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Preface 

 

 

 

This thesis is submitted to the Norwegian University of Science and Technology (NTNU) 

for partial fulfilment of the requirements for the degree of Philosophiae Doctor. 

The work was carried out at the Department of Mechanical and Industrial Engineering at 

NTNU, in Trondheim, Norway. Professor Nicola Paltrinieri from the abovementioned 

Department at NTNU was the main supervisor while Gunhild Reigstad from Sintef 

Energy was the co-supervisor. 

The Research Council of Norway funded the doctoral work through the project “Safe 

Hydrogen Fuel Handling and Use for Efficient Implementation (SH2IFT)” under the 

ENERGIX programme (Grant No. 280964).  

The target audience of this work include researchers and practitioners interested in the 

following areas: hydrogen safety, loss of integrity and containment of hydrogen 

technology, atypical accident scenarios, physical explosions (BLEVE and RPT), 

modelling of the accident scenario consequences. 
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Summary 

 

 

 

Hydrogen is one of the most suitable candidates to replace hydrocarbons and reduce the 

environmental pollution and CO2 emissions. Hydrogen is valuable energy carrier, 

potentially clean and renewable thanks to its peculiar properties. However, hydrogen has 

a few characteristics, such as high flammability and low density that must be taken into 

account when stored or handled, especially in relation to the associated safety. For this 

reason, this PhD study aims to increase the knowledge on safety of hydrogen 

technologies. 

Hydrogen safety is a broad topic which involves several disciplines. This PhD focusses 

on the modelling of atypical accident scenarios of liquid hydrogen (LH2) technologies by 

adopting a multidisciplinary approach. This type of accident scenarios is called atypical 

because they have low probability to happen but high consequences. A few times, the 

neglection of these scenarios by conventional risk assessment techniques led to major 

accidents. For this reason, the atypical accident scenario cannot be omitted during a risk 

assessment and must be further analysed. 

Firstly, through a comprehensive literature review, this PhD study investigates the causes 

of loss of integrity (LOI) and loss of containment (LOC) of hydrogen equipment since 

the atypical accident scenarios always occurred after these critical events. The 

consequences of an LH2 release are then analysed. The focus is placed on the boiling 

liquid expanding vapour explosion (BLEVE) and the rapid phase transition (RPT) 

explosions for liquid hydrogen technologies because a significant dearth of knowledge is 

still present. 

Secondly, the possibility for the BLEVE to occur after the catastrophic rupture of an LH2 

vessel is theoretically assessed by gathering information on previous accident and 

applying accepted thermodynamic theories for this event. The consequences of a potential 

BLEVE for LH2 (pressure wave, missiles and fireball) are evaluated. Unique 
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experimental series on LH2 bursting tank scenario and fire tests are simulated. Different 

approaches are employed for the BLEVE event: analytical models, empirical correlations 

and CFD analysis. Finally, the time to failure of an LH2 tank exposed to a fire is estimated 

with a thermal node model. 

Thirdly, the RPT event is analysed from a more theoretical approach since no records of 

LH2 RPT are found in literature. The knowledge gained for other substances such as 

liquefied natural gas (LNG) and liquid nitrogen (LIN) is applied to LH2. The 

consequences of a hypothetical LH2 RPT are evaluated by means of an analytical model 

and compared to the LNG RPT aftermath. 

The main contributions of this PhD study are the following: 

 investigation on the causes of LOI of hydrogen technology; 

 identification of the LH2 release consequences; 

 understanding of the BLEVE feasibility for LH2 storage systems; 

 determination of the LH2 BLEVE consequences; 

 estimation of the time to failure of LH2 tanks exposed to a fire; 

 analysis of the theories and mechanisms of RPT explosions; 

 determination of the LH2 RPT consequences. 

This PhD study provides relevant safety indications on the causes of LOI of hydrogen 

technologies as well as on the BLEVE and RPT phenomena for LH2 technologies. The 

knowledge gap in these topics is highlighted and partially fulfilled. The limitations of 

existing models for the simulation of these explosions are emphasised. The results of this 

thesis serve as a starting point for future studies. 
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1. Introduction 

 

 

 

Global warming, climate change and environmental pollution are issues that have been 

receiving attention and fostering awareness in the scientific community as well as in the 

public society during the first decades of the 21st century. In June 2019, the international 

energy agency (IEA) stated “the time is right to tap into hydrogen’s potential to play a 

key role in a clean, secure and affordable energy future” in its report titled “The future of 

hydrogen” (IEA, 2019). After the COVID-19 pandemic outbreak, hydrogen gained even 

more interest and new plans for the energy transition were made in Europe and 

worldwide. Next generation EU is a new recovery instrument of €750 billion proposed 

by the European Community in the period 2021-2027 (European Commission, 2020). 

One of the strategy points of the plan is “rolling out renewable energy projects, especially 

wind, solar and kick-starting a clean hydrogen economy in Europe” (European 

Commission, 2020). Therefore, the implementation of renewable energy sources (RESs) 

such as wind and solar energies is among the most suitable options to abandon fossil fuels. 

One of the main RESs drawbacks is their intermittency. Hydrogen is one of the best 

candidates to solve this issue since it is an abundant, light energy carrier, and a potentially 

clean and renewable fuel (Kovač et al., 2021). In fact, hydrogen has a high gravimetric 

energy content (120 MJ kg-1 (McAllister et al., 2011)) compared with hydrocarbons, it 

can be produced by different sources and it is not toxic.  

However, a few limitations in the implementation of hydrogen can be identified. It is 

highly flammable (minimum ignition energy of 0.017 mJ (Ono et al., 2007)), and its 

molecule is the smallest in nature, meaning that, when gas, it can escape from 

microscopical holes making it difficult to contain. Furthermore, its flame is scarcely 

visible with daylight (Schefer et al., 2009) and its gas density is very low (0.0883 kg m-3 

at atmospheric conditions (NIST, 2019)), thus it must be compressed or liquefied to 

increase its storage capacity. Liquid hydrogen (LH2) is a cryogenic fluid usually stored at 
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atmospheric pressure at 20.3 K (NIST, 2019). In this manner, its density is increased up 

to 70.9 kg m-3 (NIST, 2019) which is still one order of magnitude lower than other 

cryogenic hydrocarbons. For example, liquefied natural gas (LNG) has a density between 

431 and 453 kg m-3 at its boiling point (approx. 112 K) depending on its composition 

(Woodward and Pitblado, 2010). Moreover, the energy required to liquefy hydrogen is 

between 10 and 13 kWh kgH2 which corresponds to almost 30% of its lower heating value 

(33 kWh) (DOE, 2009). The required energy depends on the efficiency of the liquefaction 

plant and decreases for larger amount of LH2 produced. For this reason, it is more 

convenient to employ LH2 in fields such as aerospace, aeronautical and maritime, where 

a high energy density and large amount of fuel are necessary (NCE Maritime Cleantech, 

2019) or increased storage of stationary applications are required (DNV-GL, 2020). 

Appropriate and currently expensive cryogenic plants and equipment are needed to 

produce and store LH2. For instance, LH2 must be stored in highly insulated tanks (double 

walled type) to reduce the heat losses with the environment and consequent evaporation 

(Barthelemy et al., 2017). The quality of the tank depends mainly on the type of 

insulation. A vacuum jacket is created between the inner and outer tank where a highly 

insulating material (e.g. perlite) or a multilayer insulation (MLI) is installed to minimise 

the heat transfer with the surroundings (Barron and Nellis, 2016). The boil off gas (BOG) 

formation must be reduced or avoided for both economical and safety aspects. For 

instance, the BOG must be vented out to keep the pressure below a certain safety value. 

In case of safety device failure, the BOG might produce a pressure build up that may 

generate mechanical stress on the tank material, and lead to a loss of integrity and 

containment.  

Hydrogen is also foreseen to be employed in new applications. As an example, the first 

LH2 fuelled ferry will be deployed in Norway in 2023 (FuelCellsWork, 2020). Despite 

the fact that hydrogen was used in several industrial fields for more than one century, it 

becomes an emerging technology when applied in new fields, and emerging risks could 

arise (Jovanović and Baloš, 2013). Therefore, emerging risks such as atypical accident 

scenarios must always be considered during a risk analysis. These are accident scenarios 

with low probabilities, which may be neglected by conventional risk assessment 

techniques (Paltrinieri et al., 2015). The neglection of the atypical accident scenarios can 



 

3 
 

lead to major accidents. The accidents occurred in Toulouse (2001) and in Buncefield 

(2005) are unfortunate reminders (Paltrinieri et al., 2012a). The boiling liquid expanding 

vapour explosion (BLEVE) and rapid phase transition are two physical explosion that 

might occur after the loss of containment (LOC) of cryogenic equipment and may be 

considered as atypical. The BLEVE might occur after the catastrophic rupture of a 

liquefied gas vessel if its content is superheated (Casal et al., 2016). The expansion of the 

compressed gas and the flashing of the liquid due to the rapid depressurisation can 

generate this sever explosion. The RPT can happen when a fluid is released onto or into 

another liquid with a different temperature due to the sudden heat transfer and the violent 

boiling of the colder fluid. This is a very well-known phenomenon for LNG spills onto 

water (Woodward and Pitblado, 2010) as well as for molten metal and water interactions 

(Reid, 1983). Therefore, the possibility for these phenomena to occur after an LOC of 

LH2 tanks or pipes must be investigated since limited knowledge is available. 

The atypical accident scenarios for hydrogen technologies must be tackled in the early 

stages of its deployment in new applications. In this regard, several research projects are 

ongoing on hydrogen safety. In particular, the projects “Safe Hydrogen Fuel Handling 

and Use for Efficient Implementation (SH2IFT)” and “Prenormative REsearch for Safe 

use of Liquid Hydrogen (PRESLHY)” are focussing on the consequences of LH2 releases, 

fires, and explosions. During the Norwegian project SH2IFT, both experimental and 

modelling activities on LH2 BLEVE and RPT events are being carried out. The focus of 

this PhD study is on the loss of integrity and containments of LH2 technologies and the 

modelling of the LH2 BLEVE and RPT phenomena. In Part I, Sec. 2 describes the SH2IFT 

project and the abovementioned explosions while in Sec. 3 a research background on the 

topics investigated during the PhD is provided. The research questions, objectives, 

methodology and methods are explained in Sec. 4, 5, 6 and 7, respectively. The 

contributions of the PhD study are reported in Sec. 8 and then discussed in Sec. 9. Finally, 

conclusions and future works can be found in Sec. 10 and 11, respectively. 
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2. SH2IFT project, BLEVE and RPT explosions 

 

 

 

“Safe Hydrogen Fuel Handling and Use for Efficient Implementation (SH2IFT)” is an 

ongoing Norwegian project which is focussing on hydrogen safety. The project consists 

of six partners: SINTEF Industry (coordinator), SINTEF Energy Research, Norwegian 

University of Science and Technology (NTNU), The Institute of Transport Economics, 

RISE Fire Research, and Christian Michelsen Research. SH2IFT is mainly funded by the 

Research Council of Norway under the ENERGIX programme. This programme provides 

funding for research on renewable energy, efficient use of energy, energy systems and 

energy policy. The programme is key instrument in the implementation of Norway’s 

national RD&D strategy, Energi21, as well as achieving other energy policy objectives. 

The SH2IFT project addresses several thematic areas within the ENERGIX program:  

 energy use and conversion: (i) transition from fossil to renewable energy carriers 

(industry), (ii) hydrogen infrastructure, vehicles and vessels (transport), (iii) 

export, safety and maritime use (hydrogen). 

 New business opportunities for renewable energy (power to hydrogen). 

 Energy policy, economics and sustainability: technology analysis, innovation and 

dissemination of knowledge that is vital to the implementation of new solutions 

(society and behaviour). 

Additional funding is allocated by: Statens Vegvesen, Jernbanedirektoratet, Direktoratet 

for samfunnssikkerhet og beredskap, Fylkeskommunene, Viken, Vestland, Møre & 

Romsdal, Trøndelag, Finnmark. The project is also sponsored by several companies: 

Equinor, Shell, NASTA, Statkraft, Ariane, Air Liquide, Nye veier, Total and Safetech. 

The duration of the project is four years and it started in April 2018. 
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The primary objective of the SH2IFT project is to increase competence within safety of 

hydrogen technology, especially focussing on consequences of handling large amounts 

of this fuel within closed and semi-closed environments and in maritime transport. 

Relevant aspects from the whole value chain from industry and authorities to end 

users/general public are investigated, with special emphasis on the potential obstacles and 

bottlenecks for early implementation of hydrogen as fuel. The project is both developing 

new models, perform large-scale fire and explosion experiments, and providing 

guidelines for use of hydrogen in industry and transport. Thus, the project aims to 

contribute to the reduction of green-house gas emissions and growth in existing and new 

Norwegian hydrogen industry. 

The secondary objective of the project is to evaluate the relevance and performance of 

currently available tools for estimating consequences and risks associated with hazardous 

events involving gaseous (GH2) and liquid hydrogen (LH2). The current knowledge gaps 

related to safe handling of hydrogen as a fuel are being filled. This is addressed by 

investigating the physical behaviour of hydrogen in mid- and large-scale experiments, as 

well as development and validation of numerical models. In particular, hydrogen jet fires 

are experimentally reproduced and numerically simulated. Moreover, boiling liquid 

expanding vapour explosion (BLEVE) and rapid phase transition (RPT) explosions are 

being generated in separate tests from LH2 storage system releases. Concerns and 

potential barriers in the Norwegian society (industry/public/authorities) regarding 

implementation, handling and use of hydrogen technology and infrastructure are 

addressed and recommendations and guidelines for handling hydrogen are developed. 

The results and gained knowledge are expected to contribute significantly to the following 

areas: 

 increased relevance and accuracy of consequence models and risk assessments, 

resulting from experimental investigations and state-of-the-art modelling; 

 input to requirements, procedures and guidelines regarding GH2 and LH2 safety 

in road, rail and maritime applications (tunnels, parking facilities, ships and 

transport of hydrogen); 



 

7 
 

 increased acceptance and accelerated implementation of hydrogen technology in 

society, thus contributing to reduced carbon emissions and growth in the 

Norwegian hydrogen industry. 

2.1. Involvement in the project 

This PhD position is funded by the SH2IFT project, thus a full involvement in the project 

was required. The main task of the PhD is to model accident scenarios of liquid hydrogen 

during storage and transport, which coincides with one of the project tasks aiming to 

innovative models for estimating formation and consequences of the BLEVE and RPT 

explosions.  

A series of experimental tests are also being carried out within the SH2IFT project: jet 

fires from pressurised bottles, fire tests on LH2 vessels and release of LH2 onto water. 

The fire tests aim to study the behaviour of the double walled tanks exposed to a fire and 

measure the consequences of a BLEVE explosion. The behaviour of LH2 water 

interaction is investigated in the LH2 release tests together with the probability to provoke 

an RPT as consequence of the spill.  The PhD candidate is directly involved with the 

setting up of the fire tests and LH2 release on water. 

2.2. BLEVE and RPT explosions 

In this section, the boiling liquid expanding vapour explosion (BLEVE) and the rapid 

phase transition (RPT) are described in detail. These two phenomena are introduced by 

focussing on the physics of the explosion and their consequences. 

2.2.1. Boiling liquid expanding vapour explosion (BLEVE) 

The term BLEVE was used for the first time in 1957 by J.B. Smith, W.S. Marsh, and 

W.A. Walls employees of the Factory Mutual Research Corporation (Abbasi and Abbasi, 

2008). This trio coined the term BLEVE after observing and analysing an explosion of a 

cast iron vessel employed for the production of a phenolic resin (Walls, 1978). Several 
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definitions of BLEVE were proposed by different authors in the past (Abbasi and Abbasi, 

2007a). One of the most recent definitions was stated by Casal et al. (2016): “a BLEVE 

is the explosion of a vessel containing a liquid (or liquid plus vapour) at a temperature 

significantly above its boiling point at atmospheric pressure”. Therefore, a tank which 

contains a liquid (or a liquefied gas), regardless the type of substance, might undergo a 

BLEVE if its lading is superheated. In fact, this event occurred even for water, nitrogen 

and carbon dioxide  several times in the past, which are not reactive nor flammable 

substances (Abbasi and Abbasi, 2007a; Heymes et al., 2020). In Table 2, the substances 

involved in one or more major BLEVE accidents in the period 1926-2004 are collected.  

Table 2: List of the substances which underwent a BLEVE in the period 1926-2004 (adapted from 
(Abbasi and Abbasi, 2007a)). 

