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Objectives of the lecture

Liquefied hydrogen (LH2)

1.Understand the properties, in terms of physical and chemical, of LH2;

2.Know the hazards of cryogenic hydrogen;

3.Recognise the release and combustion of cryogenic hydrogen and

the thermal and pressure hazards;

4.Be familiar with the technologies of LH2 generation, storage, and

transport.

5. Identify the risk and hazard of LH2 pertinent to responders.
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Liquefied hydrogen (LH2)

Physical characteristics

1 - liquid @ ~20 K; 2 - pressurised gas @ 

~300 K; 3 - cryogenic compressed gas.

Density of hydrogen in the low temperature range as a function of pressure 

At standard pressure - boiling temperature: 20.3 K

Liquid hydrogen density: 70.8 kg/m3

Volume reduction factor:  845 vs. gaseous state

Specific gravity: 0.07 

Cryo-range 3: yields even higher densities than

the liquid state if at sufficiently high pressures and

sufficiently low temperatures

Source: Klier J., et al, A new cryogenic high-pressure H2 test area: First results. Proc 12th IIR Int Conf, Dresden (2012).
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Liquefied hydrogen (LH2)

Physical characteristics

Phase diagram of hydrogen

• At the triple point of hydrogen with the

temperature of 13.8 K and a pressure

of 7.2 kPa, all three phases can exist

in equilibrium.

• The boiling point increases with

pressure to the critical point which is

given by Tc = 33.15 K, pc = 1.296 MPa

with a critical density of γc = 31.4

kg/m³. A pressure increase beyond the

critical point has no further influence.

Source: Deliverable 6.1 – Handbook of hydrogen safety: Chapter on LH2 safety. Pre-normative REsearch for Safe use of Liquid Hydrogen (PRESLHY).
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Liquefied hydrogen (LH2)

Physical characteristics

Equilibrium concentration of ortho- and para-hydrogen vs. T

• Normal hydrogen at room temperature is a mixture of 75%

ortho and 25% para hydrogen.

• In the lower temperature range < 80 K, para hydrogen is the

more stable form.

• At 20 K, in thermal equilibrium, the concentrations are

99.825% para and 0.175% ortho.

• The rate of conversion between ortho and para states is

0.0114 h-1 slow in the gas phase.

• The conversion from ortho to para is an exothermal reaction

with a conversion energy of 270 kJ/kg at room temperature.

• At temperatures below 77 K, it is almost constant at 523

kJ/kg.

• The liberated heat of ortho-para conversion is larger than

the latent heat of vaporization/condensation (446 kJ/kg ).Source: Karlsson E., Catalytic ortho- to parahydrogen conversion in liquid hydrogen. (2017).
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Liquefied hydrogen (LH2)

Chemical properties

Flammability limits in hydrogen-air mixtures, LFL (left) and UFL (right)

Burgess-Wheeler equation for the LFL, 

which is for hydrogen (at ambient pressure):

( )( )
3.14

(300 ) ( 300) 4.0 0.013 300 %LFL LFL

c
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H

= − − = − −
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ΔHc – net heat of combustion, = 242 kJ/mol

T – temperature, K.

 ( ) ( )%300026.00.74 volTcUFL −+=

For the upper flammability limit (UFL): 

valid for the temperature range 150 ≤ T ≤

300, with T in K.

For open LH2 pools, it needs to be

considered that cold hydrogen gas is less

volatile compared to ambient gas.

Source: Zabetakis M.G., Safety with cryogenic fluids. Plenum Press, New York (1967).

Eichert H., et al. Deutsches Zentrum für Luft- und Raumfahrt (DLR), Stuttgart (1992).

Kuznetsov M., Czerniak M., Grune J., Jordan T., Proc. 5th Int Conf Hydrogen Safety (ICHS-5), Brussels

(2013), paper 231.
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Liquefied hydrogen (LH2)

Liquid hydrogen hazards

Feared events Main conditions Consequences

1 - Burst of the storage at working 
pressure (PW) (impinging fire/fragment)

100% gaseous H2 - 10 bar - type I vessel Overpressure and fragments

2 - Accidental event on storage with 
liquid H2 (fire case) at 2PW

Burst of LH2 storage
Flash fire

“BLEVE” with thermal effects

3 - Failure on the storage (breech or 
perforation)

10 bar, rapid liquid H2 spreading and 
evaporation on ground

Pool vaporization and cryogenic cloud 
formation with overpressure effects in case 

of flammable cloud ignition

4 - Leak on the pipe between storage 
and pump

10 bar, liquid
* diphasic pressurized release

* and/or H2 liquid pool, vaporization 
forming a flammable cloud

Liquid hydrogen jet and potential rainout 
forming a LH2 pool on the ground and 
overpressure effects due to flammable 

mixture ignition

5 - Leak on the pipe between pump and 
atm. vaporizer

1000 bar, liquid
* diphasic pressurized release but behaving like 

a high-pressure gaseous jet

Certainly nearly-gaseous high pressure jet 
behaviour with overpressure effects due to 

ignition

6 - Burst of the storage at rupture 
pressure (PR)

100% gaseous - 10 bar, type I Overpressure and fragments

Table 1. Description of potential hazardous events
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Liquefied hydrogen (LH2)

Impact of cryogenic hydrogen on materials

• Hydrogen is recognized to have a harmful effect on some

metals by changing their physical properties.

• With decreasing temperature, the yield stress and ultimate

stress increase for most metals.

• A material changes from ductile to brittle behavior as soon as

the temperature falls below its so-called “nil-ductility

temperature”.

• For some materials at cryogenic temperature, little stress is

sufficient to break it very rapidly, resulting in an almost

instantaneous failure.

• This effect is a particular problem in cryogenic equipment

exposed to periodic changes.

• Low temperatures can also affect materials by thermal

contraction causing large thermal stresses.

Ductile and brittle behavior of materials 

Source: Bonhoeffer, K.F., Harteck, P. Experimente über Para- und

Orthowasserstoff. Naturwissenschaften 17, 182 (1929).
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Liquefied hydrogen (LH2)

Delayed ignition of pressurised LH2 release

• The higher density of the saturated hydrogen vapour at low temperatures

may cause the hydrogen cloud to flow horizontally or downwards after

immediate release of liquid hydrogen.

• The condensation of atmospheric humidity will also add water to the

mixture cloud (making it visible), making it even denser.

