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‘LFL 1. A first technology insight into PV modules
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Crystalline Si Thin film I1I-V and Concentration
Multi-Mono CIGS a-Si/puc-Si CdTe [11-V based
Commercial modules  20-24% 6 (a-Si) -19.3 % (CdTe) 25-35%

Potential 22_2504 13-21% 35-50%
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Annual PV module production/all technologies
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Figure 2.1. Global annual PV cell/module production by region Market Report

(Maycock 2002, Bradford et al. 2006, Bradford et al. 2008a, Bradford et al. 2009)


https://www.nrel.gov/docs/fy10osti/46025.pdf
https://www.nrel.gov/docs/fy10osti/46025.pdf

3. PV markets

13000 S— Strong market

120007 growth >40%

11000 -

10000 - thanks to policy

9000 - programs:

e Germany, Spain Vintage slide of
2 so00] (07-08) 2011 lecture....

5000 - Japon, ltaly, France, Incredible 20 GW

4000 - us,... in 2010 !!
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1000 1507287 12 GWp new

0_1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 mUdUIeS In 2009 I

Cell and thin film module manufacture

e Note: there can be a delay (1 8 tO 20 |n 201 0 ')

Solar Buzz/Photon Magazine _E‘Et"“"ee’_‘ production of cells and
installation of modules |
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=PFL  Annual module = '
s Pv-iab B A strong volume growth thanks 3
IMT NEUCHATEL pl‘OdlIctIOIl to policy: £
T Germany (2000, EEG), Spain, ~ :
500 1 mROW Japan, ltaly, France, USA... 5
g as0 L then China,.... &
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e 400 WNOrth AMerica - Module production:
T 350 250 MW in 2000
o
e 300 wmEurope _ ;
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Source: PV-Report, Fraunhofer ISE Note: there is a delay between production and installation

(2024), PV-tech estimagtes
2024 Estimates CBA

Typically 6 months



=prL Market share thin film vs crystalline Silicon

IHT NEUCHATEL Thin film 13 GW
Production o * Most new panels are
2023 Multi-Si 4 GW mono crystalline silicon
500 GW _ « 25percentthin films
Mono-Si 485 GW «  Many older modules are
100% : . : - multycristalline

80%

| Thin film

70%

50%

| Mono-Si
Total

Percentage of Annual Production

30%
20%

10%
Data: from 2000 to 2009: Navigant; from 2010 to 2021 IHS Markit; from 2022
estimates based on IEA and other sources PV Production by Technology
PercentageofGlobalAnnualProduction, Data: from2000 to 2009:Navigant; from2010

Il |

% i i - | Multi-Si
I
I
Il

0%
() ) e () % o to 2021 IHS Markit;from2022 estimatesbased on IEA and othersources.
-3@ -S%ﬂb a\‘:&# .Eh:go -\ﬁ# \cﬁop \‘:’Jd;i‘ .q’-'bcab‘L '@OF \"Jo;b FE—Q@ .-.E(si’ "PQF‘ ,-qu HE.Q% ,-.E)\ ,-.P{L ...._GH ..é’}\ ,.F\ 1‘.‘;‘" ,‘?’& Year Graph:PSEProjectsGmbH2024 . Dateofdata: 04/2024

-~

Prof. Dr. Christophe Ballif



=pFL  Thin film market
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w1 neuciatee  Difficult to challenge crystalline silicon !
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=pFL Thin film: directly from glass to module. and in theory low possible
L =y

TCO /(/\/\/V\/W/\/\/\/
a-Si:H
/

‘t™m . manufacturing costs

IMT NEUCHATEL

Interme-
diate

Example: Thin film silicon « micromorph »
process (invented in Neuchatel)
tandem solar cells: Amorphous

silicion/nanocrystalline silicon (or pii redlctor
microcrystalline Si...)

............

Amorphous silicon (a-Si) brown modules

P TN\ N\ TNV

-~
B ONAS A

AN

m\/\/\/

pC-Si:H
bottom cell

ceriikon|

solar

Tandem a-Si/nc-Si module black modules
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=pFL Thin film: directly from glass to module, and in theory low possible
manufacturing costs

§ Pv-iab B
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TCO

entrance — p-i-n Pg?in — csr?’::akct — Contact rll_aail::glrjl -V
Controli scPr[Ibe a-Si: He-Si scprg:ne Depo- scprg:ne tabs Junction Flasher’
cleaning junction  junction sition box sorting

PECVD

Example: Thin film silicon tandem « micromorph » process

-
(-]
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Fewer process steps than
full c-Si chain

Based on plasma
deposition processes
and tools of the flat panel
display industry

Oerlikon line view

AMAT Sunfab sketch

Swiss group Oerlikon = 12% 1.4 m? modules in 2012. Good but not sufficient!
= Still used in many watches and energy scavenging applications with amorphous silicon !



zPFL  (Only) Leader in thin film production: ®

tmma.:  First Solar (US) with CdTe absorber —

First Solar.
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Leader in Thin film (and only mass producer) : First Solar sold 16-17 GW of CdTe modules in 2024 !
Focus on GEN7 modules up to 550 W modules, 19-19.7 % efficient, 25 years of development and
smart-line copy. Likely direct production costs in the range of 0.16-0.20 cts/W manufacturing costs.

Targets 25 GW by 2026. Sales pipeline of 75 GW .... Unigue positionning in USA to benefit from
the USA inflation reduction act IRA!
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f“tf - Challenges for new thin film companies to follow First Solar
IMT NEUCHATEL (e.g. perWSkitGS)

= Requires time (3-10 years) and money (> 100 M$) if technology
needs to be developed

= Requires capacity for economy of scale (>> 100 MW)
- large investment (>> 100 M$) with a risk

Next First Solar :

Perovskite based ?
Revolutionary concepts ?

[EEN
N

Prof. Dr. Christophe Ballif
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1 Sun single junction

29.1% GaAs (2018 Alta device)

39.5% (NREL, 3 junctions, 0.42 cm?)

Under concentration:

2012: 44.0 %, triple junction
GalnP/GaAs/GalnNAs (Solar
junction) 942 suns)

2022: 47.6% 4 junctions (Fraunhofer,
665 suns)

Ultra-high efficiency and concentrators

IMT NEUCHATEL Multi-junction cells with IlI-V semiconductor compounds obtained by epitaxial growth

(perfectly ordered atoms)

Light intensity [KW/m?2 pm]

Standard triple Junction
cells

active Ge

500 1000 1500 2000 2500

Wavelength [nm]

[H
w
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th - World record 1 sun, three-junction cell: 39.5% ’
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EPFL  |II-V solar cells for space * Market of ~1 MW per year, growing with more

1 and more satellite constellations

.
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* Mostly triple junction (Ge/GaAs/GalnP) with
30% AMO BOL (Beginning Of Life)

« High cell cost: ~ 200$/W, i.e. 1000x more
than terrestrial product

« Small volume, complex growth process,
expensive substrates (GaAs, Ge wafers)

Azur space (EU) new 4
junction space product with
BOL 31% and EOL (End of
Life) of 28.7% (after 101>
cm~2 1 MeV electrons)

For low lifetime constellation, new usage of
lower cost c-Si.

« Datasheets on moodle 10.1051/e3sconf/20171603005



https://www.e3s-conferences.org/articles/e3sconf/abs/2017/04/e3sconf_espc2017_03005/e3sconf_espc2017_03005.html
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=PFL Concentration light system
Concentrated light (100-1000x)
with simple optical compound!

—> utilization of smaller active cell area

Prof. Dr. Christophe Ballif

Fresnel
lens

m/

High efficiency cell




=PFL  Concentration photovoltaics &
) Pv-ab I

IMT NEUCHATEL  w High efficiency II-V multijunctions are expensive, buit...

= |f no (limited) series resistance is present in a solar cell, the V,. and FF increase
upon concentration (see diode equation) eq 1.8 - efficiency increase !

In first approximation FF increases as kT (I,
In( 0.72) V. o 7 n{l_o}
B Voe — 1N (Vo + 1o Wlth /U' p— (9] .
FF = ot 1 oc = BT/ (112)

= Expensive solar cells can be reduced in size and light can be concentrated at
= Good heat management required (because Pmax decreases with T!)

= Maximum concentration of 45,000x (limited by the sun's size). Practically 100 to 1000 x
concentration is used.

= Il The more you concentrate, the lower the acceptance angle**

** for 3D concentration, the maximum concentration possible is given by C,,.= N2/Sin2(0)
where n is the refractive index of the medium (air) and 6 the acceptance angle.
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‘mmm . 6-junction inverted metamorphic reaching 47.1% at 143 Suns
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J. Geisz et al., Nat. Energy., 5, 326 (2020)
Lattice mismatched refers to growth of materials
with different lattice constant. Buffer layers allow
to relax part of the strain !
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=PFL  Concentrator modules :
e

.
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Module Flatcon ISE/ Concentrix/Soitech. Demonstrated
efficiency of > 30% at AC level (AM1.5d , 10% lost light!)