Substance Type No. of 

accidents 

Total 

no. of 

death 

Total no. 

of 

injured 

Propane Flammable 24 821 7,761 

LPG Flammable 17 12 35,127 

Chlorine Toxic 7 139 - 

Ammonia Toxic 6 55 25 

Butane Flammable 5 394 7,510 

Gasoline Flammable 3 10 2 

Acrolein Flammable 2 - - 

Carbon dioxide Non-flammable, non-

toxic 

2 9 - 

Ethylene oxide Flammable 2 1 5 

LNG Flammable 2 14 76 

Propylene Flammable 2 213 - 

Vinyl chloride Flammable and toxic 2 1 50 

Borane-

tetrahydrofuran 

Flammable and toxic 1 - 2 

Butadiene Flammable and toxic 1 57 - 
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Table 2: List of the substances which underwent a BLEVE in the period 1926-2004 (adapted from 
(Abbasi and Abbasi, 2007a)) (continued). 

Substance Type No. of 

accidents 

Total 

no. of 

death 

Total no. 

of 

injured 

Chlorobutadiene Toxic 1 3 - 

Ethyl ether Flammable 1 209 - 

Hydrogen Flammable 1 7 - 

Isobutene Flammable 1 - 1 

Maltodextrin and 

other chemicals 

Toxic 1 - - 

Methyl bromide Toxic 1 2 - 

Nitrogen Non-flammable, non-

toxic 

1 - - 

Phosgene Toxic 1 11 171 

Steam Non-flammable, non-

toxic 

1 4 7 

Water Non-flammable, non-

toxic 

1 7 - 

 

Propane seems to be one of the most hazardous substances. The boiler explosions, which 

occur when holding superheated water, were not included in Table 2. This type of 

explosion is particularly difficult to interpret since three causes of explosion usually 

coexist: flammable gas, hot surfaces and superheated water (Heymes et al., 2020). If the 

boiler explosions that occurred in the past are considered as BLEVEs, water may be the 

substance most frequently involved in BLEVEs (Abbasi and Abbasi, 2007a). 

A BLEVE might occur under certain circumstances after the catastrophic rupture of the 

vessel, which is the critical event, due to the sudden depressurisation of its content. The 

loss of integrity of the tank can be provoked by several phenomena: defects in the tank 

material (e.g. corrosion, embrittlement), degradation of the insulation (if any), accidental 

events (e.g. fire, tank puncture). If the BLEVE is thermally induced (e.g. due to fire 
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exposure) it is usually defined as “fired” or “hot BLEVE” (Paltrinieri et al., 2009). On the 

other hand, if the BLEVE is not thermally induced but provoked by several causes (e.g. 

violent impact or safety device failure), it is named “cold BLEVE”. Therefore, the 

BLEVE formation depends on several aspects: (i) the thermal insulation of the tank, (ii) 

the presence and effectiveness of the pressure relief valves (PRVs), (iii) the  filling degree 

of the vessel, and (iv) the type of tank rupture. For instance, Birk et al. (2007) observed 

two types of BLEVE during the fire tests on propane tanks: single and two-step BLEVEs. 

The first one is generated if the container rupture is complete and virtually instantaneous, 

while the two-step BLEVE occurs if the vessel failure time is on the order of 2 s. Birk et 

al. (2007) concluded that a two-step BLEVE generates the largest blast overpressures 

when compared with the single-step one. When the tank is completely opened, the 

compressed gaseous phase abruptly expands generating the first shock wave, whilst a 

fraction of the superheated liquid flashes (change in phase) at a slower rate (Birk et al., 

2007). 

According to several authors, the primary requirement for an explosion to be categorised 

as a BLEVE is the superheated status of the liquid phase (Casal, 2008; Heymes et al., 

2020; Pinhasi et al., 2005; Salla et al., 2006; van der Voort et al., 2012). Many authors 

refer to the theory of superheated liquids (or superheat limit theory) developed by Reid 

(1976) to determine under which operative conditions (mainly the tank pressure and 

liquid temperature) a BLEVE may be generated. If a liquid has a temperature above its 

expected boiling point, it is superheated and thus in a metastable status (Reid, 1976). The 

superheat limit temperature (TSL) is the temperature above which the substance cannot 

exist in liquid phase, and it varies with pressure. Moreover, the TSL is a characteristic 

property of each substance. The liquid spinodal curve is the locus of all the TSL values 

(Reid, 1976). Therefore, if the liquid temperature exceeds the TSL at the given pressure, 

the substance is thermodynamically unstable. In this case, homogenous nucleation is 

initiated, and the liquid violently boils by provoking a physical explosion. However, a 

liquid may flash even in a metastable status through heterogeneous nucleation, especially 

if triggered (e.g. by a shock wave) (Reid, 1983). In this case, the yield of the explosion is 

lower since homogeneous nucleation is a more powerful process. Based on these 

considerations, Reid (1976) formulated the theory of superheated liquids by stating that 
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a liquid explosively flashes if its temperature reaches the TSL at the given pressure. This 

criterion can be exploited to estimate the minimum tank pressure required prior the vessel 

failure to achieve a BLEVE explosion. 

The first direct consequence of the BLEVE explosion is the pressure wave generated by 

the expansion of the compressed gaseous phase and the flashing of the liquid.  The debris 

of the vessel or other piece of equipment thrown away by the blast wave represents 

another BLEVE aftermath: the missiles. Finally, if the substance contained in the tank is 

flammable (e.g. fuels) and reaches an ignition source, a fire or fireball can be generated. 

For the reasons previously mentioned, , the BLEVE explosion is fortunately considered 

as an atypical scenario since it has a low frequency yet high yield consequences 

(Paltrinieri et al., 2015). However, this event continues to manifest, as in August 2018 

when a BLEVE was generated after the collision of two trucks on a motorway bridge in 

Bologna, Italy (Eyssette et al., 2021). One of the trucks was transporting a load of 

liquefied petroleum gas (LPG) which was engulfed in a fire erupted after the traffic 

collision. This event led to the destruction of the tank and formation of the BLEVE. 

2.2.2. Rapid phase transition (RPT) 

An RPT between liquefied natural gas (LNG) and water was observed for the first time 

by Constock Liquid Methane Corporation at Bayou Long, Louisiana in 1956 (Reid, 

1983). The rapid phase transition (RPT) is another physical explosion which usually is 

generated by the interaction of two liquids at different temperatures. In fact, it might occur 

for several fluid pairs (cold liquid in contact with the hot one) in different industrial fields 

or applications. In the following, some of the fluid pair which underwent an RPT more 

often are collected: 

 water and molten metals (e.g. steel, aluminium, tin); 

 water and molten fuel (e.g. uranium); 

 water and smelt (molten inorganic salts); 

 hydrocarbons (e.g. propane, ethane, isobutane) and water; 

 liquefied refrigerants (e.g. R22 -CHClF2-) and water (or oil); 
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 cryogenic fluids (e.g. liquefied natural gas -LNG-, liquid nitrogen -LN2-) and 

water. 

The fluid on the left-hand side of each pair is the cold one which explosively boils during 

the interaction. Water can act as the cold as well as the hot fluid in the pair, and it usually 

always involved in this phenomenon. For this reason, an RPT is often called vapour 

explosion. Moreover, many other names were assigned to the RPT explosion by several 

authors: water explosion, vapour explosion, steam explosion, explosive boiling, thermal 

explosion, thermal interaction, thermal detonation and molten fuel coolant interaction 

(MFCI). This represents a constrain when this accident scenario is sought in literature. 

Since RPT may be generated by the interaction of different fluid pairs, this phenomenon 

accidentally manifested in many types of industries as well as a natural phenomenon 

during volcanic activity (water-magma interaction) (Wohletz et al., 2012): 

 metal foundry; 

 nuclear field; 

 paper industry; 

 petrochemical industry; 

 volcanic activity. 

Among several definitions, Woodward and Pitblado (2010) described the RPT for the 

LNG and water pair as “an explosively fast evaporation of LNG to vapor when LNG is 

suddenly contacted with a warm fluid, usually water”. Even though this might be seen as 

a simplistic definition of the phenomenon, the flashing of the LNG is primarily caused by 

the rapid heat transferred from water to the cryogenic mixture. The complexity is 

represented by the behaviour of the fluids during their interaction. Thus, it is arduous to 

determine under which conditions (mainly temperature of the fluids, flowrate or mass of 

the cold fluid) the explosion can manifest. As for the BLEVE, the superheat theory (Reid, 

1976) is employed to determine if the cold fluid can violently boils when in contact with 

the hot liquid. The same properties are considered with a slightly different approach. 

Firstly, it is assumed that the two fluids are at atmospheric pressure. Secondly, the boiling 

curve of the cold liquid must be considered. In fact, if the temperature of the hot fluid is 

higher than the Leidenfrost temperature of the cold liquid, the film boiling regime is met 
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and the heat flux is strongly limited. In this latter case, a trigger is required to rupture the 

film boiling and allow direct contact between the two liquids. For this reason, two 

different types of RPT can develop during or after the spill of LNG onto water: early or 

delayed (Aursand and Hammer, 2018). An early RPT may be initiated if the cryogenic 

fluid is released as a jet into the water. The depth of penetration, momentum, high degree 

of mixing (large interface area), and the turbulences (trigger) in the mixing zone are the 

main factors that can influence the early RPT formation. On the other hand, a delayed 

RPT may happen after the LNG pool is spread on top of water (stratified geometry), if 

triggered by the evaporation of methane with consequent change of composition of the 

hydrocarbon mixture and film boiling collapse (Aursand and Hammer, 2018). 

The main consequence of an RPT is the pressure wave. Fires can be ignited if the hot 

fluid is thrown by the explosion toward combustible materials. For instance, fires 

developed many times during an RPT in the metallurgical industry where molten metal 

was shattered and spread around the facility by the shock wave (Li and Ji, 2016). 

Moreover, a flammable cloud can be created after the evaporation of flammable 

substances (e.g. hydrocarbons). RPT is also considered as an atypical accident scenario 

due to the low probabilities to occur. Nevertheless, this event continues to manifest 

especially in the metallurgical industry. As an example, the accident occurred at the Tata 

steelworks plant in Port Talbot, UK, on April 2019, can be recognised as an RPT (BBC, 

2019). 

2.2.3. Analogies and differences between BLEVE and RPT 

This subsection aims to summarise and compare the characteristics of the BLEVE and 

RPT explosions. These are two physical explosions which are generated by the violent 

boiling of a superheated liquid. They may occur for several substances as previously 

described, on a large temperature range (from cryogenics up to molten metals 

temperatures) depending on the properties of the involved substances. 

One of the main differences is that only one substance is sufficient to provoke a BLEVE, 

while a fluid pairs is involved in an RPT. In addition, a BLEVE occurs after the 

depressurisation of the vessel content, whilst the liquid can be considered at atmospheric 
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pressure for an RPT event. Moreover, the cold volatile fluid of the pair flashes if their 

interface temperature is found in a certain range (nucleate or transition boiling regions of 

the cold fluid boiling curve). On the other hand, the probabilities for a BLEVE to be 

generated constantly increase with the raise in temperature and pressure inside the tank. 

The mechanisms and consequences of these explosions are treated in detail in the 

following sections. 
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3. Research background 

 

 

 

BLEVE and RPT phenomena have been broadly investigated by several authors. 

However, it seems that only few researchers considered these events in the case of liquid 

hydrogen. On the other hand, accident scenarios involving LH2 have been studied for 

many decades. In particular, the focus has been placed on the LH2 releases on the ground. 

In this section, an overview of relevant studies conducted on the two physical explosions 

as well as the investigations of LH2 accident scenarios are presented.  

Firstly, a brief description and review of atypical accident scenarios, such as BLEVE and 

RPT, is presented. Secondly, the abovementioned superheated liquids theory used to 

characterise the type of explosion is described. Thirdly, past BLEVE and RPT 

experimental tests and modelling activities carried out by several authors are reported.  

3.1. Atypical accident scenarios 

Paltrinieri et al. (2012) defined an atypical accident scenario (AAS) as “a scenario 

deviating from normal expectations of unwanted events or worst case reference scenarios 

and, thus, not deemed credible by the common processes applied for risk assessment”. 

Typically, an AAS is a major accident which has extremely severe consequences. 

Conventional hazard identification (HAZID) methodologies may not consider such 

events (Paltrinieri et al., 2013). Two major accidents which were categorised as atypical 

occurred in Europe in the last two decades: the vapour cloud explosion (VCE) at 

Buncefield oil depot in 2005 and the explosion in a fertilizer factory in Toulouse in 2001. 

In addition, it was demonstrated by Paltrinieri et al. (2015) that BLEVE and RPT may be 

two AASs for innovative LNG regassification technologies.  
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The issue of atypical accident scenarios was associated to emerging technologies by the 

FP7 EC project iNTeg-Risk (Jovanović and Baloš, 2013; Jovanović and Löscher, 2014). 

Even when a very well-known substance is employed in a new application, atypical 

accident scenarios might manifest. Hydrogen can be used as an example since it has been 

used for long time in several applications (Ausfelder and Bazzanella, 2016). Currently, it 

could be selected as fuel in the maritime field thanks to its favourable proprieties (high 

specific energy content, potentially renewable and clean) (Taccani et al., 2018). However, 

the hydrogen deployment in this sector can be seen as an emerging technology since 

barely few vessels were fuelled by hydrogen in the past (van Biert et al., 2016).  

3.2. Superheated liquids theory 

This section allows to determine under which operative conditions (temperature and 

pressure) the substance might undergo a homogeneous nucleation during its 

depressurisation, or when a large heat flux is received from another fluid. In the first case, 

a BLEVE is generated, whilst an RPT event may manifest from the interaction between 

the fluids. Reid (1976) proposed to estimate the superheat temperature (TSL) of each fluid 

by considering the ratio between its critical temperature and the liquid spinodal 

temperature at atmospheric pressure. It must be remembered that the liquid spinodal curve 

is the locus of the maximum temperatures at which the liquid phase can exist at the given 

pressure. On the other hand, the vapour spinodal curve is the locus of the minimum 

temperatures at which the vapour phase can exist at the given pressure. The liquid 

spinodal curve can be determined experimentally (e.g. bubble column experiment) or 

through an equation of state (EoS). Reid (1976) obtained a good agreement by comparing 

the Redlich-Kwong EoS and the experimental results for different hydrocarbons 

(cyclohexane, n-pentane, n-hexane, n-heptane). Pinhasi et al. (2005) adopted a similar 

approach by comparing different equations of state: Van der Waals, Soave, Peng-

Robinson. An EoS can be more suitable for a substance than another one. For this reason, 

the EoS must be chosen carefully depending on the analysed substance. For instance, the 

Redlich-Kwong-Mathias-Copeman EoS seems to be the most accurate and robust for 

hydrogen calculations (Nasrifar, 2010). The water TSL was calculated with this approach 

by Abbasi and Abbasi (2007b). 
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Several authors demonstrated the limitations of the superheat limit theory (Birk and 

Cunningham, 1994; McDevitt et al., 1990; Prugh, 1991; Yu and Venart, 1996). In fact, 

few BLEVEs occurred in the past when the substances were below their TSL. As stated by 

Casal et al. (2016), this theory is applicable at a small-scale rather than at large-scale 

where different phenomena manifest: (i) non-homogeneous temperature, (ii) local heating 

and (iii) liquid stratification. Certainly, the yield of the explosion consequences increases 

when the substance is more superheated (higher temperature), and the probability to 

achieve a BLEVE raises as well. Therefore, it is suggested to adopt this theory during a 

consequence analysis to comprehend the possibility to achieve a BLEVE at the storage 

conditions or during an accident scenario. The different methods to estimate the TSL of a 

substance are explained in detail in Sec. 7.3. 

3.3. BLEVE experimental investigation 

Many BLEVE experiments on different substances were conducted by different authors 

in the past. Two main types of BLEVE experiments were performed and here are renamed 

as fire and bursting tank scenario tests. During a fire test, either a pool or a jet fire is 

ignited below the tank to engulfed it completely (worst-case scenario). Hydrocarbons 

such as kerosene or propane are commonly employed to feed the fire. The fire is kept 

burning until the tank fails generating a hot BLEVE. In this manner, it is possible to 

monitor the behaviour of the container and its lading and measure the time to failure of 

the vessel. The vessel can be weakened by reducing its wall thickness usually in specific 

areas on the top, to diminish its mechanical performance and assure its rupture. Instead, 

the rupture of the vessel is provoked by explosive charges during a bursting test. The 

advantage of this type of experiment is the possibility to set a precise pressure inside the 

tank and thus assess how this parameter affects the consequences of the explosion. The 

pressure is increased by warming up the tank lading by means of electric heaters or water 

heat exchangers. Incendiary devices such as roman candles or gerbs can be placed in the 

vicinity of the vessel to ensure the ignition of the flammable substance during the 

explosion, and to observe the consequent fire or fireball. In Table 3, some of the most 

significant BLEVE tests on different substances are collected. 
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Table 3: List of BLEVE tests conducted on different substances (F: fire, B: bursting test). 