• The flammable cloud is significantly larger than the cloud induced by a

gaseous hydrogen release.

• If the pressure is low enough or the release diameter is large enough, a

rain-out phenomenon (formation of hydrogen droplets falling on the ground

and inducing a hydrogen pool) may occur.

• A possible secondary explosion after the initial deflagration of the release

cloud due to the oxygen enrichment.

Delayed ignition of LH2

LH2 large-scale release 

Source: 1. Deliverable 6.1 – Handbook of hydrogen safety: Chapter on LH2 safety. Pre-normative REsearch for Safe use of Liquid 

Hydrogen (PRESLHY). 2. J. E. Hall, P. Hooker, D. Willoughby. Int. J. Hydrogen Energy, 2014, 38: 20547-20553.
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Liquefied hydrogen (LH2)

BLEVE and RPT phenomenon

• When BLEVE occurs, some of the liquid

hydrogen will flash to vapour resulting in

the generation of overpressure, ignition of

the released contents produces a large

fireball, thermal radiation and blast wave.

• When RPT occurs, the rate of LH2

vaporization is enhanced, which may

lead to severe consequences in case of

ignition.

BLEVE of LH2                                                        RPT of LH2

• A BLEVE (boiling liquid expanding vapor explosion) is an event associated with the catastrophic failure of a 

pressure vessel containing a liquid which is stored at a temperature above its saturation temperature at 

atmospheric pressure. 

• An unintended release of liquid hydrogen on water may lead to a sudden and violent vaporization of liquid 

hydrogen, known as Rapid Phase Transition (RPT). 

Source: Deliverable 6.1 – Handbook of hydrogen safety: Chapter on LH2 safety. Pre-normative 

REsearch for Safe use of Liquid Hydrogen (PRESLHY).
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Liquefied hydrogen (LH2)

Purely cryogenic hazards

• Material embrittlement

Cryogenic temperatures on materials can reduce strength of structures up to irreversible failures.

• Solidification of air components

In case of LH2 or cold H2 releases, it could be possible that solid particles (water and CO2 freezing) and/or LH2

droplets and air condensate droplets (friction and break up) may ignite.

• Extreme cold hazard

Cryogenic liquids and their associated cold vapours can produce effects on the skin similar to a thermal burn.

Brief exposures can damage delicate tissues such as the eyes. Prolonged exposure of the skin or contact with

cold surfaces can cause frostbite.

Unprotected skin can stick to metal that is cooled by cryogenic liquids. The skin can then tear when pulled away.

Prolonged breathing of extremely cold air may damage the lungs.

• Asphyxiation hazard

The gas produced by evaporation of cryogenic liquids can accumulate in a confined space. Even if the gas is non-

toxic, asphyxiation and death can occur. Oxygen deficiency is a serious hazard in enclosed or confined spaces.
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Liquefied hydrogen (LH2)

Cryogenic release – single phase releases

The properties of the cryogenic flow at the nozzle can be significantly affected by heat transfer through the wall

of a non-insulated pipe connecting the storage system to the nozzle.

Hydrogen concentration along the jet axis (left) and normalized radial distance (right): simulation results versus 

experiments for test with T = 61 K, P = 0.2 MPa, and d = 1.25 mm.

Source: PRESLHY D3.2, 2021
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Liquefied hydrogen (LH2)

Cryogenic jet fires – thermal loads

Friedrich et al. 1 studied ignited hydrogen releases p < 3.5 MPa and T = 34-65 K.

Radiation level up to 10 kW/m2 at 0.75 m from the jet fire => second-degree burns if exposed for 20 s to the jet fire

UU 2 - CFD model to simulate flame length and radiative heat flux for cryogenic hydrogen jet fires with pressure 

up to 0.5 MPa (abs) and temperature in the range of 48–82 K.

For all tests, at 0.5 m from the flame axis people should stand less than 30 s to not incur in first degree burns. 

Source: Friedrich A., et al., Ignition and heat radiation of cryogenic hydrogen jets. Int J Hydrogen Energy 37(22) (2012) 17589–17598.

Cirrone D., Makarov D., Molkov V., Thermal radiation from cryogenic hydrogen jet fires. Int J Hydrogen Energy 44(17) (2019) 8874–8885.
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Liquefied hydrogen (LH2)

Cryogenic jet fires – pressure loads

Takeno K., et al. 1 studied delayed ignition of releases at ambient temperature

and 40 MPa spouting pressure, which generates an overpressure up to 20 kPa

at 4 m distance with nozzle diameter of 5 mm. The peak overpressure becomes

smaller when nozzle diameter reduces.

Friedrich et al. 2 presents experiments on delayed ignition of hydrogen releases

with pressure up to 3.5 MPa, release temperatures in range 34–65 K and nozzle

diameters of 0.5–1.0 mm.

Source: Takeno K., et al., Dispersion and explosion field tests for 40 MPa pressurized hydrogen. Int J Hydrogen Energy 32 (2007) 2144–2153.

Friedrich, A. et al. Ignition and heat radiation of cryogenic hydrogen jets. Int J Hydrogen Energy. 31 (2012) 17589-17598.

The maximum ignition distance was found for location corresponding to 7% by

vol hydrogen in air. The maximum flashback distance was found for H2 = 9% by

vol, which is slightly lower than the distance for ambient temperature releases

corresponding to 11%. During the tests, measured sound levels were recorded

below 120 dB(A).
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Liquefied hydrogen (LH2)

Liquid pool burning 

• Liquid hydrogen pool fires are dynamic and non-homogeneous with a highly intermittent pulsing structure of the flame.

• The cyclic changing of flame height is mainly due to the turbulent mixing of air, which affects the flame temperature.

• The burning-in phase of LH2 is extremely short, because the ground keeps the liquid’s temperature at the boiling point.

• For the LH2 spill and ignition tests, with quantities of 54-

90 L released onto a steel plate or loose gravel, the

overpressures were measured at ~50 m.

• The blast pressures produced were relatively small and

were depending on the time delay for ignition.

• They were found to increase with delay time, until after

more than 5–6 s of delay, they were decreasing again as

soon as the H2 concentration in the rising and diffusing

vapor clouds became smaller.

Source: Zabetakis M.G., Safety with cryogenic fluids. Plenum Press, New York (1967).



