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ϠĕÖĘàÖÌĤϠæĺÒĘĉáÖĂϠĜĤĉĘ¿áÖϠĜĺĜĤÖā

EΘϠÌĉĂĤÖĂĤϠЊËĺϠĜĺĜĤÖāϠā¿ĜĜϠ¿ĂÒϠĳĉûĨāÖЋ

+æÖ¿ĕϠ¿ĂÒϠÖÌĉĂĉāéÌ¿ûûĺϠàÖ¿ĜéËûÖ

XĉĂáϠÌĺÌûÖϠûéàÖϠ¿ĂÒϠÖ¿ĜéûĺϠĘÖÌæ¿ĘáÖ¿ËûÖ

x¿àÖ

tÖûé¿ËûÖ

+ĉāĕ¿ÌĤ

XéáæĤĴÖéáæĤ

 éāÖЀĜĤ¿ËûÖ

EéáæϠĕĨĘéĤĺϠEΘ

sĨéÌøϠĘÖàĨÖûûéĂáϰϠæéáæϠĤæĘĉĨáæĕĨĤ

ĘĉĨĂÒϠΚЀΛϠøáϠĉàϠEΘϠéĜϠĘÖėĨéĘÖÒϠàĉĘϠΚΖΖЀΛΖΖϠøāϠĘ¿ĂáÖϠéĂϠ¿ϠàĨÖûϠÌÖûûϠÌ¿Ę

Withdrawal time and storage capacity of different energy storage methods. Both axes are 
shown in logarithmic scale.
Artelys, final report ĂWhy European Underground hydrogen storage needs should be fulfilledñ 2024
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xĤ¿ĤéĉĂ¿ĘĺϠæĺÒĘĉáÖĂϠĜĤĉĘ¿áÖ

?éĹÖÒϠûĉÌ¿ĤéĉĂ

^ĉĜĤûĺϠû¿ĘáÖϠĜÌ¿ûÖϠĜĤĉĘ¿áÖϠ

HāĕĉĘĤ¿ĂĤϠ¿ĜĕÖÌĤĜϱ
Å+ĺÌûÖϠÖńÌéÖĂÌĺ
Å¯ĉûĨāÖĤĘéÌϠEΘϠÒÖĂĜéĤĺ
ÅtÖûé¿ËéûéĤĺϠĉĳÖĘϠûĉĂáϠĤéāÖЀĜÌ¿ûÖĜ
Å éāÖϠĜĤ¿ËéûéĤĺϠЊàĉĘϠûĉĂáЀĤéāÖϠĜĤĉĘ¿áÖЋ
Å^éĂéāéĿÖϠÌĉĜĤϠĉàϠÒÖûéĳÖĘÖÒϠEΘ

xĺĜĤÖāϠĴÖéáæĤϠĜÖÌĉĂÒ¿Ęĺ

5Ĺ¿āĕûÖϠ¿ĕĕûéÌ¿ĤéĉĂĜϱ
Å*ĨŃÖĘϠ¿ĂÒϠĜĤĉĘ¿áÖϠĤ¿ĂøĜϠ¿ĤϠEΘϠĕĘĉÒĨÌĤéĉĂϠĕû¿ĂĤĜ
ÅEΘϠĘÖàĨÖûûéĂáϠĜĤ¿ĤéĉĂĜϠЊàĉĘϠËĨĜÖĜϰϠĤĘ¿éĂĜϠÖĤÌϯЋ
ÅxĤĉĘ¿áÖϠĤ¿ĂøĜϠ¿ĤϠéĂÒĨĜĤĘé¿ûϠà¿ÌéûéĤéÖĜ
ÅEΘϠĤĘ¿ĂĜĕĉĘĤϠûĉáéĜĤéÌϠæĨËĜϠЊĕĉĘĤĜϰϠĤĘ¿éĂϠĜĤ¿ĤéĉĂĜϠÖĤÌϯЋ

Container filled with hydrogen tanks compressed to 500 bar for H2 fuelling stations
https://www.nproxx.com/transport-stationary-storage/stationary/

Liquid H2 tank at NASA Kennedy Space Center 
https://www.energy.gov/sites/default/files/2021-10/doe-

perspectives-lh2.pdf

https://www.energy.gov/sites/default/files/2021-10/doe-perspectives-lh2.pdf
https://www.energy.gov/sites/default/files/2021-10/doe-perspectives-lh2.pdf
https://www.energy.gov/sites/default/files/2021-10/doe-perspectives-lh2.pdf
https://www.energy.gov/sites/default/files/2021-10/doe-perspectives-lh2.pdf
https://www.energy.gov/sites/default/files/2021-10/doe-perspectives-lh2.pdf
https://www.energy.gov/sites/default/files/2021-10/doe-perspectives-lh2.pdf
https://www.energy.gov/sites/default/files/2021-10/doe-perspectives-lh2.pdf
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^ĉËéûÖϠæĺÒĘĉáÖĂϠĜĤĉĘ¿áÖ

