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1712

Ref.: Jean-Marie Martin-Amouroux, IEPE, Grenoble, France
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Electricity  7.3 TW = 3.2 TWel.
2000 GW  

380 GW 4370 GW 

500 GW + 300 GW 

Mobility  4.2 TW
3230 GW 

Residential & Industry 7.5 TW
1200 GW

1200 GW 

380 GW 

570 GW 

1900 GW

24 GW 
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https://ourworldindata.org/grapher/energy-use-per-capita-vs-gdp-per-capita

UAE

Luxemburg

CH

Brasil

China

Korea

Canada
USA

Russia
Australia

Poland

EU

India

0.6 $/kWh
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h6ps://ourworldindata.org/grapher/energy-use-per-capita-vs-gdp-per-capita
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electricity 
production

(38 %)

mobility
(22 %)

Industry
(23 %)

Residential
(23 %)

Ref.: Davis, S. J. et al. « Net-zero emissions energy systems », Science 360 (2018), pp. 1–9.

100% = 33.9Gt
(2014)

CO2 Emitters by Sectors
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Ref.: http://www.globalwarmingequation.info/global%20warming%20eqn.pdf and Ollila, A. (2014), “The potency of 
carbon dioxide (CO2) as a greenhouse gas”, Development in Earth Science, Vol. 2, pp. 20-30, available at: 
www.seipub.org/des/paperInfo.aspx?ID=17162 

proven
reserves

fossil fuels

10 Gt C / year
+1.5% / year

345

1990

211

2040

2063

exp. growth of 
CO2 emissions

radiative 
forcing

2018

observation

2020

1850
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Ref.: https://ourworldindata.org/energy

2035

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

Total renewable

PV
World energy demand

Wind

Solar thermal

Hydroelectric

Bio

● realized
○ extrapolation
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80 GW (23000 GW)

80 GW (3000 GW)

500 GW (3000 GW)

170 GW (70000 GW)

21 GW (2000 GW)

19 GW (300 GW)

1200 GW (2400 GW)

0.67 TWel
0.8 TWp

0.16 TW
1.2 TWP

0.04 TW 1.2 TW

Hydropower Solar thermal Geothermal Biomass

Wind power Photovoltaic Tidal power

Global Electricity demand 3.2 TW
Renewable energy: 0.87 TW
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Ref.: Source: BP Statistical Review of World Energy, OurWorldlnData.org/energy • CC BY
Note: 'Other renewables' includes geothermal, biomass and waste energy

Here an inefficiency factor (the 'substitution’ method) has been applied for fossil fuels, meaning the shares by 
each energy source give a better approximation of final energy consumption.

E [TWh]

Year
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Ref.: Our World in Data based on BP Statistical Review of World Energy & Ember (2022), OurWorldlnData.org/energy
Note: 'Other renewables' includes geothermal, biomass and waste energy

Year

E [TWh]
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Ref.: Source: BP Statistical Review of World Energy, OurWorldlnData.org/energy • CC BY

Renewables includes electricity production from hydropower, solar, wind, biomass and waste, geothermal, wave
and tidal sources.

Year
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Ref.: https://www.ene100.jp/map_2_en
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2200 TWh

130 TWh

96 TWh 85 TWh 69 TWh

700 TWh

50 TWh

250 TWh

1000 TWh

840 TWh

*rounded energy values

H2

0.12 kW

2 kW

0.63 kW

0.05 kW
0.9 kW

0.23 kW
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Ref.: https://solargis.com/maps-
and-gis-data/download/japan

Solar Radia*on in Japan
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Fujisan 1774 kWh/(m2·year) Fukuoka 1419 kWh/(m2·year)Asahikawa 1298 kWh/(m2·year)

Ref.: https://www.data.jma.go.jp/obd/stats/etrn/view/monthly_s3_en.php?block_no=47401&view=11
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Ref.: https://www.solarchoice.net.au/blog/solar-power-system-prices

Cost: 750 $/kWP
(offers <400 $/kWp ) 

PV still working after 30 years. 

The cost of installation increases the 
cost of photovoltaics to ≈1200 
$/kWp

-8.9%/year

Parameter Relationship Value
Average power <P> <P> = 1 kW
Annual energy per year W = <P>·8760h/y W = 8.76 MWh/y

Annual solar irradiation 1050 ≤I ≤ 1550 kWh·m-2·y-1 <I> = 1100 kWh·m-2·y-1

Efficiency η η = 20%
PV surface area A = W·I-1·η-1 A = 40 m2

PV peak power PP = 1 kW·m-2·A·η = 1 kW·m-2·I-1·<P>·8760h/y PP = 8 kW

Power Factor <P>/Pp = I·(1 kW·m-2·8760h/y)-1 <P>/Pp = 0.125
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Grid Hydro pump

1.3 kWh1.6 kWh1.8 kWh

Hydro turbine Grid

1.1 kWh1.3 kWh325 kg1.7 kWh 1.0 kWh

Pb-BatteryPhotovoltaik

0.04 $ 0.56 $0.23 $
0.13 $0.05 $

0.15 $

45 kg

0.45 $

eMotor

0.66 kWh

1.36 $
0.72 $

Grid

1.0 kWh

0.56 $
0.13 $

0.72 $
0.19 $

1.06 $
0.45 $

0.8 kWh 0.70 kWh
4 kg

Li-BatteryCharger Inverter Cost of 1 kWh
from PV
from Hydro

37 %
60 %

Electricity direct  PV Day 0.04 $/kWh
Electricity Hydro Grid 0.13 $/kWh
Electricity direct PV Night 0.15 $/kWh
Electricity from PV Grid 0.23 $/kWh
Electricity seasonal storage 0.56 $/kWh

1800 m
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+23 x Okawachi

Wel = 10 GWh
P = 1280 MW, t = 8 h

PV 1.1% of Japan

PP = 855 GW
C = 2884 GWh

4 year global battery prod. 