European Hydrogen Train the Trainer Programme for Responders

Liquefied hydrogen (LH2)

Ignition of a continuous liquid hydrogen releases

(a) Pre ignition; (b) ignition; (c) 600 ms post ignition; (d) 100 ms post ignition; (e)

2600 ms post ignition; (f) 3600 ms pre secondary explosion; (g) 3639 ms

secondary explosion; (h) 3720 ms post secondary explosion.

The secondary explosion induced by

solid oxygen-enriched air appears to be

a more hazardous event than a BLEVE

Source: Deliverable 6.1 – Handbook of hydrogen safety: Chapter on LH2 safety. Pre-normative PRESLHY.
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Liquefied hydrogen (LH2)

Deflagration of cold H2-air mixtures

Expansion rate σ < critical expansion rate σ*,

subsonic combustion regime may occur. The

characteristic pressure loads are in the range 0.1–

0.2 MPa for an initial pressure of 0.1 MPa.

Combustion regimes for different hydrogen-air mixtures (P = 0.1 MPa, T = 293K)

Mixtures with σ > σ* can effectively accelerate and

detonate if condition L > 7λ is verified, where L is the

characteristic size of combustible domain and λ is

the detonation cell size. In these cases, the

characteristic pressure loads can vary from

0.6-0.8 MPa for sonic flames, to 2–4 MPa for

detonation.

Three combustion regimes: 

Source: Dorofeev S.B., Kuznetsov M.S., Alekseev V.I., Efimenko A.A., Breitung W., J  

Loss Prevention in the Process Industries 14(6) (2001) 583–589.

Dorofeev S.B., Sidorov V.P., Kuznetsov M.S., Matsukov I.D., Alekseev V.I.,               

Effect of scale on the onset of detonations. Shock Waves 10 (2000) 137–149.
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Liquefied hydrogen (LH2)

Deflagration of cold H2-air mixtures

Critical expansion rate σ* as a function of initial temperature T and activation energy Ea

The critical expansion ratio σ*

decreases with initial

temperature (T) increase and

overall activation energy (Ea)

decrease.

Source: Dorofeev S.B., Kuznetsov M.S., Alekseev V.I., Efimenko A.A., Breitung W., J  Loss Prevention in the Process Industries 14(6) 

(2001) 583–589.
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Liquefied hydrogen (LH2)

Liquid hydrogen production process

• Liquefaction of H2 is a highly energy intensive process, which suffers from low energy efficiencies.

• The minimum work required for the liquefaction of hydrogen (at ortho-para equilibrium) is 3.92 kWh of 

electricity/kg of H2 or 0.12 kWh /kWh of H2.

• Typical values for the whole process, however, are in the range of 8 - 14 kWh/kg for relatively large 

liquefaction units.

• Large scale installations are typically implemented with a Claude process with LN2 pre-cooling 

providing acceptable efficiencies.

• The complete process comprises an initial purification unit, additional external coolers with helium or 

mixed refrigerants as operating medium. 

• The expansion is split in up to 6 stages and several ortho-para converters are integrated.

• All cold parts are mounted in a cold box, which is thermally insulated for instance with perlite. 
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Liquefied hydrogen (LH2)

Liquid hydrogen production infrastructures

• Worldwide nearly 30 large scale liquefiers in operation with production capacities from 1 to ~35 t/d of LH2 in a unit. 

• Most and with the largest capacities are installed in the USA.

Air Liquide LH2 filling stations (left: Little Town, USA; right: Becancour, Canada).

Source: Deliverable 6.1 – Handbook of hydrogen safety: Chapter on LH2 safety. Pre-normative PRESLHY.
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Liquefied hydrogen (LH2)

Liquid hydrogen storage

• Volumetric capacity of LH2 is 0.070 kg/L as opposed to 0.030 kg/L for GH2 tanks at 70 MPa.

• Around 30% of the energy contained in hydrogen is required for liquefaction. 

• LH2 stored at low (cryogenic) temperatures and at pressures of around 0.6 MPa.

• The costs of materials suitable for LH2 storage tanks are significantly higher than those for GH2.

• LH2 storage tank is a Dewar, double-walled, vacuum-insulated vessel made of lightweight steel alloys.

• Boil-off (evaporation of LH2 due to environmental warm up) is a major challenge, which can be caused by:

➢ The exothermic ortho- para-hydrogen conversion. 

➢ Residual thermal leaks. 

➢ Sloshing.

➢ Flashing.
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Liquefied hydrogen (LH2)

Liquid hydrogen storage

The main components of on-board LH2

tank should include:

• LH2 storage container

• Shut-off devices

• A boil-off system

• TPRDs

• The interconnecting piping (if any)

and fittings between the above-

mentioned components.

Source: ECE/TRANS/WP.29/GRSP/2013/41. United Nations. Economic Commission for Europe. Inland Transport 

Committee. World Forum for Harmonization of Vehicle Regulations, 160th Session, Geneva, 25-28 June 2013.
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Liquefied hydrogen (LH2)

Liquid hydrogen storage - Underground
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Liquefied hydrogen (LH2)

Cryostat for stationary applications

LH2 storage vessel with 3800 m3 capacity at KSC in Florida LH2 stores at the Waziers liquefaction plant in French

World's largest, 3800 m3 (3218 m3 of LH2) double-wall

vacuum perlite (1.3 m of thickness) insulated spherical

(in/ex diameter = 18.75/21.34 m) storage vessel. The tank

is operated at a pressure of 0.62 MPa and has a boil-off

rate of 0.025%/d.

Liquefaction unit = 10 t/d), AL operates four

horizontal tanks of 250 m3 each (in/ex

diameter = 4.02 / 5.1 m - perlite thickness =

500 mm).

Source: Deliverable 6.1 – Handbook of hydrogen safety: Chapter on LH2 safety. Pre-normative PRESLHY.
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Liquefied hydrogen (LH2)

Cryostat for mobile applications

LH2 tank for automotive application (BMW 750h)

✓ Internal volume of about 100 L 

✓ Heat absorption about 1 W

✓ Boil-off loss of 1.5%/day

✓ 7 kg LH2 will be lost in two months

The boil-off management to reduce boil-off release: 

• cold combustion with air in catalytic recombiners

• storing the boil-off gases in metal hydride

storages

• re-cycling in a re-liquefaction

• direct energetic use, in a fuel cell for instance.
Source: Linde
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Liquefied hydrogen (LH2)

Liquid hydrogen transport – Road 

• Cryogenic liquid hydrogen trailers can carry up to 5000 kg of hydrogen and operate up to 1.2 MPa.