Reference Substance Test 

type 

Tank 

weakened 

Tank 

volume 

(m3) 

(Moodie et al., 1988) Propane F No 10.250 

(Barták, 1990) Water Ba,b Noc 0.010 

(Johnson et al., 1991) Butane, 

Propane 

Ba No 5.659, 

10.796 

(Birk and Cunningham, 

1994) 

Propane F No 0.400 

(Barbone et al., 1995) R-22 

(CHClF2) 

Bd Noc 0.26 L 

(Pehr, 1996a) Hydrogen B No 0.120 

(Pehr, 1996b) Hydrogen F No 0.120 

(Balke et al., 1999) LPG F No 45.360 

(Roberts et al., 2000) Propane F No 4.057b 

(Birk, 2002) Propane F No 1.800 

(Stawczyk, 2003) LPG Fb No 0.022e 

(Birk et al., 2007) Propane F Yes 0.4, 2.0 

(Chen et al., 2007) Water Ba Noc 0.039 

(Chen et al., 2008) Water Ba Noc 0.023 

(van der Voort et al., 2012) LCO2 B No 0.040 

(Laboureur et al., 2014) Propane Fb Yes 95 mL 

(Betteridge and Phillips, 

2015) 

LNG B No 5.055 

(Kamperveen et al., 2016) LNG F No 3.000 

(Tschirschwitz et al., 2018) LPG F No 0.064 

(Birk et al., 2018) Water, 

propane 

F Yes 0.6 L 

(Heymes et al., 2020) Water Fb Yes 0.014 
Notes: 
a the liquefied gas temperature was increased through electric resistances. 
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b supercritical BLEVE test. 
c the opening of the container and consequent depressurisation was controlled with a rupture disc assembly. 
d the liquefied gas temperature was increased through a water heat exchanger. 
e tank volume was estimated from the propane mass declared in the experiments and the propane density at 

NBP. 

It can be noticed that many tests were performed on propane and LPG which are the most 

affected substances by the BLEVE phenomenon, according to Table 2. The BLEVE 

consequences (blast wave, fragments and fireball) or the two-phase flow during the 

depressurisation were the main focuses of these tests. Both small and large-scale tests 

were conducted in the past. The purpose of small-scale experiments is to study closely 

the shock waves in the near field, and test a large number of samples (tanks) at a reduced 

cost. Non-flammable substances such as water, CO2 and R-22 allow to avert the 

combustion effect and focus on the physical explosion. Supercritical BLEVE might 

manifest in small propane bottles as demonstrated by Stawczyk (2003) and Laboureur et 

al. (2014), as well as in small LH2 tanks (Pehr, 1996b). This type of BLEVE may be more 

likely for substances with a low critical pressure such as hydrogen. The supercritical 

BLEVE consequences must be deeply assessed since these can have a different yield from 

the subcritical BLEVE ones. For instance, Pehr (1996b) observed that the LH2 tanks 

ruptured into few pieces (typical for BLEVEs (CCPS, 2010)) when the internal pressure 

was below the critical one. On the other hand, the same type of vessel broke up into 

several fragments at supercritical conditions. Finally, it must be noted that only two mid-

scale tests were conducted for liquid hydrogen in the past: one fire and one bursting tank 

scenario tests series. These tests were conducted by BMW car manufacturer as part of a 

safety programme where an automotive LH2 tank was analysed. More details regarding 

these experiments are provided in Sec. 3.3.1.  

3.3.1. BMW safety test programme 

Two unique tests series on LH2 double walled tanks were performed by BMW car 

manufacturer during a four years research programme (1992-1995) (Pehr, 1996b). In 

particular, the bursting tank scenario (Pehr, 1996b) and the fire tests were conducted 

(Pehr, 1996a). The technical specifications of the LH2 vessel developed in collaboration 

with the tank manufacturer Messer Griesheim GmbH and Linde AG can be retrieved in 
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(Rüdiger, 1992). The LH2 vessel was part of the storage system installed onboard of the 

BMW Hydrogen 7 customer car (Amaseder and Krainz, 2006). During the bursting tank 

scenario experiments, ten vessels were ruptured by means of explosive at different 

pressures and filling degrees (Pehr, 1996b). Instead, two vessels filled at 50% with LH2 

were completely engulfed in a propane fire during the fire tests. As result, the entire 

content evaporated and was vented through the PRV in only 15 minutes. Therefore, the 

tank did not rupture during the fire tests. 

3.4. BLEVE modelling 

Several researchers attempted to simulate the BLEVE consequences by developing new 

models or adapting existing explosion methods. The BLEVE consequences can be 

simulated by means of empirical or analytical models, or through computational fluid 

dynamics (CFD) tools. In the following, the most critical models for the simulation of the 

BLEVE consequences are presented. 

3.4.1. Empirical and analytical models 

As previously mentioned, a BLEVE explosion has three main consequences: blast wave, 

missiles and fireball (for flammable substances). Most of the analytical models firstly 

estimate the mechanical energy generated by the explosion. Some of these models, such 

as the one proposed by Brode (1959), were initially developed for explosive charges and 

then adapted for BLEVE explosion. Originally, these methods take into account only the 

gaseous phase. Clancey (1974) and Prugh (1991) proposed a correlation to estimate the 

flashing fraction of the liquid. Hence, the volume of the flashing liquid can be estimated 

thanks to this fraction. The total volume of the flashing liquid and compressed vapour 

phase can be used as input of the models. Moreover, different models assume that the gas 

behaves as an ideal gas. For instance, Brode (1959) assumed an isochoric process during 

the expansion of the gas, instead Smith and Van Ness (1996) approximated it with an 

isothermal process. On the other hand, many models were developed specifically for the 

BLEVE explosion, thus the liquid phase is already implemented. An exception is the 

model proposed by Birk et al. (2007) which considers only the compressed gaseous phase. 
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Instead, few methods estimate barely the liquid phase effect (Casal and Salla, 2006; 

Genova et al., 2008), while other models estimate the mechanical energy from the 

expansion of both gaseous and liquid phases (Planas-Cuchi et al., 2004; van den Bosch 

and Weterings, 2005). The models developed for BLEVE explosion usually consider real 

gas behaviour. The blast wave overpressure and impulse are then estimated from the 

mechanical energy with the aid of the trinitrotoluene (TNT) equivalent mass method or 

the Sachs scaling law (Sachs, 1944). Only part of the mechanical energy generated by the 

explosion will be converted in pressure wave. In fact, the released energy generates the 

following phenomena: pressure wave, missiles (kinetic energy and plastic deformation 

energy absorbed by the fragments), heating of the environment (negligible) (Planas-Cuchi 

et al., 2004). A comparison of both ideal and real gas behaviour models was conducted 

by Laboureur et al. (2014) who simulated the large-scale (Balke et al., 1999; Johnson et 

al., 1991), mid-scale (Birk et al., 2007) and small-scale (Laboureur et al., 2012; Stawczyk, 

2003) BLEVE tests. The aforementioned models where adopted by Salla et al. (2006) to 

estimate the mechanical energy generated by the BLEVE explosion of different 

substances: propane, butane, methane, water, vinyl chloride, chlorine, ethylene, 

ammonia, propylene and ethylene oxide. Finally, Hemmatian et al. (2017) compared 

different ideal and real gas behaviour models to simulate the pressure wave overpressure 

measured during the butane and propane BLEVE experiments carried out by Johnson et 

al. (1991) and (Birk et al., 2007). 

The range reached by the flying fragments (missiles) is a critical parameter for the 

determination of the safety distance from the tank in case of explosion. This range can be 

estimated mainly with empirical correlations as proposed by (Birk, 1996), or by analytical 

models such as the one developed by Baum (1988). In the first case, only the mass of the 

substance contained in the tank must be known. Instead, an analytical model is influenced 

by many parameters: mechanical energy generated by the explosion, empty mass of the 

vessel, velocity of the fragment, and initial trajectory angle. If the fluid dynamic forces 

are considered by the analytical model, also the mass of the fragment, its cross-section 

area and drag coefficient are required. Obviously, it is almost impossible to foresee the 

exact rupture of the tank, thus the number, mass, and dimensions of the debris. Therefore, 

these models usually overpredict the fragments range, especially if conservative 
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assumptions are made. In particular, the initial trajectory angle as a great effect on the 

results. If the optimal angle (45°) is selected, very long ranges are calculated (CCPS, 

2010). An extensive analysis of the fragments generated by the explosion of the S-IV All 

System Vehicle, which contained LH2 and liquid oxygen (LOX) tanks, is published in 

(Gayle, 1964). Another fragments range estimation on LH2 BLEVE explosion was carried 

out by Mires (1985). 

The consequences of a potential fireball generated during a BLEVE of flammable 

substances are often more severe than those generated by the blast (Planas and Casal, 

2016). The fireball consequences such as the thermal radiation can strongly vary 

depending on the type of substance. For these reasons, an accurate consequences analysis 

of the fireball must be always conducted by means of either empirical or theoretical 

methods. Both diameter and duration are important for the determination of the separation 

distance. In particular, the fireball duration is required to estimate the thermal dose 

received by a target at a certain distance. Different exposure times to the same radiation 

heat flux can result in different levels of burns. Thus, it is fundamental to estimate the 

correct value of radiation emitted by the fireball. The radiation depends on several 

parameters: fireball radius, surface emissive power, view factor, atmospheric attenuation 

factor (transmissivity), and distance of the target from the fireball. Again, different 

assumptions must be made to estimate the fireball thermal radiation. For instance, the 

value of surface emissive power (SEP) is chosen from experimental values of radiation 

for a specific substance. Otherwise, as suggested in (CCPS, 2010), theoretical models can 

be employed to estimate the SEP value when it is not measured before. Fireballs generated 

during a BLEVE were studied by several authors. During the 1960s, NASA and Sandia 

laboratories investigated the consequences of the fireballs generated by the explosion of 

different liquid rocket propellants and proposed different empirical correlations (Gayle, 

1964; Gayle and Bransford, 1965; High, 1968; Kite et al., 1965), . Bader et al. (1971) and 

Prugh (1994) developed different models to simulate liquid propellants fireballs. Specific 

models for propane and LNG fireballs were proposed by Hardee and Lee (1973) and 

Hardee et al. (1978), respectively. Finally, the LH2 BLEVE fireball consequences were 

modelled during the IDEALHY project (Lowesmith and Hankinson, 2013). In that case, 
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the radiation was estimated by means of a jet fire model. Additional models and details 

for the BLEVE consequence analysis are provided in Sec. 7.4.3. 

3.4.2. Computational Fluid Dynamics simulations 

Safety is one of fields in which the Computational Fluid Dynamics (CFD) analysis is 

employed. Fires and explosions are broadly studied by means of CFD codes. Many 

properties of the involved fluids and parameters can be estimated with a high degree of 

accuracy: pressure, temperatures, densities, velocities, concentrations, flammable mass 

and cloud volume. Several parameters can be selected during a CFD analysis: CFD code, 

turbulence model, numerical schemes for the discretisation of space and time, equation 

of state, and so on. If proper combustion models are selected even the radiation emitted 

by the fireball can be calculated. Transient simulations can provide these results for each 

time-step, hence the dynamic of the explosion and its related phenomena (e.g. boiling, 

condensation) can be investigated in the near-field as well as far away from the expanding 

source. However, CFD simulations are usually complex to set up and require high-

qualified users, are computational and time demanding, and a validation process is always 

required. Moreover, the flying fragments cannot be simulated through a CFD analysis. 

Nevertheless, an accurate analysis of the BLEVE consequences can be achieved with a 

CFD tool. Most of the CFD analyses on BLEVE conducted in the past by several authors 

are collected in Table 4. Mostly hydrocarbons, liquid CO2 (LCO2) and water were 

previously simulated. Even though the same phenomenon was modelled a large variety 

of numerical settings was selected as can be noted in the “Model” column of Table 4. 

Several BLEVE experiments were simulated in past CFD studies to compare the 

experimental results with the numerical outcomes, and thus validate the selected models. 

It can be noticed that often the same research group conducted both the experimental 

study and the numerical simulation. A similar approach is being adopted within the 

SH2IFT project. 
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3.5. Behaviour of a liquefied gas tank engulfed in a fire 

The understanding of the behaviour of both the container and its lading when exposed to 

a fire is paramount for the determination of appropriate safety measures to avoid the 

BLEVE formation. The mechanical resistance of the tank can be evaluated by means of 

finite element model (FEM) (Paltrinieri et al., 2009). Appropriate passive fire protection 

can be designed to reduce the thermal stresses on the tank wall and supports, and extend 

the time to failure (TTF) of the vessel. The evaluation of the TTF in the worst-case 

scenario is a critical indication for the emergency responders intervention. Both analytical 

models and CFD analysis can be employed to simulate the behaviour of the substance 

inside the tank. The stresses on the tank wall caused by the pressure build-up inside the 

vessel due to the evaporation of the liquid can be assessed by means of conservative 

criteria (e.g. Von Mises). Scarponi et al. (2016) developed a lumped model to assess the 

thermal and mechanical response of LNG tanks exposed to fire, while Scarponi et al. 

(2018) conducted a CFD analysis on the LPG vessels content when engulfed in the fire. 

Therefore, these effective approaches can be applied to a variety of substances and can 

provide important information to the safety experts as well as to the tank manufacturer. 

3.6. RPT experiments 

As previously mentioned, an RPT explosion might manifest from the interaction of a 

fluids pair and the violent boiling of the colder fluid due to the large heat transferred by 

the hotter substance. It was shown that water is virtually always one of the two fluids of 

the pair. Despite the fact that RPT can occur in absence of water (e.g. liquid refrigerants-

oil, LNG-hydrocarbons (Reid, 1983)), this latter is always considered because present in 

many industrial processes or in the vicinity of the facilities (e.g. ground water, rivers, 

lakes, sea). Therefore, the probabilities that water is involved in an RPT event are quite 

high. 
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Table 5: List of relevant RPT tests conducted on different substances (adapted from (Woodward and 
Pitblado, 2010)). 

Reference Test name Substance Water 

source 

Spill rate 

(m3/min) 

(Felbauer et al., 1972) Esso LNG Sea 18.9 

(Kneebone and Prew, 1974) Shell LNG Ocean 2.7 - 19.3 

(Koopman et al., 1980) Avocet LNG Pond 4 

(Koopman et al., 1982) Burro LNG Pond 11.3 - 18.4 

(Ermak et al., 1988) Maplin 

Sands, Shell 

LNG, LPG River 1.5 - 4 

(Goldwire et al., 1983) Coyote LNG, LIN Pond 14 - 19 

(Brown et al., 1990) Falcon LNG Pond 8.7 - 30.3 

(Verfondern and Dienhart, 

1997) 

BAM LH2 Pool 0.3 

 

After the first RPT observation from the interaction between LNG and water in 1956, 

several experimental tests were conducted on hydrocarbons and liquid refrigerants. Most 

of these experiments were on small laboratory scale. A thorough review of these tests can 

be found in (Reid, 1983). Since 1972 different large scale LNG RPT experiments were 

conducted by several research groups and companies (Woodward and Pitblado, 2010). 

During the Coyote test series, beyond the analysis of the LNG RPT, the dispersed cloud 

was ignited to determine the characteristics of fire (Goldwire et al., 1983). To the author’s 

knowledge, only one experiments of LH2 spill onto water was conducted in the past by 

Verfondern and Dienhart (1997) at BAM facility in Germany. During these tests, an RPT 

was not observed. In fact, Pritchard and Rattigan (2010) stated that “no record of a RPT 

resulting from an LH2 spill has been found”. They also added that this does not mean that 

RPT from LH2 can be excluded. In Table 5, some of the most relevant RPT tests on 

different substances are collected. 

 



 

28 
 

3.7. RPT modelling 

The phenomena which might lead to an RPT explosion can be simulated with different 

approaches. First of all, the release of the fluid can be simulated as either analytical or 

numerical (e.g. CFD) models. This type of analysis can provide critical information 

regarding the momentum of the released fluid and its penetration into the other liquid. 