Amonix concentration modules

« Mechanical aspects/ tracking complicated
« High concentration - more accurate
tracking required

_ « Sensitive to dust/soiling
++ better cells > system improvements « Cost of electricity higher than for c-Si
(if 60% cells = high interest)

++ Potential for high efficiency (> 35%) and
low (?) cost for sunny regions

» Despite higher efficiency, concentrating PV does not succeed in taking a market share
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Crystalline silicon: a chain split in over 50 step

b/ AV (Y B TR

@
N
3
3
N

A

\
. Wafering ' Module
grade Si Processing assembly

Contacts
Saw Emittter Rear PECVD Screen- Screen- co-firing,

damage diffusion, side SiN, printing printing P+ BSF Flal;‘lier
etch, Impurities Etch, Front side Front Ag Al Formation, - rting’

texturation gettering isolation ARC grid backside Hydroge-

hation

This is the most simple solar process: the Al-BSF process

The initial disadvantage of crystalline silicon (many steps) turns to an advantage
(splits of the steps, specialise, disgard easily out of spec wafers or cells)

N
(-]
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Moncrystalline vs multicrystalline silicon
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=PFL The various types
T . of crystalline
technologies

Al-BSF aluminium backsurface
field

Si

PERC: Passivated emitter and
rear contact

TOPCON: tunneling oxide
contact

n-Si

SHJ (or HJT): silicon
heterojunction

IBC: Interdigitated back-
contacted solar cell

Front runner 2015 Front runner 2022

630 mV
a) Al-BSF

Si:Al (BSF) E
; fire-through Ag

d) TOPCon (demo)

h) PERC c) p-PERT
Si:Al - AlLO,/SIN, Si:B  AlLO,/SIN,
J
111 | rIxx
e) TOPCon (ind.) f}) n-PERT

point contacts

Source: Ballif/Haug et al. - Nat. Review Mat. 2022

SiN,

ruuih Ai

h) SHJ (HIT) i) SHJ (1BC)

27.09% world record (Dec, 2023)
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Average cell conversion efficiency

Efficiency increase
a) Technology continuous improvement and changes

mass production and pilot line data

n-type, passivating contact j

°
e) TOPCon (ind.) o t*
e e
e .
o.. o i) ‘
o' o o *
P
b) PERC
Si:Al - ALOL/SIN,
v

111
[ a) A-BSF <
- ARAAAARA .
[ si:al(esF) ‘
L ; fire-through Ag L.
T O
E & f L
_ N
P53 ol aaa-sfanasbPasdabisdoalreaalaasslassalasan
N~ (o)) -~ o wn N~ » - o wn
o o -~ - - - - N N N
(@) (| Q o () (] (] () (@] ()]

Each technology evolves
(lots of small improvements in wafers quality, in
metalisation, in gridline width, in surface

passivation...)

and then saturates

Because the device structures reaches its limit !

*J. Miiller (Q-cells), pres. at the 17t SiliconPV/nPV workshop (2021)



=PrL Drash'c changes in the w ind“stry 2015-2020 shift from multi
=y to monocrystalline silicon
IMT NEUCHATEL Thin-film

Thanks to progress in
«crystal pulling and sawing»,
m c-Sin-type Mono  and high efficiency cell

PERT, IBC, HJT, etc.  PrOCESS

-------
75% - I I
. = c-Si n-type Mono
TOPCON _
& ” 2017-2021 Shift from Al-
50% - colp-type Mono  por cell to PERC solar
PENE cells were taking 85% of
B c-Si p-type Mono the market in 2020
25% - Al-BSF
c-Sip-typeMulti  TOPCON (Mostly) and
s | B = PERC Heterojunction SOLAR

2013 2015 2017 2019 2021 2023 2025e : CELLS will replace quickly

moSiptypeMulth o solar cells (2023
. solar cells ( -

Source : PV tech 2027)

100% - All variants




=PFL Further help to efficiency increase

) Pv-ab I8
TR ATV AR
DRI
ARV AR
b) Module design change
(0.5-1.5% absolute gain)
O

IMT NEUCHATEL
(2) Half cells |
(3) Wafer size @ Module size

N
(1) Multi bus bars

1. More bubars: reduce losses in silver finger (gain 0.1-1% relative)
2. Half-cells: less ohmic losses in cupper ribbon interconnects (gain 2% relative)
3. Larger cells: less empty area, less edges per area (up to 21 x 21 cm2 solar cells) (0.5-1% relative)

4. Larger modules: less spacing the edge (1-2% relative for 700 W modules)
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am . SUMMary: increase in the market average efficiency of c-Si
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Average module efficiency

24%

22%

20%

18%

16%

- Switch to
I/ - mono PERC

Switch to new
module design In 2025, typical monocrystalline module

module
* 0.4-0.5% absolute gain per year
= —Multi _ ;'.'::: - Efficiency of PV modules will further increase fo
| ——Mono et an average ~22 % in 2025, will likely reach a
Weighted average ‘J,-:-" \ 23.5-24% average in 2030
| 1) *  Practical limit at 24-25% for silicon modules
Passivating under STC*
contacts

have an efficiency of 21.5-22.5% and
incorportate cells with 23.5-25 %
efficiency

Vv Vv
Haug, Ballif ef al., Nat. Rev. Materials, 2022

WA D R P D DD D

*except if photomultipliers can work effectively
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2. PV Market: annual module production

IMT NFIICHATFI
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Figure 2.1. Global annual PV cell/module production by region
(Maycock 2002, Bradford et al. 2006, Bradford et al. 2008a, Bradford et al. 2009)

Until 2007, Europe and
Japan leading
manfacturing

Europe: EEGin
Germany stimulated the
market

2008 Solar
Technologies
Market Report



https://www.nrel.gov/docs/fy10osti/46025.pdf
https://www.nrel.gov/docs/fy10osti/46025.pdf
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@ 8. PV markets

IMT

12300

MW

1202 287

1999 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009

Cell and thin film module manufacture

Mote: there can be a delay
Between production of cells and
installation of modules |

Source
Solar Buzz/Photon Magazine

Strong market
growth >40%
thanks to policy
programs:
Germany, Spain
(07-08)

Japon, ltaly, France,
Us,...

12 GWp new
modules in 2009 !

(18 to 20 in 2010 !)

0

m r B0 PV lecture Master EFFL. Chap |, Infroduction / C.Ballif .(l
FOOHLE MO TECHRMICH
FEDERALE IDE LALISANB

IMT NEUCHATEL

Vintage slide of
2011 lecture....
Incredible 20 GW
in 2010

28
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L Pv-lab I 2' Pv Market' annual | Astrong volume growth thanks  :
IMT NEUCHATEL O to policy: %
550 4 mOdlllepl'Odllctlon ------------------------------------------------------------- Germany (2000, EEG), Spain,  :
500 m ROW Japan, ltaly, France, USA... 5
= then China,.... 3
S 450 o
% 400 = North America Module production:
T 350 - 250 MW in 2000
O
S 300 _ :
= " Furope ~ 500 GW in 2023 X 2°000
2 250 (> 80% produced in China
< 200 o w Asia |
E 150 | _
G 00 e «— Est: 600-650 GW in 2024
52 |-| """ . """"" . """" l I """" I """ I I """" 1 GW= peak power of

A large power plant
2010 2012 2014 2016 2018 2020 2022 2024e

Source: PV-Report, Fraunhofer ISE Note: there is a delay between production and installation

(2024), PV-tech estimagtes .
2024 Estimates CBA Typlcal ly 6 months



,:: L Mainstream cells and modules comes now from Asia

M Top 10 module makers shipped 500 GW Top 5 cell makers shipped 164 GW

“ \ristophe Ballif

2024 Module shipment ranking

Cell shipment ranking 2024

&
(=]

Rank Company
: Jink Rank Company
S0 N/ half year) .
2 Longi / JA Solar 1 Tongwei
- P 2 Solar Space
5 Tongwei
6 Astronergy 3 Jietai
7 Canadian Solar & Yingfa Ruineng
8 GCL
9 DAS Solar a Aiko
10 Yingli _ _ _
Source: InfoLink Database Sell their cells to c-Si companies

Many smaller companies produce cells (Meyer
Burger, Enel,.. ) and mostly modules in Europe or
even in Switzerland (3S, Sunage, Megasol)

https://www.infolink-group.com/energy-article/solar-topic-2023-global-module-shipment-ranking

Make part of their cells and
purchase another



https://www.infolink-group.com/energy-article/solar-topic-2023-global-module-shipment-ranking
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Cumulative Installed PV Capacity [GWp]

PV Market: total installation

N.b. installations coupled to the grid delayed with respect ‘/
to module production. Not all installation reported .
Rest of World
1,600 o e
India |
1400 e .
Japan
1,200 oo
m North America .
1,000 o .
m Germany
BOO L e e
» Rest of Europe °
0 e e =
= China
Ty e - --------------- °
[}
D | R} i I --------------
0 __=_'_- : - : - - . . I °

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 e

PV-Report, Fraunhofer ISE (April 2024)

Electricity — Renewables

Est. 2024 2023 —Analysis - IEA

Europe as an initiator of
volume installation;
stagnating since 2012

Now: Asia and ROW

133-140 GW in 2021
375-400 GW in 2023

End 2023:
> 1400 GW PV installed
End 2024
2000 TW installed (esti)

by 2030: expect ~4.5-5 TW

Installed
Note: The IRENA data shown here
differs from that of the IEA PVPS:
IRENA: 1,412 GWp
IEA-PVPS: 1,581 GWp


https://www.iea.org/reports/renewables-2023/electricity
https://www.iea.org/reports/renewables-2023/electricity

cPF|
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IMT NEUCHA

Forecasts for global solar power installations in 2024 have continuously been
revised upwards