• Hydrogen boil-off can occur during transport despite the super-insulated design of tankers, potentially 0.5%/d. 

• Hydrogen boil-off up to roughly 5% also occurs when unloading the liquid hydrogen on delivery.

• The LH2 tanks on the trailers are insulated using a vacuum super insulation. 

Source: Zittel W., Wurster R., Bölkow L., Hydrogen in the energy sector. TÜV SÜD Industrie Service GmbH (1996). 
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Liquefied hydrogen (LH2)

Liquid hydrogen transport – Pipeline 

• Pipeline transportation of liquid hydrogen is existing at a small scale only.

• Pipes for transferring cryogenic LH2 must comply with the extreme low temperature of LH2 and the associated 

insulation requirements. 

• Similar to LH2 storage tanks, pipelines are of double-wall design and vacuum-jacketed. 

• Stainless steel is taken for the inner line with low heat conduction spacers as a support in the vacuum jacket.

• Cryogenic pipes must be sufficiently flexible which can be done by appropriate pipe routing and expansion joints. 

➢ During the period of chill-down of an LH2 line, a two-

phase flow develops which is stratified for horizontal 

flows.

➢ This phenomenon is encountered particularly in 

refuelling lines where chill-down is required before the 

fuelling process itself begins to avoid the gaseous phase 

to enter the tank.
Source: Mei R.W., Klausner J., Report NASA/CR-2006-214091, National Aeronautics and Space Administration, Washington DC (2006).
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Liquefied hydrogen (LH2)

Liquid hydrogen transport – Pipeline 

Two methods of transferring LH2 via pipeline from one storage to another, e. g from stationary storage

to a truck:

• pressure build-up (natural pressure build up or voluntary vaporization of LH2 via a small external

heat exchanger). Hence, the pressure in the “mother storage” becomes higher than the pressure in

the “daughter storage”. The main drawbacks of this method are a long operating time and an

increase of the pressure of the “mother” storage leading sometime to the need of a pressure

venting;

• pumping in the “mother storage” using an appropriate transfer centrifugal cryogenic pump. The

main drawbacks of this method are the cost of the pump and the need of frequent maintenance of

the pump mostly due to cavitation (low available Net Positive Suction Head (NPSH): difference

between liquid pressure and saturation vapour pressure of the considered compound - due to low

density of LH2).
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Liquefied hydrogen (LH2)

Liquid hydrogen transport – Ship 

NASA liquid hydrogen barge fleet

From Louisiana to Florida

5 t/d capacity since 1990

The world’s first LH2 carrier ship SUISO FRONTIER 

launched in December 2019 in Kobe, Japan (HySTRA project)

Ship length 116 m, width 19 m, tonnage 8000 t, speed ~24 km/h

LH2 tank with a capacity of 1250 m3

Source: KHI, Kawasaki completes installation of liquefied hydrogen storage tank for marine transport applications on world's first liquefied hydrogen carrier. (2020).



European Hydrogen Train the Trainer Programme for Responders

Liquefied hydrogen (LH2)

Liquid hydrogen transport – Rail

➢ Liquid hydrogen transports in rail cars began in the 1960s by the Linde company using a 107 m3 tank.

➢ The US company Praxair is operating a fleet of 16 hydrogen rail cars. The quantities of LH2

transported in rail cars over long distances (> 1000 km) are about 70 tons.

The design of a rail car for liquid hydrogen (and other

cryogenic commodities) transports manufactured by

the Chinese company CRRC Xi'an Co.,Ltd., a

traditional enterprise in railway transportation

equipment. The thermally insulated tank with a total

volume of 85 m3 to carry a payload of 5 t can be

used for direct loading, unloading, or transfer filling.

Source: CRRCGC, T85 Type Liquefied Hydrogen Tank Car. (2016)
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Liquefied hydrogen (LH2)

Liquid hydrogen refuelling stations

A LH2-based refueling station basically consists of:

• a LH2 tank (around 20 m3) with a maximal operating pressure of 10.3 bar;

• an insulated process line driving LH2 from the storage tank to a vaporizer;

• a heater to heat up hydrogen at 1000 bar;

• 1000 bar gaseous buffers (few m3).
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Liquefied hydrogen (LH2)

Liquid hydrogen systems for mobility - cars

BMW 7 series with LH2 storage tank and dual fuel (H2 and gasoline) internal combustion engine

Refuelling station for both GH2 and LH2 in Berlin 

Source: BMW
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Liquefied hydrogen (LH2)

Liquid hydrogen systems for mobility - buses

MAN hydrogen-driven fuel cell bus of 1996 with LH2 storage tanks

• Three super insulated elliptical

cryo-tanks with 200 L

geometrical volume each;

• A total of 570 L of LH2 in an

underfloor arrangement;

• A cruising range of 250 km

Source: Euro Quebec Hydro Hydrogen Project, 1995-1997. 
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Liquefied hydrogen (LH2)

Liquid hydrogen systems for mobility - trucks

Musashi-9 LH2 truck Musashi Institute of Technology (Japan)

Hydrogen-powered engine with a 150L LH2 tank.

A high pressure LH2 pump delivers fuel to engine.  

Mercedes FC truck GenH2 concept with LH2 storage

Operated with two fuel cell stacks each comprising 200 cells.

Total power output of 300 kW. 

Cruising range to be 1000 km on a single tank filling.
Source: Yamane K., et al., Int J Hydrogen Energy 21(9) (1996) 807–811.
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Liquefied hydrogen (LH2)

Liquid hydrogen systems for mobility - ships

SF-BREEZE

• A zero-emission, hydrogen fuel cell, high-speed passenger ferry, conducted by Sandia National Laboratory.

• Designed for 150 passengers to travel ~93 km round-trip routes each day at a top speed of 35 knots (~65 km/h). 

• A total of 1200 kg (or 17 m3) of LH2 are stored in a single tank installed on the roof.

• Power is provided by 41 PEMFC racks, each rack composed of four 30 kW FC stacks amounting to a total of 4.92 

MW.

NORLED ferry

• Two options for the storage of the hydrogen fuel, as liquid or as compressed gas.

• Power is provided by two 200-kW fuel cell modules. 

• The LH2 tank will be installed on the roof.

TOPEKA prototype FC ship 

• Starting in 2021 the EU project HySHIP with 14 partners and led by the Norwegian shipping operator Wilhelmsen.