Thus, the behaviour of fluids during the interaction can be analysed. Two main zones can 

develop during the interaction of the fluids: a pool and a highly turbulent mixing zone. 

The pool spread and the evaporation of the cold fluid can be modelled again by analytical 

or numerical models. A thorough review of LNG pool analytical models can be found in 

(Woodward and Pitblado, 2010). Another interesting review of the models to simulate 

RPT caused by the interaction between water and molten metal was provided by Eckhoff 

(2016). This author defined this event as a water vapour explosion, and the term RPT was 

omitted. It must be mentioned that to simulate the spill of cryogenic fluids onto water 

through CFD, a complicated multiphase flow model must be employed. Moreover, heat 

transfer and phase change models must be implemented to simulate the related 

phenomena generated due to the large temperature difference. Furthermore, these models 

are usually not validated for different substances such as hydrogen, making their 

outcomes unreliable. However, a good agreement between the CFD analysis outcomes 

and the LH2 spills onto water experiments (Verfondern and Dienhart, 1997) was found 

by Nazarpour et al. (2017). 

The analytical models reported in (Woodward and Pitblado, 2010) or the method 

proposed by Aursand and Hammer (2018) can be employed for the consequence analysis 

of the RPT phenomenon. In this case, only the expansion of the liquid phase is considered 

since the vapour is not compressed, and the initial conditions will be different than for a 

BLEVE (initial pressure equal to the atmospheric one). A conservative assumption is that 

the entire volume of the cold, volatile fluid violently boils, otherwise it would be very 

arduous to establish the exact fraction of liquid which explodes. Furthermore, there is a 

high probability that the fraction of vaporising fluid will trigger the film boiling collapse 

and consequent flashing of the rest of the cold fluid. The RPT modelling is discussed 

again in Sec. 7.4.4. 
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4. Research questions 

 

 

 

The knowledge gap in hydrogen safety, especially in the case of liquid hydrogen, and the 

numerous potential new applications from which emerging risks might arise, motivated 

the investigation of atypical accident scenarios for LH2 technologies. The focus of this 

PhD is placed on two AASs for LH2 technologies: BLEVE and RPT explosions. In the 

case of LH2, there is little or no knowledge on these two phenomena, but they were 

extensively studied for other substances such as hydrocarbons (Abbasi and Abbasi, 

2007a; Woodward and Pitbaldo, 2010). In a preliminary phase, the knowledge acquired 

for similar substances such as LNG as well as liquid nitrogen (LIN) should be exploited.  

4.1. LOI and LOC: research questions I and II 

It is well-known that the physical explosions such as BLEVE and RPT may occur as 

consequence of a loss of integrity (LOI) and consequent loss of containment (LOC) of 

the equipment (e.g. tanks, pipes). Thus, research question I is:  

“What are the causes of a loss of integrity of hydrogen technologies?” 

The investigation of the phenomena which provoke the LOI of hydrogen technologies 

can aid the risk assessment in term of prevention and provide paramount indications 

during the design of the equipment and its maintenance. On the other hand, the potential 

consequence of a LOC must be mitigated, thus research question II is:  

“What are the consequences of an LH2 release?” 
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4.2. BLEVE: research questions III-V 

As previously mentioned, the AASs have a very low probability but severe consequences. 

Due to the small amount of information on the LH2 BLEVE, research question III 

naturally arises:  

“Can a BLEVE explosion occur after a catastrophic rupture of an LH2 vessel?” 

During the review on AASs and LH2 BLEVE, it is confirmed that this accident scenario 

has an extremely low probability but severe consequences. For this reason, the idea is to 

focus on the consequence analysis of the BLEVE explosion. This is also one of the main 

interests of the partner of the SH2IFT project consortium, and goal of the SH2IFT 

experimental activity. Therefore, research question IV is:  

“What is the yield of the consequences of an LH2 BLEVE explosion?” 

Once it is established that at least two BLEVEs have occurred in the past for LH2 storage 

systems, and the consequences of the explosion are modelled by reproducing the BMW 

safety tests (Pehr, 1996b), the focus should be placed on the formation of the 

phenomenon, i.e. the behaviour of both the LH2 vessel and its lading. This can provide 

critical information to the emergency responders intervention in case of fire and optimise 

their training. Therefore, research question V is:  

“What is the time to failure of an LH2 tank exposed to a fire?” 

4.3. RPT: research questions VI and VII 

Since an RPT is a AAS as well as a BLEVE is, a similar approach is adopted. Research 

question VI is:  

“Can an RPT explosion occur when LH2 is spilled onto water?” 

Despite the fact that research questions III and VI are very similar, the latter is more 

challenging since no RPT record as consequence of an LH2 spill is found in literature. 

This means that a large effort must be spent to comprehend the RPT theories and 

mechanisms. Other substances must be preliminarily investigated until the LH2 spill 
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experiments will be performed. However, the focus must be placed again on the 

consequences since this event is disruptive for several substances, including LIN which 

has a few analogies with LH2. Hence, the last research question (VII) is:  

“What is the yield of an RPT explosion of LH2?” 
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5. Objectives 

 

 

 

The main goal of this thesis is to increase the knowledge on safety of hydrogen 

technologies. The focus is placed on the consequences of the loss of containment of liquid 

hydrogen storage systems, in particular on the BLEVE and RPT explosions. Therefore, 

the following objectives derive from the research questions presented in Sec. 4. 

 Objective 1: investigate the loss of integrity of hydrogen equipment: 

 Objective 1.1: comprehend the causes of loss of integrity of hydrogen 

technologies  

 Objective 1.2: identify the potential consequences of an LH2 release 

 Objective 2: investigate the BLEVE phenomenon for an LH2 vessel 

 Objective 2.1: explore the possibility of BLEVE generation for an LH2 

tank 

 Objective 2.2: assess the yield of the BLEVE explosion for an LH2 storage 

system 

 Objective 2.3: determine the time to failure of an LH2 vessel during an 

accident scenario (e.g. exposed to a fire) 

 Objective 3: investigate the RPT phenomenon for an LH2 release 

 Objective 3.1: explore the possibility of the RPT generation after the 

release of LH2 onto water 

 Objective 3.2: assess the yield of an RPT explosion caused by an LH2 spill 

onto water 

The focus on LOI of LH2 technologies aims to prevent the LOC in several manners. 

Firstly, the study of the phenomena (e.g. hydrogen embrittlement), which may lead to the 

LOI of hydrogen technology, can aid the design phase of the equipment. Moreover, 

critical indications can be provided for the maintenance phase and the modifications of 
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risk-based inspection methodologies, fundamental part of the risk assessment, can be 

proposed. Secondly the consequences of an LH2 LOC must be investigated. Therefore, 

several fields are touched by this investigation (e.g. material science, safety) making it a 

multidisciplinary analysis. 

Probability and consequence of an accident scenario must be evaluated to assess and 

eventually reduce the associated risk (Kaplan and Garrick, 1981). There are mainly two 

ways to analyse the consequences of the physical explosions (BLEVE and RPT) as 

described in Sec. 3: through experiments or by modelling the phenomena. From the 

research background it is clear that the modelling strictly depends on the experimental 

activity. Once the consequences have been analysed, their effects can be mitigated by 

selecting appropriate and effective safety barriers. Even though several techniques are 

available for the safety barriers selection (e.g. MIRAS technique (Delvosalle et al., 

2006)), it should be verified if these are effective for LH2 technologies. 

 

 

5.1. Overview of papers 

The links between the objectives and the articles published in the PhD framework are 

illustrated in Figure 1. Article I aims to both comprehend what are the phenomena and 

fault events that provoke the LOI of hydrogen technologies (objective 1.1) together with 

the consequences of their LOC (objective 1.2). The first goal (objective 1.1) is shared by 

Article IV where a preliminary consequence analysis of LH2 BLEVE is conducted as 

well. The approaches chosen in these two articles are explained in Sec. 7.1 and 7.2. 

Objective 2.1 which address a fundamental research question about the possibility to 

achieve a BLEVE for LH2 storage vessels, is the focus of Article I-Article V. In Article I 

and Article IV it is found that LH2 BLEVEs occurred in the past, thus Article II, Article 

III and Article V attempt to understand which conditions (e.g. operative conditions, 

thermodynamic status of the substance) are necessary for this explosion to manifest by 
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employing mainly the superheat limit theory (Sec. 7.3). Article II-Article V and Article 

VII address the objective 2.2. In particular, Article II, Article IV, Article V and Article 

VII adopted the analytical models described in Sec. 7.4, whilst a parametric CFD analysis 

(Sec. 7.5) of the LH2 BLEVE consequences is performed in Article III. Finally, objective 

2.3 is addressed in Article IX which provided an estimation of the time to failure of 

liquefied gas vessels exposed to a fire. In this paper, the BMW fire test (Pehr, 1996a) is 

chosen as case study, and the methods described in Sec. 7.6 are adopted. 

Article VI and Article VIII addressed objective 3.1 by investigating the theories and 

mechanisms of the RPT explosion for several fluid pairs through a thorough literature 

review (Sec. 7.1). Moreover, objective 3.2 is the focus of Article VI in which the method 

described in Sec. 7.4.4 are selected. 

5.2. Research scope 

The general goal of this PhD study is to gain knowledge in hydrogen safety. As previously 

mentioned, hydrogen safety is a very broad and multidisciplinary field. Therefore, only 

the consequences of the two atypical accident scenarios, BLEVE and RPT explosions, for 

LH2 technologies are investigated in detail. 

Despite the fact that previous LH2 BLEVE and RPT events are sought and analysed, and 

the causes of the identified BLEVEs are investigated, the determination of probabilities 

associated to the phenomena is out of the scope of the thesis.  
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6. Research methodology  

 

 

 

Research methodology was defined by Buckley et al. (1976) as “the strategy or 

architectural design by which the researcher maps out an approach to problem-finding or 

problem-solving”. Thus, the approach, i.e. the method, can be selected through the 

methodology. 

The methodology adopted during the PhD is described in this section, while the methods 

are reported in Sec. 7. Firstly, the different research types according to the Frascati manual 

(OECD, 2015) are listed. Secondly the multidisciplinary research is explained. Finally, 

the research approach selected in the publications part of the PhD is reported together 

with the quality assurance process. 

6.1. Research types 

In the Frascati manual (OECD, 2015), the research and experimental development (R&D) 

is categorised in three main types of activity:  

 Basic research: experimental or theoretical work undertaken primarily to acquire 

new knowledge of the underlying foundations of phenomena and observable facts, 

without any particular application or use in view. 

 Applied research: original investigation undertaken to acquire new knowledge. 

However, it is directed primarily towards a specific, practical aim or objective. 

 Experimental development: systematic work, drawing on knowledge gained from 

research and practical experience and producing additional knowledge, which is 

directed to producing new products or processes or to improving existing products 

or processes. 
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Moreover, an activity can be considered R&D, if all the following criteria are satisfied 

(OECD, 2015): 

 Novelty: the work should aim at new findings. 

 Creativity: the work should be based on original, not obvious, concepts and 

hypotheses. 

 Uncertainty: the final outcome should be uncertain. 

 Systematic: the work should be planned and budgeted. 

 Transferability and/or reproducibility: the new knowledge should be transferred 

to allow other researchers to reproduce the results as part of their own R&D 

activities. 

Initially, the PhD was supposed to carry out an experimental development research 

activity since the SH2IFT project experimental tests on LH2 BLEVE and RPT were 

planned to take place during the first PhD year. Instead, the research conducted during 

the PhD study shifted to applied research due to the long delay in the experiments 

execution. In fact, the publications produced are original investigations aiming to broaden 

the knowledge in hydrogen safety. Moreover, the scientific articles respect the R&D 

criteria heretofore mentioned.  

For instance, the experimental tests on LH2 vessels (Pehr, 1996a, 1996b) are modelled by 

means of different approaches in Article II, Article III, Article IX. To the author’s 

knowledge this has been done for the first time. New concepts and hypothesis which can 

satisfy the creativity criterion are formulated during the PhD and in many publications. A 

new method for the consequence analysis of liquefied gas tanks is provided in Article II. 

Most of the outcomes from the modelling activity are uncertain since a proper validation 

is still required. Furthermore, bind prediction studies of the SH2IFT project tests are 

conducted in Article II, Article IV and Article VII.  

The research activities have been planned and budgeted within the SH2IFT project 

framework. A visiting period to the National Centre for Scientific Research (NCSR) 

“Demokritos” (Greece) was planned for the second year of the PhD and funded by the 

Research Council of Norway through additional funding associated to the SH2IFT project. 
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During the visiting period, a joint research activity between the Environmental Research 

Laboratory of the NCSR “Demokritos”, and the candidate was undertaken.  

6.2. Multidisciplinary research 

Hydrogen safety is certainly a very broad topic. Paradoxically, if the focus is placed only 

on LH2 safety, more factors must be considered for two main reasons: in an LH2 system, 

gaseous hydrogen is always present (NASA, 2005), and LH2 is a cryogenic fluid. 

Therefore, cryogenic technologies and processes must be taken into account and the GH2 

effects cannot be neglected. Moreover, an extensive knowledge on several disciplines 

ranging from materials for hydrogen equipment, regulations (e.g. safety codes and 

standards), physical and chemical phenomena (e.g. fires, explosions, releases and 

dispersions), and social awareness and acceptance might reduce potential risks of 

hydrogen deployment in new applications. For these reasons, often during this PhD study 

a multidisciplinary approach is sought. 

6.3. Research approach 

According to Creswell (2014), three types of research approach exist: quantitative, 

qualitative and mixed methods. Quantitative and qualitative approaches have not very 

well-defined boundaries. Both approaches exploit data and aim to increase knowledge. 

Usually, the main distinction between quantitative and qualitative research is that the first 

one utilises numbers and the second one words (Creswell, 2014). Moreover, a quantitative 

approach is selected to prove objective theories by verifying the relationship among 

variables which can be measured or calculated. On the other hand, the data gathered with 

a qualitative approach can be interpreted. With a mixed approach both quantitative and 

qualitative data are collected. It is assumed that with a combination of the quantitative 

and qualitative approaches, a more complete understanding of the research problem can 

be achieved compared with the first two research types. 

During this PhD, mainly quantitative and mixed approaches are adopted. In particular, a 

quantitative research is adopted for the consequence analysis of the LH2 BLEVE 

explosion conducted in Article II, Article III, Article V, Article VII, and in Article IX in 
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which the TTF of LH2 vessels exposed to fires is determined. A mixture methods research 

is selected in article I where an exhaustive narrative review is coupled with a systematic 

one. A similar approach is used in Article IV and Article VI. Article VIII is the only one 

in which a qualitative method is selected to provide a review on theories and mechanisms 

of RPT for several types of fluids pairs. 

6.4. Quality assurance 

The scientific value of the publications is assured by different approaches. Plausibility is 

checked for each analysis by comparing the results with the ones from relevant studies 

on similar topics. Expert judgment is always adopted during the research process by 

consulting constantly the main supervisor. The expertise of the co-authors is exploited to 

ensure a high quality of each work. Monthly feedback on the research progress is received 

by the co-supervisor and the research group at collaborating on the RPT topic. The 

SH2IFT consortium provided feedback during the presentations of the advancement at the 

quarterly project meetings. Finally, all the presented articles underwent a peer review 

process when submitted to the international conferences and the journals, except Article 

III and Article IX which are still under revision. In Table 6, the research approaches and 

quality assurance for each article is reported.  

Table 6: Research methodology adopted in each publication. 

Article 

no. 

Research approach Quality assurance 

I Mixed  Expert judgment; 

 Publication in a peer-reviewed journal. 

II Quantitative  Expert judgment; 

 Validation with experiments; 

 Publication in a peer-reviewed journal. 

III Quantitative  Expert judgment; 

 Validation with experiments; 

 Submission to a peer-reviewed journal. 
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Table 6: Research methodology adopted in each publication (continued). 

Article 

no. 

Research approach Quality assurance 

IV Mixed  Expert judgment; 

 Publication in a peer-reviewed 

conference. 

V Quantitative  Expert judgment; 

 Publication in a peer-reviewed 

conference. 

VI Mixed  Expert judgment; 

 Publication in a peer-reviewed 

conference. 

VII Quantitative  Expert judgment; 

 Validation with experiments; 

 Publication in a peer-reviewed 

conference. 

VIII Qualitative  Expert judgment; 

 Publication in a peer-reviewed 

conference. 

IX Quantitative  Expert judgment; 

 Validation with experiments; 

 Submitted to a peer-reviewed 

conference. 
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7. Research methods 

 

 

 

An introduction to the different methods, selected during the PhD study by applying the 

methodology described in Sec. 6, are reported in this section. Additional details on these 

methods can be found in the publications (Article I-Article IX). 