 æÖϠEΘϠĜĤĉĘ¿áÖϠĜĺĜĤÖāϠéĜϠāĉĳÖÒϠÒĨĘéĂáϠĉĘϠ
ËÖĤĴÖÖĂϠĨĜÖĜ

HāĕĉĘĤ¿ĂĤϠ¿ĜĕÖÌĤĜϱ
Å@Ę¿ĳéāÖĤĘéÌϠ¿ĂÒϠĳĉûĨāÖĤĘéÌϠEΘϠÒÖĂĜéĤĺ
Å Ϡ¿ĂÒϠĕϠĘ¿ĂáÖϠĴæÖĘÖϠEΘϠéĜϠĘÖûÖ¿ĜÖÒ
Å^ÖÌæ¿ĂéÌ¿ûϠ¿ĂÒϠĤæÖĘā¿ûϠĜĤ¿ËéûéĤĺϠЊĜ¿àÖĤĺЋ
ÅsĨéÌøϠĘÖņûûéĂá

5Ĺ¿āĕûÖϠ¿ĕĕûéÌ¿ĤéĉĂĜϱ
Å Ę¿ĂĜĕĉĘĤ¿ĤéĉĂϠĉàϠEΘ

Å^ĉËéûÖϠĘÖàĨÖûûéĂáϠĜĤ¿ĤéĉĂĜ
ÅEΘϠ¿ĜϠàĨÖûϠàĉĘϠĳÖæéÌûÖĜ

Hydrogen storage tank (700 bar) for the Toyota Mirai 

Liquefied H2 carrier Suiso Frontier
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XéāéĤ¿ĤéĉĂĜϠ¿ĂÒϠĕÖĘĜĕÖÌĤéĳÖĜ
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1ÖĂĜéĤĺϠĉàϠæĺÒĘĉáÖĂ

XĉĴÖĘϠæÖ¿ĤéĂáϠĳ¿ûĨÖĜϠЊXE¯ЋϠĉàϱ
EΘϠЀϠΙΙϯΙϠø°æϠøáЀΗϠЊΜΜϯΜϠ°æϠāĉûЀΗЋ
^ÖĤæ¿ĂÖϠЊ+EΚЋϠЀϠΗΙϯΟϠø°æϠøáЀΗϠЊΘΘΘϠ°æϠāĉûЀΗЋ
1éÖĜÖûϠЀϠΗΘϯΗϠø°æϠøáЀΗϠЊєΘΖΖΖϠ°æϠāĉûЀΗЋ

1ÖĂĜéĤéÖĜϠ¿ĤϠΗΛϠ+̄Ϡ¿ĂÒϠΗϠË¿Ęϱ
EΘϠЂϠΖϯΖΞΚϠáϠXЀΗ
+EΚϠЂϠΖϯΜΝΗϠáϠXЀΗ

1éÖĜÖûϠЂϠєΞΙΖϠáϠXЀΗϠ

L. Vidas et al., Energies 15, 9 (2022) 3160

Hydrogen density vs temperature and pressure (brought as lines)
Hydrogen phase diagram

ÅMain limitation for hydrogen storage: 
low density of H2

ÅWhen comparing storage methods ς 
Hydrogen content in gH2 L

-1 and/or as wt%
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1éŃĨĜéĉĂϠ¿ĂÒϠā¿ĤÖĘé¿ûϠĕÖĂÖĤĘ¿ĤéĉĂ

xā¿ûûϠЊøéĂÖĤéÌϠÒé¿āÖĤÖĘϠΘϯΞΟϠ&ЋϠ¿ĂÒϠûéáæĤϠЊΘϠáϠāĉûЀΗЋϠ
EΘϠāĉûÖÌĨûÖϠĺéÖûÒĜϠ¿ϠæéáæϠÒéŃĨĜéĉĂϠÌĉÖńÌéÖĂĤϠéĂϠ
¿éĘϱϠΖϯΝΜϠÌāΘϠĜЀΗϠ¿ĤϠΘΖϠ+̄ϠĳĜϠΖϯΗΜϠÌāΘϠĜЀΗϠàĉĘϠ
āÖĤæ¿ĂÖ

sĨéÌøϠÒéĜĜéĕ¿ĤéĉĂϠéĂĤĉϠĜĨĘĘĉĨĂÒéĂáϠÖĂĳéĘĉĂāÖĂĤ

ĤĉāéÌϠæĺÒĘĉáÖĂϠæ¿ĜϠ¿ϠĳÖĘĺϠĜā¿ûûϠĘ¿ÒéĨĜϠĉàϠΖϯΛΙϠ&

ËûÖϠĤĉϠÖĂĤÖĘϠĤæÖϠû¿ĤĤéÌÖϠĉàϠā¿ĂĺϠāÖĤ¿ûĜ

HĂÌĘÖ¿ĜÖÒϠĘéĜøϠĉàϠûÖ¿ø¿áÖϠ¿ĂÒϠĕÖĘāÖ¿ĤéĉĂ

qÖĘāÖ¿ĤéĉĂϠĉàϠĜĕÖÌé¿ûϠÌĉĂÌÖĘĂϠàĉĘϠĤæéĂϠāÖĤ¿ûϠ
éĜĉû¿ĤéĉĂϠÒé¿ĕæĘ¿áāĜϠĨĜÖÒϠéĂϠĕĘÖĜĜĨĘÖϠĤĘ¿ĂĜÒĨÌÖĘĜ

Hydrogen permeation mechanism through a thin metal diaphragm

https://www.yokogawa.com/us/library/resources/application-notes/hydrogen-permeation/
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5āËĘéĤĤûÖāÖĂĤ