• equipped with a 3 MW PEM fuel cell stack and supported by a 1 MWh battery pack.

• On-board storage of hydrogen will be a single LH2 tank installed on the roof. Source: NORLED, World’s first ship driven by LH2. Presentation at 

GCE Ocean Technology workshop, Floro, Norway (2019).
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Liquefied hydrogen (LH2)

Liquid hydrogen systems for mobility - aircrafts

B-57B twin-engine aircraft (USA)

• The first successful in-flight test of an experimental  hydrogen-propelled aircraft.

• LH2 stainless-steel tank on the left-wing tip (6.2 m long, volume of 1.7 m3 and a 50 mm plastic foam insulation).

• Start with the conventional JP-4 fuel, switched to H2 fuel at an altitude of ~ 16,400 m.

• The H2 engine operated for about 20 min at a speed of Mach 0.72.

Tu-155 (ANTK-Tupolev, Russian)

• A hybrid version of the Tu-154 airplane.

• Fuelled with either hydrogen or natural gas in a 17.5 m3 tank.

• Total operating experience with LH2 accumulated to 10 h. 

Zeroe aircraft (Airbus, France) 

• The world’s first zero-emission commercial aircraft enters service by 2035.

• Rely on hydrogen as a primary power source.

• Liquid hydrogen storage and distribution system located behind the rear pressure bulkhead.

Source: Tupolev. Development of cryogenic fuel aircraft. (2008). Airbus, Airbus reveals new zero-emission concept aircraft. (2020).
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Liquefied hydrogen (LH2)

Liquid hydrogen hazards and risks for Responders

• Frostbite or hypothermia: contact with LH2 or its splashes on the skin or in the eyes can cause serious cold

burns.

• Cryogenic burns: contact of unprotected parts of human body with either cold fluids or cold surfaces.

• Inhalation of cold hydrogen vapours may cause respiratory discomfort and can result in asphyxiation.

• Direct physical contact with LH2, cold vapours or cold equipment can cause serious tissue damage.

Momentary contact with a small amount of the liquid may not pose as great a danger of a burn because a

protective film of evaporating gaseous hydrogen may form. Danger of freezing occurs when large amounts are

spilled, and exposure is extensive.

• Personnel should not touch cold metal parts and they should wear protective clothing. They also need to

protect the affected area with a loose cover.

• Cardiac malfunctions are likely when the internal body temperature drops to 27°C or lower, and death may

result when the internal body temperature drops lower than 15°C.

• Asphyxiation is also possible if liquefied hydrogen released and vaporised indoors.
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Liquefied hydrogen (LH2)

Liquid hydrogen hazards and risks for Responders

• The ignited jets generated about 10 dB (A) higher sound 

levels compared to unignited jets.

• A weak increase of the sound level with increasing hydrogen 

mass flow rate.

• The sound levels (≤112 dB(A)) are considered hazardous 

only in case of permanent or long-time exposures.

• An ear damage from short sound waves becomes possible 

for 120 dB(A) and above.

• Sound levels from unignited and ignited cryogenic hydrogen 

jets measured in this study pose no health hazards, even at 

the close distances investigated (1.2 - 4.5 m). 

• The measured sound levels are loud enough to allow an early 

identification and location of flame.

Source: Friedrich, A. et al. (2012). International Journal of Hydrogen Energy. Vol.31, pp.17589-17598.
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Safety measures and engineering solutions

The safety issues od hydrogen transportation are:

• Ability to embrittle materials;

• Easy to escape from containment;

• Wide flammability range;

• Low ignition energy;

• Formation of dense flammable cloud;

• Delayed ignition and explosion of large cloud;

• Jet fires due to leakages in pipelines under 

pressure.

• A major problem when producing and handling LH2 is the

potential contamination of the hydrogen with air or other

impurities which might freeze and block pipes, filters or

armatures.

• On the exterior of poorly insulated containers or pipes the

cryogenic temperatures may condense air with serious

enrichment of oxygen. Liquefied or frozen solid oxygen

promotes ignition and oxidizes easily materials which are

usually non-flammable.

• The extreme low temperatures require careful selection of

materials. Conventional carbon steels will suffer from a

transition to nil ductility (NDTT). Aluminium or stainless steels

are typically suitable structural materials for cryogenic

hydrogen and welded connections are preferred to screwed

connections.

Artificial barriers may be inserted to decrease

the safety distances from the possible release

point to the receptor.



European Hydrogen Train the Trainer Programme for Responders

Reference (1/6)

1. Rossini FD. A report on the international practical temperature scale of 1968. Commission I.2: Thermodynamics and thermochemistry. International union of pure and applied

chemistry. P.557-P.570.

2. Cengel, Yunus A. and Turner, Robert H. (2004). Fundamentals of thermal-fluid sciences, McGraw-Hill, p.78.

3. Klier J., et al, A new cryogenic high-pressure H2 test area: First results. Proc 12th IIR Int Conf, Dresden (2012).

4. Edeskuty F.J., Stewart W.F., Safety in the handling of cryogenic fluids. The International Cryogenics Monograph Series, Plenum Press, New York (1996).

5. Karlsson E., Catalytic ortho- to parahydrogen conversion in liquid hydrogen. (2017). Available at https://www.semanticscholar.org/paper/Catalytic-ortho-to-parahydrogen-conversion-

in-Karlsson/d90cd059e742fe7ea68bb86130ce6b770ec496d1 [access on 04.04.2021]

6. Astbury G.R., Hawksworth S.J., Spontaneous ignition of hydrogen leaks: A review of postulated mechanisms. 1st Int Conf Hydrogen Safety (ICHS-1), Pisa (2005).

7. Zabetakis M.G., Safety with cryogenic fluids. Plenum Press, New York (1967).

8. Eichert H., et al. Gefährdungspotential bei einem verstärkten Wasserstoffeinsatz. Study for the Büro für Technikfolgenabschätzung des Deutschen Bundestags, Deutsches Zentrum für

Luft- und Raumfahrt (DLR), Stuttgart (1992).

9. Kuznetsov M., Czerniak M., Grune J., Jordan T., Effect of temperature on laminar flame velocity for hydrogen-air mixtures at reduced pressures. Proc. 5th Int Conf Hydrogen Safety

(ICHS-5), Brussels (2013), paper 231.

10. Proust C., INERIS research performed within PRESLHY. Presentation at the 13th Int Symp Hazards, Prevention, and Mitigation of Industrial Explosions (ISHPMIE), Braunschweig

(2020).