Projected capacity installations for 2024, by date of forecast (GW)

600 -y BIQEEFmber

SolarPower
Furope
Jul24 520

— Rystad
ysta
/ mD{k(? .
- ‘:/Eﬂ%)v ——

Jan 22 Jun 23 Jan 24 Jun 24 Sep 24

Date of forecast

|
. r |
Source: Ember analysis of solar forecasts E M B_ R

&
N

Prof. Dr. Christophe Ballif
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o

B ncrease in non-renewables (GW) == Increase in renewables (GW) ====Renewable share (%)

« 82% of new capacity from wind-solar and hydro in 2022. More in 23

Renewable as new capacit] in the world market

2]
]

hristophe Ballif

Renewable power capacity growth

GW
4,000

3,500
3,000
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2,000
1500
1,000
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0

- 250
00
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- I 100

400
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N

50

— )

2018 2019 2020 2021 2022 2023 Capacity added in 2023

w Solar

« But capacity factor lower than e.g. gas or coal power plant

m Hydropower ® Wind ® Others

IRENA -RE Capacity Highlights 2023.pdf
(azureedge.net)



https://mc-cd8320d4-36a1-40ac-83cc-3389-cdn-endpoint.azureedge.net/-/media/Files/IRENA/Agency/Publication/2023/Mar/IRENA_-RE_Capacity_Highlights_2023.pdf?rev=a4a69a28b3a444f1b4ff02f6a6664bb4&hash=553011612FECB16B409DA315652AB9ED
https://mc-cd8320d4-36a1-40ac-83cc-3389-cdn-endpoint.azureedge.net/-/media/Files/IRENA/Agency/Publication/2023/Mar/IRENA_-RE_Capacity_Highlights_2023.pdf?rev=a4a69a28b3a444f1b4ff02f6a6664bb4&hash=553011612FECB16B409DA315652AB9ED

=pr ceanay —renensnies— |Wiorld capacity addition of renewables 2023 |
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L < >
IMT NEUCH S o )
& s
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; Note: likely understimate=
800 & 80%
E . &
| 2023
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https://www.iea.org/reports/renewables-2023/electricity
https://www.iea.org/reports/renewables-2023/electricity

510 GW IN 2023 NEW INSTALLATION OF RENEWABLES
(SOLAR, WIND, HYDRO)....

SO WE INSTALLED THE EQUIVALENT OF 100 TO 110
NUCLEAR POWER PLANT OF 1 GW EACH RUNNING
100% OF THE TIME

LIKELY 650-700 GW IN 2024, 140-160 EQUIVALENT
NUCLEAR POWER PLANTS

CHINA IS DEPLOYING FASTER THAN ANYBODY ELSE
AND MIGHT PEAK ITS EMISSION BY 2025

= CSem
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=PFL PV Market

‘e Application of PV and system size (Germany)

.
IMT NEUCHATEL
100%

Prof. Dr. Christophe Ballif

v
-
9O
2 80%
% Trend towards large systems
: 00 (>500 kWp) since ~2011
= (conservative government
o changed incentives) but
0% change in 2017-2018 to
o midsize systems.
320%
= Depends on market and
S 0% regulation
SEFETE T T O
Years

B Ground-mounted (x > 1000 kWp) B Ground-mounted (750 < x < 1000 kWp)

B Ground-mounted (x < 750 kWp) Hm Building (x > 1000 kWp)

mBuilding (750 < x < 1000 kWp) mBuilding (500 < x < 750 kWp)

Hm Building (100 < x < 500 kWp) ®mBuilding (30 < x < 100 kWp)

m Building (20 < x < 30 kWp) m Building (10 < x < 20 kWp) PVReport, Fraunhofer 1S5 (2022)

B Building (x < 10 kWp)



=PFL 3, Cost of solar electricity
} Pv-lab R

IMT NEUCHATEL

For a complete formula (without reinvest)
https://www.pveducation.org/pvcdrom/leveli
zed-cost-of-electricity

Direct LCOE of grid connected solar electricity CAPEX= capital expenditure

LCOE: levelized cost of electricity

CAPEX + total OPEX

LCOE = — -
total electricity production

Main contributors
= |nitial investment

Cost of capital (or interest rate)

Maintenance costs (+ insurance)

Duration (here 25 years)
Energy yield (kWh/kW) (climate)
Aging behaviour (degradation rate)

OPEX = operational expenditure

&
=~

Prof. Dr. Christophe Ballif

LCOE of solar kWh

20. | -
122 A | |:| | - Cost of
. ' Very capital
12'2 sunny |
‘ . country e 0%
£12.0 frausanne  (eg.EAU)
<10.0 | " 3%
X ¢) Small PV _ |
o © X A 5%
+ 6.0 | x |
W a0 _ é * v | 10%
2.0 | -
0.0 | |
3000 2000 1000 0

System investement cost (€/KW)



https://www.pveducation.org/pvcdrom/levelized-cost-of-electricity
https://www.pveducation.org/pvcdrom/levelized-cost-of-electricity
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=PFL  Leaming curve for standard c-Si module price  Doubiing cumulated

“PV-lab | production 5
IMT NEUCHATEL 3 %i
100 - -20% less :
| production costs s
1985 German EEG g
. 1990
19;?\‘\ 1995 / Tight polysilcon From 10$ in 1990 to 0.2€/W in
;910 | / 2020! (40%$/m?)
2005
W | oversupply : .
Py 2000 2010 Up again to 0.27€/W in 2022
2 (bottleneck in polysilicium)
a
Q 1 i . .
S Down again in 2023
K
= i . 10 cts/W in 2025
Cumulative Production [GW ] ;
0.1 — —rr SE—— 60 cts/W for high end modules,
0.001 0.1 10 1000 e.g. special building integrated
PI’ICe * O 2025 ~ 01_07 CHF/W Source ITRPV 2017 and adaption
*typically ordering 1 MW modules Ballif et al. Nat. Rev Mat 2022

Production costs 2023 ~ 0.11 -0.6 CHF/W



EPFL -
o Photovoltaics modules

'f
IMT NEUCHATEL

= |n the last 35 years from
10€/W to 12 €cts/W (2024-2025 ) for the lowest cost c-Si modules

Almost a factor 100 in cost reduction

If you buy today in mass you can buy 1m2 for around 22-25
CHF !

&
@

Prof. Dr. Christophe Ballif



=PFL 3. Cost of solar electricity : CAPEX (capital expenditure)

£
@

IMT NeuckaeL Ty pical system cost decrease: installers also improve ! g
BOS = Balance of system
Costs 5
Germany: Roof-top systems (10-100 kW) 5
100% - * Inverter :
90% - Bl BOS incl. Inverter « Mounting system
Percentage of . ' iri
8006 | Taerege o §W|tche_s, wiring
installation work
70% - . Modules

60%

50%

40%

30%

Realtive Price (in % comparedto Q4-2006)

20%

10%

0%

L « Admin and engineering
_________________________________________________________________________________ Typical investment

(CAPEX) «  Typically BOS 3-4 times
Price ~1 €/W price of module
(Investment) (why efficiency matters)

Strong demand
reduced along
learning curve

k

Q11 Q41 Q1| Q41 Q4 Q4 Q4| Q4 Q4] Q4 Q4104 Q41 Q4 Q4 Q41044
2006| 2007|2008 2009|2010 2011|2012|2013| 2014|2015/ 2016 | 2017|2018| 2019|2020| 2021]| 2022 | 2023

Source: PV-Report, Fraunhofer ISE (V 2022)



Breakdown of cost

Electrical installation

m Modules

=PrL

W Inspection

ylire@ aydoisuyo i@ joud

components
(average of available country data):

m Inverters

m Margin

® Racking and mounting
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-

IMT NEUCHATEL

f | News | Laplus puissante installation solaire de Suisse bientdt & Neuchétel

Rare opportunity for ground mounted
Bientot a Neuchatel . .
systems in Swizterland.

!'a pl“s p_ulssantl_e 7.7 MW on industrial announced by
installation solaire de VARO (Feb 2022)
Suisse 6.5 millions invest (0.85 cts/W)

La plus puissante installation solaire au sol de Suisse devrait voir le
jour a Cressier (NE). Quelque 19'000 panneaux photovoltaiques, un
investissement de 6,5 millions de francs, produiront une importante
partie de I'électricité consommeée par la raffinerie Varo.

Flughafen Bern und BKW
wollen die grosste Freiflachen-

O@®EEE Solaranlage der Schweiz bauen

35 MW

30 millions

Invest

(announced Jan 2023
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IMT NEUCHAT

Colt spécifique HT [CHF/kWp]

8 000

7000

6 000

5000

4 000

3 000

2 000

1 000

-.
EL

PV Market

Cost/ CAPEX of PV systems in Switzerland, 2021

Répartition statistique par plage de puissance

— Médiane 2020
¥ Médiane 2019

X 1 T- J;

X
— J- -~
= = £-3
2-10 10-30 30-100 100-300 300-1'000 >1'000

Plage de puissance [kWp]

Source planair-SFOE

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

7 cts/W inverter

Prof. Dr. Christophe Ballif &

8 cts/W mounting structure
15 cts/W installation

40 cts planning/admin/margin

Note: in 2022 — 2023,
strong demand and higher
system price because of
personnal shortage

(x 1.2to x 1.3)

2025 going below 2021



‘LFL Cost and prices of PV system components

IMT NEUCHATEL _ _ . :
= The direct production costs for all components can continue to decrease through mass learning

effect. At some point, the limit is the cost of the raw materials and the cost of energy to
produce/process these materials. This will limit further decrease, unless less material/smarter
processes are used !

