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Investment Decisions are made by …

Sources:  Independent/Dan Kitwood/Getty

Quantifying the real cost of fossil fuels
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Global vs. Local Zero Emissions

Climate neutral

zero local emissions

current technology

(NOx, SO2, PM, VOHC, 
fossil CO2, noise)

grey hydrogen &
natural gas in

fuel cells
(H2O, fossil CO2)

synthetic, net-zero carbon 
fuels in

combustion engines
(NOx, PM, VOHC, noise)

certified green hydrogen 
in fuel cells

(H2O)

improving local air quality
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ElectrolysisElectricity

ReformingBiogas

ReformingNatural Gas / Crude Oil

GasificationBiomass / Wastes

BacteriaSunlight + Nutrients

Hydrogen Production: 
Variety of Sources

PhotocatalysisSunlight + Water
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Conventional Energy Infrastructure

natural gas coal 
natural gas

oil

gas grid

heating electricity

electricity grid

mobility

fuel market

Risks: import dependence, loss of GDP to imports, political influencing
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Future Hydrogen Energy Markets

natural gas electricity biomass

heating electricity

hydrogen / HC’s

mobility

H2 distribution grids
H2 carrier distribution 

Achievements: increase in flexibility, reduction in import dependence, reduction of supply 
shortages
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Hydrogen Comparisons

lower heating values volumetric gravimetric
Hydrogen 3.00 kWh/Nm³ 33.33 kWh/kg
Methane 9.97 kWh/Nm³ 13.90 kWh/kg
Natural Gas 8,8 - 10,4 kWh/Nm³ 10,6 - 13,1 kWh/kg
Propane 25.89 kWh/Nm³ 12.88 kWh/kg
Buthane 34.39 kWh/Nm³ 12.70 kWh/kg
Ammonia 3.9 kWh Nm3 / 3.2 kWh/L 5.20 kWh/kg
Crude Oil 10.44 kWh/l 11.60 kWh/kg
Diesel 10.00 kWh/l 11.90 kWh/kg
Gasoline 8.80 kWh/l 12.00 kWh/kg
Methanol 4.44 kWh/l 5.47 kWh/kg

* 51%vol H2, 18%vol CO, 19%vol CH4, 2%vol CnHm, 4%vol CO2, 6%vol N2

Energy density

Net Zero Heroes, January 2023

1 Nm³ hydrogen corresponds to 0,34 l petrol
1 l liquid hydrogen corresponds to 0,27 l petrol
1 kg hydrogen corresponds to 2,75 kg petrol, 2,1 kg NG etc.
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fuel comparison

				Energy density

		lower heating values		volumetric		gravimetric

		Hydrogen		3.00 kWh/Nm³		33.33 kWh/kg

		Methane		9.97 kWh/Nm³		13.90 kWh/kg

		Natural Gas		8,8 - 10,4 kWh/Nm³		10,6 - 13,1 kWh/kg

		Propane		25.89 kWh/Nm³		12.88 kWh/kg

		Buthane		34.39 kWh/Nm³		12.70 kWh/kg

		Ammonia		3.9 kWh Nm3 / 3.2 kWh/L		5.20 kWh/kg

		Crude Oil		10.44 kWh/l		11.60 kWh/kg

		Diesel		10.00 kWh/l		11.90 kWh/kg

		Gasoline		8.80 kWh/l		12.00 kWh/kg

		Methanol		4.44 kWh/l		5.47 kWh/kg

		* 51%vol H2, 18%vol CO, 19%vol CH4, 2%vol CnHm, 4%vol CO2, 6%vol N2





gas comparison

		

						hydrogen		nitrogen		oxygen

		density		kg/Nm³

		molecular weight		mol

		atomic diametre

		Nm³		normal cubic metre at 273 K, 1 bar





Energy per capita (2)

				2002 
[PJ]		populace [mio.]		[GJ/   capita*a]		[MWh/   capita*a]

		USA		99,058		291.6		339.7		95

		Canada		12,472		31.7		393.2		110

		Mexico		5,776		101.5		56.9		16

		Total North America		117,305		424.8		276.1		77

		Total S. & Cent. America		19,362		440.0		44.0		12

		France		11,146		59.3		188.0		53

		Germany		14,230		81.9		173.7		49

		Norway		1,853		4.6		407.2		114

		Russian Federation		27,657		141.4		195.6		55

		Spain		5,810		41.5		139.9		39

		United Kingdom		9,517		59.0		161.2		45

		Total Europe & Eurasia		122,234		721.6		169.4		47

				2002 
[PJ]		populace [mio.]		[GJ/   capita*a]		[MWh/   capita*a]

