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on Horse manure 130 years ago

Horse manure in 1894 Crisis, we need to reduce the number of horses!

Remove manure Capture manure at point source SoluBon: new technology!
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Ref.: hRps://ourworldindata.org/energy

Total renewable energy

2034Growth: +46 %/year
Cost:       -12 %/year

World energy demand in grey, 
Sum of renewable energy in black, 
biomass in green, 
hydropower in blue, 
solar thermal in red, 
wind power in brown and 
photovoltaics in yellow.

renewable electricity

Bio fuel

● realised
○ extrapolated

global energy demand
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total renewable energy

global energy demand

● realised
○ extrapolated

Ref.: hMps://ourworldindata.org/energy. hMps://www.pv-magazine.com/2023/02/16/global-solar-installaUons-may-hit-350-6-gw-in-2023-
says-trendforce/#:~:text=2022, and hMps://ourworldindata.org/energy

2035Global renewable energy producUon
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on Seasons in Switzerland
100 W/m2 160 W/m2 100 W/m2 40 W/m2

average solar 
intensity

energy demand

average  
wind power

60 W/m2

sunny day 
and wind

nigth
without wind
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25%
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H2

H2

O2

-

H2

O2 +

350 
bar

Ba7ery

Electrolyser

MH Storage

MH Compressor

H2

Vehicle

Cat. H2 comb.

Fuel cell

high Tlow T

H2

CO2 Absorber H2

H2

H2

CH4

H2O
Saba)er

underground
storage

H2

CO2

Palm oil Cracking

P2X

FT-Synthesis
CO2

H2

SAF
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Analysis of the energy produc)on and use

Generalized solu)ons with Power Plant Units (PPUs)

Optimized technical solution and minimized economic impact
ElectrificaSon CO2 neutral fuel
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51’193 TWh·y-1

40’102 TWh·y-1

7’924’728’706

3’371 TWh·y-1

45’565 TWh·y-1

50%

38%

36%

40%

33%

28%

11’993 TWh·y-1

4’757 TWh·y-1

7’524 TWh·y-1

8’229 TWh·y-1

0.2 TW

1.9 TW

0.4 TW

0.3 TW

0.9 TW8’207 TWh·y-1

1.5 TW

1.5 TW

1.4 TW

0.38 TW0.38 TW

5.84 TW 5.30 TW

0.54 TW

3.72 TW4.58 TW

0.86 TW

5.20 TW

0.94 TW

1.37 TW

0.94 TW
0.48 TW

0.19 TW

0.27 TW

8.5 TW (3.7 TW)19 TW
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on Global energy transiRon

2023 2050

Energy in [TWh·y-1]
current electrifica6on

-54%

18.7 TW 8.6 TW
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LCOE 
[€·kWh-1]

CAPEX 
[G€]

Area (PV) 
[km2]

Uranium: 200 t of natural uranium (0.7%) yields 20 tons of uranium (5%), natural uranium costs 130 €/kg
Ba7ery costs 100 €/kWh, service life 8 years
PV costs 1200 €/kWp, produces 220 kWh-m-2-y-1, peak power 1 kW-m-2

Palm oil costs 0.7 €/L, energy content syn. oil 10 kWh/L, costs 1.7 €/L
Hydrogen is less than 6.7 €/kg cheaper than palm oil import and hydrogenaeon and less than 2 €/kg cheaper than 
hydropower.
Hydropower needs valleys and differences in aletude, nuclear power needs a change in legislaeon, PV with 
ba7ery only covers 75%, PV with ba7ery and hydrogen is the most expensive but most universal, palm oil with 
hydrogenaeon is an import of a controversial product but easy and cheap to store.