7.1. Narrative and systematic review (Article I, III, IV, VI, VIII) 

A narrative review (NR) is “aimed at identifying and summarizing what has been 

previously published, avoiding duplications, and seeking new study areas not yet 

addressed” (Ferrari, 2015). On the other hand, a systematic review (SR) is “a clearly 

formulated question that uses systematic and explicit methods to identify, select, and 

critically appraise relevant research, and to collect and analyse data from the studies that 

are included in the review” (The Cochrane Collaboration, 2005). The NR was mainly 

used in Article I and Article IV to address objective 1.1 and 1.2 (see Sec. 5) and in Article 

VI and Article VIII to focus on objective 3.1. Moreover, the results of the NR were used 

to define the queries of the SR in Article I. Hence, the SR was adopted only in Article I. 

It might be said that the NR is mainly a qualitative approach, while the SR is both a 

quantitative and qualitative analysis (Ferrari, 2015). The main differences between an NR 

and an SR are collected in Table 7. 

A general framework is usually defined to perform the NR (Ferrari, 2015). This 

framework is composed by an introduction where the content together with objectives, 

scope and structure of the review are defined. Then the literature search in which the 

methodology selected for the NR may be reported by describing the searching strategy 

(databases and keywords), inclusion/exclusion criteria (languages, types of documents, 

time frame), is reported. Moreover, the researched references are cited and listed in the 



 

44 
 

literature search. Finally, discussion and conclusions follow as in conventional scientific 

publications. A similar framework can be recognised in the abovementioned articles.  

All the methods used to carry out the SR must be presented to make the analysis 

reproducible. Two critical aspects of the analysis are the date in which the SR was 

completed, and the considered timespan (publication years). As for the NR, the selected 

databases and keywords should be mentioned. In addition, the exact queries chosen for 

the searching are listed. Several types of filters (e.g. language, type of document, 

category/field) can be applied in most common scientific databases (e.g. Web of Science, 

Scopus), and they should be mentioned among the details of the search. The outcomes of 

the search can be refined by means of dedicated tools or software. For instance, in Article 

I, the bibliometric data gathered by the SR analysis were “cleaned” with the aid of the 

OpenRefine tool, and the visualization of similarities (VOS) viewer software (van Eck 

and Waltman, 2007) was used to build co-authorship network maps of authors and 

countries, together with a cooccurrence map of key words. Even though the SR is a 

powerful technique, the probability to include false negative articles in the research 

always exists. An incorrect application of queries and filters may be the cause of 

misleading results. For further information see Article I. 
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7.2. DyPASI technique (Article IV) 

The Dynamic Procedure for Atypical Scenario Identification (DyPASI) technique was 

proposed by Paltrinieri (2010). DyPASI was used in Article IV to address the objective 

1.1.  

Table 8: DyPASI procedure steps (adapted from (Paltrinieri et al., 2015)). 

Step Input Output Description 

0 Input to 

conventional 

bow-tie 

technique 

Generic bow-ties 

describing 

potential accident 

scenarios 

DyPASI needs a preliminary 

application of the conventional bow-

tie technique to identify relevant 

critical events 

1 Information from 

accident 

databases and 

dedicated search 

systems 

Risk notions on 

undetected 

potential hazards 

A search for relevant information 

concerning hazards that may have 

not been considered in conventional 

bow-tie development is performed 

2 Risk notions 

from step 1 

Early warnings 

triggering further 

analysis 

A determination is made as to 

whether the data are significant 

enough to trigger further action and 

proceed with risk assessment 

3 Bow-ties from 

step 0 and early 

warnings from 

step 2 

Bow-tie diagrams 

considering also 

atypical scenarios 

Atypical scenarios are isolated from 

the early warnings; cause–

consequence chains are built and 

integrated into the generic bow-ties 

4 Integrated bow-

ties from step 3 

Safety barriers for 

the atypical 

scenarios 

Safety measures are defined for the 

atypical scenarios identified 
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This is a hazard identification (HAZID) technique for the systematization of information 

from past accidents and inherent studies, usually coupled with a dynamic risk assessment 

(DRA). The idea is to dynamically update the HAZID, especially by taking into account 

atypical accidental scenarios which are not considered by traditional hazard identification 

processes (Paltrinieri et al., 2016). The main steps of the DyPASI technique are collected 

in Table 8. It can be noticed that different techniques and methodologies are employed in 

the DyPASI procedure. For instance, the conventional bow-tie diagram utilized as input 

of the first DyPASI step can be built with the methodology for the identification of major 

accident hazards (MIMAH) (Delvosalle et al., 2006). Moreover, the methodology for the 

identification of reference accident scenarios (MIRAS) (Delvosalle et al., 2006) can be 

employed in the step 4 of DyPASI for the definition of the safety barriers required to 

prevent or mitigate the atypical accident scenarios. The DyPASI technique was already 

employed by Paltrinieri et al. (2015) for the identification of atypical accident scenarios 

such as BLEVE and RPT, for innovative liquefied natural gas (LNG) regasification 

technologies. This technique is especially suited for emerging technologies which are 

challenging cases for a comprehensive and reliable hazard identification. For additional 

information, see Article IV. 

7.3. Superheated liquids theory (Article II, III) 

The superheat limit theory was exploited in Article II and Article III to comprehend under 

which operative conditions an LH2 vessel can undergo a BLEVE (objective 2.1). In 

particular, what is the minimum tank pressure prior to the catastrophic rupture to achieve 

this event. In Figure 2, the saturation and liquid spinodal curves for a generic substance 

are reported. As an example of the application of the superheat limit theory is here 

provided. If the substance contained in the tank is at saturation conditions when the vessel 

fails (point A), and an isothermal depressurisation is considered (conservative 

assumption), the liquid will be superheated and in a metastable thermodynamic status. 

Instead, if the same substance has higher temperature and pressure (point B) and 

undergoes the same type of depressurisation, the liquid spinodal curve will be reached, 

thus the fluid will be in an unstable status and homogeneous nucleation will be initiated. 

Point B corresponds to the liquid spinodal temperature (or superheat limit temperature, 
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TSL) at ambient pressure. According to the superheated liquids theory, a BLEVE can be 

generated if the substance is found at the conditions of point B or higher. The 

correspondent pressure (PB) can be determined and is the minimum tank pressure required 

for a BLEVE to be generated. Similarly, the theory can be applied to a fluid (e.g. cryogen) 

released onto water. In this case, the substance is usually at saturation conditions virtually 

at atmospheric pressure (point C). If the heat flux received by the hotter fluid is such that 

a sudden increase in temperature leads the liquid toward its TSL, the possibility for a 

violent boiling increases. The boiling curve of the substance, or at least its Leidenfrost 

temperature, are necessary to determine the regime (e.g. nucleate, transition or film 

boiling) according to the temperature different of the fluid pairs, thus the heat flux from 

the hotter to the colder fluid.  

 

Figure 2: saturation and liquid spinodal curve for a generic substance (abbreviations: CP: critical point, 
TSP: spinodal temperature). 

The correlation proposed by Reid (1976) to estimate the TSL (Eq. (1)) is widely used for 

different substances and was selected in Article II: 

  (1) 

where TC is the critical temperature of the substance in K, and 0.895 is the ratio between 

the liquid spinodal temperature at atmospheric pressure (TSP(Patm)) and the critical 

temperature. The values of ratio estimated with different EoS are collected in Table 9. 

Salla et al. (2006) and Casal (2008) proposed two different methods to estimate the TSL. 
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Both methods were selected in Article II and Article III. The first method estimates the 

TSL through an energy balance by considering an adiabatic vaporisation process during 

the depressurization (Salla et al., 2006). The second method exploit the saturation curve 

at the critical point (CP), and TSL can be estimated either graphically (building the 

tangent to the curve at the CP) or through the Clausius-Clapeyron equation (Casal, 2008). 

This latter is usually the most conservative approach. Further details can be found in 

Article II and Article III. The TSL is a critical indicator, and it was estimated together with 

the correspondent pressure at saturation by bearing in mind the limitations of the 

superheat limit theory, described in Sec. 3.2. 

 

Table 9: TSP(Patm)/TC ratio values for the estimation of the TSL of hydrogen (adapted from (Ustolin et al., 
2021)). 

Proposed by EoS TSP(Patm)/TC 
  Normal H2 
Reid, 1976 (Reid, 1976) Redlich-Kwong 0.8950 
Pinhasi et al., 2005 (Pinhasi et al., 
2005) 

Van der Waals 0.8440 

 Soave 0.9430 
 Peng-Robinson 0.9480 
(Ustolin et al., 2021) Helmholtz free 

energy 
0.8793 

 

7.4. Analytical and empirical models  

Different analytical and empirical models were selected to conduct the consequence 

analysis of LH2 BLEVE explosions in Article II, Article V and Article VII, to address the 

objective 2.2. The models to assess each LH2 BLEVE consequence (blast wave, missiles 

and fireball) are presented in the following. Moreover, the method chosen in Article VI 

to perform the RPT consequence analysis to focus on the objective 3.2 is described in 

Sec. 7.4.4. 
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7.4.1. Mechanical energy and pressure wave estimation (Article II, V) 

As previously mentioned, Prugh (1991) proposed a correlation to calculate the liquid 

flashing fraction which enables to determine the total expansion volume (V*) which is 

the sum of the gaseous phase and the liquid flashing volumes. The liquid flashing fraction 

correlation is given in Eq. (2): 

 
 

(2) 

where T0, TC and Tb are the atmospheric, critical and boiling temperatures respectively in 

K, cp,L0 is specific heat of the liquid at boiling temperature in kJ kg-1 K-1, and ΔhV0 is the 

latent heat of vaporisation at boiling point in kJ kg-1. The total volume is estimated with 

Eq. (3): 

 
 

(3) 

where VT is the total volume of the tank in m3, mL is the mass of the liquid in kg, ρV and 

ρL are the density of the vapour and liquid phase respectively in kg m-3, and f is the 

flashing fraction estimated with Eq. (2). The estimation of the total volume permits to 

adapt the model developed for explosive or pressurised vessels. Both ideal and real gas 

behaviour models were selected to calculate the mechanical energy generated by the 

explosion in Article II and Article V. Among the ideal gas behaviour models the following 

were chosen: 

 isochoric process (Brode, 1959); 

 adiabatic process (Prugh, 1991); 

 thermodynamic availability (Crowl, 1992, 1991); 

 isothermal process (Smith and Van Ness, 1996). 

Instead, the selected real gas behaviour models for the mechanical energy estimation of 

the LH2 BLEVE are:  

 TNO model (van den Bosch and Weterings, 2005) 

 Planas-Cuchi et al. (2004) model; 
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 superheating energy (SE) model – isentropic and irreversible processes (Casal and 

Salla, 2006); 

 Genova et al. (2008) model; 

 Birk et al. (2007) model. 

The ideal and real gas behaviour model equations are provided in Table 10. The formulae 

for the estimation of the isentropic internal energies required by the TNO model (van den 

Bosch and Weterings, 2005) can be found in Article II, together with the intersection 

point between the variation of internal energy and the adiabatic irreversible expansion 

work (x) used in the Planas-Cuchi model. Only part of the mechanical energy generated 

by the explosion will be converted in pressure wave according to (Hemmatian et al., 

2017). In fact, the released energy generates the following phenomena: pressure wave, 

missiles (kinetic energy and plastic deformation energy absorbed by the fragments), 

heating of the environment (negligible) (Planas-Cuchi et al., 2004). Therefore, empirical 

coefficients are employed to estimate the amount of energy which participate in the 

pressure wave formation. For instance, Casal et al. (2001) suggested that 40% and 80% 

of the released energy contributes to the generation of the pressure wave for ductile and 

fragile ruptures of the vessel, respectively. For this reason, the Planas-Cuchi model (Eq. 

(9)) is usually multiplied by 0.4 (40%). The values of the coefficients k in the SE model 

(Eq. (10)) are 0.14 (isentropic process) and 0.05 (irreversible process), while the 

coefficient ψ found in the Genova model (Eq. (11)) is equal to 0.07. On the contrary, the 

energy estimated by the TNO and Birk models (Eq. (8) and (12)) is doubled to account 

for the ground effect. Other coefficients consider the ground reflection and the 

geometrical effects (CCPS, 1999). The blast wave overpressure and impulse are then 

estimated from the mechanical energy with the aid of the trinitrotoluene (TNT) equivalent 

mass method or the Sachs scaling law (Sachs, 1944). These scaling laws approximate 

well the overpressure in the far field, whilst overpredict it in the near field. The 

correlations provided by Kinney and Graham (1985) are usually employed to estimate the 

overpressure and impulse in the far field. Additional details can be found in Article II. 
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Table 10: Equations of the ideal and real gas behaviour models selected in Article II and Article V 
(adapted from (Ustolin et al., 2020)). 

Reference Equation  

(Brode, 1959);  (4) 

(Prugh, 1991);  (5) 

(Crowl, 1992, 1991);  (6) 

(Smith and Van Ness, 1996)  (7) 

(van den Bosch and 

Weterings, 2005) 
 (8) 

(Planas-Cuchi et al., 2004) 
 

(9) 

(Casal and Salla, 2006)  (10) 

(Genova et al., 2008)  (11) 

(Birk et al., 2007)  (12) 

Notes: m, u, h, T, Ui and cp,L refer to the masses in kg, internal energies in kJ kg-1 (Planas model units are 

MJ kg-1), the enthalpies in kJ kg-1, the temperatures in K, the overall internal energy of the system before 

the explosion in MJ and the average specific heat at constant pressure of the liquid phase between the initial 

and final states of the expansion in kJ kg-1 K-1. The subscripts V, V0, L, L0 indicates the vapor and liquid 

phases before and after (at atmospheric pressure) the explosion, respectively, while T and is refer to both 

liquid and vapour phases (total), and the isentropic process, respectively. 

7.4.2. Missiles range determination (Article II) 

(Birk, 1996) suggested a correlation to estimate the horizontal missiles range for propane 

BLEVE explosions, and it was implemented in Article II. The mass of the substance (mT) 

and the vessel volume (VT) are the only considered parameters in these correlations (Eq. 

(13) and (14)): 
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    for VT < 5 m3 (13) 

    for VT > 5 m3 (14) 

Usually, the most conservative range values are obtained with this method. Therefore, the 

approach suggested by CCPS (2010) was adopted as term of comparison. Firstly, the 

initial velocity of the fragments is calculated with the formula developed by Baum (1984). 

The velocity depends on the mechanical energy, obtained by the application of the most 

conservative methods (e.g. TNO model), the kinetic energy, fraction of energy 

responsible for the fragments ejection (0.04 for the BLEVE (van den Bosch and 

Weterings, 2005)), and the empty mass of the vessel. Therefore, the fluid dynamic forces 

(lift and drag) are neglected by this method. Secondly, the horizontal and vertical ranges 

depend on the initial angle of the trajectory: 5° ÷ 10° for vessels placed horizontally 

(CCPS, 2010), and 45° for vertically oriented tanks.  

A third method which accounts for the fluid dynamic forces is implemented in Article II 

for the fragment analysis. In this case, the scaled velocity is calculated with the initial 

velocity (Baum equation), the air atmospheric density, gravitational acceleration constant, 

the fragment drag coefficient, cross-sectional area and mass. Thus, the number of 

fragments and their shapes and masses must be assumed adding uncertainties to the 

analysis outcomes. The scaled horizontal range is graphically determined from charts 

(Baker et al., 1983). Finally the horizontal range is calculated from the scaled one with 

the same parameters used to determine the scaled velocity except the gravitational 

acceleration.  

7.4.3. Fireball models (Article II, VII) 

The aftermath of the fireball ignited during an LH2 BLEVE is estimated in Article II and 

Article VII to address the objective 2.2. As previously mentioned, several models were 

developed especially to determine the fireball diameter and duration of different 

substances. In Table 11, some of the empirical correlations used to determine the fireball 

diameter and duration of different substances are presented.  
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Table 11: Empirical models for fireball diameter and duration for different substances (adapted from 
(Abbasi and Abbasi, 2007a)). 