		Algeria		1,469		33.6		43.7		12

		South Africa		4,717		45.9		102.7		29

		Other Africa		4,212		800.4		5.3		1

		Total Africa		12,571		879.9		14.3		4

		Australia		4,877		20.0		244.1		68

		China		43,105		1319.1		32.7		9

		India		14,044		1067.4		13.2		4

		Japan		22,006		127.7		172.3		48

		Malaysia		2,238		24.0		93.2		26

		Philippines		963		81.6		11.8		3

		South Korea		8,891		46.9		189.8		53

		Thailand		2,976		63.4		47.0		13

		TOTAL WORLD		406,296		6355.5		63.9		18

		Of which European Union 15		63,456		303.0		209.4		59





Energy per capita

				2002 
[mio. toe]		populace [mio.]		[toe/   capita]

		USA		2293.0		278.0		8.2

		Canada		288.7

		Mexico		133.7

		Total North America		2715.4

		Total S. & Cent. America		448.2

		France		258.0

		Germany		329.4		81.0		4.1

		Norway		42.9

		Russian Federation		640.2

		Spain		134.5

		United Kingdom		220.3

		Total Europe & Eurasia		2829.5

		Total Middle East		403.1

				2002 
[mio. toe]

		Algeria		34.0

		South Africa		109.2

		Other Africa		97.5

		Total Africa		291.0

		Australia		112.9

		China		997.8

		India		325.1

		Japan		509.4		126.0		4.0

		Malaysia		51.8

		Philippines		22.3

		South Korea		205.8

		Thailand		68.9

		Other Asia Pacific		98.1

		Total Asia Pacific		2717.8

		TOTAL WORLD		9405.0

		Of which European Union 15		1468.9		303.0		4.8





Energy per country (2)

				2002 
[mio. toe]		2002 
[PJ]		change 2002 over 2001		2002 share of total

		USA		2293.0		99,058		1.9%		24.4%

		Canada		288.7		12,472		1.0%		3.1%

		Mexico		133.7		5,776		<0,05%		1.4%

		Total North America		2715.4		117,305		1.7%		28.9%

		Total S. & Cent. America		448.2		19,362		-0.1%		4.8%

		France		258.0		11,146		-0.1%		2.7%

		Germany		329.4		14,230		-1.9%		3.5%

		Norway		42.9		1,853		4.5%		0.5%

		Russian Federation		640.2		27,657		0.2%		6.8%

		Spain		134.5		5,810		1.1%		1.4%

		United Kingdom		220.3		9,517		-2.5%		2.3%

		Total Europe & Eurasia		2829.5		122,234		-0.6%		30.1%

		Total Middle East		403.1		17,414		1.6%		4.3%

				2002 
[mio. toe]		2002 
[PJ]		change 2002 over 2001		2002 share of total

		Algeria		34.0		1,469		3.4%		0.4%

		South Africa		109.2		4,717		2.0%		1.2%

		Other Africa		97.5		4,212		2.0%		1.0%

		Total Africa		291.0		12,571		2.2%		3.1%

		Australia		112.9		4,877		0.3%		1.2%

		China		997.8		43,105		19.7%		10.6%

		India		325.1		14,044		3.4%		3.5%

		Japan		509.4		22,006		-1.1%		5.4%

		Malaysia		51.8		2,238		7.7%		0.6%

		Philippines		22.3		963		-1.8%		0.2%

		South Korea		205.8		8,891		5.0%		2.2%

		Thailand		68.9		2,976		8.2%		0.7%

		Other Asia Pacific		98.1		4,238		2.5%		1.0%

		Total Asia Pacific		2717.8		117,409		7.9%		28.9%

		TOTAL WORLD		9405.0		406,296		2.6%		100.0%

		Of which European Union 15		1468.9		63,456		-1.0%		15.6%





Energy per country

				2002 
[mio. toe]		change 2002 over 2001		2002 share of total

		USA		2293.0		1.9%		24.4%

		Canada		288.7		1.0%		3.1%

		Mexico		133.7		<0,05%		1.4%

		Total North America		2715.4		1.7%		28.9%

		Total S. & Cent. America		448.2		-0.1%		4.8%

		France		258.0		-0.1%		2.7%

		Germany		329.4		-1.9%		3.5%

		Norway		42.9		4.5%		0.5%

		Russian Federation		640.2		0.2%		6.8%

		Spain		134.5		1.1%		1.4%

		United Kingdom		220.3		-2.5%		2.3%

		Total Europe & Eurasia		2829.5		-0.6%		30.1%

		Total Middle East		403.1		1.6%		4.3%

				2002 
[mio. toe]		change 2002 over 2001		2002 share of total

		Algeria		34.0		3.4%		0.4%

		South Africa		109.2		2.0%		1.2%

		Other Africa		97.5		2.0%		1.0%

		Total Africa		291.0		2.2%		3.1%

		Australia		112.9		0.3%		1.2%

		China		997.8		19.7%		10.6%

		India		325.1		3.4%		3.5%

		Japan		509.4		-1.1%		5.4%

		Malaysia		51.8		7.7%		0.6%

		Philippines		22.3		-1.8%		0.2%

		South Korea		205.8		5.0%		2.2%

		Thailand		68.9		8.2%		0.7%

		Other Asia Pacific		98.1		2.5%		1.0%

		Total Asia Pacific		2717.8		7.9%		28.9%

		TOTAL WORLD		9405.0		2.6%		100.0%

		Of which European Union 15		1468.9		-1.0%		15.6%





Units

		