= Profits in in the industry move from e.g. making silicon to making cells, to making modules, or installing
modules... China company can live with 10% margin (and sometimes even loose to gain market
share).. This is the case in 2024...

= Price of PV modules, cables, inverters, mounting systems depend on offer and demand. In 21-22,
strong demand for glass, polysilicon (refined silicon) has led to an increase in module price, or demand
for electronic components increased inverter prices. Oversupply in 2024 brings ultra low price.

= No bottlenecks are fundamental, after investment and increase in production capacity, the price can go
down again....

= Solar cell efficiency increase is the keyway to reduce all costs ! That’s why it is so important !

Reminder: CAPEX down to 0.5-0.6 €/Wp for PV for large plants, possibly 0.35€/Wp
for most aggressive new parcs 1€/Wp typical for midsize system. Smaller systems
tend to cost more.

£
(5]

Prof. Dr. Christophe Ballif
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EPFL  Cost of solar electricity: example
j Py J§

T Neuckie.  Cost of solar electricity for a typical 100 kW roof top installation in CH

Good market prices in CH (2024):

Prof. Dr. Christophe Ballif

50 kWp individual producer
0.15 €/W, Module

0.25 €/W,, Inverter, racks

0.45 €/W, Installation and margin
0.85 €/W, Total system costs

*This is the price one should get to make the 6-7% ROI.
This means you get after 20 years your initial capital with 6% interest

Solar electricity price* (20 years, 6-7% interests)  (componed)
Swiss irradiation  ~ 1100 kWh/m? = 1 W, = 1 kWh/year - 7.0 €cts/kWh
(South of Spain ~1800 kWh/m? - 1 W, ©1.7 kWh/year - 3.7 €cts/kWh )

 This is an LCOE: if you can use or sell at this price, you make your return on invest as planned.
 If you substitute grid with high self-consumption, returns goes up to 10% (for 20 €cts/kWh grid).
« If you don’t self-use and can sell at 4 cts’/kWh inCH, then you’ll need to reach 25 years for 0% return



EPFL Comparative Photovoltaic Levelized Cost of Energy =3 a7
Calculator et NRE L
Transforming ENERG =
§ Pv-ab E
l. m
s Home  Documentation @
IMT NEUCHATEL <
e
This tool calculates levelized cost of energy (LCCOE) for photovoltaic (PV) systems based on cost, performance, and reliability inputs for a g
baseline and a proposed technology. For an easy t00| CheCk @)
Choose your inputs and watch the effect on LCOE to determine whether a proposed technology is cost-effective, to perform trade-off analysis among . _ 5
different technology options, and to do break-even analysis of cost or performance. Each £ button adjusts a single input to make the baseline and proposed httDS//WWW nre l = QOV/DV/l coe CalC u lato r/ “S
LCOE equal, For a complete formula (without reinvest) &
For more details, please consult the documentation. You may also be interested in other tools for calculating cost and performance for renewable enargy. httpS//WWW pved u Catlo n.o I’g/pVCd ro m/levell
Presets for Inputs Zed-cost-of-electnClty
Use the presets (below) to choose a different cell technology, package type, system type, location, or inverter loading ratio for the
inputs.
Cell Technalogy Package Type @ System Type B Location P | ay W I t h t h e N R E L L C OESI m u | ato r
mono-Si ~ glass-polymer backst s fixed tilf, utility scale s USA MO Kansas City

Inverter Loading Ratio

. APPLY TOBASELINE  APPLY TO PROPOSED Ch eck the |mpact
 Maintenance costs

Baseline Proposed COPY FROM BASELINE .
« Degradation rate
Cost Cost
°
Front layer cost (USD/m?2) Front layer cost (USD/m?) I n t er eSt rat e
il 350 it 350
Results
Cell cost (USD/m?) Cell cost (USD/m2) LCOE result
it | 2220 £ 2220 Baseline LCOE (USD/kwh) Proposed LCOE (USD/kWh)
Additional results
Back layer cost (USD/m?2) Back layer cost (USD/m?)
Baseline Proposed
it 240 i 240
Madule price (USD/W) Module price (USD/W)

Baseline LCOE (USD/kwh) m Proposed LCOE (USD/kWh) 0.0517 Total installed system cost (USD/W) Total installed system cost (USD/W)


https://www.nrel.gov/pv/lcoe-calculator/

_ N Global LCOEs from newly commissioned, utility-scale renewable power generation
EPFL COSt Of EIect“clw technologies, 2010-2024 *
IMT NEUCHATEL - Drop in generation costs of renewables from 2010 to 2024 5
FOSSILE @
5
Bioenergy Geothermal Hydropower pho?g\lrzrltaic Onws}:gre Ot:/sigzre (Zsc;)r:;e ggs:gg FUEL COST 5:
RANGE 2023
]
0.5
0.460 95% percentile @
e
0.4 & 0.393
o In ten years
S 03 e Wind and solar
3 _ large parks well
= ° ~ below LCOE of
& Fossil fuel cost range | fOSSiIe fue|S
: A
() .
0411 ' 117
% l ' .".075
057 6 Source:
@ 0.044 0.033 IRENA report
0 I L] L] L] L] L] = L] L} L] L} v L) L] L] L} 1 ((Renewable
2010 2023 2010 2023 2010 2023 2010 2023 2010 2023 2010 2023 2010 2023 power generation

costs in 2023”
Capacity (MW) <) 100 200 > 300
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~ 4.5 cts/kWh

In Germany
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| EPFL Ultra-low cost bidding for PV* *

5

USD-cents kWh™
N
(@)]

il

Record-low bids at PV auctions

Solar auction at ~ < 2cts/kWh
INn some very sunny countries

(plant capacity indicated by the size of the circle)

2016

2017 2018 2019
year

N
N

| @
: o
'Q.
'
'Q.
—r
' 9
I =
(I
P @
:c
. >
, m
N
O
T N
o )
y
=

2 -
4fh
IR
3rd
N "VeT———
2
% 16 P Zn_d.
c
8
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D14 ;
= | | | winner,
........... -5% estimated profit’
1.2

'Fu et al. 2018

** attention to interpretation: sometimes cost of capital not disclosed, free land, ...
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=P Example of LCOE calculations with soiling in a desert country
Capex 'ﬁsfw %
Performance (fixed mount) - f}
Installed power 1000 kWp —;_
Array cleaning interval (ci) 20 days a

Optimum tilt if ¢ =0 (6 opt,c)
Offset from 6 opt,c

Specific yield at 6 opt,c

Soiling loss rate at 6 opt,c
System performance decrease
System lifetime

Soiling loss rate

Specific yield

Operation and maintenance

32 ° (yield's tilt dependence modelled for 8 opt,c =32°)

NOTICE: "

0 -
1800 kWh/kWp
1 %/day (percentage points)
0.5 %/year
25 years (<200)
1.00 %/day (percentage points)
1620.00 kWh/kWp

Impact of maintenance costs
Possible inverter changer
after 15 year

Flat rate maintenance (excl. array cleaning)

1 %/year (capex)

Module efficiency (n) 20 %

Array cleaning cost 0.1 $/m?

|Jﬂ|;rra*\.ir cleaning cost 9.13_|$kaphrear

Financials

Tax rate (on income - for IRR only) 0 %

Incentive (one-off at investment) 0 S/Wp

Energy price 0.050 S/kWh OR Interest rate 3%
Internal return rate 4 6.55 % Nominal LCOE 0.038 5/kWh

(without taxes)
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IMT NEUCHATEL

Ultimate low cost PV

System costs

Very large field

Module 0,11 S/W

Inverter 0,03 S/W

Work 0,08 S/W . .

o 0,06 $/w Estlm_ ation for
Cables 0,03 $/W Agadir, Moroco
Land 0,02 S/W . . . .
i e lee_d tilt, bifacial
Capex " 0,33 $/W 3% Interest rate
Performance

Installed power 10 kWp 9

Energy production

System performance decrease
System lifetime

Operation and maintenance

2000 kWh/kWp
0,5 %/year
25 years (<200)

Flat rate maintenance

1 %/year (capex)

Financials

Tax rate (on income - for IRR only) 0%

Incentive (one-off at investment) 0 S/Wp

Energy price 0,050 S/kWh OR Interest rate 3%
Internal return rate 4 28,63 % Nominal LCOE 0,0131 S/kWh

(without taxes)

1.31 cts/kWh

In 2025 ultra low
price possible
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=PFL  Cost of solar electricity

PV—laI::r
IMT NEUCHATEL Im portant to remember

Solar modules as a raw material for energy production have become incredibly cheap

Standard c-Si modules at 21.5 % efficiency = 0.10-0.20 $/W
215 W/m? (Watt Peak) costs 21.5-45 $/m?