11. NASA. Report of the Presidential Commission on the Space Shuttle Challenger accident (1986). (1997). Available at http://science.ksc.nasa.gov/shuttle/missions/51-l/docs/rogers-

commission/table-of-contents.html [access 04.04.2021]

12. Cirrone DMC, Makarov D, Molkov V. Simulation of thermal hazards from hydrogen under-expanded jet fire. International Journal of Hydrogen Energy, 44(17), 2019, pp 8886-8892.

13. Hardee H.C., Lee D.O., Thermal hazard from propane fireballs. Transportation Planning and Technology 2 (1973) 121–128.

14. Zabetakis M.G., Burgess D.S., Research on the hazards associated with the production and handling of liquid hydrogen. Report No. WADD TR 60-141, Wright Air Development

Division, OH (1960).

15. Makarov D., Shentsov V., Kuznetsov M., Molkov V., Hydrogen tank rupture in fire in the open atmosphere: Hazard distance defined by fireball. Hydrogen Hydrogen 2(1) (2020) 134–

146.

16. Ustolin F., Paltrinieri N., Hydrogen fireball consequence analysis. Chemical Engineering Transactions 82 (2020) 211–216.

17. Ustolin F., Paltrinieri N., Landucci G., An innovative and comprehensive approach for the consequence analysis of liquid hydrogen vessel explosions. J Loss Prevention in the Process

Industries 68 (2020) 104323.

Liquefied hydrogen (LH2)

https://www.semanticscholar.org/paper/Catalytic-ortho-to-parahydrogen-conversion-in-Karlsson/d90cd059e742fe7ea68bb86130ce6b770ec496d1


European Hydrogen Train the Trainer Programme for Responders

Reference (2/6)

18. Pehr K., Aspects of safety and acceptance of LH2 tank systems in passenger cars. Int J Hydrogen Energy 21(5) (1996) 387–395.

19. Kobayashi H., et al., Experiment of cryo-compressed (90-MPa) hydrogen leakage diffusion. Int J Hydrogen Energy 43(37) (2018) 17928–17937.

20. Molkov V., Makarov V., Bragin M.V., Physics and modelling of underexpanded jets and hydrogen dispersion in atmosphere. Physics of Extreme States of Matter (2009) 146–149.

21. Hecht E.S., Panda P.P., Mixing and warming of cryogenic hydrogen releases. Int J Hydrogen Energy 44(17) (2019) 8960–8970.

22. Simoneau R., Hendricks R., Two-phase choked flow of cryogenic fluids in converging-diverging nozzles. NASA Tech. Rep. Pap. 1484 (1979).

23. Travis J.R., Piccioni Koch D., Breitung W., A homogeneous non-equilibrium two-phase critical flow model. Int J Hydrogen Energy 37(22) (2012) 17373–17379.

24. Leachman J.W., Jacobsen R.T., Penoncello S.G., Lemmon E.W., Fundamental equations of state for parahydrogen, normal hydrogen, and orthohydrogen. J Physical and Chemical

Reference Data 38 (2009) 721.

25. Venetsanos A.G., Bartzis J.G., CFD modeling of large-scale LH2 spills in open environment. Int J Hydrogen Energy 32(13) (2007) 2171–2177.

26. Venetsanos A.G., Giannissi S.G., Release and dispersion modeling of cryogenic under-expanded hydrogen jets. Int J Hydrogen Energy 42(11) (2017) 7672–7682.

27. Venetsanos A.G., Homogeneous non-equilibrium two-phase choked flow modeling. Int J Hydrogen Energy 43(50) (2018) 22715–22726.

28. Bavoil E., Etude expérimentale de l'influence de la diminution de la température initiale (jusqu'à 100K) sur les déflagrations des mélanges H2-air, PhD thesis, University of Orleans,

France (1997).

29. Goodwin D., Malaya N., Moffat H., Speth R., Cantera code (2009).

30. Lutz A.E., Kee R.J., Miller J.A., Dwyer H.A., Oppenheim A.K., Dynamic effects of autoignition centers for hydrogen and C1,2-hydrocarbon fuels. Proc 22nd Int Symp on Combustion,

Pittsburgh (1988) 1683–1693.

31. Friedrich A., et al., Ignition and heat radiation of cryogenic hydrogen jets. Int J Hydrogen Energy 37(22) (2012) 17589–17598.

32. Lachance J., Tchouvelev A., Engebo A., Development of uniform harm criteria for use in quantitative risk analysis of the hydrogen infrastructure. Int J Hydrogen Energy 36(3) (2011)

2381–2388.

33. Panda P.P., Hecht E.S., Ignition and flame characteristics of cryogenic hydrogen releases. Int J Hydrogen Energy 42(1) (2017) 775–785.

34. Saffers J.B., Molkov V.V., Towards hydrogen safety engineering for reacting and non-reacting hydrogen releases. J Loss Prevention in the Process Industries 26(29 (2013) 344–350.

35. Cirrone D., Makarov D., Molkov V., Cryogenic hydrogen jets: Flammable envelope size and hazard distances for jet fire. Proc. 8th Int Conf on Hydrogen Safety (ICHS2019),

Adelaide, Australia (2019) paper 191.

36. Cirrone D., Makarov D., Molkov V., Thermal radiation from cryogenic hydrogen jet fires. Int J Hydrogen Energy 44(17) (2019) 8874–8885.

37. Breitung W., et al., Experimental and theoretical investigations of sonic hydrogen discharge and jet flames from small breaks. Final Report for project ICEFUEL, Karlsruhe Institute of

Technology (2009).

Liquefied hydrogen (LH2)



European Hydrogen Train the Trainer Programme for Responders

Reference (3/6)

38. Hankinson G and Lowesmith B J (2012) A consideration of methods of determining the radiative characteristics of jet fires. Combust Flame 159:1165–1177.

39. Ekoto I.W., et al., Updated jet flame radiation modeling with buoyancy corrections. Int J Hydrogen Energy 39(35) (2014) 20570–20577.

40. Molina A., Schefer R.W., Houf W.G., Radiative fraction and optical thickness in large-scale hydrogen-jet fires. Proc Combustion Institute 31(2) (2007) 2565–2572.

41. Takeno K., et al., Dispersion and explosion field tests for 40 MPa pressurized hydrogen. Int J Hydrogen Energy 32 (2007) 2144–2153.