1ĨĘéĂáϠĕÖĘāÖ¿ĤéĉĂϠĕĘĉÌÖĜĜϠ¿ĤĉāéÌϠæĺÒĘĉáÖĂϠ
ûĉÌ¿ûéĿÖÒϠéĂϠÒéŃÖĘÖĂĤϠéĂĤÖĘĜĤéĤé¿ûϠĜéĤÖĜϠ¿ĂÒϠЛĤĘ¿ĕĜМ
+¿ĂϠàĉĘāϠāĉûÖÌĨû¿ĘϠæĺÒĘĉáÖĂϠéĂĜéÒÖϠāÖĤ¿û
 æĘÖÖϠËĘĉ¿ÒϠÌ¿ĤÖáĉĘéÖĜϱϠ
ÅEĺÒĘĉáÖĂϠ5ĂĳéĘĉĂāÖĂĤ¿ûϠ5āËĘéĤĤûÖāÖĂĤϠЊE55ЋϠЂϠ
?ĘĉāϠæéáæЀĕĘÖĜĜĨĘÖϠá¿ĜÖĉĨĜϠæĺÒĘĉáÖĂϠ
ÖĂĳéĘĉĂāÖĂĤϯ

ÅHĂĤÖĘĂ¿ûϠEĺÒĘĉáÖĂϠ5āËĘéĤĤûÖāÖĂĤϠЊHE5ЋϠЀϠ?ĘĉāϠ¿ĂϠ
ÖûÖÌĤĘĉÌæÖāéÌ¿ûϠĕĘĉÌÖĜĜϰÖϯáϯϰÖûÖÌĤĘĉĕû¿ĤéĂáϰϠ
ÌĉĘĘĉĜéĉĂϰϠÌ¿ĤæĉÒéÌϠÌæ¿ĘáéĂáϰϠĤæÖĘā¿ûϠÌæ¿ĘáéĂáϯϠ
+¿ĂϠÖĳÖĂϠËÖϠàĘĉāϠĴÖûÒéĂáϰϠÌ¿ĜĤéĂáϰϠ¿ĂÒϠ
ĜĉûéÒéņÌ¿ĤéĉĂϠĕĘĉÌÖĜĜÖĜϠàĘĉāϠĤæÖϠàĉĨĂÒĘĺϯ

ÅEĺÒĘĉáÖĂϠtÖ¿ÌĤéĉĂϠ5āËĘéĤĤûÖāÖĂĤϠЊEt5ЋϠЀϠ1ĨÖϠĤĉϠ
¿ϠÌæÖāéÌ¿ûϠĘÖ¿ÌĤéĉĂϠĴéĤæϠæĺÒĘĉáÖĂϰϠÌ¿ĂĉÌÌĨĘϠ
ĴéĤæĉĨĤϠ¿ĂϠÖĹĤÖĘĂ¿ûϠ¿ĕĕûéÖÒϠĜĤĘÖĜĜϠ¿ĂÒϠéĜϠ
éĘĘÖĳÖĘĜéËûÖ

¤ĜĨ¿ûûĺϠā¿ĂéàÖĜĤĜϠ¿ĜϠĜéĂáĨû¿ĘϠĜæ¿ĘĕϠÌĘ¿ÌøĜ
+¿ĂϠáĘĉĴϠĘ¿ĕéÒûĺϠĴéĤæϠûéĤĤûÖϠā¿ÌĘĉĜÌĉĕéÌϠÖĳéÖĂÌÖ

Hydrogen in the a) interstitial sites, b) surface traps, c) subsurface traps, d) grain 
boundary traps, e) dislocation traps, and f) vacancy traps of steel

A. Pundt et al., Annu. Rev. Mater. Res. 36 (2006) 555
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?û¿āā¿ËéûéĤĺϠ¿ĂÒϠĜ¿àÖĤĺ
XĉĴϠāéĂéāĨāϠéáĂéĤéĉĂϠÖĂÖĘáĺϱϠΘΖϠmSϠĳĜϠΙΖΖϠmSϠàĉĘϠāÖĤæ¿ĂÖ

EΘϠËĨĘĂĜϠĴéĤæϠ¿ûāĉĜĤϠéĂĳéĜéËûÖϠŇ¿āÖϠЂϠāĉĜĤϠĜĕÖÌĤĘ¿ϠàĘĉāϠËĨĘĂéĂáϠéĂϠ¤¯Ϡ¿ĂÒϠà¿ĘЀéĂàĘ¿ĘÖÒϠ
Ĵ¿ĳÖûÖĂáĤæĜ

°éÒÖϠûéāéĤϠàĉĘϠÒÖĤĉĂ¿ĤéĉĂϠЂϠΗΙЀΜΛϠĳĉûџϠéĂϠ¿éĘ

sĨéÌøϠÒéŃĨĜéĉĂϠûéāéĤĜϠĤæÖϠÖĹĕûĉĜéĉĂϠÖĂÖĘáĺϱ
ΘϠøáϠ _ ϠāЀΙϠĳĜϠΝϠ¿ĂÒϠΚΚϠøáϠ _ ϠāЀΙϠàĉĘϠĂ¿ĤĨĘ¿ûϠá¿ĜϠ¿ĂÒϠĕÖĤĘĉû

