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ENERGIEWENDE LEICHT GEMACHT: EINE REISE ZWISCHEN MYTHEN 

UND REALITÄT, ZWISCHEN DER SCHWEIZ UND CHINA, MIT EINEM 

GENAUEREN BLICK AUF DIE PHOTOVOLTAIK



GLOBAL 
WARMING
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ÅGlobal warming is not a hoax and every

emission we avoid is positive

ÅSwitzerland canôtsave the world but, morally

and philosophically, must do its share

ÅFossile fuel combustion major cause
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??
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THEY WANT TO DO GOODé.

Only « reduce » is the way,

« green transition » hasnôtwork
We go to a wall, renewables

canôtmake it (too expensive, 

not enough material)

« Renewables used for mining

materials used to make

renewables for mining »
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6The basics of the energy and solar energy

Å Watt [W] = power unit (instantaneous)

Å Joule [J] = Energy unit

Å 1 J = 1 Watt x 1 second 

Å 1 kWh= 1 kW x 1 hour = 3ô600ô000 J

Å 1 TWh = 103 GWh = 106 MWh = 109 kWh 

1GW Wind      

Ą 2-4 TWh/year

(2000-4000 hours

CF 0.24-45)

1GW Nuclear

Ą 8 TWh/year

(8000 hours, 

Capacity factor CF = 0.9)

1GW Solar      

Ą 1-2 TWh/year

(1000-2000 hours

CF= 0.12-0.24)



Primary energyconsumption: theworldchallenge

Á~ 174ô000 TWh  (CH ~ 320 TWh)

ÁStill 79% fossile fuel

Á2% annual growth in the last 20 

years mostly by ASIA

Á20% renewable and nuclear

Substitution method: 

ÁIn this representation: electricity in 
kWh of biomass, hydro, solar, 
nuclear wind is multiplied by 2.5 
to be shown as primary energy
source («BP» substitution method)CO2

free

174ô000 TWh 

Home | Statistical Review of World Energy 

https://www.energyinst.org/statistical-review
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QUICK RULE OF THUMBS ESTIMATIONS

ÅWith a 1.5 % growth in primary* energy need 

(instead of 2%...)

Ą250ô000 TWh in 2050 

ÅStrong electrification of heating/mobility + 

biomass +

rest electricity for H2

Ą100ô000 TWh electrical production by 2050

*according to BP subsitution technique

*Global Electricity Review 2023 | Ember (ember-climate.org)

3x more electricity by 2050, while

stopping coal, oil and in large part gas

ÅHydro  ~ 4400 TWh

ÅNuclear 2770 TWh

ÅWind      2500 TWh

ÅSolar      2130 TWh

Total 2024

30ô700TWh

https://ember-climate.org/insights/research/global-electricity-review-2023/


100ô000 TWhannual electricityproduction: 4 majoroptions

Which can be combined ...

a e.g. 40ó000 GW of Solar and 15ó000 GW of 

Wind (+ Hydro + Biomass)

d Donôtcare (or too lateé)

b 13ô000 x 1 GW nuclear power plants

c Carbon sequestration

Reminder

1GW NuclearĄ 8 TWh/year (8000 hours)

1GW solar Ą 1-2 TWh/year (1000-2000 hours)

1GW wind Ą 2-4 TWh/year (2000-4000 hours)

https://energy.economictimes.indiatimes.com/news/renewable/india-on-path-to-triple-renewable-energy-capacity-by-

2030-but-faces-financing-hurdle-report/105584911
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PRIMARY ENERGY CONSUMPTION : EXAMPLE

(SUBSTITUTION METHOD - BP) 

CO2 free

https://files.investis.com/bp_acc_ia/stat_review_2008/htdocs/reports/report_19.html

1000 GW/year solar (CF 0.18)

and 500 GW/year wind (CF 0.3)

15 GW/year Nuclear (CF0.9)

https://files.investis.com/bp_acc_ia/stat_review_2008/htdocs/reports/report_19.html
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PRIMARY ENERGY CONSUMPTION : WORLWIDE SUFFICIENCY

(SUBSTITUTION METHOD - BP) 

-2 % growth

CO2 free

1000 GW/year solar (CF 0.18)

and 500 GW/year wind (CF 0.3)