42. Grune J., Sempert K., Kuznetsov M., Jordan T., Experimental study of ignited unsteady hydrogen releases from a high pressure reservoir. Int J Hydrogen Energy 39(11) (2013) 6176–

6183.

43. Royle M., Willoughby D.B., Consequences of catastrophic releases of ignited and unignited hydrogen jet releases. Int J Hydrogen Energy 36(3) (2010) 2688–2692.

44. Friedrich, A. et al. (2012). Ignition and heat radiation of cryogenic hydrogen jets. International Journal of Hydrogen Energy. Vol.31, pp.17589-17598.

45. Brennan S., Molkov V., Safety assessment of unignited hydrogen discharge from onboard storage in garages with low levels of natural ventilation. Int J Hydrogen Energy 38(19)

(2013) 8159–8166.

46. Brennan S., Molkov V., Pressure peaking phenomenon for indoor hydrogen releases. Int J Hydrogen Energy 43(39) (2018) 18530–18541.

47. Makarov D., Shentsov V., Kuznetsov M., Molkov V., Pressure peaking phenomenon: Model validation against unignited release and jet fire experiments. Int J Hydrogen Energy 43(19)

(2018) 9454–9469.

48. Lach A.W., Gaathaug A.V., Vaagsaether K., Pressure peaking phenomena: Unignited hydrogen releases in confined spaces – Large-scale experiments. Int J Hydrogen Energy 45(56)

(2020) 32702–32712.

49. Lach A.W., Gaathaug A.V., Large scale experiments and model validation of Pressure Peaking Phenomena-ignited hydrogen releases. Int J Hydrogen Energy 46(11) (2021) 8317–

8328.

50. Hussein H.G., Brennan S., Shentsov V., Makarov D., Molkov V., Numerical validation of pressure peaking from an ignited hydrogen release in a laboratory-scale enclosure and

application to a garage scenario. Int J Hydrogen Energy 43(37) (2018) 17954–17968.

51. Brennan S., Hussein H.G., Makarov D., Shentsov V., Molkov V., Pressure effects of an ignited release from onboard storage in a garage with a single vent. Int J Hydrogen Energy

44(17) (2019) 8927–8934.

52. Babrauskas V., Estimating large pool fire burning rates. Fire Technology, 19 (1983) 251-261.

53. Rew P.J., Hulbert W.G., Development of pool fire thermal radiation model. HSE Contractor Report WSA/RSU8000/018, UK (1995).

54. Luketa-Hanlin A., A review of large-scale LNG spills: Experiments and modeling. J Hazardous Materials 132(2–3) (2006) 119–140.

55. Hall J.E., Hooker P., Willoughby D. Ignited releases of liquid hydrogen: Safety considerations of thermal and overpressure effects. Int J Hydrogen Energy 39 (2014) 20547–20553.

Liquefied hydrogen (LH2)



European Hydrogen Train the Trainer Programme for Responders

Reference (4/6)

56. Cassut L.H., et al., A study of the hazards in the storage and handling of liquid hydrogen. Advances in Cryogenic Engineering 5 (1960) 55–61.

57. ADL. Final report on an investigation of hazards associated with the storage and handling of liquid hydrogen. Report C-61092, Arthur D. Little Inc., Cambridge, MA (1960).

58. Zabetakis M.G., et al., Explosion hazards of liquid hydrogen. Advances in Cryogenic Engineering 6 (1961) 185–194.

59. Witcofski R.D., Chirivella J.E., Experimental and analytical analyses of the mechanisms govering the dispersion of flammable clouds formed by liquid hydrogen spills. Int J Hydrogen

Energy 9(5) (1984) 425–435.

60. Urano Y., et al. Hazards of burning liquefied hydrogen. Part 1: Flame of stable burning. Part 2: Flame of abnormal burning. National Chemical Laboratory for Industry 81 (1986) 143–

157 (In Japanese).

61. Verfondern K., Dienhart B., Experimental and theoretical investigation of liquid hydrogen pool spreading and vaporization. Int J Hydrogen Energy 22(7) (1997) 649–660.

62. Dorofeev S.B., Kuznetsov M.S., Alekseev V.I., Efimenko A.A., Breitung W., Evaluation of limits for effective flame acceleration in hydrogen mixtures. J Loss Prevention in the

Process Industries 14(6) (2001) 583–589.

63. Dorofeev S.B., Sidorov V.P., Kuznetsov M.S., Matsukov I.D., Alekseev V.I., Effect of scale on the onset of detonations. Shock Waves 10 (2000) 137–149.

64. Zitoun R., Desbordes D., Guerraud C., Deshaies B., Direct initiation of detonation in cryogenic gaseous H2-O2 mixtures. Shock Waves 4 (1995) 331–337.

65. Tieszen S.R., Sherman M.P., Benedick W.B., Berman M., Detonability of H2-air-diluent mixtures. Technical Report NUREG/CR-4905, SAND85-1263 (1987).

66. Asadnia, Large-scale liquid hydrogen production methods and approaches: A review. Applied Energy 212 (2018) 57–83.

67. Funke T., Development of large scale hydrogen liquefaction. Presentation at the Hydrogen Liquefaction & Storage Symp, Perth (2019).

68. Decker L., Latest global trend in liquid hydrogen production. Presentation at the HYPER Closing Seminar, Brussels (2019).

69. GTR, Proposal for a Global Technical Regulation (GTR) on hydrogen fuelled vehicles, 2013. ECE/TRANS/WP.29/GRSP/2013/41. United Nations. Economic Commission for Europe.

Inland Transport Committee. World Forum for Harmonization of Vehicle Regulations, 160th Session, Geneva, 25-28 June 2013.

70. Royle, M and Willoughby, D (2012). Releases of unignited liquid hydrogen. HSL Report XS/11/70. Available from HSL: Buxton.

71. Decker L., Liquid hydrogen distribution technology. Presentation at the HYPER Closing Seminar, Brussels (2019).

72. Krieg D., Konzept und Kosten eines Pipelinesystems zur Versorgung des deutschen Straßenverkehrs mit Wasserstoff. Series Energy&Environment Vol 144, Research Center Jülich

(2012).