R. W. Schefer et al. Combust. Flame. 156, 6(2009) 1234

Different H2:air ratios of a) 1, b) 0.8, c) 
0.7, and d) 0.62 obtained over a 4-
second exposure time.a) Measured H2 combustion emission (From 350 nm signal multiplied 6.5 times), b) Calculated H2

combustion emission



9.12.2025 Neutrons for Sustainable Energy; Hydrogen Storage 12

 Ę¿ĂĜĕĉĘĤ¿ĤéĉĂϠĉàϠEΘ

EΘϠÒÖĂĜéĤĺϠĉàϠÌĘéĤéÌ¿ûϠéāĕĉĘĤ¿ĂÌÖϠàĉĘϠ
ÖńÌéÖĂĤϠĤĘ¿ĂĜĕĉĘĤ¿ĤéĉĂ

¤ĜÖϠĉàϠ¿ûĤÖĘĂ¿ĤéĳÖϠàĉĘāĜϠĉàϠEΘϠ¿ĂÒϠ
¿ĳ¿éû¿ËéûéĤĺϠĉàϠĜĨéĤ¿ËûÖϠéĂàĘ¿ĜĤĘĨÌĤĨĘÖϠ
ÒÖĤÖĘāéĂÖĜϠĳé¿ËéûéĤĺ

 Ę¿ĂĜĕĉĘĤϠéĂàĘ¿ĜĤĘĨÌĤĨĘÖϠЊĕéĕÖûéĂÖĜЋϠĳĜϠ
āĉËéûÖϠĜĉûĨĤéĉĂĜϠЊĤĘĨÌøϼĤĘ¿éĂЋ

XĉÌ¿ûéĿÖÒϠĕĘĉÒĨÌĤéĉĂϠĤĉϠÒÖÌĘÖ¿ĜÖϠ
ĘÖėĨéĘÖāÖĂĤĜϠàĉĘϠĤĘ¿ĂĜĕĉĘĤ¿ĤéĉĂ

1éŃÖĘÖĂĤϠEΘϠàĉĘāĜϠĉĕĤéā¿ûϠàĉĘϠ
ĤĘ¿ĂĜĕĉĘĤϰϠĜĤ¿ĤéĉĂ¿ĘĺϠĜĤĉĘ¿áÖϰϠ¿ĂÒϠ
āĉËéûÖϠĜĤĉĘ¿áÖ

The CǳǘǳǊŜ ƻŦ IȅŘǊƻƎŜƴ {ŜƛȊƛƴƎ ǘƻŘŀȅΩǎ ƻǇǇƻǊǘǳƴƛǘƛŜǎΣ L9! ¢ŜŎƘƴƻƭƻƎȅ ǊŜǇƻǊǘ нлмф

The CǳǘǳǊŜ ƻŦ IȅŘǊƻƎŜƴ {ŜƛȊƛƴƎ ǘƻŘŀȅΩǎ ƻǇǇƻǊǘǳƴƛǘƛŜǎΣ L9! ¢ŜŎƘƴƻƭƻƎȅ ǊŜǇƻǊǘ нлмф, Assumptions annex
S. Baufumé et al., Int. J. Hydrogen Energy 38 (2013) 3813
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 ¿ĘáÖĤĜϠЂϠÖĂÖĘáĺϠÒÖĂĜéĤĺϠ¿ĂÒϠĜĺĜĤÖāϠÌĉĜĤ
EĺÒĘĉáÖĂϠĜĤĉĘ¿áÖϠÒÖĂĜéĤĺϠĤ¿ĘáÖĤĜϠā¿éĂûĺϠàĉĘϠ
āĉËéûÖϠ¿ĕĕûéÌ¿ĤéĉĂĜϰϠéϯÖϯϰϠĉĂËĉ¿ĘÒϠĜĤĉĘ¿áÖ

5ĳÖĂϠĴéĤæϠæéáæÖĘϠÖńÌéÖĂÌĺϠàĉĘϠĺéÖûÒéĂáϠÖĂÖĘáĺϠ
àĘĉāϠEΘϠєϠΛϠøáϠĉàϠEΘϠàĉĘϠΛΖΖϠøāϠÒĘéĳéĂáϠÒéĜĤ¿ĂÌÖϠ
àĉĘϠûéáæĤЀÒĨĤĺϠĳÖæéÌûÖ

^¿ĤÌæéĂáϠĤæÖϠĨûĤéā¿ĤÖϠĤ¿ĘáÖĤĜϰϠEΘϠĤ¿ĂøϠàĉĘϠ¿Ϡ
ûéáæĤЀÒĨĤĺϠĳÖæéÌûÖϱϠΝΜϠøáϠ¿ĂÒϠΗΖΖϠX

R. Pedicini et al., Energies 16, 7 (2023) 3111 https://www.energy.gov/eere/fuelcells/doe-technical-targets-onboard-hydrogen-storage-

light-duty-vehicles
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 ¿ĘáÖĤĜϠЂϠÌĉĜĤĜϠ¿ĂÒϠĜÌ¿ûÖ
+ĉĜĤϠÌ¿ĂϠËÖϠÒÖÌĘÖ¿ĜÖÒϠËĺϱ
ÅqĘĉÒĨÌĤéĉĂϠ¿ĤϠĜÌ¿ûÖ
Å ÖÌæĂĉûĉáéÌ¿ûϠËĘÖ¿øĤæĘĉĨáæ