OPEX 
[G€·y-1]

Wel. + Q 
[TWh·y-1]

TCS
[G€·y-1]

8.7 0.05 2 0.1 50.4 local, dynamic
cheap, storage

8.7 + 17.4 0.08 5.5 0.3 10.4 energy, import U,
compact, cheap

8.7 (75%) 0.13 9.6 + 6 1 1001.1 not sufficient, 
large

H2 0.45 84 18.7 + 2.2 1504.6 universal, very
large, expensive

8.7 + 8.7 20.34 1.2 30 (4800)3.5
import, 
easy to store

Remarks

8.7 + 8.7 30.11 0.9 10.9 import nat. gas, 
fossil, CCS

PPU’s

8.7 2 + 60.16 0.5 8501.4 sea, tide
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Ref.: [1] Mo, L., Zohner, C.M., Reich, P.B. et al. Integrated global assessment of the natural forest carbon potenOal. 
Nature (2023). h7ps://doi.org/10.1038/s41586-023-06723-z
[2] Thiruchelvi Pulingam, Manoj Lakshmanan, Jo-Ann Chuah, Arthy Surendran, Idris Zainab-La, Parisa Foroozandeh, 
Ayaka Uked, Akihiko Kosugid, Kumar Sudesh “Oil palm trunk waste: Environmental impacts and management 
strategies”, Industrial Crops & Products 189 (2022), 115827

At present, global forest carbon storage is markedly under the natural 
potential, with a total deficit of 226  Gt (model range  =  151–363 Gt) in 
areas with low human footprint. [1]
With 142 oil palm trunk (OPT) available per ha of plantation land and a 
replanted area of 100,550 ha in 2017, the estimated dry weight of OPT 
(74.48 t ha-1) generated amounted to a total of 7.49 Mt [2]. 4.0 t·ha-1·y-1

palm oil produced and the oil plants are replanted every 20 years.

30 kg oil·y-1 per tree with 524 kg dry biomass

226 Gt palm tree produce 13 Gt oil·y-1 the current world fossil energy demand 
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on Nuclear reactors

Disadvantages:
Limited uranium reserves (6% for 100 years)
Danger of core meltdown
Long-lived isotopes (Pu)
low efficiency (25%)
limited heat use
Nuc final repository. Waste
Small Modular Reactors (SMR)

Uranium fission reactor Thorium molten salt breading reactor 

Advantages:
Large thorium reserves (use of nuclear 
waste, 95% is fuel)
No core meltdown possible
No long-lived isotopes
higher T, higher efficiency (>25%)
Using heat for hea_ng
Molten Salt Reactor (MSR)

Future
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on Nuclear reactors

Disadvantages:
Limited uranium reserves (6% for 100 years)
Danger of core meltdown
Long-lived isotopes (Pu)
low efficiency (25%)
limited heat use
Nuc final repository. Waste
Small Modular Reactors (SMR)

Uranium fission reactor Thorium molten salt breading reactor 

Advantages:
Large thorium reserves (use of nuclear 
waste, 95% is fuel)
No core meltdown possible
No long-lived isotopes
higher T, higher efficiency (>25%)
Using heat for hea_ng
Molten Salt Reactor (MSR)

Future

Vorteile:
Große Thoriumreserven (Verwendung
von Atommüll, 95 % sind Brennstoff)
Kein Kernschmelzen möglich
Keine langlebigen Isotope
höhere T, höhere Effizienz (>25%)
Nutzung von Wärme zum Heizen
Schmelzsalzreaktor (MSR)

TMSR-LF1 (2 MWtherm.) construc)on 2018 - 2023, Wuwei
city, Gansu province, China, operated since July 2023
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renewable energyelectricity

total energy

7’924’728’706

+5’802

+1’440 TWh·y-2 +55            ·y-2

+51 TWh·y-2
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Ref.:  h7ps://ourworldindata.org/grapher/energy-use-per-person-vs-gdp-per-capita

9.21536E+13

148104 TWh/y

US$2015

7924728706

35’000 US$/capita

0.4 US$/kWh

1.0 US$/kWh
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Earth: 510’000’000 km2

Land area: 149’000’000 km2

GDP: 9.2·1013 US$

4%

0.7%

290 → 5800500 → 1500

75%

25%

CAPEX 6.3·1013 €
LCOE 170 €/MWh

CAPEX 2.9·1013 €
LCOE 50 €/MWh
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Prof. Dr. Andreas ZÜTTEL Prof. Dr. Paul DYSONDr. Noris GALLANDAT