73. Zittel W., Wurster R., Bölkow L., Hydrogen in the energy sector. TÜV SÜD Industrie Service GmbH (1996). Available at http://www.hyweb.de/Knowledge/w-i-energiew-

eng.html}.(BibTeX) [access 04.04.2021]

74. Mei R.W., Klausner J., Project title: Chill down processes of hydrogen transport pipelines. Report NASA/CR-2006-214091, National Aeronautics and Space Administration,

Washington DC (2006).

Liquefied hydrogen (LH2)

http://www.hyweb.de/Knowledge/w-i-energiew-eng.html%7d.(BibTeX)


European Hydrogen Train the Trainer Programme for Responders

Reference (5/6)

75. Markowz G., Dylla A., Elliger T., icefuel® – An infrastructure system for cryogenic hydrogen storage, distribution and decentral use. Proc 18th World Hydrogen Energy Conference

(WHEC-18), Essen, Report Energy & Environment, Vol. 78-1, Research Center Jülich (2010).

76. Peschka W. Liquid hydrogen: Fuel of the future. Springer-Verlag Wien New York (1992).

77. Oyama S., Kamiya S., Harada E., Inoue K., Nishimura M., CO2-free hydrogen supply chain project and risk assessment for the safety design. Proc. 5th Int Conf on Hydrogen Safety

(ICHS-5), Hamburg (2013) paper 171.

78. KHI, World's first liquefied hydrogen carrier SUISO FRONTIER launches building an international hydrogen energy supply chain aimed at carbon-free society (2019). Available at

https://global.kawasaki.com/en/corp/newsroom/news/detail/?f=20191211 _3487 [access on 04.04.2021]

79. KHI, Kawasaki completes installation of liquefied hydrogen storage tank for marine transport applications on world's first liquefied hydrogen carrier. (2020). Available at

https://global.kawasaki.com/en/corp/newsroom/news/detail/?f=20200309_3090 [access on 04.04.2021]

80. KHI, Kawasaki completes world's first liquefied hydrogen receiving terminal Kobe LH2 terminal (Hytouch Kobe). (2020). Available at https://global.kawasaki.com/en/corp/

newsroom/news/detail/?f=20201203_2378 [access on 04.04.2021]

81. Giacomazzi G., Gretz G., Euro-Quebec Hydro-Hydrogen Project (EQHHPP): A challenge to cryogenic technology. Cryogenics 33 (1993) 767–771.

82. Petersen U., et al., Design and safety considerations for large-scale sea-borne hydrogen transport. Int J Hydrogen Energy 19 (1994) 597–604.

83. Hudders R.S., Dorf C.J., Holcombe A.H., Railway tank car for transcontinental shipment of liquefied hydrogen. In: Timmerhaus K.D. (ed), Advances in Cryogenic Engineering

8 (1963) 461–466.

84. CRRCGC, T85 Type Liquefied Hydrogen Tank Car. (2016). Available at https://www.crrcgc.cc/xaen/g11117/s21282/t271695.aspx [access on 04.04.2021]

85. Yamane K., et al., Some performance of engine and cooling system of LH2 refrigerator van Musashi-9. Int J Hydrogen Energy 21(9) (1996) 807–811.

86. Takiguchi M., Furuhama S., Suzuki T., Tsujita M., Combustion improvement of liquid hydrogen fueled engine for medium-duty trucks. Proc. 4th Int Pacific Conf Automotive

Engineering, Melbourne (1987).

87. FCB, Fuel Cells Bulletin 2016(12) 14–15.

88. Pratt J.W., Klebanoff L.E., Feasibility of the SF-BREEZE: a Zero-Emission, Hydrogen Fuel Cell, High-Speed Passenger Ferry. Report SAND2016-9719, Sandia National Laboratory,

Livermore CA (2016).

89. NORLED, World’s first ship driven by LH2. Presentation at GCE Ocean Technology workshop, Floro, Norway (2019). Available at https://www.gceocean.no/media/2683/ norled.pdf

[access on 04.04.2021].

90. Turner J., HySHIP: inside Europe’s flagship hydrogen ship demonstrator project. (2020). Available at https://www.ship-technology.com/features/hydrogen-vessel/ [access on

04.04.2021].

Liquefied hydrogen (LH2)

https://global.kawasaki.com/en/corp/newsroom/news/detail/?f=20200309_3090
https://www.crrcgc.cc/xaen/g11117/s21282/t271695.aspx
https://www.ship-technology.com/features/hydrogen-vessel/


European Hydrogen Train the Trainer Programme for Responders

Reference (6/6)

91. Sloop J.L., Liquid hydrogen as a propulsion fuel, 1945-1959. NASA History Office. Report NASA SP-4404. National Aeronautics and Space Administration, Washington DC (1978).

92. Dawson V.P., Bowles M.D., Taming liquid hydrogen: The Centaur upper stage rocket 1958-2002. The NASA History Series, Report NASA SP-2004-4230. National Aeronautics and

Space Administration, Washington DC (2004).

93. Peschka W. Liquid hydrogen: Fuel of the future. Springer-Verlag Wien New York (1992).

94. DASA. CRYOPLANE – Deutsch-Russisches Gemeinschaftsprojekt zum Einsatz kryogener Treibstoffe in der zivilen Luftfahrt – Realisierbarkeitsstudie 1990/91/92. Report, Deutsche

Aerospace Airbus GmbH, Hamburg (1992).

95. Tupolev. Development of cryogenic fuel aircraft. (2008). Available at http://www.tupolev.ru/English/Show.asp? SectionID=82 [access on 04.04.2021]

96. Airbus, Airbus reveals new zero-emission concept aircraft. (2020). Available at https://www.airbus.com/newsroom/press-releases/en/2020/09/airbus-reveals-new-zeroemission-

concept-aircraft.html [access on 04.04.2021]

97. NFPA News. 9 (2005) 1–3.

This lecture is based on the Deliverable 6.1 – Handbook of hydrogen safety: Chapter on LH2 safety – of Pre-normative

REsearch for Safe use of Liquid Hydrogen (PRESLHY) project (grant agreement number 779613), which is acknowledged by

the HyRespnder project.

Liquefied hydrogen (LH2)

https://www.airbus.com/newsroom/press-releases/en/2020/09/airbus-reveals-new-zeroemission-concept-aircraft.html


European Hydrogen Train the Trainer Programme for Responders

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (JU) under grant agreement No 

875089. The JU receives support from the European Union’s Horizon 2020 research and innovation programme and 

United Kingdom, France, Austria, Belgium, Spain, Germany, Italy, Czechia, Switzerland, Norway