15 GW/year Nuclear (CF0.9)



MESSAGE 1

TRANSITION IS NECESSARY,  NO OTHER
WAY THAN WIND AND SOLAR CANS
SCALE UP FAST ENOUGH AS PRIMARY
ENERGY SOURCES

IF NOT WIND AND SOLAR,  IT WILL BE
OIL AND COAL AND GAS

SUFFICIENCY WILL HELP TO BE FASTER .
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With massive wind and solar, 

European grid can be 

balanced on an hourly/weekly 

basis but short-term storage

required (mostly batteries

and pump storage)

Michael Child, C. Breyer, et al. Renewable Energy 139 (2019) 80ï101



A short look at Europe

Michael Child, C. Breyer, et 
al. Renewable Energy 139 
(2019) 80-101

Battery storage and pumped hydro necessary

to balance the grid on hourly bases 

Ą Overall cheaper cost per kWh (6-7 

cts/kWh) for fully renewable system

Excellent complementarity between

wind and sun on a monthly base. 

System stable on an hourly base 

thanks to storage

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

** 
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WIND AND SOLAR: ALSO COMPLEMENTARY IN CH !

BASED ON REAL DATA

Source: 2020 electricity generation in Switzerland ïENTSO-E

Cauz, M., Wyrsch, N., Perret, L., Ballif, C., Pena-Bello, A. 
(2025).; EmbracingWind Power in the Solar PV Dominated
Swiss Landscape. Energy Reports 13 (2025) 3341-3350.

Strategic for winter electricity: 

reduced summer to winter-storage
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MAJOR TECHNOLGICAL ROUTES FOR THE ENERGY 

TRANSITION

Public transport 

or electric cars 

+

batteries

Heat pumps

(air and 

geothermal)

Solar, Hydro, 

Wind, Biomass 

(Nuclear)

Insulation, 

efficiencey

Sobriety

Tracking 

losses

+ many small

(but important)

+ H2 é.

Flexibility and intelligence (e.g. good forecast)
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THE PRICE OF ELECTRICITY

SOURCES  FROM

RENEWABLES : A MAJOR 

REVOLUTION
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COST OF ELECTRICITY 

18

Drop in generation costs of renewables from 2010 to 2023
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Source:

IRENA report 

«Renewable power 

generation costs in 2023ò

Even better in 2024

Renewable power 

generation costs in 2024

Global LCOEs from newly commissioned, utility-scale renewable power generation 

technologies, 2010-2024

In ten years

Wind and solar

large parks come 

well below LCOE 

of fossile fuels

FOSSILE

FUEL COST 

RANGE 2023

https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2025/Jul/IRENA_TEC_RPGC_in_2024_2025.pdf
https://www.irena.org/-/media/Files/IRENA/Agency/Publication/2025/Jul/IRENA_TEC_RPGC_in_2024_2025.pdf
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ANNUAL PV MODULE 

PRODUCTION

Prof. Dr. Christophe Ballif19

Module production: 

250 MW in 2000

1 GW= peak power of 

A large power plant

Note: there is a delay between production and installation

Typically 6 months

A strong volume growth thanks 

to policy:

Germany (2000, EEG), Spain, 

Japan, Italy, France, USAé

then China,é.

700 GW in 2025

(> 90% produced in China

X 2ô000

2025

Est: 750 GW in 2025

Source: PV-Report, Fraunhofer ISE 

(2025), 



Wind installation close to 150 GW in 2024 !
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*WWEA Half-year 

Report 2024: Strong 

Wind Power Growth 

Continues in First Half 

2024

Total wind installation

In CH 0.1 GW

https://www.wwindea.org/HYR2024


Not for Switzerlandé but impressive size

20- MW turbine in Hainan, China

26- MW Turbine offshore, 310 meters diameter ! 