 ÖÌæĂĉûĉáéÌ¿ûϠËĘÖ¿øĤæĘĉĨáæϠāĉĘÖϠûéøÖûĺϠàĉĘϠ¿ûĤÖĘĂ¿ĤéĳÖϠ
àĉĘāĜϠĉàϠEΘ

C. Houchins et al., Hydrogen Storage 
Cost Analysis, 2022

Cost breakdown of a Type 
4 700 bar H2 tank 

U.S. National Clean Hydrogen Strategy and Roadmap, 2023
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EĺÒĘĉáÖĂϠĜĤĉĘ¿áÖϠāÖĤæĉÒĜ
+ĉāĕĘÖĜĜéĉĂ



9.12.2025 Neutrons for Sustainable Energy; Hydrogen Storage 16

1ÖĂĜéĤĺϠĳĜϠĕĘÖĜĜĨĘÖ
+ĉāĕĘÖĜĜéĉĂϠĉàϠEΘϠéĜϠĤæÖϠāĉĜĤϠĜĤĘ¿éáæĤàĉĘĴ¿ĘÒϠĤĉϠéĂÌĘÖ¿ĜÖϠÒÖĂĜéĤĺ

qĉĜéĤéĳÖϠÌĉāĕĘÖĜĜéËéûéĤĺϠà¿ÌĤĉĘϠЊ»Ϡ>ϠΗЋϠàĉĘϠEΘϠ¿ĤϠ¿āËéÖĂĤϠĤÖāĕÖĘ¿ĤĨĘÖ

°æÖĘÖϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠϠ­ϠϠûĉĴÖĘϠéĂÌĘÖ¿ĜÖϠéĂϠÒÖĂĜéĤĺϠĴéĤæϠéĂÌĘÖ¿ĜÖÒϠĕĘÖĜĜĨĘÖϠĳĜϠéÒÖ¿ûϠá¿Ĝ

https://webbook.nist.gov/chemistry/fluid/

298 K

nZRTpV=

real

ideal

real

ideal

m

m

n

n
Z ==
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EΘϠ+ĉāĕĘÖĜĜéĉĂ
XĉĴϠāĉû¿ĘϠā¿ĜĜϠĉàϠEΘϠЂϠæéáæϠÖĂÖĘáĺϠĘÖėĨéĘÖāÖĂĤϠ
àĉĘϠÌĉāĕĘÖĜĜéĉĂϠËĺϠā¿ĜĜ

5ĳÖĂϠéĂϠĤæÖϠÌ¿ĜÖϠĉàϠéÒÖ¿ûϠÌĉāĕĘÖĜĜéĉĂϠ
ЊéĜĉĤæÖĘā¿ûЋϠЂϠΛџϠĉàϠEE¯ϠьϠΜџϠĉàϠXE¯ϠĨĜÖÒϠĨĕϠĤĉϠ
ĘÖ¿ÌæϠΝΖΖϠË¿Ę

^ĉĜĤϠÖĂÖĘáĺϠĨĜÖÒϠàĉĘϠÌĉāĕĘÖĜĜéĉĂϠĨĕϠĤĉϠΗΖΖϠË¿Ę

¯¿ĘéÖĤĺϠĉàϠÌĉāĕĘÖĜĜĉĘϠĤÖÌæĂĉûĉáéÖĜϠ¿ĳ¿éû¿ËûÖϠ
Ë¿ĜÖÒϠĉĂϠĤÖÌæĂéÌ¿ûϠĘÖėĨéĘÖāÖĂĤĜ

A. M. Elberry et al., Int. J. Hydrogen Energy 46, 29 (2021) 15671G. Sdanghi et al., Int. J. Hydrogen Energy 102 (2019) 150
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+ĉāĕĘÖĜĜÖÒϠEΘϠĳÖĜĜÖûϠĤĺĕÖĜ

 ĺĕÖϠHϠЂϠ+¿ĘËĉĂϠĜĤÖÖûϯϠ^ĉĜĤûĺϠàĉĘϠĜĤ¿ĤéĉĂ¿ĘĺϠ
ĜĤĉĘ¿áÖϠЊĘÖàĨÖûéĂáϠĜĤ¿ĤéĉĂĜЋϰϠéĤϠÌ¿ĂϠËÖϠĨĜÖÒϠàĉĘϠ
ĉĤæÖĘϠá¿ĜĜÖĜϯϠ¯ÖĜĜÖûϠā¿ĜĜϠéĂÌĘÖ¿ĜÖĜϠėĨéÌøûĺϠ
ĴéĤæϠ¿ÒÒéĤéĉĂ¿ûϠĕĘÖĜĜĨĘÖ

 ĺĕÖϠHHϠЂϠHĂĂÖĘϠāÖĤ¿ûϠû¿ĺÖĘϠĴéĤæϠ¿ĂϠĉĨĤÖĘϠĕ¿ĘĤé¿ûϠ
Ì¿ËûÖϠĉĘϠáû¿ĜĜϠņËÖĘϠÌĉāĕĉĜéĤÖϠĴĘ¿ĕĕéĂáϯϠ
¯ĨûĂÖĘ¿ËûÖϠĤĉϠÌĺÌûéÌϠà¿éûĨĘÖ