Prof. Dr. Louis SCHLAPBACH Mr. Paul W. GILGEN Prof. Dr. Shin-Ichi ORIMO

Andreas ZÜTTEL, Noris GALLANDAT, Paul J. 
DYSON, Louis SCHLAPBACH, Paul W. GILGEN, 
Shin-Ichi ORIMO, “Future Swiss Energy 
Economy: the challenge of storing renewable 
energy”, Fron)ers in Energy Research: Process 
and Energy Systems Engineering, 9 (2022), 
hWps://doi.org/10.3389/fenrg.2021.785908
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Prof. Dr. Andreas ZÜTTEL Dr. Christoph NÜTZENADEL

Prof. Dr. Louis SCHLAPBACH Mr. Paul W. GILGEN

Andreas ZÜTTEL, Christoph NÜTZENADEL, Louis 
SCHLAPBACH, Paul W. GILGEN “Power plant units for CO2 

Neutral Energy Security in Switzerland”, Frontiers in Energy 
Research: Process and Energy Systems 
Engineering, 12:1336016 (2024), https://doi: 
10.3389/fenrg.2024.1336016

www.lmer.epfl.ch

Publicacon 2024 
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Andreas ZÜTTEL, Prof. Dr.

Laboratory of Materials for Renewable Energy (LMER)
Ins)tute of Chemical Sciences and Engineering (ISIC)
Basic Science Faculty (SB)
École polytechnique fédérale de Lausanne (EPFL) Valais/Wallis
Rue de l’Industrie 17, CP 440
CH-1951 Sion, Switzerland

e: andreas.zue[el@epfl.ch
m: +41 79 484 2553
T: +41 21 695 8304 (Secretary)
U: h[p://lmer.epfl.ch
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Born 22. 8. 1963 in Bern, Switzerland. 1985 Engineering Degree in Chemistry, Burgdorf, Switzerland. 1990 Diploma
in Physics from the Unversity of Fribourg (UniFR), Switzerland. 1993 Dr. rer. nat. from the science faculty UniFR.
1994 Post Doc with AT&T Bell Labs in Murray Hill, New Jersey, USA. 1997 Lecturer at the Physics Department UniFR.
2003 External professor at the Vrije Universiteit Amsterdam, Netherlands. 2004 Habilitabon in experimental physics
at the science faculty UniFR (www.unifr.ch). President of the Swiss Hydrogen Associabon „HYDROPOLE”
(www.hydropole.ch). 2006 Head of the secbon “Hydrogen & Energy” at EMPA (www.empa.ch) and Prof. bt. in the
Physics department UniFR. 2009 Guest Professor at IMR, Tohoku University in Sendai, Japan. 2012 Visibng
Professor at Delj Technical University, The Netherlands, 2014 Full Professor for Physical Chemsitry, Insbtut des
Sciences et Ingénierie Chimiques, Ecole Polytechnique Fédérale de Lausanne EPFL (www.lmer.epfl.ch), Switzerland.
2017 Co-Foundert of GRZ Technologies Ltd. (www.grz-technologies.com). 2020 Member of the Swiss Academy of
Technical Science (SATW, h7ps://www.satw.ch). 2025 Honorary Professor Shanghai University.

Borohydrides
2000

MH Storage
2004

BSc Chemistry
HTL Burgdorf

MSc Physics
PhD Physics
Habilitabon
Prof. bt.

President

Member

Member

Member

Int. Symposium 
Hydrogen & Energy
since 2007

Start Up Company
2017 Grolley (FR)
grz-technologies.com

Google scholar: Andreas ZÜTTEL; researcherID.com: F-5117-2015; orcid.org/0000-0002-5708-1855. 
Total Publications: 432, h-index: 80 , Citations: 40’577

Prof. bt. 

Full Prof. 