Reference Substance Diameter, 

Dfb (m) 

Duration, 

tfb (s) 

(Fay and Lewis, 1977) Propane   

(Hasegawa and Sato, 

1977) 

Pentane   

(Lihou and Maund, 1982) Butane   

(Lihou and Maund, 1982) Rocket fuel   

(Lihou and Maund, 1982) Propylene   

(Lihou and Maund, 1982) Methane   

(Lihou and Maund, 1982) Propane   

(Hardee and Lee, 1973) LNG   

 

In Article II an Article VII, the fireball diameter, height and duration were determined by 

means of the empirical correlations proposed by Hord (1972) (Eq. (15)), Bagster and 

Pitblado (1989) (Eq. (16)) and Beyler (2016) (Eq. (17) and (18)): 

  (15) 

  (16) 

  (17) 

  (18) 

where mT is the LH2 mass in kg and Rfb is the fireball radius in m. Eq. (17) is called 

momentum-dominated fireball equation while Eq. (18), buoyancy-dominated. According 

to (CCPS, 2010), the first equation should be used if the mass is lower than 30,000 kg, as 

in Article II and Article VII where the BMW bursting scenario tests (Pehr, 1996b) were 

simulated. However, Zalosh and Weyandt (2005) found a better agreement between the 

outcome of the buoyancy-dominated correlation and the experiments in which the 

hydrogen mass was as small as 1.64 kg. Therefore, a comparison between these two 

methods was conducted to evaluate the shortest and longest fireball duration. 



 

56 
 

As previously noted, both diameter and duration are necessary for the estimation of the 

thermal radiation in which the geometric factor (e.g. view factor) and exposure time allow 

to determine the thermal dose at different distances. In Article II and Article VII, the 

fireball thermal radiation was assessed with the solid flame model (CCPS, 2010). It was 

assumed that the entire hydrogen content was ignited and burnt according to the 

considerations made by Gayle and Bransford (1965). Since no data on the surface 

emissive power (SEP) for LH2 fireballs are publicly available, the SEP was estimated 

through the Stefan-Boltzmann’s law (most conservative method). The transmissivity and 

view factor were also determined after the most conservative assumptions were made. 

For instance, the angle between the receptor surface normal and the distance between the 

fireball centre and the target was equal to zero (direct radiation). Once the fireball incident 

radiation (q) at difference distances from the fireball was calculated, the thermal dose 

(Td) was estimated with Eq. (19): 

  (19) 

Finally, the safety distance is determined as the distance where the thermal dose is equal 

or below 80 (kW m-2)4/3 s which is the criterion measured by Rew (1997) to avoid any 

injuries to personnel. For more information on the fireball models, Article II and Article 

VII should be consulted. 

7.4.4. RPT consequence analysis (Article VI) 

An analytical model similar to the ones presented in Sec. 7.4.1 was used to estimate the 

blast wave overpressure of LH2 RPT in Article VI to focus on objective 3.2. This model 

is described in detail in (Aursand and Hammer, 2018). In Article VI, it was exploited to 

estimate the energy released by two potential RPTs: one generated by a spill of LH2 and 

the other one by the pouring of LNG onto water. The same volumes were compared. 

Further details can be found in Article VI. 
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7.5. Computation Fluid Dynamics analysis (Article III) 

The CFD analysis of LH2 BLEVE was performed in Article III to address the objective 

2.2. As briefly discussed in Sec. 3.4.2, CFD codes were already used to investigate the 

BLEVE consequences of different substances, but not yet for LH2 to the author’s 

knowledge. ADREA-HF CFD code (Venetsanos et al., 2010) was selected to conduct this 

analysis. This is an in-house code developed by the Environmental Research Lab. of the 

NCSR “Demokritos”. ADREA-HF is 3D time dependent finite volume code validated 

against several experiments involving flammable gas dispersion (Giannissi et al., 2020, 

2014, 2013; Koutsourakis et al., 2012) and combustion (Tolias et al., 2020, 2017, 2014). 

The conservation equations of mass, momentum and energy for the mixture are solved 

together with the species total mass fraction conservation equation. Several turbulence 

models are implemented in the code, RANS and LES types. Multi-phase multi-

component mixtures can be handled by the code by using the Eulerian methodology and 

assuming that the non-vapor (liquid and/or solid phase) is dispersed in the vapor mixture. 

The Homogeneous Equilibrium Model (HEM) is used by default, i.e. the phases have the 

same velocity and temperature. However, the Non-Homogeneous Equilibrium Model 

(NHEM), in which the phases (vapor and non-vapor) can develop different velocities, can 

be set (Giannissi and Venetsanos, 2018). The HEM method was utilized in the LH2 

BLEVE CFD analysis. The Raoult's law is used for the components phase distribution for 

ideal mixture, and the Rachford-Rice (R-C) methodology, effective for multi-component 

mixtures, is employed (Giannissi and Venetsanos, 2018). The governing equations and 

numerical details can be found in Article III. 

The LCO2 BLEVE experiments were reproduced by means of ADREA-HF and the 

outcomes were exploited to validate the code. Therefore, a parametric analysis was 

performed by simulating the LH2 vessel tested during the BMW safety experiments 

(bursting tank scenario (Pehr, 1996b)). Several configurations were set in the analysis by 

varying the initial tank pressure and temperature, LH2 and GH2 mass content. The 

combustion was neglected to focus on the physics of the physical explosion and 

accurately analyse the dynamic of the pressure wave. However, the flammable hydrogen 

mass and cloud volume were estimated to investigate the hydrogen dispersion and provide 
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critical information on the fireball formation. The outcomes of the CFD analysis were 

compared with the BMW experimental results. All the details of the CFD parametric 

analysis are reported in Article III. 

7.6. Thermal model (Article IX) 

The analytical thermal model developed by Scarponi et al. (2016) to assess the thermal 

and mechanical response of LNG tanks exposed to a fire was tuned for LH2 vessels in 

Article IX to address objective 2.3. This model is based on the thermal nodes approach, 

and the domain (vessel) is divided in eight nodes: the liquid and vapour hydrogen phases, 

the inner and outer shells walls, and the insulation in contact with the liquid and the 

vapour phases. The thermal and mass balances for the nodes can be found in (Scarponi et 

al., 2016) together with the models for evaporation and condensation and the equations 

for the determination of the discharging rate through the PRV. 

In Article IX, the multiparameter Helmholtz-energy-explicit-type formulations was 

implemented in the model through the CoolProp package (Bell et al., 2014), to estimate 

the hydrogen thermodynamic properties. Moreover, the hydrogen boiling curve equations 

published in (Wang et al., 2016) were integrated in the model to model the heat transfer 

between the LH2 and the inner shell wall. The LH2 vessel investigated during the BMW 

fire tests was simulated engulfed in a propane fire. The thermal conductivity of the 

insulation and the sizing of the PRV was done by following the procedure described in 

the ISO 21013-3:2016 standard (ISO, 2016). The mechanical stress generated by the 

pressure build up in the inner vessel were estimated. The yield strength of the material 

was used to determine the admissible stress and set as a conservative criterion for the 

estimation of the time to failure of the tank estimation. Finally, the failure of the PRV was 

simulated to assess the TTF in the worst-case scenario. Further details on the model are 

reported in Article IX. 
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7.7. Model validation and comparison (Article II, III, VII, IX) 

It is a good practise to validate the developed or adopted models by reproducing 

experimental tests or accident scenarios in the safety field. If a proper validation is not 

possible due to a high level of uncertainties, the results might not be reliable and 

additional experiments are required. Both analytical and numerical models must be 

validated. Borg et al. (2014) investigated different validation approaches for numerical 

simulations (CFD analysis). In Article II, Article III, Article VII and Article IX, the model 

outcomes were compared with the BMW safety tests (bursting tank scenario and fire) 

(Pehr, 1996b, 1996a) described in Sec. 3.3.1. Moreover, the ADREA-HF code employed 

for the CFD analysis of LH2 BLEVE was validated with the CO2 BLEVE experiments 

performed by van der Voort et al. (2012). 
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8. Contributions 

 

 

 

In this section, the summary of the contributions achieved during the PhD study are 

reported. These contributions are the results of the application of the methods reported in 

Sec. 7, and aim to answer to the objectives of the PhD (Sec. 5). The links between 

contributions and objectives are shown in Table 12  together with the correspondent 

articles and topics. This table can be used by the readers as index to navigate to the topic 

of interest. For a thorough description of the contributions, Part II of this thesis should be 

consulted. 

Table 12: Link between contributions, objectives, and scientific articles in the framework of the PhD. 

Contribution Sec. Objective Article(s) Main topic 

I 8.1 1.1 I, IV Causes of loss of integrity of 

hydrogen technologies 

II 8.2 1.2 I Consequences of an LH2 

release 

III 8.3 2.1 I-IV Feasibility of a BLEVE for 

LH2 storage systems 

IV 8.4 2.2 II-V, 

Article 

VII 

Consequences of an LH2 

BLEVE 

V 8.5 2.3 IX  Time to failure of LH2 tanks 

exposed to a fire 

VI 8.6 3.1 VI, VIII Theories and mechanisms of 

RPT 

VII 8.7 3.2 VI Consequence analysis of an 

LH2 RPT 



 

62 
 

8.1. Contribution I: Causes of LOI of hydrogen technology 

This contribution addresses objective 1.1 and offers an overview on the phenomena and 

causal events which may lead to the LOI of hydrogen technology. This contribution is the 

result of Article I and Article IV.  

The narrative review in Article I served to investigate the hydrogen life cycle, properties, 

and related safety aspects. The causal events (cause of the accident) are analysed together 

with the hazards, critical events and its consequences. Generally, all types of mechanical 

and physical failures can be considered as LOC causes. Some of the fault events can be 

collisions, mechanical failures of hydrogen equipment, hydrogen embrittlement and other 

phenomena responsible of material degradation. These types of failure are specified in 

Article I. It is found that most of the critical events (e.g. breach on the shell, leak from 

pipe, catastrophic rupture) are defined either as LOC or LOI (or loss of physical integrity, 

LPI) of the piece of equipment. The focus is then placed on the physical and chemical 

phenomena that can lead to an LOI such as hydrogen damages (HDs), and low 

temperature embrittlement and thermal deformation for LH2 or cryogenic gaseous 

hydrogen. The mechanisms and theories that attempt to explain the HD formation are 

highlighted. The material behaviour during fatigue cycles is another issue that should be 

considered when analysing the LOI of hydrogen technologies and is introduced in Article 

I. Therefore, the material selection is a fundamental procedure that must be carefully 

carried out during the design of hydrogen equipment. Many critical indications on this 

practice are provided in Article I. The NR demonstrated that LOI topic related to the 

hydrogen technologies is a multidisciplinary subject. 

The systematic review is conducted after the NR by exploiting the results of this latter. In 

fact, the focus of the SR is on the LOI and safety aspects of hydrogen technologies. As 

result, a limitation represented by the dearth of collaboration between the research groups 

from different areas is highlighted, especially between material scientists and safety 

experts. Finally, the causal events of the two LH2 BLEVE identified through the DyPASI 

technique are described in Article IV. These events are represented by chains of events. 

In one case, an improper fire fighter technique provoked the failure of the PRV of the 

LH2 vessel. A consequent pressure build up inside the tank led to a catastrophic rupture 
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of the container and the BLEVE explosion. In the second case, an O-ring failure initiated 

a jet fire from the solid rocket booster which impinged the LH2 and LOX vessels until 

their failure. The catastrophic rupture of these tanks and consequent BLEVE explosion 

were the causes of the Space Shuttle Challenger disaster (Chirivella, 1997). The faults 

and escalation factor (e.g. improper firefighting technique) together with the direct 

consequences of the catastrophic rupture of the LH2 vessel (BLEVE) allow to update the 

conventional bow-tie diagram built by means of the MIMAH technique. These are the 

main findings of Article IV regarding Contribution I, and additional information can be 

found in Part II. 

8.2. Contribution II: LH2 release consequences 

Contribution II addresses objective 1.2 by investigating the causes of an LH2 release after 

the LOC of a piece of equipment. As previously mentioned, the safety aspects of 

hydrogen technologies are analysed in Article I. Some of the highlighted consequences 

of an LH2 release are: respiratory ailment and asphyxiation (especially in enclosed 

environment), frostbite and hypothermia after contact with LH2, other physiological 

consequences due to exposure to blast wave overpressure or fireball (e.g. burns, lung 

damage), dispersion, pool formation, fires (e.g. pool, flash or jet fire), explosions (e.g. 

VCE, BLEVE). The focus is then placed on atypical accident scenarios (e.g. BLEVE and 

RPT) which are often not considered in a conventional risk analysis. More information 

can be found in Article I. 

8.3. Contribution III: Feasibility of a BLEVE for LH2 storage systems 

The results of different articles (Article I-Article IV) are part of Contribution III which 

focusses on objective 2.1 regarding the possibility of the BLEVE formation for an LH2 

tank. Two different approaches are selected to determine this possibility: (i) through a 

literature review of this accident scenario and (ii) by applying the superheat limit theory. 

The first method, described in Sec. 7.1, is adopted in Article I and Article IV. The results 

of these scientific papers show that two previous BLEVEs occurred for LH2 storage 

vessels. The first one in 1974 in a chemical industry facility where a 9,000 gal (34 m3) 
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LH2 tank failed almost three days after a fire ignited in the vicinity of the container 

(HydrogenTools, 2017). The cause was a failure of the PRV provoked by the intervention 

of the fire fighters brigade who sprayed the LH2 vessel with water to cool it down. The 

water froze on the PRV impeding the venting of the evaporated LH2 from the tank. The 

second accident occurred in 1986 over the Atlantic Ocean, off the coast of Cape 

Canaveral, Florida: the Space Shuttle Challenger disaster. The chain of events that led to 

the BLEVE of the LH2 and LOX vessels has been described in Sec. 8.1. This type of 

approach usually allows to establish the probability for a type of scenario to occur. 

However, there are few publicly available information to determine the probability. Two 

accidents over a period of 47 years is an exceptional safety record, but one have to bear 

in mind that the applications in which LH2 were employed until now are very limited 

compared to the GH2 ones (< 1% globally (Ausfelder and Bazzanella, 2016)). 

Furthermore, LH2 has been produced, handled, and utilised mostly in the chemical and 

aerospace industry, and often the accident reports are not made available.  

As previously mentioned, the second approach exploits the superheat limit theory. This 

approach is adopted in Article II, Article III and Article IV. In this manner, the operative 

conditions under which the BLEVE might manifest can be determined with the different 

procedures described in Sec. 7.3. A large range of TSL of hydrogen is obtained with the 

least and the most conservative methods in Article III: 28.0 ÷ 32.6 K, which corresponds 

to a range of internal pressure of 5.7 ÷ 11.9 bar. This means that according to the most 

conservative method, a BLEVE might occur if the tank ruptures when its pressure is 

above 5.7 bar. A comparison with the TSL and correspondent pressure of CO2 is carried 

out by using the same methods in Article III. The minimum pressure to achieve a BLEVE 

for a CO2 vessel is 21.9 bar, four times large than the one for LH2. This was expected 

since the TSL depends on the critical temperature of the substance, which is very low for 

hydrogen (33.145 K (NIST, 2019)) compared with other substances. However, this does 

not mean that a BLEVE is more likely for an LH2 vessel than for the tanks of other 

substances, because the probability depends on several factors. Moreover, this theory has 

several limitations as explained in Sec. 3.2. Nevertheless, the TSL should be always 

estimated since can provide critical information. For instance, the PRV opening pressure 

can be set during the design phase in order to maintain the tank pressure below the 
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minimum pressure needed to achieve a BLEVE. Additional results are provided in Article 

II and Article III. 

8.4. Contribution IV: Consequences of an LH2 BLEVE 

This contribution is in line with objective 2.2, which aims to quantify the consequences 

of an LH2 BLEVE explosion. This consequence analysis is conducted with different 

approaches in Article II, Article III, Article IV, Article V, Article VII. In particular, 

analytical and empirical models are selected for the analyses in all these papers, except in 

Article III where a CFD analysis is performed. Moreover, only the pressure wave is 

investigated in Article III, Article IV and Article V, while the fireball is the only focus of 

Article VII. Only in Article II, all the three consequences of a BLEVE are analysed. The 

modelling of the LH2 BLEVE consequences is one of the main activities of this PhD, and 

it is demonstrated by the large number of publications compared to the other 

contributions.  