 ĺĕÖϠHHHϠЂϠ̂ÖĤ¿ûûéÌϠûéĂÖĘϠЊĨĜĨ¿ûûĺϠ ûЋϠ¿ĂÒϠ¿Ϡ
ÌĉāĕĉĜéĤÖϠĉĨĤÖĘϠû¿ĺÖĘϯϠEéáæϠÌĉĜĤϠ¿ĂÒϠĘÖû¿ĤéĳÖϠ
àĘ¿áéûéĤĺϠĉàϠĤæÖϠûéĂÖĘ

 ĺĕÖϠH¯ϠЂϠ?ĨûûĺϠÌĉāĕĉĜéĤÖϠĴéĤæϠ¿ϠĕĉûĺāÖĘϠûéĂÖĘϠ
ĴĘ¿ĕĕÖÒϠĴéĤæϠ¿ϠÌ¿ĘËĉĂϠņËÖĘϠĉĘϠņËÖĘϠÌĉāĕĉĜéĤÖϠ
ĜæÖûûϯϠ^ĉĘÖϠĜÖĂĜéĤéĳÖϠĤĉϠÖĂĳéĘĉĂāÖĂĤ¿ûϠÒ¿ā¿áÖϠ
¿ĂÒϠĕÖĘāÖ¿ËéûéĤĺϠĳĜϠ ĺĕÖϠH

D. I. Kis et al., Int. J. Hydrogen Energy 50(A) (2024) 236
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xĤ¿ĂÒ¿ĘÒϠĕĘÖĜĜĨĘÖĜϠĨĜÖÒ
xĤ¿ĤéĉĂ¿ĘĺϰϠû¿ĘáÖϠĳĉûĨāÖϠĜĤĉĘ¿áÖϠЊEΘϠĕĘĉÒĨÌĤéĉĂϰϠ
EΘϠàĉĘϠéĂÒĨĜĤĘé¿ûϠĨĜÖЋϠ¢ϠΘΖΖϠË¿Ę

^ĉËéûÖϠ¿ĕĕûéÌ¿ĤéĉĂĜϱ
ÅΙΛΖϠË¿ĘϠЂϠΘΚϠáEΘϠXЀΗ

ÅΝΖΖϠË¿ĘϠЂϠΚΖϠáEΘϠXЀΗ

?ĉĘϠĘÖàĨÖûûéĂáϠĜĤ¿ĤéĉĂĜϱ
Å¤ĕϠĤĉϠΗΖΖΖϠË¿ĘϠЀϠĨĕϠĤĉϠΛΘϠáEΘϠXЀΗϠ¿ĤϠΘΝΙϯΗΛϠV

MAHYTEC, QUADRHY tehcnical datasheet

Type IV 60 bar storage vessels

Type I 35 bar 1 m3 storage vessels

H2CoreSystems, GH2 Tank 1 m3 tehcnical datasheet1000 bar gas cylinder bundle
Hexagon Purus, 1000 bar stationary storage bundle, tehcnical datasheet

Type IV 700 bar storage vessel
M. Fiekiewicz et al., Hydrogen Onboard Storage 
Technologies for Vehicles, 2023
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qĘÖĜĜĨĘÖϠàĉĘϠĨĜÖĘϠĳĜϠĕĘÖĜĜĨĘÖϠĉàϠĜĤĉĘ¿áÖ

xĤ¿ĤéĉĂ¿ĘĺϠàĨÖûûéĂáϠĜĤ¿ĤéĉĂϠĕĘÖĜĜĨĘÖϠĂÖÖÒĜϠĤĉϠËÖϠæéáæÖĘϠĤæ¿ĂϠĤæÖϠÌæ¿ĘáÖÒϠāĉËéûÖϠĜĤĉĘ¿áÖϠĜĉûĨĤéĉĂ

H. Nazir et al., Int. J. Hydrogen Energy 45 (2020) 20693
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HĂϠáÖĉûĉáéÌ¿ûϠàĉĘā¿ĤéĉĂĜ
^ĉĜĤϠĕĘĉņĤ¿ËûÖϠàĉĘϠĜ¿ûĤЀÌ¿ĳÖĘĂĜϱ
ÅX¿ĘáÖϠEΘϠĜÖ¿ûéĂáϠÌ¿ĕ¿ÌéĤĺ
ÅHĂÖĘĤϠĘĉÌøϠĜ¿ûĤϠЊEΘϠĕĨĘéĤĺЋ
ÅEéáæϠéĂôÖÌĤéĉĂϠĘ¿ĤÖĜ
ÅX¿ĘáÖϠĳĉûĨāÖĜ
ÅЛ5¿ĜĺМϠĤĉϠāéĂÖϠĉĨĤ
Å*ĘéĂÖϠĕĉĤÖĂĤé¿ûûĺϠĉàϠĳ¿ûĨÖ