		Energy use						1 kWh				3,600 kJ

								1 kJ		0,28 Wh

		Primary energy		Tons of coal equivalent				1 tce		8.14 MWh		29.3 GJ

				Tons of oil equivalent				1 toe		12.00 MWh		43.2 GJ

								1 mio.toe		12.0 TWh		43.2 PJ

		Crude Oil		Barrel		159		Litres		1.63 MWh		5.88 GJ

						0.136		t

		Caution!		milliard = billion

		U.S. usage		billion = trillion

		Mega		million, 10**6

		Giga		milliard, 10**9

		Terra		billion, 10**12

		Peta		billiard, 10**15







Electric Transport Solutions
Range

200 km 1 000 km500 km 10 000 km

BEV:
power: from battery
energy: from battery

ICE:
power: from engine
energy: from petrol

H2FC plug-in hybrid:
power: from battery
energy: from battery & H2

??
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Vehicle Efficiencies
Range

200 km 500 km 1 000 km 10 000 km

ICE 20%

BEV 80%
renewable 
electricity

PFCEV 55%
green 

hydrogen

HT-FCEV 65%

zero fossil 
carbon fuels
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Comparison: Shipping Fuel Consumption

- steaming distance 10 days, 150 to/dy, 16 500 MWh

source: transportgeography.org
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Comparison: Fuel Bunkering Volumes

- steaming distance 10 days, 150 to/dy, 16 500 MWh

Boil. 
Temp. 

[K]

Heat.Val. 
[kWh/kg]

Heat.Val. 
[kWh/L]

Heat.Val. 
[kWh/ 
Ncbm]

bunker-
volume 
[cbm]

Fuel weight
[to]

H2 (70 MPa) --- 33 --- 3 9900 500

CH4 (25 MPa) --- 14 --- 9 8900 1300

LH2 20 33 2.3 --- 7000 500

NH3 240 5.2 3.2 3.9 5200 3350

CH3OH --- 5.5 4.4 --- 3750 3250

LNG 120 12.5 5.6 --- 3500 1300

LSNG 111 14 6.3 --- 3200 1200

M.Diesel --- 12 10 --- 1500 1500
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Energy Density Comparisons

Where: GAS is gasoline, KRS is kerosene, DF is diesel fuel and CO is crude oil.

From: Samuel Sogbesan/Robert Steinberger-Wilckens

H2
70 MPa

CH4
70 MPa
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Externalities of Passenger Vehicle
values for Daimler A-class (2007)

fuel cost (pump price)

Petrol                    hydrogen

externalities 
(environmental component)

8 £/100 km

8.25 £/100 km

source: INFRAS

9 £/100 km

/ (2022)
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Customer Choices

Net Zero Heroes, January 2023

efficiency

availability / 
infrastructure

pump price

range

availability / 
vehicles

industry 
adoption

Source: imgflip.com
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source: wikipedia

petrol
diesel
(bio)diesel (B3)
gasohol (E25)
ethanol (E100)
compressed natural gas (CNG).

Net Zero Heroes, January 2023

Customer Choices (2)
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Modal Shift

Source: fraw.org.uk
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European Hydrogen Infrastructure 

20232025

Source: h2.live
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• hydrogen refuelling infrastructure is cheaper than public electrical 
charging and has less impact on the electricity grid operation
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Building a Hydrogen Infrastructure: Painful 

Source: h2.live
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• forward investment is considerable and risky
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Current Trends
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• simplification of infrastructure requirements: 
- HGV transport
- fleet operators

• liquid fuels for long-range transport
- ammonia
- liquified synthetic natural gas
- methanol

• Europe:
- establishment of hydrogen refuelling network 
- Intercontinal ‘corridors’ (TenT)

19/20



Thank you for your Attention!

Any Questions?

contact:
r.steinbergerwilckens@bham.ac.uk

Upcoming events:

JESS 2023 – Joint European Summer School, 
10 to 15 & 17 to 22 Sept 2023,   

Athens

www.jess-summerschool.eu
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C-DICE is planning a sandpit 
on hydrogen and we would 
like YOUR help to generate 
the research problem to 
solve.

Scan the QR code to find out 
more.

The closing date for applications is 27 January 
2023.

https://www.cdice.ac.uk/events/c-dice-hydex-hydrogen-town-hall/
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