The idea of Article II, Article III, Article V, Article VII is to reproduce the BMW bursting 

tank scenario tests (Pehr, 1996b). It is demonstrated that the most conservative analytical 

models for the overpressure of the blast wave are the TNO model (van den Bosch and 

Weterings, 2005) and the Birk (Birk et al., 2007) model at sub- and supercritical 

conditions, respectively. The correlation proposed by Birk (1996) to estimate the 

fragment range is the most conservative one, but the obtained value is one order of 

magnitude larger than the experimental observations. The other correlations are strongly 

dependent on the initial trajectory angle of the fragments, or the number of fragments. A 

good approximation is achieved with the second method described in Sec. 7.4.2, proposed 

by CCPS (2010) with an initial suggested angle of 10°. Instead, the fireball dimensions 

as well as the duration are underpredicted by the empirical models proposed by (Hord, 

1972) and (Beyler, 2016), respectively, reported in Sec. 7.4.3. A good agreement with the 

BMW tests is obtained by the CFD analysis considering that the combustion effect on the 

overpressure was neglected. Finally, a blind prediction study on the SH2IFT BLEVE 

experiments is carried out in Article II after the methods were validated with the BMW 

tests. Additional information can be found in Part II of this thesis. 
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8.5. Contribution V: Time to failure of LH2 tanks exposed to a fire 

Contribution V is resulted from Article IX, where objective 2.3 is addressed. The heat 

transfer mechanisms, and thermal and mechanical stresses generated in the tank material 

when exposed to a fire are estimated. It is assumed that the mechanical stress depends 

mainly on the pressure build up inside the tank due to the evaporation of the LH2. In this 

case, the BMW fire tests (Pehr, 1996a) are simulated. A very good agreement with the 

experiments is attained by considering a complete degradation of the insulation and lose 

of vacuum after only 115 s from the beginning of the test. The PRV opened after 347 s 

and the whole LH2 content is vented after 854 s instead 900 s as measured during the test. 

On the other hand, a limitation of this thermal nodes approach is the calculation of 

temperatures due to the impossibility to estimate the temperature gradients developed in 

the tank and its lading. In fact, only one temperature is estimated for each thermal node. 

Moreover, the positions of the temperature measurement points in the vessel selected 

during the test are unknown. A second scenario in which a failure of the PRV occur was 

simulated. The estimated time to failure of the inner vessel was 632 s. This outcome could 

not be validated since the PRV was properly working and the tank did not rupture during 

the experiments. Additional information can be found in Article IX. 

8.6. Contribution VI: Theories and mechanisms of RPT explosion 

This contribution focusses on objective 3.1 which aims to explore the possibility of the 

RPT generation after the release of LH2 onto water. The results of Article VI and Article 

VIII are part of this contribution. In Article VI, the knowledge gained in predicting the 

RPT event for LNG spills onto water is exploited. The focus is placed on delayed RPT 

which occurs several seconds after the LNG is poured onto water in a zone of the 

spreading pool different from the release one. It is demonstrated by estimating the 

hydrogen Leidenfrost point that this type of RPT is theoretically impossible for LH2. In 

Article VIII, the common mechanisms between the RPT generated by the contact of 

different fluid pairs are sought to establish a universal theory. This is an arduous task due 

to the different composition and physical and chemical properties of the substances. 

Hence, it is decided to focus on the liquid nitrogen (LIN) RPT. It is found that the model 
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developed for LNG predicted that a delayed RPT is impossible for LIN as well. However, 

LIN RPTs manifested many times in the past, and this phenomenon can be easily 

reproduced at laboratory scale. The experiments conducted by Bang and Corradini (1991) 

on LIN RPT demonstrated that an RPT can triggered by hammering the tank containing 

the LIN and water initially in a stratified geometry (cryogenic pool). In this manner, the 

film boiling formed due to the low Leidenfrost temperature of LIN compared with the 

water temperature can be ruptured. It can be concluded that early and triggered RPT might 

occur when LIN is spilled onto water. It is speculated that a similar behaviour might be 

shown by a release of LH2 onto water. However, the conditions under which an LH2 RPT 

might manifest should be different than the ones of an LIN RPT due to the different 

properties such as density. Further information on the RPT mechanisms and theories are 

provided in Article VI and Article VIII, collected in Part II of this thesis. 

8.7. Contribution VII: Consequence analysis of an LH2 RPT 

Objective 3.2 is addressed by contribution VII which resulted from Article VI. Beside the 

investigation of the RPT mechanisms, the aim of Article VI is to determine the yield of 

the consequences of an LH2 RPT, and compare it with the intensity of an LNG RPT. The 

focus is placed on the mechanical energy generated by the two explosions and the peak 

overpressure of the shock wave. The same volumes of the two different substances are 

compared, and the estimated pressure peak for the LH2 RPT was 7 bar, which is between 

12% and 35% the yield of the explosion assessed for the LNG one (20-60 bar). The LNG 

pressure peak depends on the LNG composition. For some types of applications, it could 

be more indicative to compare the same energy content since the LH2 density (70.9 kg m-

3 (NIST, 2019)) is one order of magnitude lower than the LNG one (an average value of 

450 kg m-3 can be considered (Aursand et al., 2020)). Therefore, additional investigation 

may be necessary. Further information on this contribution can be found in Article VI. 
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9. Discussion 

 

 

 

In this section, the contributions previously described are discussed. The discussion is 

divided according to the three main objectives of this thesis: investigation of the loss of 

integrity of hydrogen equipment (Sec. 9.1), BLEVE (Sec. 9.2) and RPT (Sec. 9.3) 

phenomena for LH2 vessels and releases, respectively. Finally, a discussion of the overall 

PhD study follows in Sec. 9.4. 

9.1. LOI of hydrogen equipment 

The loss of integrity (LOI) phenomena are investigated mainly in Article I to comprehend 

their mechanisms and under which conditions they manifest. Firstly, the focus is placed 

on the hydrogen damages. It is found that a universal theory able to explain all the HDs 

has not been developed yet, and additional effort should be made to find a common thread 

between the different HDs. Secondly, low temperature embrittlement and thermal 

deformation must be always taken into account for LH2. Thirdly, a significant reduction 

in fatigue lifetime of different metals suitable for hydrogen service was estimated by 

several authors. Therefore, supplementary studies must be conducted on the fatigue 

properties of hydrogen equipment materials. Finally, the material selection process is 

fundamental during the design phase of hydrogen equipment and can be influenced by 

the LOI phenomena investigation outcomes. Barely few materials, usually expensive 

alloys, are suitable for all hydrogen applications. For this reason, a careful analysis must 

be conducted for each utilization in order to minimize the costs and maximize the safety 

of the system. 

The systematic review on the loss of integrity (LOI) of hydrogen equipment identified a 

heterogeneous variety of publications touching several research areas. Virtually all the 

works are focussed on hydrogen safety, marking its importance. Moreover, the SR 
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revealed an exponential growth in the number of papers published in the last two decades. 

This may be a consequence of the several hydrogen safety projects promoted worldwide 

during this period. A limitation emerged from the network maps, indicating that the 

collaborations between research groups from several fields are often missing. The 

hydrogen safety knowledge can be improved by the participation of experts from different 

areas in research projects related to this critical topic. 

The aim of this investigation is to prevent a LOC, thus severe accidents by broadening 

the knowledge on these phenomena and optimise the material selection process. Two 

recent accidents occurred in June 2019 in a public hydrogen refuelling station in Norway 

(Nel Hydrogen, 2019) and in a hydrogen chemical plant in California (Genovese et al., 

2020). They were both provoked by a LOC of the hydrogen storage system and resulted 

in explosion and fire. Beyond these direct consequences, the ceasing of many hydrogen 

refuelling stations service for few months as preventing measure was an additional 

aftermath in Norway. Thus, hydrogen fuelled cars were brought to a halt. These ruinous 

events witness the urgency for safety countermeasures to reassure the public opinion and 

future investors, and thus support the hydrogen deployment in several new fields and 

applications. Nevertheless, the root cause of the Norwegian accident was an assembly 

error of a specific plug in a high-pressure hydrogen tank, demonstrating that not only the 

LOI phenomena but many other aspects must be considered and investigated since 

hydrogen safety is a multidisciplinary topic. 

Finally, the consequences of an LH2 LOC are identified in Article I and Article IV. 

Particular attention is paid to the atypical accident scenarios such as BLEVE and RPT. 

The motivation is enhanced by the neglection of these phenomena by the conventional 

risk assessment techniques due to their low probabilities. This type of approach led to 

major accidents in the past (Sec. 3.1) and must be avoided. Furthermore, the extremely 

limited knowledge on LH2 RPT is highlighted, hence further research on this event has to 

be pursued. 
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9.2. LH2 BLEVE investigation 

As previously explained in this thesis, different approaches and models are selected and 

employed to determine the possibility for a BLEVE to occur and its consequences. This 

subsection is then divided in three parts: discussion on the application of the superheat 

limit theory, analytical and empirical models, CFD analysis. 

The minimum tank pressure at which a BLEVE might manifest after the catastrophic 

rupture of an LH2 vessel is determined by applying the superheat limit theory. Different 

results are obtained because many EoS are selected for the estimation of the TSL and 

correspondent pressure. As expected, the minimum tank pressure according to the most 

conservative method (5.7 bar) is quite low compared to other substances. However, this 

is not directly related to the probability of the BLEVE occurrence due to mainly two 

factors: the BLEVE formation depends on the type of rupture of the tank, the probability 

depends on the time to failure. In the first case, the type of rupture of an LH2 double 

walled vessel is supposed to be different from the single skin tank (e.g. propane tank). 

This is assumed because the energy required to rupture two shells might be higher than 

the one necessary to wreck one container, thus the mechanical energy generated by the 

explosion may be dissipated. Moreover, the LH2 tanks are designed to work at lower 

pressures than other liquefied gas vessels. Therefore, if the LH2 tank fails at a low 

pressure, a BLEVE explosion might be avoided. It must be said that currently these are 

speculations since additional safety experiments for LH2 tanks are needed. 

The analytical models for the estimation of the shock wave overpressure provided a wide 

range of outcomes. The limitations of these models are highlighted. For instance, few 

models are able to estimate the consequences when the tank lading is at supercritical 

conditions, and only few models provided conservative outcomes when the BMW tests 

were simulated. Moreover, some models consider only the gaseous or the liquid phase. 

This can lead to largely underestimate the overpressure when the considering phase is 

scarce in the tank. It seems that these models were developed for specific substances (e.g. 

propane) and configurations (e.g. filling degree of the tank equal to 50%), and usually 

validated barely with large-scale experiments. The same issues are valid for the fragments 

range correlations, even if these models tend to largely overpredict the experimental 
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results. Furthermore, many assumptions must be made when applying these methods 

because several parameters such as number of fragments, dimensions and initial trajectory 

angle are usually unknown. Finally, the fireball consequences (dimensions, height, 

duration, and thermal radiation) are estimated with empirical and theoretical models. 

These methods provided again a large underestimation of the maximum fireball diameter 

and duration. It is not possible to compare the radiation emitted by the fireball due to lack 

in experimental tests. In the past, the hydrogen fireball radiation was estimated by means 

of jet fire models. It is believed that a dedicated model must be developed since a 

luminous flames was observed after the explosion of both compressed gaseous (Zalosh 

and Weyandt, 2005) and liquid hydrogen tanks (Pehr, 1996b), while the hydrogen jet fires 

are known to have a scarce visibility (Schefer et al., 2009). It is extremely important to 

properly model the fireball since its consequences are often the most severe aftermath of 

the BLEVE explosion (Planas and Casal, 2016). Despite the fact that the safety distance 

is estimated by simulating the BMW tests and by predicting the future SH2IFT 

experiments, a further verification of these simulation outcomes is required.  

The CFD analysis conducted with the ADREA-HF code focusses on the blast wave 

generation since the combustion was neglected. Again, the BMW bursting tank scenario 

tests are modelled. This type of analysis allows to estimate a number of parameters and 

observe in detail how the shock wave is generated and developed inside the domain at 

different instants. Moreover, the effects of the pressure, temperature, LH2 amount, and 

liquid and gaseous phases are analysed thanks to the parametric analysis. It is observed 

that the duration of the explosion is shorter when only the cold gaseous hydrogen (at 

saturation conditions) is stored in the vessel compared to the LH2 burst. This direct affects 

the impulse of the pressure wave. On the other hand, the maximum overpressure is not 

influenced by the phase type, thus the amount of hydrogen at the given pressure. 

Therefore, the dynamic of the shock wave is studied in detail, and critical indications are 

provided. The latter could be used to modify the existing analytical models. Even though 

this analysis could give many insights on the BLEVE accident scenario, several 

assumptions are still made due to the uncertainties in the BMW tests and the complexity 

of the phenomenon. Therefore, additional validation of the CFD code for the LH2 BLEVE 

is necessary, and the combustion effect must be included. 
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9.3. LH2 RPT investigation 

This investigation is very arduous since no record of LH2 RPT exists, and only one small-

scale experiment on LH2 release onto water, during which RPT did not occur, is available 

in literature. Furthermore, the delay in the SH2IFT experiments could not provide any 

indication within the PhD framework. The theoretical approach was the only one left. The 

possibility of an RPT formation after the release of LH2 onto water is investigated by 

exploiting the RPT knowledge for different substances and fluids pairs. Firstly, the model 

developed for LNG delayed RPT is applied to LH2, and this type of RPT is excluded. 

This was lately confirmed by the analysis on LIN RPT. In fact, either early or triggered 

RPT can occur from the interaction of LIN and water, but the delayed one cannot. It is 

speculated that a similar behaviour can be manifested by the LH2 water interaction. 

However, the conditions under which an RPT explosion can occur (e.g. temperatures, 

interface area between the fluids) should be different due to the differences between LH2 

and LIN properties (e.g. Leidenfrost temperature, density). 

The analytical models that simulate the pool spreading of the cryogens onto water can be 

tuned for hydrogen. If the possibility for a delayed RPT for LH2 is excluded, these models 

could aid the investigation of the evaporation and dispersion of LH2 but not the RPT 

analysis. Complicated models such as CFD should be employed to simulate the mixing 

zone between water and LH2 to estimate the interface area and temperatures in each point 

of the domain. These two parameters influence the heat flux between the fluids. This latter 

can be used as criterion to determine if the sudden heat transfer can heat the LH2 up to 

the TSL and a violent boiling due to homogeneous nucleation may follow. Different 

models such as multiphase flow, heat transfer and phase change of LH2, water and air 

must be applied for this kind of simulation, making it a complex and time demanding 

analysis. To the author’s knowledge, this type of simulation for LH2 release onto water 

was not conducted yet. Regarding the modelling of the potential RPT consequences, the 

comparison of the same volume of LH2 and LNG showed that the maximum pressure 

peak is reached by this latter substance (20-60 bar), while expected overpressure for LH2 

is lower than 30% (7 bar) of the LNG one. Also in this case, additional verification must 

be carried out once the experiments will be conducted. 
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9.4. Implications of the PhD research  

During this PhD study LH2 BLEVE and RPT atypical accident scenarios were largely 

investigated. Some of the analyses were carried out for the first time for this substance. 

Even though the outcomes of this study require additional verification and validation with 

the experimental results, a good starting point was provided. In particular, the focus on 

consequence analysis of LH2 BLEVE allowed validating some of the available models 

through mid-scale tests. Moreover, their limitations were highlighted, and critical 

information were provided for their modifications. Furthermore, the blind prediction 

study of the SH2IFT experiments provided paramount indications for the experimental 

setting. Finally, it is believed that some knowledge on hydrogen safety was gained and 

important discussion on the atypical accident scenarios for emerging technologies was 

continued. 
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10. Conclusions 

 

 

 

The main aim of this PhD study is to broaden the knowledge on hydrogen safety. The 

focus is placed on atypical accident scenarios for liquid hydrogen technologies. This topic 

is relatively broad and involves several disciplines. For this reason, a multidisciplinary 

approach was adopted in the PhD framework by focussing on risk assessment techniques, 

material science, thermodynamic theories, analytical and empirical as well as numerical 

modelling. 

The loss of integrity and containment of hydrogen equipment was investigated, and two 

physical explosions were analysed: boiling liquid expanding vapour explosion (BLEVE) 

and rapid phase transition (RPT). The main contributions of this thesis are: 

 investigation on the causes of LOI of hydrogen technology; 

 identification of the LH2 release consequences; 

 understanding of the BLEVE feasibility for LH2 storage systems; 

 determination of the LH2 BLEVE consequences; 

 estimation of the time to failure of LH2 tanks exposed to a fire; 

 analysis of the theories and mechanisms of RPT explosions; 

 determination of the LH2 RPT consequences. 