Prof. Dr. Christophe Ballif

1 W produces 1.0-1.3 kWh/year in CH (up to 30- 39 kWh in CH over 30 years)

The Direct LCOE costs of solar energy have become unbeatable in most countries in the world
for new, large power plants, down to 1.3-4 cts/lkWh possible, househould in CH more 10 to 20
cts/kWh. 1.3 cts/kWh is 4 times cheaper than the dirtiest coal powerplant !

In 2021-2022 market disruption (covid, transport, Ukraine war ...) leads to a price increase of all
components. Price went down again (dramatically in 2024) because of large capacity increase in
China

The improvements in PV technologies + the commitment to reduce CO2 emissions
explain the strong growing PV market (> 375 GW new installation in 2023)



=PFL A positive note on renewable share in Europe Electricity mix

P =
Solar overtakes coal generation in the EU for the first time in 2024 £
Electricity generation (TWh) Share of generation (%) §
800 100 Coal 2024: 28% from wind

10%  (17%) and solar (11%)

Gas in Europe up from

16%  23% in 2022, and 1.5%
in 2000.

80

Five years of 60
“ yea

100 /‘\ Gas decline

Wind surpasses gas
for the first time in

v \/ Nuclear
Solar 40 2023
Coal
Bioenergy solar Renewables >
20 1%  fossiles for electricity
Othe -

) r'e.“.e-,:aaolgs #zd
201 2015 2020 2024 2011 2015 2020 2024

Source: Yearly electricity data, Ember E M B — R
Other' includes biocenergy, other fossil and other renewables —



=PFL 4, Electricity market

} Pv-lab R

. ®
IMT NEUCHATEL

How much do you pay a kWh?
At home?

On the EU market in early 2024 ?

a)
b)

d)

5 cts/kWh

15 cts/kWh
40 cts/kWh
95 cts/kWh

8 cts/kWh
3 cts/kWh
5 cts/lkWh
25 cts/kWh

Prof. Dr. Christophe Ballif
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Borsenstrompreise | Energy-Charts

IMT NEUCHATEL
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25 cst/kWh janvier 2022

12000

9000 e | i ol
| 1 | i NIRRT IR' W
i I | "M | A 'y N
NUNIE LU
1111

1 01 I
\ N “-"‘)‘M‘" " |
6000 | b IREEEEL IR
al d A | s B f 8 Y T\meE f R | B

| I
1110V
RERNY
3000

0

01/01/2... 05/01/2... 09/01/2... 13/01/2... 17/01/2... 21/01/2... 26/01/2...
Datum (MEZ)

.. 18 cst/kWh janvier 2023,

\H I

30/01/2...

9000

6000

Leistung (MW)
o
o
(z2021/¥N3 ‘YMW/¥N3) stdid

3000

0 -100
01/01/2... 05/01/2... 09/01/2... 13/01/2... 17/01/2... 21/01/2... 26/01/2... 30/01/2...

Datum (MEZ)

= Typical wholesale price 4-5 cts/lkWh 2010-2019

Expected 7.5-10 cts/kWh in EU in the coming year
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Prof. Dr. Christophe Ballif

Elecuicily viaiket keport 2023


https://www.energy-charts.info/charts/price_spot_market/chart.htm?l=de&c=CH&year=2023&interval=month&month=01

£PFL The risk and true challenges of PV as main option for energy transition

.
IMT NEUCHATEL

= PV reached Retail grid parity (what you buy at home or in your industry) faster than expected in
many places

Huge incentive to install, fostered by the Ukraine war and will for more independency.

Wholesale grid parity reached in more and more countries

= Grid-parity ambiguous concept

Real value of electricity? (e.g. if at noon there is too much solar and if there is no guaranteed price,
then the business model fails )

= Easy integration of 10-15% PV electricity annualized in most countries, with no additional storage (but
reducing the production of other sources

= Changes required for larger integration. Who pays, e.g. for grid reinforcement ? Or storage ? As will
see storage comes big

Prof. Dr. Christophe Ballif



=PFL The risk and true challenges of PV as main option for energy transition”

IMT NEUCHATEL

e Ballif

In most cases, a suitable regulatory framework is

still required for renewables (unless CO, is
heavily taxed).

= The cost reduction in renewable (solar, wind)
reduces the need for “strong” support or

incentives and gives more freedom for “energy
management

X/ XAV

N

Support can be: right for self-consumption, feed-

In tarifs, auctions, power-purchase agreements,
access to grid, contract for difference, ...

= Proper anticipation for grid connection (long
gueues in some countries, storage, flexibility)
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LARIANSNENS TaiyangNews PV Price Index - from polysilicon to solar modules: CW 8 / 2025

. ; \ WoW (%) ' MoM_(%) vtn_(%

IEM NEUCH ATE.L Polysilicon RMB/kg (USD/kg)

N-Type Silicon in China 42.0 0.0 0.0 3.7
Reusable Chinese SN 35.0 0.0 0.0 0.0
Chinese SN 34.0 0.0 0.0 0.0
Granular Silicon 39.0 0.0 0.0 5.4
Global (USD/kg) 20.0 0.0 0.0 0.0
Wafer RMB/piece
p-type, 182 mm, 150 pm 1.08 0.0 0.0 0.0
p-type 210 mm, 150 ym 1.65 0.0 0.0 0.0
n-type 210 mm, 130 ym 1.55 0.0 0.0 6.9
n-type 182 mm, 130 pm 1.18 0.0 0.0 9.3
n-type 210R mm (130pm) (New) 1.30 -2.3 0.0 4.0
CellsRMB/W
PERC bifacial - p-type, 182 mm 0.28 0.0 0.0 0.0
PERC bifacial - p-type, 210 mm 0.28 0.0 0.0 0.0
TOPCon - n-type, 182 mm 0.30 0.0 0.0 3.5
TOPCon - n-type, 210 mm (New) 0.30 0.0 0.0 1.7
Bifacial 210R TOPCon Cell (Above 24.3% ) (New) 0.30 0.0 0.0 3.5
Modules RMB/W
PERC monofacial - p-type, 182 mm (S40-550W)/(420-495W) 0.65 0.0 0.0 0.0
PERC bifacial - p-type. 182 mm, 72 cells (540-550W)/(420-495W) 0.67 0.0 0.0 0.0
PERC bifacial - p-type, 210 mm, 55 cells (540-550W) 0.67 0.0 0.0 0.0
TOPCon bifacial - n-type, 182 mm, 72 cells (580-590W) 0.69 0.0 0.0 -1.4
TOPCon bifacial - n-type, 210 mm, 60 cells 0.69 0.0 0.0 -2.8
210mm HJT Module (615-635W) 0.75 0.0 0.0 0.0
Solar Glass RMB/m? ©TaiyangNews
3.2mm 19.5 0.0 0.0 0.0
2.0mm 12.0 0.0 0.0 0.0

The dota was collected by Chinese market research firm Gessey information Technology Co. Ltd. More details about prices from individual companies and analysis is available for paid subscription from Gessey (pypriceindexg@gessey.info).

Disclaimer: TaiyangNews does not guarantee reliability, accuracy or completeness of this price index’ content. TaiyangNews does not accept responsibility or liability for any errors in this work.

(=23
=94

Prof. Dr. Christophe Ballif
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Which role for PV in the energy transition ?

Scenarios and models needed

= Take into account all sources of energy as well as demand (but not always flexibility)

Prof. Dr. Christophe Ballif &

= Sector coupling
= |Industry needs

= Difference between what should happen ideally, what might happen and what will happen (e.g.
countries pledges)

Large variations in models depending on :
= Who writes/makes the scenario (with sometimes a lack of knowledge or non realistic assumptions)
= How you consider storage/hydrogen/power to gas/industrial heat (trend to emphase power-to-gas)

In particular, if a lot of hydrogen is considered, it needs typically 3-4 times more electricity (because of
losses in the transformation) for the same service as direct electricity usage. The less hydrogen and the
more intelligence and flexibility the better !
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=PFL  Integration of large fraction of PV in mid term vision of a mostly
electrified world

Bulk energy

« Combination with wind = «high
annual capacity factor»

e + hydro + nuclear

 + geothermal + ...

long term management
(days to weeks/month)

Security

« Peak electricity from waste/biomass

« Maintain fossile reserve assets operational
(e.g. 300 GW gas powerplant in Europe
1000 TWh Gas storage)

« Emergency generators

* Long-term Power-to-gas (H2, NH3,..)

