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1. The definition of the storage problem.

• The use of hydrogen as fuel is not a real technical or combustion 
problem but is a storage problem.

• At best, LH2 has an energy density of 8MJ/l while hydrocarbons have an energy density 
between 25MJ/l and 40MJ/l so a lot of hydrogen is needed despite its high combustion 
energy per kg difference between both fuels.

• LH2 has a storage temperature of 20K @ 1bara which leads to an extensive and expensive 
isolation scheme for the storage container.

• Ortho-Para conversion must be completed and be stable.
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2. Ortho-Para conversion and storage.

9-4-2026 Solid-liquid fuels for mobility 3



3. The hydrogen combustion-storage problem.
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Area of interest

Carbon-based fuels have a gravimetric 
energy density between 25MJ/kg and 
40MJ/kg and have a volumetric energy 
density between 10MJ/L and 45MJ/L.

Hydrogen fuel has a gravimetric energy 

density of 120MJ/kg       but a volumetric 

energy density below 8 MJ/L

How to bring this in balance?



4. Energy density of fuels for mobility.
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• Storage possible as compressed gas and 
liquid.

• Storage possible in ligth hydrides.
• Storage possible in transition metal 

hydrides.

Fuel for mobility is stored in liters 
but 

combusted in kg/s.



5. How to store Hydrogen.
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• Storage normally as compressed gas or 
liquid.

• Storage possible in light hydrides.
• Storage possible in transition metal 

hydrides.
Hydrides are binary compounds formed when hydrogen
bonds with another element, including metals and non-
metals

• HHsII: H2(H2O)2 ; H2 clathrate 

• AB: Ammonia - Borane+H2
AB-H2 can store an estimated 8-12wt% 
molecular H2 in addition to the chemically
bonded H2 in AB.

• C2: Example MgH2Slush hydrogen



6. Focus on Methane-Hydrogen fuel CH4(H2)4.
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• Nothing is ballast, everything can be used as fuel.
• Not entirely without CO2 emission  but within all rules for emission.
• The density is 479kg/m3



7. Solid Methane-Hydrogen phase diagram (300K).
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CH4(H2)4 cristals

The material H4M, CH4(H2)4, has exceptional hydrogen storage 

density, but unfortunately requires very high pressures and/or 

low temperature to be stable.

nb: 1 GPa = 10000 bar



8. Solid Methane – Hydrogen phase diagram.

9-4-2026 Solid-liquid fuels for mobility 9

Area of 
research

Simon–Glatzel equation: P (GPa) = 2.67 x 103 x T(K)1.36 - 0.771



9. Experimental facility to produce CH4(H2)4.
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• Can be used with existing 
methane (LNG or 
compressed) and 
hydrogen network 
facilities.

• The production unit of 
CH4(H2)4 can be 
integrated in the storage.

• No storage other than 
that of the end-user is 
not required.

The facility can use 
pressures up to 200bar and 
down to 50K.

Collaboration project between 
TotalEnergies, Armines CES and TU/e



10. Summary.
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• Apart from LH2 or slush LH2 which both have a low energy density per volume of storage, 
there is also a much higher energy density per volume possible on basis of methane.

• Advantages
✓ Much higher storage temperature (around 65K).
✓ An aditional solid-liquid phase transition lowers boiloff considerably.
✓ Can use independent, existing LNG and hydrogen networks.
✓ Hydrogen can be separated from or added to the CH4(H2)4 cristals if required.
✓ Much higher density of 479 kg/m3 of which 50.2 wt% is hydrogen.
✓ Although not entirely without CO2 emission, it fulfills all emission regulations.
✓ Cheap to produce by an end-user.
✓ As slush CH4(H2)4 it can be transferred as an ordenary liquid.
✓ Direct cryogenic fuel injection improves the efficiency of an engine and significantly lowers the fuel 

preparation.
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11. Questions?
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