China completes building worldôs largest 

26-MW offshore wind turbine | REVE News 

of the wind sector in Spain and in the world

https://www.evwind.es/2024/10/14/china-completes-building-worlds-largest-26-mw-offshore-wind-turbine/101752#:~:text=World%27s%20largest%2026%2Dmegawatt%20offshore,wind%20turbine%20boasts%20remarkable%20dimensions.
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FACTS ABOUT ENERGY TRANSITION 

(AND CLIMATE CHANGE) 

Å 2024 NEW INSTALLATION OF SOLAR + WIND (600 + 120) 

EQUIVALENT TO  140-160 NUCLEAR POWER PLANTS RUNNING 

24 HOURS A DAY

ÅWORLWIDE CO2 EMISSION SHOULD STOP GROWING IN 2025-

2026 THANKS TO WIND AND SOLAR ADDITION
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Renewable sharein Europe  Electricitymix
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2025:

16.9% wind

13.2% solar

11.7% hydro

5.6% bio energy

23% Nuclear

16.7% Gas

9.2% Coal

Wind and solar 

surpasses fossile for 

the first time in 2025 

Renewables > 

fossiles for electricity



MitigatingCO2 Emissionsand Scenarios

C
h
ri
s
t

o
p
h
e

B
a

lli
f 

/ 
P

h
ili

p
p

e
 T

h
a
lm

a
n

n
 /

 C
la

u
d

ia
 B

in
d

e
r

25

Energy transition will require even huge amount of solar panels, batteries, windturbines, 

electric cars, electrolysers é..

And huge investiment in manufacturing plants, and a lot of space and a lot of energy,é

e.g. > 120-150  billions $  to make the production lines (equipements and building) to 

make and extra 1000 GW of PV manufacturing



ÁChina has done it during COVID

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

PV, batteries, electric cars and Wind.
(>> 100 billions $ invests)

ÁIn PV close to 1400 GW of production 
capacity are online (500 GW PERC, 800 
GW topcon, 100 GW SHJ and IBC.

ÁFor batteries, soon capacity for 4800 GWh 
or 100 millions car per year equivalent

Impact of China ultra-fast developments
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Overcapacity (factor 2.5 to 3 for 2025)

Ą Ultra-harsh competition

Å PV at 10 cts/W (22 CHF/m2)

Å Windturbine at 40 cts/W

Å Inverters at 3cts/W

Å Electrolysers systems at 30 

cts/W

Å Battery cell ??? 
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STORAGE STIMULATED BY THE AUTOMOTIVE MARKET

Cost Dynamics of Clean Energy Technologies, Glenk et al 2021.

Automotive Battery learning curve

ñWe expect the price of an average 

battery pack to $62/kWh by 2030

Ultra-fast learning curve, as for PV

Usable for stationnary storage
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AS RENEWABLES , BATTERIES MAKE IMPRESSIVE COST

REDUCTION

LFP Battery cell at ~43 $/kWh

NMC at ~60$/kWh

With 4000-5000 cycles battery cell cost

at 1 $cts/kWh

stored !

A complete revolution
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RIDICOUSLY LOW

PRICE FOR BATTERY 

SYSTEMS ANNOUNCED

ÅPrice at 66 $/kWh (cf cell price

at 47$/kWh, only 19 for BMS, 

packaging,container

containers)é 

Å1.5 cts/kWh to store 

electricityIf 5000 cycles !
ά¢Ƙƛǎ ǇǊƻŎǳǊŜƳŜƴǘ ŎƻǾŜǊǎ ŀ ŎƻƳǇǊŜƘŜƴǎƛǾŜ ǊŀƴƎŜ 
of services beyond the delivery of storage 
equipment, including system design, installation 
guidance, commissioning, 20-year maintenance, 
ŀƴŘ ƛƴǘŜƎǊŀǘŜŘ ǎŀŦŜǘȅ ŦŜŀǘǳǊŜǎέ

PowerChina receives bids for 16 

GWh BESS tender with average 

price of $66.3/kWh - Energy 

Storage

ÅGame changer for the Grid

Å(redispatch, flexilibility, inertia)

https://www.ess-news.com/2024/12/09/powerchina-receives-bids-for-16-gwh-bess-tender-with-average-price-of-66-5-kwh/
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The Edwards & Sanborn solar-plus-
storage project in California is now 
fully online, with 875MWdc of solar 
PV and 3,287MWh
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WITH BATTERY PRICE DOWN

Å Trend for 60$/kWh at pack level

30 kWh Ą 1800 CHF  for small car 300 km

80 kWh Ą 4800 CHF for large car 550 km

600 kWh Ą36ô000 CHF  40 Tonsfor 500 km

BYD Seagull at 9500 CHF, with 30 kWh batteries

Not avaible in CH

Many countries worldwide, with no 

car industry will adopt Chinese e-car 

USA and Europe will try and protect

their market !



