Ag

Vi / /N / A A / A\ 8B A A
. S ) 500 NN >, o [ NS = o (2L i ’E ) -
a_S'.H + LANL ARNLANLANL AN AN AN AN AN ANANANAN, AN AN A
M Y Y % \ ¥ v Y\ N V. / A 7
\
|

4 cm2 Certified: a-SiH () |
N-type mono : 24.2% ¢-Si (n)
P-type mono: 23.8% a-Si:H (i)

a-Si:H (n*)

Sl \\ \/\\ VAVA /\ \/\\/\ /\v /\ \/\/\ \/\\ /\ 7\ \/\M 4
Ag “ “

: CSeM AMPERE

Heterojunction solar cell




Plated heterojunction cells at 24.73% on 222 cm2

A. Lachowitz et al. CSEM,

Watabe et al. CIE

8000.0

6000.0

Current / [mA]

4000.0

2000.0

0.0

Last week certification !

Voltage V [mV]
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N2
; = MEYER BURGER
71\

341W

| Module powegl®

(mono facial)
M2 cells

constructions

Up to 92.6% bifaciality

Over 1 GW production lines in

Helia tool

T —




Leading module manuft. REC solar leapfrogging intfo Heterojunction

MEYER BURGER

RCEC

SOLARS MOST TRUSTED

Meyer Burger gets 600MW heterojunction
and SmartWire tool order

By John Pamell Dec 14, 2018 11:48 AM GMT %0

Sneak peek: REC Group’s new solar panel to change the game

« USS 150 million investment to create the world's highest power density panel
« Leading technology from Norway, Singapore and Switzerland, pioneered in Germany
* New flagship product to be released at Intersolar Europe 2019

114
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Solar cell and module technologies ready for mass-manufacturing 2019+ | PV CELLTECH 2019

2 Csem

42



The world’s first installation of REC Group’s Alpha solar panels

Munich, Germany, October 8, 2019 — REC Group, an international pioneering solar energy
company with a Scandinavian Heritage, is proud to announce the world’s first installation of its
innovative Alpha solar panels on a home near Venice, ltaly. Harnessing power from the sun
enables home owners to reduce carbon emissions while saving on their electricity bills —with REC
Alpha’s industry-leading power output even small roofs can make a difference. This helps the
environment and thus preserves places like Venice and many other UN heritage cites whose very
existences are threatened by climate change.




N2

- -
7 \: MEYER BURGER

« Raised in July 165 millions CHF to
pursue their strategy, with first
400 MW production, then
targeting 5000 MW, keep R&D,
metrology in CH (Neuchadtel
and Thun)

2 CsSem
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HETEROJUNCTION: UPGRADE SCENARIO to IBC-HJT

TUNNEL IBC-HJT process of
EPFL/CSEM In 9 process steps

Selective local epitaxial growth:

SIMPLE PROCESS FLOW, MINIMIZE
MATERIALS (Indium-free)

o Callab —7))
smhraunbeiel S50 o0

Area = 25.04 cm? (da)
Jse = 41.5 mA/cm?
Voo = 736 mV
FF =81.9 %

Eff. = 25.0 %

current density (mA/cm?)

0
O 100 200 300 400 500 600 700

: tunneI-IBC

voltage (mV)

Certified 25%,
Now at 25.4%

Goal 26-27%

2 CsSem



CSEM roadmap csem_

for time acceleration AYRLIAFSIE

M2 wafer size, full /A
wafer, 60 cells

modules, mid-long _

final industrial PK/PK/Si

fargefts Mulit-wire, cut 29-35%
cells 4 .