86 GW4273 km2 2884 GWh

227 TWh

0.34 $/kWh

1154 TWh/year

Ref.: 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”, Frontiers in Energy Research: Process and Energy Systems Engineering,  9 (2022), https://doi.org/10.3389/fenrg.2021.785908 

750 TWh/year
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+48 x Okawachi

Wel = 10 GWh
P = 1280 MW, t = 8 h

PV 2.4% of Japan

PP = 1800 GW
C = 6115 GWh

>7 year global battery prod. 

182 GW9059 km2 6115 GWh

481 TWh

0.34 $/kWh

2446 TWh/year

Ref.: 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”, Frontiers in Energy Research: Process and Energy Systems Engineering,  9 (2022), https://doi.org/10.3389/fenrg.2021.785908 

1590 TWh/year
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H2

H2

O2

-

H2

O2 +

350 
bar

Battery
Electrolyser

MH Storage

MH Compressor

H2

Vehicle

Cat. H2 comb.

Fuel cell

high Tlow T

H2

CO2 Absorber

CO2

FT-Synthesis

H2

H2

H2

CH4

H2O

Sabatier underground storage

H2

CO2

CH4
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PV 3.8 % of Japan

PP = 2842 GW

14,211 km2 9,593 GWh

550 TWh

18 $/kg H2
0.46 $/kWh

350 
bar

H2

Vehicle

Cat. H2 comb.
H2

443 kg H2/year
251 GW

underground hydrogen storage
V = 979 Mm3

3,837 TWh/year 2,200 TWh/year

50,000 Zylinder

25 m

40 m
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n CO2 + 2(2n+1) H2➝ CnH2(n+1) + 2n H2O

FT-Synthesis

H2
CO2

C8H18

H2OH2, CO CnH2n+2RWGS

H2

Cost
CO2 air capture: 0.5 - 3 $/kg CO2
FT Synthesis: 0.2 - 0.5 $/kWh
Storage: 0.01 $/kg HC
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PV 4.5 % of Japan

PP = 4442 GW

22,210 km2 14,242 GWh

7.4 $/L HC
0.75 $/kWh

2053 L HC/year

CO2

FT-Synthesis

H2

572 Mt CO2/year

366 GW

5,996 TWh/year 2,200 TWh/year

1628 M barrel/year
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1312 km2 842 GWh

7.4 $/L HC
0.75 $/kWh

96 M barrel/year

CO2

FT-Synthesis

H2

H2

34 Mt CO2/year

21 GW

354 TWh/year 130 TWh/year

263,000 barrel/day

Synthesis of hydrocarbons
2 x GTL Qatar
140’000 barrel/day
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5 month 

145,000 t/day

182 GW9059 km2 6115 GWh

481 TWh/5 months

0.34 - 0.98 $/kWh

2446 TWh/year
1590 TWh/year

PV 2.4% of Japan

PP = 1800 GW

H2 Shiph

(LH2 Ship 250’000 m3)

7/day

H2 gas fired power 

plant

H2
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Pb-Battery
7842 GWh

Photovoltaics
11,518 km2

H2

Electrolyser
234 GW

0.05 kWh

Compressor

H2

H2 gas fired power 
plant

Grid

H2 H2 H2
H2 H2

H2

H2H2

H2 H2

481 TWh/5 months

854 TWh/5 months

5 months 
145,000 t/dH2 Liquifaction H2 Shiph

(LH2 Ship 250’000 m3)
Compressor

Pipeline

Pipeline

1307 TWh/5 months

20.23 $/kg H2

0.98 $/kWh

7/day
(107 km)2
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1013L HC/year

CO2

FT-Synthesis

H2

H2

(1000 km)2

175 Mio. barrel/day

Synthesis of hydrocarbons

1300 x GTL Qatar

140’000 barrel/day

Market volume: 7400 B$/year

Benefit: 740 B$/year

GDP(Australia): 1300 B$/year (2019)

Coal Export: 0.3 Gt/year (30 B$/year)

7.4 $/L HC

0.75 $/kWh

26 Gt/year



Prof. Dr. Andreas ZÜTTEL, e: andreas.zuettel@epfl.ch, m: +41 79 484 2553 2nd Int. Symposium HYDROGENOMICS 16. – 19. May2022 31

Su
bs

tit
ut

io
n 

of
  F

os
sil

 F
ue

ls 
w

ith
 R

en
ew

ab
le

 E
ne

rg
y 9.1. Renewable Energy

Nuclear energy

Mobility & heat

Aviation

PV feasible roof area in Switzerland

Batteries for day & night storage

Hydropower plant of the size of Grand Dixence

Barrel (159 L)

Cavity of the size of the Gotthard base tunnel

Existing PV und wind power plants

Used biomass

Existing hydropower plants
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