ÁChina will « fight » against Oil and gas producer and try to export its
technologies (good for mankind !), including electric cars. It is a new 
(and welcome for the climate) geopolitical situation

Chinaõsrole
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Å But China ultra-dominance  Ą risk to destroy 

remaining industry elsewhere

Ą Inflation reduction act (IRA) in USA, NZIA in 

Europe (too slow) é, trade barrier, CO2 border tax

Å Resilience and EU production ?

Å Security challenges linked to grid-connected power 

electronics controlled from china
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PERSPECTIVES 2028 Industry expects 800ï1000 GW  annual 

production by 2028é  

Electricity at 1.2 to 2.5 cts/kWh in large parks

VPV on the right growth path

- Wind needs to be pushed faster

- Batteries growing strongly and are starting

to be used for the grid (and in > 20 millions

cars per year)

Energy transition: 

100 GW/Year (2018)  Ą 400 years for 40ô000 GW

1000 GW/Year (2028 ?) Ą 40 years for 40ô000 GW

Energy transition works

But needs to replace a 

huge fossile fuel system, 

with a strong lobby that

has means to make

people believe that it

does not work, too

complex and too

expensive
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BY 2027 ON ONWARD

OCP Group: renewable ammonia production facility planned for southern Morocco ïAmmonia Energy Association»

With so cheap wind and solar for large park (1.2-1.7 cts/kWh in sunny/windy countreis) 

Ą H2 Ą direct NH3 for fertiliser and later energy vector

Ą Desalination (0.5 $/m3)

Ą Later direct carbon capture (will be necessary at some stage)

See projects in Moroco, with

10ô000 km2 reserved for green 

industry

Photovoltaics at multi-terawatt 

scale: Waiting is not an option 

| Science 2023

Scenarios with 75ô000 GW PV 

by 2050

https://www.ammoniaenergy.org/articles/ocp-group-renewable-ammonia-production-facility-planned-for-southern-morocco/
https://www.science.org/doi/10.1126/science.adf6957


MESSAGE 2

THINGS MOVE FAST: ANTICIPATE

TRANSITION IS COST EFFECTIVE.
NO DESPAIR, BUT ACTION !
SOLAR COULD BE ELECTRICITY
SOURCE 1 BEFORE 10 YEARS
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IS THE ENERGY TRANSITION SUSTAINABLE ?

Å Material availability, extraction ?

Å Energy Payback time?

Å CO2 emission (and others)?

Å Biodiversity?

Spoiler:

but



At the scale of the energy transition and 

for the next 50-100 years , the limitation 

in materials required for the energy

transition is a myth (as is the limitation 

in fossile fuel availability)
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MATERIALS EXTRACTION

Yes youôll need a little 

more material extraction 

than with the current 

status

Outside fuel extraction 

not considered here???

???

???
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MATERIAL USAGE : EXEMPLE CUPPER

PV: 1 TW/year at  3 Cu Tons/MW Ą 3 MT /year

Windturbines:  500 GW/year at 

2 Tons/MW, with Al grid connection) Ą 1 MT/year

Electric cars: 80 millions cars at 

60 kg Cu, with charging station  Ą 4.8 MT/year

~ 8-9 MT out of 25 MT /year processed today

Ąmarket pressure and possible temporary

bottlenecks, but not fundamental, andé

Å Materials can be saved (improved designs), additional/improved

mining and recycling.

Å As for other less used materials alternative solutions always exist!  e.g. rare 

earth for magnets of windturbines , Ag for photovoltaics,  cobalt for 

batteriesé.

Å There is no succesfull product that every stopped being produced 

because of Ănot enoughñ
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MATERIAL USAGE FOR ELECTRICAL CAR WITH

NICO LITHIUM BATTERIES

Å Car makers can  shift to Lithium Iron 

Phosphate batteries. Heavier but no Ni and 

Cobalt which are the most critical. 

Å New trend: add manganese

Å Enough Li for > 2 billions cars, and possible 

shift to Na-Ion 

Å Battery cars of 50 kWh CO2 emission ~ 3.5 T.