PToT. DT, Christophe Ballif &

Support with flexibility
« Large industries with contracts
* Cooling/heating needs
« Electric charging

* Hydro

Tens of GW
In + or -

Short term management
(second to days) + intelligence

Grid support

« Curtailement (cut excess PV)
» Battery storage
 Pumped-hydro

« Grid reinforcement (1)

ldeal complement: hot water storage from
summer to winter)... don’t go back to electric



=PFL A shortlook at Europe
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IMT NEUCHATEL

6000

primary electricity generation [TWh]

1000 1

HAREREEEER | G
(2019) 80-101

2020 2030
years

B hydro
wind
PV
" biomass/waste
B other
I fossil gas
B fossil oil
Bl fossil coal
B huclear

storage output [TWh el]

Michael Child, C. Breyer, et

2050

o

In Europe: good complementarity
between wind and sun on a monthly
base. System stable on an hourly
base thanks to storage

1000

800

(23]
=
=]

400

200

In a area connected scenario for clean power sector (with only moderate electrificiation)
**

B Battery
B Battery prosumers
I PHES
I A-CAES
I TES
Bl Gas

2020 2030 2040 2050
years

Battery storage and pumped hydro
necessary to balance the grid on hourly
bases - Overall cheaper cost per kWh
(6-7 cts/kWh)
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With massive wind and solar,
European grid can be balanced
on an hourly/weekly basis but
short-term storage (batteries

mostly and pump storage)
required

=PrL



‘f“ZF'- A complete world scenario with 63 TW of PV for 2050 "

IMT NEUCHATEL

D. Bogdanov, M. Ram, A. Aghahosseini et al. Energy 227 (2021) 120467
140000 =~ 7 7 7 7 7 ] [EESsTothers 7 7 7 7 B Methane CHP
Il ccaT Il Methane DH
Bl oceT I | | Methane IH
120,000 | { |l Methane CHP 50,000 B Oil CHP
& B ce I 0il DH
B il CHP I~ B oil H
100,000 | : £
’ Il Biomass solid E 40,000 | { M Coal CHP
§ " Biomass CHP Bl Coal DH
® ! | MM waste-to-energy CHP | § B CsP SF
g 80000 Biogas CHP = 30,000 - | Solar thermal heat
§’ B Geothermal electricity | & I Geothermal heat DH
60,000 | I cCsP ST s ' Biomass CHP
%‘ PV fixed tilted b Il Biomass DH
= PV single-axis s 20,000 | 1 |l Biomass IH
g 40,000 - PV prosumers e = -Waste-to-energy CHP
w I Wind onshore Biogas CHP
Il Wind offshore 10.000 . Il Biogas IH
20,000 - l 1 |l Hydro run-of-river " I Electric heating DH
Il Hydro reservoir (dam) [ Electric heating IH
-Coal PP hard coal 5 [ Heat pump DH
I
2020 2030 2040 2050 =::::e:':; 2020 2030 2040 2050 M Heat pump IH
Years Years

Fig. 2. Global — Technology-wise electricity generation (left) and technology-wise heat generation (right) during the energy transition from 2015 to 2050.

Because of its low LCOE, PV tends to grow in share in such scenario,
which reserves more space for Power-to-gas

Low-cost renewable electricity as the key driver of the global
enerqgy transition towards sustainability - ScienceDirect



https://www.sciencedirect.com/science/article/pii/S0360544221007167
https://www.sciencedirect.com/science/article/pii/S0360544221007167
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=PFL  Electricity market

T nevciie,. Wind vs. PV : a good complementarity winter-summer in Europe, CH, and Germany ;
Monatliche Wind- und Solarstromerzeugung Excellent ’
Jahr 2022 complementary in CHas 2

well.

42

Paper coming soon by

I
20 -
Marine Cauz, PV-lab !
' 17,0 169
16 | ]
15.2
e 14,1
14 13,6 13,4 " 13,9
122 12,5
12 - “pﬂ - _ —
: - e Electricity
8 generation from
wind and solar PV
: in Germany in
2022. Chart by
) Fraunhofer |SE,
2022.
' 2 4 [
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Monat
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https://www.cleanenergywire.org/experts/fraunhofer-ise
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=PFL  The IEA scenarios

) Pv-ab I8 2 60 Other
TEl B Other renewables
IMT NEUCHATEL 00 orhe
W Solar
400 M Hydro
GlObaI Ener and Traditional use of biomass
gy Global E d Modern gaseous bioenergy
Climate Model 58 oual ety al 300 | Modern liquid bioenergy
Documentation S8 Climate Model m Modern solid bioenergy
2 Documentation 200 Nuclear
Ed (windows.net) Nfatural gas
100 m Qil
m Coal

2000 2010 2020 2030 2040 2050

IEA. All rights reserved.

Net Zero by 2050 - A

Renewables and nuclear power displace most fossil fuel use in the NIZE,

%‘?‘Obal Enerqy and the share of fossil fuels falls from 80% in 2020 to just over 20% in 2050
Sector _ ]
(windows.net) The 2021 NZE scenario of IEA also relis on new

renewable. But it also bets on carbon sequestration to
compensate for fossiles emissions, and a significant

amount of bioenergy.

Note on IEA data: kwh of wind, hydro solar counted directly (not muliplied by 2.5 as in BP reports).
The thermal kwh for all thermal source counted as such (including for nuclear). The NZE 2021 would
mean around 30'000 TWh solar, 27°000 TWh wind by 2050, Nuclear ~ 4300 TWh (from 2700 today)


https://iea.blob.core.windows.net/assets/2db1f4ab-85c0-4dd0-9a57-32e542556a49/GlobalEnergyandClimateModelDocumentation2022.pdf
https://iea.blob.core.windows.net/assets/2db1f4ab-85c0-4dd0-9a57-32e542556a49/GlobalEnergyandClimateModelDocumentation2022.pdf
https://iea.blob.core.windows.net/assets/2db1f4ab-85c0-4dd0-9a57-32e542556a49/GlobalEnergyandClimateModelDocumentation2022.pdf
https://iea.blob.core.windows.net/assets/2db1f4ab-85c0-4dd0-9a57-32e542556a49/GlobalEnergyandClimateModelDocumentation2022.pdf
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf
https://iea.blob.core.windows.net/assets/deebef5d-0c34-4539-9d0c-10b13d840027/NetZeroby2050-ARoadmapfortheGlobalEnergySector_CORR.pdf

_=PFL The IEA scenarios

Figure 2.5 > Total energy supply in the NZE

2021 scenario

(net zero emission)

2023 scenario: changes

2000 2010 2020 2030

2040

Other
M Other renewables
Wind
m Solar
M Hydro
Traditional use of biomass
Modern gaseous bioenergy
" Modern liquid bioenergy
m Modern solid bioenergy
Nuclear
™ Natural gas
m Oil
m Coal

2050

IEA. All rights reserved.

The 2023 Net zero scenario of IEA sees much less carbon
squesestration and much more solar, and more nuclear.
(almost 30% increase in PV compared to 2021 scenario =2

around 39°000 TWh PV....).

ttttttttttt

compared to to today

m Other
TUOB
I Other renewables
M Solar
Wind
B Modern bioenergy
B Hydro
Nuclear
M Fossil fuel non-energy use
". Natural gas: with CCUS
. Oil: with CCUS
r. Coal: with CCUS
™ Unabated natural gas
B Unabated oil
B Unabated coal
® Total energy supply

Net Zero Roadmap: A
Global Pathway to Keep
the 1.5 °C Goal in Reach -

2023 Update
(windows.net)



https://iea.blob.core.windows.net/assets/9a698da4-4002-4e53-8ef3-631d8971bf84/NetZeroRoadmap_AGlobalPathwaytoKeepthe1.5CGoalinReach-2023Update.pdf
https://iea.blob.core.windows.net/assets/9a698da4-4002-4e53-8ef3-631d8971bf84/NetZeroRoadmap_AGlobalPathwaytoKeepthe1.5CGoalinReach-2023Update.pdf
https://iea.blob.core.windows.net/assets/9a698da4-4002-4e53-8ef3-631d8971bf84/NetZeroRoadmap_AGlobalPathwaytoKeepthe1.5CGoalinReach-2023Update.pdf
https://iea.blob.core.windows.net/assets/9a698da4-4002-4e53-8ef3-631d8971bf84/NetZeroRoadmap_AGlobalPathwaytoKeepthe1.5CGoalinReach-2023Update.pdf
https://iea.blob.core.windows.net/assets/9a698da4-4002-4e53-8ef3-631d8971bf84/NetZeroRoadmap_AGlobalPathwaytoKeepthe1.5CGoalinReach-2023Update.pdf
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Average pack prices ($U82019fWh)

Storage stimulated by the automotive market

Automotive Battery learning curve

3.0

Li-ion Batteries

no
o

o

<
4)

©
N

0.1

©  Global average sales price
80.4% leaming curve (2010-2019) |

/

2010
$1.13/Wh

o 2015
$0.40/Wh

2019 _° ¥

-$0.15£Whl ‘

102

10° 10* 10° 10&

Cumulative installed capacity (MWh)

Cost Dynamics of Clean Energy Technologies, Glenk et al.
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Today automotive battery
pack at 120-150 $ /kWh

“We expect the price of an average
battery pack to be around $94/kWh by
2024 and $62/kWh by 2030~

Prof. Dr. Christophe Ballif

Bloomberg NEF (before the Ukraine War)

Tesla announcements/and today’s cell
price....

Note: some stationnary batteries can have different
chemistry and be slightly more expensive (more
material) but with more cycles. Large car batteries
Can be used in second life for stationnary storage

Batteries are already the cheapest way
To cover short term (up to minutes) peak
demand in $/W


https://link.springer.com/content/pdf/10.1007/s41471-021-00114-8.pdf

IMT NEUCHATEL

cPrL BATTERY CELL, MODULE OR PACK.
WHAT'S THE DIFFERENCE?