eĕÖĘ¿ĤéĂáϠĕĘÖĜĜĨĘÖϠĳ¿ĘéÖĜϠЊяϠΙΛΖϠË¿ĘϰϠ
яΗΛϠáEΘϠXЀΗЋ

°éĤæϠéĂÌĘÖ¿ĜÖÒϠĉĕÖĘ¿ĤéĂáϠĕĘÖĜĜĨĘÖϰϠ
ÌĨĜæéĉĂϠá¿ĜϠĕĘÖĜĜĨĘÖϠéĂÌĘÖ¿ĜÖĜ

5¿ĘûéÖĜĤϠĨĜÖϱϠ ÖÖĜĜéÒÖϰϠ@ĘÖ¿ĤϠ*ĘéĤ¿éĂϰ
àĘĉāÖ¿ĘûĺϠΗΟΝΖĜϠĨĕϠĤĉϠĂĉĴ

ÒÒéĤéĉĂ¿ûϠÌ¿ĳÖĘĂĜϠàĉĘϠEΘϠĜĤĉĘ¿áÖϠ
æ¿ĳÖϠËÖÖĂϠĨĜÖÒϠËĺϠ¤xϠ¿ĂÒϠtĨĜĜé¿

D. G. Caglayan et al., Int. J. Hydrogen Energy 45, 11 (2020) 6793L. Lankof et al., Int. J. Hydrogen Energy 45, 38 (2020) 19479
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x¿ûĤϠ¿ĂÒϠûéĂÖÒϠĘĉÌøϠÌ¿ĳÖĘĂĜϱ
Å@ÖĉáĘ¿ĕæéÌ¿ûûĺϠûéāéĤÖÒ
ÅΛΖΖϠĤЀEΘϠĜĤĉĘ¿áÖϠ¿ĂÒϠΛΖϠĤĕÒ

XéĂÖÒϠĘĉÌøϱ
ΖϯΙΜϠ¤x1ϼøáEΘϰϠΞΛџϠ+ q5µ

x¿ûĤϠÌ¿ĳÖĘĂϱ
ΖϯΘΗϠ¤x1ϼøáEΘϰϠΝΛџϠ+ q5µ

+ĉāĕÖĤéĤéĳĂÖĜĜϠĉàϠĘĉÌøϠÌ¿ĳÖĘĂĜ

R.K. Ahluwalia at al., 2019, System Level Analysis of Hydrogen Storage Options, Argonne National Laboratory
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EĺÒĘĉáÖĂϠĜĤĉĘ¿áÖϠāÖĤæĉÒĜ
XéėĨÖà¿ÌĤéĉĂ
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qĘĉĕÖĘĤéÖĜϠĉàϠûéėĨéÒϠEΘ

 ûéėϠьϠΘΖϯΘΞϠVϠ¿ĤϠΗϠË¿Ę

+ĉûÒϠÖĂĉĨáæϠĤĉϠÌĉĂÒÖĂĜ¿ĤÖϠĉĹĺáÖĂϱ
 ûéėϰeΘϠьϠΝΝϯΚϠVϠ¿ĤϠĕeΘϠьϠΖϯΘΗϠË¿Ę

rϠьϠΝΗáEΘϠXЀΗϠ¿ĤϠΗϠË¿ĘϠ¿ĂÒϠΘΖϠV

+¿ĂϠæ¿ĳÖϠĤĴĉϠÒéŃÖĘÖĂĤϠĜĕéĂϠĜĤ¿ĤÖĜϠ
Њĕ¿Ę¿Ϡ¿ĂÒϠĉĘĤæĉЋ

5ĂÖĘáĺϠĘÖėĨéĘÖāÖĂĤĜϱ

Å +ĉĉûéĂáϠĤĉϠΘΖϠVϠЊ>ϠΙϯΙϠø°æϠøáЀΗЋ

Å eĘĤæĉЀĕ¿Ę¿ϠÌĉĂĳÖĘĜéĉĂϠЊ>ϠΖϯΗΛϠø°æϠøáЀΗЋ

Hydrogen phase diagram

F. Jiao et al., React. Chem. Eng. 9 (2024) 2846

Ortho Para

H2 spin states
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XéėĨÖà¿ÌĤéĉĂϠĕĘĉÌÖĜĜ

?éĘĜĤϠû¿ĘáÖϠæĺÒĘĉáÖĂϠûéėĨÖà¿ÌĤéĉĂϠĕû¿ĂĤĜϠéĂϠΗΟΛΝϠéĂϠĤæÖϠ¤xϠàĉĘϠĕÖĤĘĉÌæÖāéÌ¿ûϠ¿ĂÒϠ¿ÖĘĉĜĕ¿ÌÖϠ
éĂÒĨĜĤĘéÖĜ

qĘÖЀÌĉĉûÖÒϠ+û¿ĨÒÖϠĜĺĜĤÖāϠĨĜÖÒϠāĉĜĤϠĴéÒÖûĺϱ

ΗЋϠ+ĉāĕĘÖĜĜÖÒϠEΘϠéĜϠÌĉĉûÖÒϠÒĉĴĂϠĴéĤæϠX_ΘϠЊEµЀΗЋ

ΘЋϠq¿ĘĤϠĉàϠĤæÖϠEΘϠéĜϠáĨéÒÖÒϠĤĉϠ¿ĂϠéĜÖĂĤĘĉĕéÌϠÖĹĕ¿ĂÒÖĘϠ¿ĂÒϠĨĜÖÒϠĤĉϠÌĉĉûϠĤæÖϠEΘϠŇĉĴϠЊEµЀΘϠ¿ĂÒϠEµЀΙЋ