\

SHJ

Adv PERC Pass cont

PE RT 29.4% limit
-Si PERC IBC
- 20-22.5% Heterojunction el
Cmmmmmm——) [ oo =CSEMm
s 22-25%
19-20% 2 CSem

PERC




The current only potential «cost affordabley tandem

Recent examples market application

 Perovskites based solar cells
« PK/ PK or PK on Si

Collaborations EPFL/EMPA/CSEM
@ CsSem



First good device on textured wafers: Perovskite cell on Silicon

AL

1ZO

W.15Sn0>
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c-Si(n)
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WWAYAY) - _Si-H(p)
ITO
Ag

2 CsSem

Perovskite cell

FF n Hvep
) (%) (%) (%)

Reverse1.788 19.5 73.1 25.52
25.24

Forward1.786 19.5 69.1 24.09

I
)]

Fraunhofer

J_ T. Z ISE
l_ _J CallLab

PV Cells///// ]
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In June 2018: new world record at
25.3%, potential for 30% at low cost
Hzb at 29% in 2020



2 Csem

Tandem solar cells:
First 4 inches Perovskite on silicon

>24.5%

52



. Static conentration, based on space solar cells
nsol Ight but captures diffused light

29% effici
- EPFL start-up > 297 efficiency

— —— = ,_
& - — - ——
——— a - - —
- A e - P

Hyperion: large EU project around Insolight just started !
CSEM manages project and to hosts pilot line.

2 Csem
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Polymers and specialty films for PV: towards ultra-reliable PV

Airplane
and drones

~ Dryer+Automatic
resin transport

o
3%z
WL .
= ;' A 1
N U
Compounder ’S L
+ 25
i Cast film line LA . \
. + . ;
2 CSem Nautical Pelletizing » Cast film

system extrusion line



Explore

Customized PV products from the water to the air

- High-couture modules for competition boats
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Artic solar with Anne Qéméré

....






Antatartic

2019

2 CsSem
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Explore

Customized PV products from the water to the air

 Light weight specialty modules for terrestrial
and space

Solarstratos first flight

2 Csem



Lightest weight







DHP (CH)

Deployable PV systems

Over streets, parking, water

2 Csem
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Switzerland, sensitive to acceptance in Rural and Urban Environment

Sensitive to aesthetics




Growth market

BIPV: a (in principle) 40%
growth market

2 CsSem

c
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E
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-

2018 2019 2020 2021 2022 2023 2024 2025 2026

BIPV Technologies and Markets: 2017-2026 (n-tech Research, 2017);
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Elegance and architecture

o 3S solar plus, Swiss Inso,
Solaxess, Freesuns, Megasol,
Schweizer, Sunstyle, Eternit,
Glass Troesch, Panotron, ...

BECAMART

L g Managed by EPFL

Dr. Laure-Emmanuelle Perret-Aebi, PV-lab

2 Csem
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Freesuns solar tiles / Colombier sur morges
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PV onto buildings: what we should not do in Switzerland |

Aides financieres pour le batiment

CECs]

CECB®Flus
1'000 #r.4 1'S00 £r

Small PV systems
on a large roof
Should be

discouraged 0

All good roof
surfaces should be
covered with PV



When required: make PV infegrated and better l[ooking system

One of my Neighbourg:

Full roof renewal

D,

More expensive to integrate
PV than to add PV

how to solve that ¢
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Prix solaire

Suisse 2018

Elegance and architecture

Transforming building and cities, renovating houses

Scbweizerisch',e_Eidg\gnoss‘enscha'ft
-Confédération suisse '

Conféderazione Svizzera

Confederazitinsvizra




©,

c. Ballif et al. Nature Energy 2018
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Elegance and architecture

Transforming building and cities: New crystalline files in protected environment

- Modules with colored meshes
of a Swiss Supplier

- DSSC module from H-Glass
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The Kaleo project

Up-to where can you modify PV ¢
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Nicolas Bideau,
directeur de
Présence Suisse

National
Museum of
China in Beljing
Nov. 2019
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Conclusion

Globalement le PV devient la source d’électricité la moins chere
Les piliers d'un monde décarboné seront eau-soleil-vent et stockage

En suisse, solariser toute toiture et en partie des facades devrait
devenir la norme, et la responsablité de tous

21

De nombreuses solutions, du low au high end sont disponibles

Et la Suisse détient de nombreux technologies clés

@l

= CsSem Contact christophe.ballif@epfl.ch

“Jamais le soleil ne voit 'ombre”
Léonard de Vinci