Figure 1: Volume-weighted average lithium-ion battery pack

ACELL A MODULE
A H H - A single unit device which converts A collection of cells connected in A series of individual modules
Real 2023 ka' 'fh and ce" p"ce Spht, 2013 2023 the chemical energy into electrical series or in parallel. 3 Sys
780 energy e insta
692
Pack 245
222

443
148 349
258
Cell 4 21 183
N EE RS

2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023

Source: BloombergNEF. Historical prices have been updated to reflect real 2023 dollars. Weighted

average survey value includes 303 data points from passenger cars, buses, commercial vehicles, and
stationary storage.

=y
=

Prof. Dr. Christophe Ballif



cPrL Stﬂrage Several tens of new companies/products are developing storage solutions,
E Pv-iab IR mostly based on batteries

.
IMT NEUCHATEL

BT Ly

20000 cycles

Home storage 7 )
with Li-titanates of Leclanché

Possible Vehicle to Grid
Currently many wind and solar parks installed with 1 to 2 hours storage (at ~300$/kWh all
iIncluded ). PV and Wind becomes «dispatchable)
means an extra 7-10 cts/kWh stored

Small storage systems (typ 10 kwh) are expensive in Switzerland, in the range of 600-1000
CHF/kWh,... Makes currently little economic sense (25-33 cts/kWh stored)

A near-midterm goal 100 US$/kWh of storage capacity over 5000 cycles -
~ 2-3 cts additional per kWh stored on a PV system.

Prof. Dr. Christophe Ballif N
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= Due to large increase in investement in
China, huge capacity in place

= 4800 GWh by end 2025 of batter% o S Tt 11
manufacturing (enough for e.g. 100 Millions | ==\
cars battery). B AR

—>Price war and lower battery costs

2025: Cells down at 50 $/kWh, new packs
at below 100$/kWh,

And DC storage system at 145 $/kWh or
much below

Courtesy of CATL

CATL, BYD To Slash Battery Prices By 50% In
2024. BOOM! EVs Win!

1week ago & Steve Hanley 65 Comments

~
()

Prof. Dr. Christophe Ballif



EPFL
Gmm . Dutch developer Lion Storage planning

e £ GWh BESS for 2026 operation

By Cameron Murray
February 19, 2024

& Europe et Grid Scale 1l Business

Netherlands: Lion Storage
planning 1.5GWh battery
project (energy-
storage.news)

A rénder of the project in North Netherlands. Image: Lion Storage via Linkedin

Battery energy storage system (BESS) project developer Lion Storage is planning a 364MW/1,457MWh

project in the Netherlands for operation in two years’ time.


https://www.energy-storage.news/dutch-developer-lion-storage-planning-1-5gwh-bess-for-2026-operation/
https://www.energy-storage.news/dutch-developer-lion-storage-planning-1-5gwh-bess-for-2026-operation/
https://www.energy-storage.news/dutch-developer-lion-storage-planning-1-5gwh-bess-for-2026-operation/
https://www.energy-storage.news/dutch-developer-lion-storage-planning-1-5gwh-bess-for-2026-operation/
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Y The Edwards & Sanborn solar-plus-
storage project in California is now
B fully online, with 875MWdc of solar
| PV and 3,287MWh
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. Masdar and Emirates Water and Electricity Co. (EWEC) plan to build a $6 billion, 5 GW/19 GWh o
~~ solar-plus-storage project in Abu Dhabi, with operations set to start by 2027. -~
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£PFL ‘Mind-blowing’ bids in Power China’s
tmm . 16GWh BESS tender as state-owned
firms squeeze market share

By Cameron Murray
December 19, 2024

& Asia & Oceania, Central & East Asia lat Grid Scale |l Market Analysis, Business, Materials & Production

@ rved O i J O ocoron

bt e 71,.1’;“::”.14 "R 35 38 . | s

According to local news reports, the tender attracted 76 bidders with quoted prices ranging from US$60-
n 82 per kWh, averaging US$66.3 per kWh. Based on the 16GWh quantity, that implies a total contract value
ey of roughly US$1 billion.
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EPFL  Mid-long term expected development by 2030

|

IMT NEUCHATEL

Cost of solar components will stabilise at 9-12 cts/Wp, electronics at 2-3 cts/Wp , efficiency will
likely reach 24-25% at module level. In all parts of the world, solar park producing electricity at 1

to 2.5 cts/kWwh.
Possibilities:

NH3 economy from H2 + Haber Bosch process
(easier to liguefy and transport) for fertiliser and
later energy (navigation first, then retransform
to H)

Long distance electricity HV-DC supply

H, economy (direct hydrolysis) hydrogen (strong
current EU Push)

CH, (natural gas) economy by H, hydrolysis +
combination with CO, (closed cycle or from CO,
direct air capture), or H, with Liquid Organic carrier

=~y
=J

Prof. Dr. Christophe Ballif

Strong EU and worlwide inniative for green
hydrogen (but beware... : Cost of transport,

compressors, and management/storage often

understimated: not all announced hydrogen
project will take place)

Hydeal Espana: starting now (?)
Production starting in 2025 with 9,5 GW
solar and 7,4 GW electrolysers by 2030.
Cost of H, including transport and storage <
1.5€/kg



http://www.hydeal.com/
http://www.dh2energy.com/
https://www.dh2energy.com/project-hydeal
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IMT NEUCHATEL

HIVE HYDROGEN AND GENESIS
ECO-ENERGY DEVELOPMENTS
SIGN WIND POWER AGREEMENT
FOR $58BN COEGA GREEN
AMMONIA PLANT

.Andalusian Green
p¥ Hydrogen Valley

February 27, 2024
Cepsa launches Europe’s largest green hydrogen project in Andalusia

'Chinese are catching up technologically' |
Longi’s new hydrogen electrolyser is more Ultra-low cost electrolysers
efficient than almost anything made in the West Down to 250-300 $/kW from China

| Hydrogen news and intelligence With ~70-75% Efficiency
(hydrogeninsight.com)



https://www.hydrogeninsight.com/electrolysers/chinese-are-catching-up-technologically-longi-s-new-hydrogen-electrolyser-is-more-efficient-than-almost-anything-made-in-the-west/2-1-1407074
https://www.hydrogeninsight.com/electrolysers/chinese-are-catching-up-technologically-longi-s-new-hydrogen-electrolyser-is-more-efficient-than-almost-anything-made-in-the-west/2-1-1407074
https://www.hydrogeninsight.com/electrolysers/chinese-are-catching-up-technologically-longi-s-new-hydrogen-electrolyser-is-more-efficient-than-almost-anything-made-in-the-west/2-1-1407074
https://www.hydrogeninsight.com/electrolysers/chinese-are-catching-up-technologically-longi-s-new-hydrogen-electrolyser-is-more-efficient-than-almost-anything-made-in-the-west/2-1-1407074
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PV Market: the Swiss case

What it really takes to decarbonize? The example of Switzerland: the various
scenarios

=
©

Scenario for a partially decarbonised Switzerland:
ROGER NORDMANN Typically 50 GW (by 2050) PV, working in conjunction

PREFACE DE JACQL with hydro + wind (~ 5-7TWh) + biomass (e.g. distance
heat, biogas)

Prof. Dr. Christophe Ballif

« Efficiency

« Electric cars

* Heat-pumps

- 86-100% CO, reduction

Keeps CO, emissions for 9 TWh winter (not enough solar),
e.g. gas power plant

or use H, (import or local), or produce/import wind electricity
or alpine solar electricity.

SRFAVRE - Upsides: More hydro, delay dam emptying, more solar in
R high altitude, more wind......



OBJECTIF D'UNE SUISSE NEUTRE POUR LE CLIMAT EN 2050

production d'hydrogéne sur le site
des centrales au fil de I'eau (7 PJ)

ala

valorisation des déchets avec CCS (3.6 Mt CO,/a)

1.5 mio. de pompes a chaleur

(aujourd’hui 0.3 mio.) biomasse pour la chaleur industrielle

expansion des réseaux de chaleur
dans les régions urbaines

trafic lourd par rail, avec
bioénergie et hydrogene

cimenteries et industrie
chimique avec CCS
(2.9 Mt CO,/a)

3.6 mio. de voitures
électriques a batterie

negative: stockage national
(3 Mt CO,/a)

45 TWh d'hydroélectricité

(53% de la production) batiments bien isolés avec faible

demande de chaleur

34 TWh a partiNd'installations PV,
40% de la produfition (aujourd'hui 2 TWh)

Study

Of Swiss
Federal office
For Energy
26.11.2020

37 GW PV
For 9 millions
people

By 2050

(n.b. 50 GW In
Nordman
scenario)

Now 45 TWh
new renewable
In gov plan for
2045.
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EPFL P\ Market End 2023: 6 GW installed

R ~10 % of annual CH electricity <
IMT NEUCHATEL consumption of 2024 § %
Currently support: Est. 1.5 GW 2023 §
- Ontime § .
\ a
payement (0.3 §
chf/W) Annual Swiss PV market in MW §
- Right for self §
consumption §
- Invest tax § .
) \ Min > 1.7
deductible \
§ "g’ GW year
\ N
§ g For scenarios
103 § &  Wwith 50 GW
§ solar
1 17 * Including renewal
PVinstallationCH Cumulative power installed in Switzedand

Orders of magnitudes starts to be ok !