ΙЋϠ?éĂ¿ûϠÌĉĉûéĂáϠ¿ĂÒϠûéėĨÖà¿ÌĤéĉĂϠËĺϠSĉĨûÖЀ æĉāĜĉĂϠĳ¿ûĳÖϠЊSЀ Ћ

ΚЋϠ ûûϠĂĉĂЀûéėĨÖņÖÒϠĳ¿ĕĉĘĜϠĨĜÖÒϠàĉĘϠÌĉĉûéĂáϠĉàϠéĂûÖĤϠEΘ

T. Zhang et al., Renewable Sustainable Energy Rev. 176 (2023) 113204

Linde LH2 plant in Ingolstadt
Liquid nitrogen pre-cooled Claude cycle; COM ς compressor, HX ς heat 
exchanger; J-T ς Joule-Thomson valve; EX - Expander
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5Ăæ¿ĂÌÖÒϠûéėĨÖà¿ÌĤéĉĂϠĕĘĉÌÖĜĜÖĜ

 ĉϠĘÖÒĨÌÖϠĤæÖϠĜĕÖÌéņÌϠÖĂÖĘáĺϠ
ÌĉĂĜĨāĕĤéĉĂϠÖĂæ¿ĂÌÖÒϠûéėĨÖà¿ÌĤéĉĂϠ
ÒÖĜéáĂĜϠ¿ĘÖϠĕĘĉĕĉĜÖÒϱ
Å+ĉāËéĂÖÒϠĴéĤæϠûéėĨÖņÖÒϠĂ¿ĤĨĘ¿ûϠ
á¿ĜϠĕĘÖЀÌĉĉûéĂáϠĜĺĜĤÖā
Å°éĤæϠEÖϠĘÖàĘéáÖĘ¿ĤéĉĂϠÌĺÌûÖ
Å^¿áĂÖĤéÌϠĘÖàĘéáÖĘ¿ĤéĉĂϱ
1Öā¿áĂÖĤéĿ¿ĤéĉĂϠĉàϠ¿Ϡā¿áĂÖĤéÌϠ
ā¿ĤÖĘé¿ûϠéĂÌĘÖ¿ĜÖĜϠÖĂĤĘĉĕĺϠ¿ĂÒϠ
æÖ¿ĤϠéĜϠ¿ËĜĉĘËÖÒϠЊā¿áĂÖĤĉЀ
ĤæÖĘā¿ûϠÖŃÖÌĤЋ
ÅxĉûéÒϠā¿ĤÖĘé¿ûĜϠ¿ĜϠĤæÖϠĴĉĘøéĂáϠ
āÖÒéĨāϰϠĂĉϠĂÖÖÒϠàĉĘϠûĉĴЀ
ĤÖāĕÖĘ¿ĤĨĘÖϠÌĉāĕĘÖĜĜĉĘĜ

T. Zhang et al., Renewable Sustainable Energy Rev. 176 (2023) 113204

(a)Basic magnetic refrigerator, (b) pre-cooled magnetic refrigerator 
with three-stage AMR, and (c) pre-cooled magnetic refrigerator with 
five-stage AMR for hydrogen liquefaction. AMR ς Active magnetic 
refrigerator; CMR ς Carnot magnetic refrigerator
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5ĂÖĘáĺϠĨĜÖϠĉàϠÌĉāĕĘÖĜĜéĉĂϠ¿ĂÒϠûéėĨÖà¿ÌĤéĉĂ

^éĂéā¿ûϠÖĂÖĘáĺϠĘÖėĨéĘÖāÖĂĤϱ
XéėĨÖà¿ÌĤéĉĂϠЂϠΘΖџ
+ĉāĕĘÖĜĜéĉĂϠЂϠΜџ

M. GardinerΣ αEnergy requirements for hydrogen gas compression and liquefaction as related to 
vehicle storage needsΣά DOE Hydrogen and Fuel Cells Program Record 2009

6% 9% 21% 39%

Typical energy requirements for the hydrogen 
liquefaction plant as a function of plant size.

T. Zhang et al., Renewable Sustainable Energy Rev. 176 (2023) 113204
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XEΘϠĜĤ¿ĤéĉĂ¿ĘĺϠ¿ĂÒϠāĉËéûÖϠĤ¿ĂøĜ

1ÖĕÖĂÒéĂáϠĉĂϠĤæÖϠĜĤĉĘ¿áÖϠĘÖėĨéĘÖāÖĂĤĜϰϠ¿ÒÒéĤéĉĂϠĉàϠÖĹĤĘ¿ϠÖûÖāÖĂĤĜ

HĂĜĨû¿ĤéĉĂϠĕû¿ĺĜϠ¿ϠÌĘéĤéÌ¿ûϠĘĉûÖ

?ĉĘϠÖĂæ¿ĂÌÖÒϠĜĤĉĘ¿áÖϠûéàÖĤéāÖϰϠ¿ÌĤéĳÖϠÌĉĉûéĂáϠĜĺĜĤÖāĜϠ¿ĘÖϠÒÖĜéáĂÖÒϠàĉĘϠĜĤ¿ĤéĉĂ¿ĘĺϠĜĤĉĘ¿áÖϠ

LH2 tank for mobile applications, e.g., onboard fuel 
storage

Kennedy Space Center Cryogenic Test Laboratory design of an 
active cooling system to keep LH2 in liquid form