Å If using clean electricity in 25ô000 km 

Ą carbon neutral!

???

???



44 EVO Report 2024 | BloombergNEF | Bloomberg Finance LP

NO ISSUE WITH

COBALT 

AVAILABILITY

https://about.bnef.com/electric-vehicle-outlook/


Materials: more 
strategicrisks?

P
ro

f.
 C

h
ri
s
to

p
h
e
 B

a
lli

f 

45

More transitions, less risk: How renewable 

energy reduces risks from mining, trade and 

political dependence - ScienceDirect

άŀƴ ŜƳŜǊƎƛƴƎ ǇŜǊǎǇŜŎǘƛǾŜ ƛƴ ǘƘŜ ¦{ 
public discourse makes the opposite 
case, arguing that a buildout of 
renewable electricity would 
exacerbate supply risks, mining 
intensity, and import dependence. 
¢Ƙƛǎ ǇŀǇŜǊΩǎ ŦƛƴŘƛƴƎǎ ŎƘŀƭƭŜƴƎŜ ǎǳŎƘ 
ŀǎǎŜǊǘƛƻƴǎΦέ

https://www.sciencedirect.com/science/article/abs/pii/S2214629621004035


Fossil

Á5 trillions per year health
costs

Á4-7 millions death

ÁClimate warming

Á(and Putin)

Fossil

2024

Fossil

2050

Other

Mineral

extraction

Additional

mineral

For 

transition

IMPACT

As for all mining possible local problems, and good 

practices required!! Use transition to make mining sector

better é
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DURABILITY OF PV ? MANY IMPROVEMENTS !

Siemens silicon

recrystallation

process 200 kWh/kg 

of Si in 2000!!!

Today:

Can make 10 tons of silicon per run,

tubular filaments, cold reflected coated walls.

Only 40-45 kWh/kg.

1st major improvement

http://upload.wikimedia.org/wikipedia/commons/5/59/Polycrystalline_silicon_rod.jpg
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DURABILITY OF PV

Wafer sawing

Yesterday, multi-wire sawing, SiC particles 

Ą 200 microns lost Si 

2nd major improvement

wire
Silicon ingot

Today, diamond wires for mono c-S 

Ą 50 microns lost Si (36 microns wire)

Ą 100 % more wafers than 5 years ago!

Thanks to Swiss companies !
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DURABILITY OF PV

technologies

The various 

types of silicon

technologies:

More and more 

Voltage !!

3rd major improvement

Ballif/Haug et al. Nat. Rev Materials 2022

630 mV 680 mV

725 mV

750 mV
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PERMANENT INCREASE IN THE MODULE EFFICIENCY

Å 0.4-0.5% gain per year

Å Todays average cells at 23.5-25% %,

modules at 22-23 % average

Å Efficiency will further increase  Ą practical

limit at 24ï25% with Silicium

Haug, Ballif et all. Nat. Rev. Materials 2022

Reduces all other material costs/usage

per W
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PURIFIED SILICON USAGE PER WATT FOR

SILICON PV MODULES

Haug, Ballif et all. Nat. Rev. Materials 2022, source Fraunhofer ISE, PSE)

From  17 to  2 g/W in 2022 

in 20 years thanks to:

Å Improved processes

(poly-si)

Å Diamond wire sawing

Å Thinner wafers

Å Efficiency increase

A typical PV system will give back 

the energy required for fabrication 

in 1 year. 

Module around 60ï65% of the 

total.
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KEEPING  A SMALL FRACTION OF OUR EMISSIONS

FOR THE ENERGY TRANSITION

Å Footprint of the key elements of the energy transition (simple estimates)

Å 15 TW of Wind at 200 g CO2 /W Ą 3 GT

Å 40 TW of PV at 300 g CO2 /W Ą 12 GT

Å 2 billions batteries of 50 kWh at 50 kg CO2/kWh Ą 5 GT

Å Systems, grid updateé. Ą 6 GT 

Estimated total (with current good practice) 

Ą 26 GT  ~3% remaining in the 950 GT remaining for a +2°C scenario

Using a few percent ( ~ 3%) of our remaining carbon budget is required to build the 

objects  and infrastructure that will save on CO2