Source: Swissolar/internal data
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PV Market

A macroeconomic reason why you need to shift to renewables

Importation of 50 GW of solar pannels

1 years of fossile fuels import

(30 years of energy) = 7 Billions CHF

Prof. Dr. Christophe Ballif 88




=PFL  Conclusions
L ov-ioo

MT NeuciaeL PV as a main way of decarbonization

Rick CoalOil/Gas
1&g and related
lticlans

If mankind is serious about global warming,
PV can/will be a major way to decarbonize...

Prof. Dr. Christophe Ballif &

= Increase world PV module production to at
least 1-1.5 TW annual by 2030 (x 10 vs
2020)

= 2> min 40 TW installed by 2050 - at least
60’000 TWh

Reminder:

= 2023 world electricity production of ~
29°500 TWh

= World primary energy consumption in 2023:
172000 TWh
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wrm . Capital investment costs for 1.5 TW annual PV module producho

IMT NEUCHATEL

How much does it cost to put in place
1.5 TW of production ? (from sand to
modules): with recent «CAPEX»
decrease (china based equipment)

120 M€/GW - 180 billions € or 18
billions € per year over 10 years

With 18 billions €/year*, all production
could be in place to provide > % of the
world energy by 2050

* Globally, fossil fuel subsidies were $5.9
trillion in 2020

Million euros (2020) per GW ..

=
o
T
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Prof. Dr. Christophe B

PERC facility

Module line —e
[ ]

Module facilityﬂ\.\

10*

2010

2015

2020 2025 203

231. Altermatt, P. P. et al. in Proceedings of the 38th
European Photovoltaic Solar Energy Conference and
Exhibition (EU PVSEC, 2021).


https://www.imf.org/en/Publications/WP/Issues/2021/09/23/Still-Not-Getting-Energy-Prices-Right-A-Global-and-Country-Update-of-Fossil-Fuel-Subsidies-466004
https://www.imf.org/en/Publications/WP/Issues/2021/09/23/Still-Not-Getting-Energy-Prices-Right-A-Global-and-Country-Update-of-Fossil-Fuel-Subsidies-466004

£PFL  And do you know what ??
) Pv-ao S

IMT NEUCHATEL

= China has done it during COVID

Prof. Dr. Christophe Ballif

Bringing capacity to 1400 GW for 2024 ....

During the 3 years of COVID, chinese companies
have invested massively In

PV, batteries, electric cars and Wind. Ultra-harsh competition,
Overcapacity (factor 2.5 to 3 for 2024)

In PV close to 1400 GW of production capacity PV at 12cts
are online (500 GW PERC, 800 GW topcon, 100 Battery cell at 70$/kWh
GW SHJ and IBC. Windturbine at 40

cts/W

For batteries, soon capacity for 4800 GWh (100 Inverters at 3cts/W

millions car per year equivalent). E:%%VOJY/?A?FS systems
a cts
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= Ultra-low price should make the market dynamic !
2024 could see much more installation than IEA predicts

= Expectation to reach 1 TW annual module production by 2028 to 2030

= S0 PV seems on its way and, and with support of wind and hydro CO, emssion
should peak in 2024-2025.....

= PV and wind will be particularly well suited for the future for
1. Desalination of waters
2. Direct air capture of CO2 (n.b. first we stop emitting, then we start making direct air capture)

- World Energy Outlook 2022 (windows.net)

2]
(=]
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https://iea.blob.core.windows.net/assets/830fe099-5530-48f2-a7c1-11f35d510983/WorldEnergyOutlook2022.pdf

=PFL Fighting global warming: «what should happen» globally

IMT NEUCHATEL

Develop massively wind and solar Agriculture
Other sources: biomass, hydro, geothermal Sequestration through biomass and soils
Maintain (or develop) nuclear base to facilitate Less cattle emitting CO,
transition
Keep and optimise fossile fuel assets for flexibility
(but low capacity factor) Strategy
Capitalise on electrochemical storage (batteries) Local production (including of energy products)
and synergies with mobility Ressources (metals, lithium, ...)
Necessary amount of power-to-gas... (industry, Manpower: educate, prioritize and pay better
heat, peak power). Keep small ! Intelligence: control and flexibility of energy
Keep biofuels mostly for peaks, air and maritime systems
transport where difficult to replace

Energy efficiency Sufficiency
Switch to glectrical (transport, heat pumps) Rethink consumption (smaller room, no flight, no read meat)
Isolate building Accept less in critical period (e.g. lower heating T of
Track losses (ventilation pumps),... buildings)

Long term: Sequestrate carbon (from the air)



=PFL - Quiz
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Question 1

Assuming a PV power plants gives 2kWh/Wp (annually) with initial investment of 0.4 €/Wp (possible today) and
no maintenance required. The cost of capital is 0%. If the system lifetime is 30 years, the direct price of solar

electricity would be:

a) 0.66 €cts/kWh
b) 6.6 €cts/kWh
c) It depends on the module efficiency

Question 2

Assuming that gas power plants costs nothing, no
running costs and that gas costs 20€/MWh
(chemical energy).

a) Gas from electricity produced with a 58%
efficient gas power plant is the lowest in price
b) Is more expensive than solar of question a

Question 3

1m? of a 21% chines modules typically costs in 2024
a) 30 CHF

b) 90 CHF

c) 120 CHF

©
=
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=PFL A good read for the week-end and a quick upgrade to

Tmm - orystalline silicon technologies
REVIEWS

| (.] Check for updates |

Status and perspectives of crystalline
silicon photovoltaics in research
and industry

Christophe Ballif® %, Franz-Josef Haug®', Mathieu Boccard®', Pierre J. Verlinden 234>
and Giso Hahn®

Abstract| Crystalline silicon (c-Si) photovoltaics has long been considered energy intensive
and costly. Over the past decades, spectacular improvements along the manufacturing chain

. = — - E o s oaow

NATURE REVIEWS | MATERIALS

©
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) At constant size, the power output
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of modules is constantly increasing

For 6 inches cells

60 cells modules

340 W 350 @
- W320 W 330 W
Optimised cells / 300 W Zone |
smart wire 290 W ENDS
280 W
260vv27ovv 29.4%
PERC limit
C-Si PERC IBC
20-23% Heterojunction 24-97%

Pass. Contacts
24-26%

c-Si T /

19-20%

Cell effiency
Usually 2-3% nigher (@bs) thian nicdule efficiency
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Cost of electricity

Drop in generation costs of renewables from 2009 to 2023 1H

Figure 1: Global levelized cost of electricity benchmarks, 2009-2023
$/MWh (real 2022)
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After 2017-2018 — on-shore wind and
solar large parks are well below LCOE
of fossil fuels !

€—Nuclear 225
Battery storage
155

o ~Coal+ C8 123

Q/_Z-Coal 74

B, TWSENESS ‘%
Onshore wind 42
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Levelized Cost Of Electricity (I
LCOE comparison of different techn

m Lazard's LCOE (2023) @ IRENA (2022)

Back-up graph

[ )
Onshore Solar Offshore
wind photovoltaic wind th

Source: Prepared by AleaSoft with data from IRENA (Renewal
and Lazard's Levelized Cost of Energy Analysis - Version 16.0

BNEF, 2023
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Electricity market

Other markets: a growing number of consumers

4 millien solar products sold by members of the Global Off-
grid Lighting Association (GOGLA) in the second half of
2015.

2 millions in Sub-Saharan Africa.

+ Micro-credit
+ Smart Phone payments

"Caterpillar Takes Equity Stake In Africa
Microgrid Company Powerhive"

hiLyte Business Model

Rural Agent

The agent charges the cubes and rent them

Prof. Dr. Christophe Ballif
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Electricity market

Further impact of low cost PV

= Substituting diesel generator (make a kWh at 30-40 cts)
= Small autonomous light/computer electricity management

= Autonomous region
= Etc.

ener

New business models in UAE

©
©
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One full scale European Scenario

Solar

Wind

Hydrogen
Electrochemical storage
Electric cars

Heat pumps

Biomass

Renewable

How To Make Europe’s Energy System
Climate-Neutral Before 2050

100% Renewable Europe study - SolarPower Europe

& LUT ’: SolarPower
¥ University N 4 Europe



https://www.solarpowereurope.org/insights/market-outlooks/100-renewable-europe-study
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FIGURE 3.9 ELECTRICITY GENERATION
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2020 2030 2040 2050
Solar PV @ wind @ Hydro

@ OtherRE @ Fossil coal @ Fossilgas &oil
Nuclear

Data given in 1-s2.0-S0360544221007167-mmcl.pdf (els-cdn.com)
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FIGURE 3.10 ELECTRICITY INSTALLED CAPACITY

Moderate
scenario

5500 TWh by
wind

10’000 TWh
by Sun

3-5x times EU
electricity
consumption

Pres Lag Mod lLead Lag ModLlead Lag Mod Lead
Solar PV @ wind @ Hydro hyd rogen are
@ oOtherRE @ Fossilcoal @ rFossilgas&oil Im pOI‘tant I
Nuclear

In_“Low-cost renewable electricity as the key driver of the global enerqgy transition
towards sustainability” - ScienceDirect



https://ars.els-cdn.com/content/image/1-s2.0-S0360544221007167-mmc1.pdf
https://www.sciencedirect.com/science/article/pii/S0360544221007167
https://www.sciencedirect.com/science/article/pii/S0360544221007167
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