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Hydrogen as an enabler for the energy transition
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Hydrogen safety and handling
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When a conventional hydrocarbon
fuel burns, it produces hot ash from
the oxidation of carbon, creating
radiant heat.

This is not the case with hydrogen
because it does not contain carbon.
In its pure form, hydrogen burns
and produces no hot ash and very
little radiant heat.

However, a hydrogen flame is
nearly invisible compared to a
natural gas flame.

Source: Hydrogen station maps 2020
https.//h2stationmaps.com/hydrogen-stations#safety



https://h2stationmaps.com/hydrogen-stations#safety

Hydrogen colours, from Grey to Green, the economics
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https://www.tno.nl/en/focus-areas/enerqy-transition/roadmaps/towards-co2-neutral-fuels-and-feedstock/hydrogen-for-a-sustainable-enerqy-supply/
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White hydrogen from geological formations?
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Hidden hydrogen: Earth may hold vast stores of a renewable, carbon-free fuel | Science | AAAS



https://www.science.org/content/article/hidden-hydrogen-earth-may-hold-vast-stores-renewable-carbon-free-fuel
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Green hydrogen: electrolysers and fuel cells
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Learning rates for hydrogen generation and applications
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Transport of gas is much cheaper and
more efficient than transport of electricity
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%— Nord Stream = € 9/kW/100 km

Offshore wind farms at GW scale: the combination of local conversion of power to hydrogen + a pipeline
system may well be cheaper than a GW scale cable....certainly when current gas infrastructure is used.




Hydrogen storage in salt caverns
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Source: Gasunie 2023
https://www.hystock.nl/waterstof/opslag-in-zoutcavernes
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Renewable Ammonia

CO,-neutral
ammonia

Electricity from
renewables
Electrolysis Ammonia synthesis
2H20 — 2H2 + 02 3H2 + N2 — 2NH3
*
¥
8 1@ May 2018 | 2nd Power to NH3 Conference | Markus Will, Lukas Lueke Source: rupp 2018

https://i1.wp.com/ammoniaindustry.com/wp-content/uploads/2018/06/ThyssenKrupp-NH3-Event-renewable-ammonia.png?ssi=1



https://i1.wp.com/ammoniaindustry.com/wp-content/uploads/2018/06/ThyssenKrupp-NH3-Event-renewable-ammonia.png?ssl=1

Fuel cell cars versus battery electric vehicle

100 100
Watts Watts 95
Energy vector transition 85
- Watts
Electricity | Watts 80
Watts Transmission| Battery Watts
Hydrogen 65 Charge Electric
Generation |\, 4o Discharge | power to
Hydrogen Vehicle
Compression Drive
and 40
Transportation 38
Watts Watt
Fuel Cell a ,S
Conversion Electric
Power to
Vehicle
Drive

For comparison, a gasoline or diesel car with an internal combustion engine has an overall efficiency of some 25%.

Source: Energy Post 2020
https.//enerqypost.eu/enerqy-conversion-for-hydrogen-cars-is-only-half-that-for-bevs/



https://energypost.eu/energy-conversion-for-hydrogen-cars-is-only-half-that-for-bevs/

Mobility: battery or fuel cell? Or both?
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Bioscience engineers from KU Leuven have
designed a hydrogen panel that converts 15
per cent of the sunlight straight into
hydrogen gas — a world record.

Source: KU Leuven 2019
https.//nieuws.kuleuven.be/en/content/2019/belgian-scientists-crack-the-code-for-affordable-eco-friendly-hydrogen-gas



https://nieuws.kuleuven.be/en/content/2019/belgian-scientists-crack-the-code-for-affordable-eco-friendly-hydrogen-gas

Hydrogen directly from solar panels, using water splitting
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Australian researchers have claimed a new
world efficiency record of 17.6% for solar
panels that can directly split water using
sunlight. They use a photoelectrochemical
(PEC) solar-to-hydrogen (STH).

The low-cost layered perovskite is combined
with a convectional Si solar cell should lead
to low cost hydrogen.
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Source: Australian National University 2020
https://onlinelibrary.wiley.com/doi/epdf/10.1002/aenm.202000772
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Characteristics hydrogen compared to natural gas

Density (gaseous)

Density (liquid)

0.089 kg/m> (0°C, 1 bar)
70.79 kg/m? (-253°C, 1 bar)

1/10 of natural gas
1/6 of natural gas

Boiling point -252.76°C (1 bar) 90°C below LNG
Energy per unit of mass (LHV) 120.1 MJ/kg 3x that of gasoline
| Energy density (ambient cond., LHV) 0.01 MJ/L 1/3 of natural gas |
Specific energy (liquefied, LHV) 8.5 MJ/L 1/3 of LNG
| Flame velocity 346 cm/s 8x methane |
mnitinn range 4-77% in air by volume 6x wider than methane |
Autoignition temperature 585°C 220°C for gasoline
| Ignition energy 0.02 MJ 1/10 of methane |

Notes: cm/s = centimetre per second; kg/m3 = kilograms per cubic metre; LHV = lower heating
value; MJ = megajoule; Mi/kg = megajoules per kilogram; MJ/L = megajoules per litre.

Source: EIA 2019
https.//www.iea.org/reports/the-future-of-hydrogen
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Levelised cost of renewable electricity in S/kWh
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Levelised cost of green hydrogen from electrolysers
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Levelized Cost of Hydrogen

Levelized cost of Capital and fixed Opex at 100% utilization
Utilization rate of the electrolyser

Levelized cost of electricity

Efficiency of the electrolyzer

Cost components of green hydrogen?
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Source: Hydrogenics 2019
https://www.hydrogenics.com/
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Hydrogen production cost breakdown

LCOH breakdown @4,000 h pa
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Source: Hydrogen Europe 2021

https://hydrogeneurope.eu



https://hydrogeneurope.eu/

Forecast global range of levelized cost of hydrogen production from large projects
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Natural gas seems the best candidate to support the transition
towards a green gas economy via the blue hydrogen route.
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https://data.bloombergip.com/professional/sites/24/BNEF-Hydrogen-Economy-QOutlook-Key-Messages-30-Mar-2020.pdf
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End use applications, energy value chain ---> hydrogen  NL example
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