The systematic review used for the investigation on LOI of hydrogen technologies 

demonstrated that this is a multidisciplinary topic. A limitation represented by the dearth 

of collaboration between the research groups from different areas was highlighted. Thus, 

an extensive participation by different kind of experts would be beneficial to enlarge the 

knowledge on this topic. The identification of the LH2 release consequences aid to direct 

the focus on the atypical accident scenarios (e.g. BLEVE, RPT), i.e. where the lack of 

knowledge is prevailing. 
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In the past, at least two BLEVE occurred for LH2 vessels. The application of the superheat 

limit theory indicates that this type of event might manifest at a very low temperature and 

pressure for LH2. However, the probabilities for a BLEVE to occur depend on several 

parameters such as the type of vessel and its insulation. Therefore, no further indications 

can be provided on this regard prior the LH2 fire tests. 

During the consequence analysis of LH2 BLEVE, the drawbacks of the currently available 

analytical models and empirical corelations were highlighted together with several 

uncertainties such as the behaviour of the double walled tank and its content during the 

evolution of the BLEVE phenomenon. Paramount considerations on the dynamic of the 

blast wave were made by observing the outcomes of the LH2 BLEVE CFD analysis. As 

a result, different modifications of the existing analytical models were suggested. Finally, 

a blind prediction study of the SH2IFT LH2 BLEVE experiments was carried out after the 

validation of the models with the BMW tests. Even though the outcomes of the blind 

prediction must be compared and verified with the tests results, critical information to aid 

the set up of the experiments were provided.  

The thermal nodes approach allowed to simulate the behaviour of both the LH2 vessel 

and its content when exposed to a fire. The BMW fire tests were simulated and a good 

agreement between the model and the experimental results was found. This validated 

model can be exploited for a blind prediction study of the SH2IFT experiments. After 

these tests, further verification and validation can be conducted and propose it as a tool 

to aid the risk assessment of liquefied gas vessels. 

The theories and mechanism of RPT explosion for different fluid pairs were broadly 

investigated. The probability and consequence of a potential RPT event caused by an LH2 

release onto water was evaluated based on established LNG and LIN research. It was 

assessed that the probability for a delayed RPT to happen for LH2 is extremely low due 

to the very low Leidenfrost temperature of hydrogen. However, an early or triggered RPT 

during or after the spill of LH2 onto or into water cannot be excluded. Further 

considerations cannot be provided without the support of experimental data. It can be 

concluded that in a hypothetical LH2 RPT event, the estimated consequences of the vapor 

explosion are considerably smaller than the ones of an LNG RPT event. 
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Some of the research activities included in this study explore aspects of the physical 

explosions for the first time for LH2 technologies. The dearth of knowledge is represented 

by the uncertainties in the formation of the LH2 RPT event as well as the probability of 

failure of an LH2 double walled vessel when exposed to a fire and thus the formation of 

the BLEVE explosion. The limitations of the currently available models to simulate LH2 

BLEVE and RPT were identified and highlighted. Knowledge gained for different 

substances were transferred to the liquid hydrogen system. However, the validity of the 

selected and applied methods must be validated further. Several aspects must be 

considered during the atypical accident scenarios analysis, thus the multidisciplinary 

approach was demonstrated to be effective.  

The main goal of this PhD study was accomplished since new knowledge in hydrogen 

safety was provided and the outcomes of this thesis can be exploited as starting point for 

future studies. A list of the proposed future works is proposed in the next section. 
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11. Future works 

 

 

 

In this section, the future works proposed as results of the limitations and knowledge gap 

faced in this PhD study, are listed. The wide knowledge gap in LH2 BLEVE and RPT 

phenomena could be fulfilled mainly by experimental work as planned during the SH2IFT 

project. The modelling activity can aid the prediction and prevention of future accidents 

and suggest modifications of the safety standards and codes as well as of risk assessment 

techniques and good practises. Certainly, the models must be thoroughly validated by the 

experimental results before employing them for a risk analysis. 

The knowledge gap highlighted in LOI phenomena could be filled by enhancing the 

collaboration between experts of several fields. This is the aim of part of the new 

European project “Development of Tools Enabling the Deployment and Management of 

a Multi-Energy Renewable Energy Community with Hybrid Storage (H2 CoopStorage)” 

in which the material degradation provoked by the hydrogen-metal interactions will be 

investigated. A collaboration between material scientists and safety experts is ongoing to 

accomplish this objective. The material degradation modelling will provide paramount 

insights for modification of risk-based inspection techniques and good practices. 

New empirical correlations to predict the aftermath of the hydrogen fireball must be found 

since underestimation cannot be tolerated during a consequence analysis, part of the risk 

assessment. Moreover, the fireball radiation must be measured, and an advanced thermal 

radiation model suited for hydrogen fireball must be developed. Therefore, the 

identification of the new models must be aided by the experimental data. The combustion 

process should be included in the CFD analysis of LH2 BLEVE since it is believed that 

the overpressure generated by the combustion can be aggregated to the one from the blast 

wave. Finally, it should be investigated if it is necessary to implement the combustion in 

the analytical models used for the pressure wave estimation. 



 

80 
 

The CFD tools could be further applied to the study of the behaviour of the tank lading 

when exposed to a fire. In this manner, the pressure build up inside the tank which affects 

the mechanical resistance of the tank walls material can be accurately evaluated. 

Moreover, the temperature gradients developed in the tank can be estimated by allowing 

an additional thermal analysis of the vessel material. Therefore, the CFD outcomes can 

be used as input of a structural analysis of the tank to estimate its time to failure. This 

approach is supposed to be more precise than the thermal node model employed in this 

PhD study. 

Additional effort should be made to model the LH2 release onto water. As previously 

described, if the mixing zone of the two fluids is simulated to analyse the early RPT 

formation by means of a CFD code, this may result in a very complex simulation. 

However, a simulation strategy should be adopted to overcome the complexity and 

potential simulation of the CFD code. For instance, the domain could be split in several 

regions to simulate the interaction of one fluids pair per time (e.g. first water-LH2, second 

LH2-air). 

Finally, appropriate and effective safety barriers should be suggested as result of the 

experimental tests and the modelling activity. These recommendations can be 

implemented in safety guidelines and standards. 
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h i g h l i g h t s

� A systematic review on loss of integrity of hydrogen technologies was conducted.

� Loss of integrity phenomena are responsible for several hydrogen accident scenarios.

� Material selection may avoid the loss of integrity phenomena formation.

� Material science and hydrogen safety are often two separated research fields.

� Recent hydrogen accidents demonstrate the need for safety enhancement.
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a b s t r a c t

Hydrogen is one of the main candidates in replacing fossil fuels in the forthcoming years.

However, hydrogen technologies must deal with safety aspects due to the specific sub-

stance properties. This study aims to provide an overview on the loss of integrity (LOI) of

hydrogen equipment, which may lead to serious consequences, such as fires and explo-

sions. Substantial information regarding the hydrogen lifecycle, its properties, and safety

related aspects has gathered. Furthermore, focus has placed on the phenomena respon-

sible for the LOI (e.g. hydrogen embrittlement) and material selection for hydrogen ser-

vices. Moreover, a systematic review on the hydrogen LOI topic has conducted to identify

and connect the most relevant and active research group within the topic. In conclusion, a

significant dearth of knowledge in material behaviour of hydrogen technologies has

highlighted. It is thought that is possible to bridge this gap by strengthening the collabo-

rations between scientists from different research fields.

Abbreviations: AIP, Air-Independent Propulsion; APU, Auxiliary Power Unit; bcc, body-centred cubic; BLEVE, Boiling Liquid Expanding
Vapor Explosion; BOG, Boil-Off Gas; CcH2, Cryo-Compressed Hydrogen; CCHP, Combined Cooling Heat and Power; CCS, Carbon Capture
and Storage; CHHP, Combined Heat Hydrogen and Power; CHP, Combined Heat and Power; CGH2, Compressed Gaseous Hydrogen; CTE,
Coefficient of Thermal Expansion; DOT, Department of Transportation; DBTT, Ductile-Brittle Transition Temperature; DyPASI, Dynamic
Procedure for Atypical Scenarios Identification; FC, Fuel cell; fcc, face-centred cubic; GH2, Gaseous Hydrogen; HAZID, Hazard Identifi-
cation; Hcp, hexagon close-packed; HD, Hydrogen Damage; HE, Hydrogen Embrittlement; HEE, Hydrogen Environment Embrittlement;
HSC, Hydrogen Stress Cracking; IRAS, Integrated Refrigeration and Storage; LH2, Liquid Hydrogen; LHV, Lower Heating Value; LIN, Liquid
Nitrogen; LNG, Liquefied Natural Gas; LOC, Loss of Containment; LOHC, Liquid Organic Hydrogen Carrier; LOX, Liquid Oxygen; LPI, Loss
of Physical Integrity; MLI, Multilayer insulation; MOF, Metal-Organic Framework; MWCNT, Multi-Walled Carbon Nanotubes; NEC, N-
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Introduction

Hydrogen can replace fossil fuels in order to reduce the

pollutant emissions worldwide in the future [1]. In fact, only

water, heat and traces of nitrogen oxides (NOX) are produced

from its combustion with air if a catalyst is used [2] or the

flame temperature and oxygen concentration are controlled

[3]. Furthermore, it is considered a renewable fuel if produced

from water through electrolysis [4]. Although hydrogen is

already widely used in the industry for several processes such

as ammonia production for fertilizers [5], it is associated with

crucial safety criticalities due to the specific substance prop-

erties [6]. For this reason, this study provides a critical review

on the phenomenon of loss of integrity (LOI), which may lead

to release and related serious consequences, such as fires and

explosions.

Hydrogen has been employed in an increasing number of

new technologies in the last two decades, and some of the

most recent are listed below:

� First combined heat, hydrogen and power (CHHP) systems

plant installed in California in 2016 [7].

� First hydrogen-fuelled stove for domestic application

developed by Empa company in 2018 [2].

� Achievement of the longest duration flight of a multi-rotor

unmanned aerial vehicle (UAV) by the hydrogen-fuelled

drone developed by the EnergyOr company in 2015 [8].

� First hydrogen-fuelled train developed by Alstom in Ger-

many in 2018 [9].
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� First fuel cell and battery ferry should be operative in 2020

in Norway as result of the HYBRIDship project [10].

Hydrogen safety aspects may become more important in

such new technologies as they may lead to emerging risks

[11e13]. This is confirmed by the focus of some recent

research projects, such as the project on the integrated design

for demonstration of efficient liquefaction of hydrogen (IDE-

ALHY) [14] also addressing the safety of hydrogen liquefac-

tion, storage and transportation technologies. Currently, the

Safe fuel Handling and use for efficient implementation

(SH2IFT) project [15] is studying safety implications of both

CGH2 and LH2 technologies. Furthermore, a project named

Prenormative research for safe use of liquid hydrogen (PRE-

SLHY) [16] aims to lay the foundations for relevant safety

regulations. This study aims to promote the prevention of

hydrogen releases, and thus accidents, through a detailed

review of LOI mechanisms and safety implications. The nov-

elty of this work is to identify the overlap between material

science and hydrogen safety which are usually two separated

research areas. In particular, the common research aspects

are pinpointed together with the most relevant experts in this

field through a literature review hybrid approach (narrative

and systematic) as described in the methodology.

The structure of this paper is presented in Fig. 1, where the

methodology approach embraced for the present review

(described in the methodology section) is also indicated. The

shape of this schematic describes how the study narrows

down from a broad topic as the hydrogen life cycle (described

in Life cycle section) to hydrogen chemical and physical

properties, LOI phenomena and relevant material selection. A

systematic overview of scientific contributions on LOI of

hydrogen equipment subsequently expands on the most

relevant research groups and their collaborations. Finally,

discussion and conclusion are provided.

Methodology

Both the narrative (NR) and the systematic review (SR) ap-

proaches [17] are adopted for this study. Fig. 1 depicts how NR

and SR are implemented in the structure of this work.

An NR is “aimed at identifying and summarizing what has

been previously published, avoiding duplications, and seeking

new study areas not yet addressed” [17]. The general frame-

work proposed by Ferrari in Ref. [17] was replicated for the NR.

In particular, each section was composed by the following

concepts: the hydrogen life cycle, its properties and safety

aspects, the loss of integrity (LOI) phenomena and the mate-

rial selection for hydrogen equipment. The information was

gleaned from Scopus, Google Scholar and ScienceDirect da-

tabases by including reports, conference and journal papers as

types of documents, while English was the only considered

language. The discussions of each concept were collected in

the namesake section at the end of this paper. Therefore, the

NR results regarding LOI phenomena and material selection

were used to sharpen the input (keywords) of the SR.

The systematic review (SR) is “a clearly formulated ques-

tion that uses systematic and explicit methods to identify,

select, and critically appraise relevant research, and to collect

and analyse data from the studies that are included in the

review” [18]. Several examples of SRs within the safety

research area are present in literature, such as Li and Hale [19]

and Merig�o et al. [20]. In this case, the approach was selected

to expand on the core topic of this study through a quantita-

tive analysis. The novelty of this study consists in applying for

the first time this methodology to the safety, loss of integrity

phenomena and material selection of hydrogen technologies.

This is conducted by highlighting the overlap and the dis-

crepancies between these different topics and quantifying the

experts who focus on these subjects and their publications.

The SR was completed on August 2, 2019. The data was

retrieved from the Web of Science Core Collection database.

On this platform, the key words selected for each query can be

searched in several analysis fields such as topic (title, abstract,

keywords), author, editor, publication name, DOI, publication

year, organization-enhanced, conference, language, docu-

ment type, ISSN, funding agency and grant number. In this

review, all the analysis fields were selected, choosing the

“ALL” option. In the queries, the quotations are used to search

for an exact phrase, while the asterisk is used to find similar

words (e.g. loss* ¼ loss þ losses). Hydrogen and safety are two

key words that were always present in the queries of this

study. When safety is not explicitly written, other words

related to safety are already present in the query. Further-

more, the second and third queries were composed by loss of

containment and hydrogen release that are consequences of

the loss of integrity. Finally, the last three queries contained

hydrogen embrittlement, low temperature embrittlement and

thermal stress because these are three phenomena that can

lead to a loss of integrity. In the attempt to make this SR

repeatable and reproducible, all the chosen queries were

collected in Table 1 (see Table 2).

Among the adopted filters, the sole considered language

was English, whereas journal articles were the only type of

document considered. Conference papers are not always or

not accurately peer reviewed and for this reason, they were

excluded from research. Several research areas related to

health and agriculture were ignored. For the sake of

completeness, the Web of Science categories (research sub-

jects) embraced in this review were catalogued in Table 1

together with the other filters.Fig. 1 e Structure of the study. LOI: Loss of Integrity.
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In addition, several source titles were eliminated as their

articles are not related to this research topic. No limitations on

the time span were applied. In conclusion, the co-authorship

network maps of authors and countries, together with a co-

occurrence map of key words were built with the aid of the

visualization of similarities (VOS) viewer software [5], using

the bibliometric data from the SR. Even though the SR is a

powerful technique, the probability to include false negative

articles in the research always exists. An incorrect application

of queries and filters may be the cause of misleading results.

Finally, the NR and SR output related to safety, LOI phe-

nomena and material selection was compared and deeply

analysed. In particular, the statistical results from the SR

regarding co-authorship, collaboration and research areas

were necessary to confirm the trend highlighted by the NR.

Hydrogen life cycle

Currently, hydrogen is mostly used in the chemical industry

(63%) and refineries (31%) for several processes [5]. In most

cases, hydrogen production and utilization take place within

the same industrial facility. This choice is usually driven by a

balanced combination of safety, logistic and economic as-

pects. For this reason, it is difficult to estimate the exact global

production amount of hydrogen.

Fig. 2 depicts the hydrogen life cycle. This substance can be

produced by means of different processes. After its produc-

tion, hydrogen requires to be safely stored and transported to

be employed in one of its several applications. The by-

products of its utilization in a fuel cell (FC), which is a device

used to generate electricity, are barely water and heat, while

its combustion must be controlled to avoid nitrogen oxides

(NOx) formation [21].

The schematic illustrated in Fig. 2, represented theworking

principle of a self-sufficient system in which hydrogen is

produced from water through an electrolyser, stored and

supplied by means of a pipeline to a fuel cell in order to

generate electricity when needed. In the past, many self-

sufficient systems were developed, produced, tested and

commercialized. For instance, the first self-sufficient solar

house (SSSH) was built in Freiburg, Germany by the

Fraunhofer Institute for Solar Energy Systems in the 1994 [22].

Nowadays, similar systems are commercially available such

as the H2One system by Toshiba that is a hydrogen supply

system CO2-free from production to application [23].

Production

Different techniques can be adopted to produce hydrogen.

Heat, electric energy or sunlight are usually required as

sources of energy by the majority of these methods. The most

common and one of the cheapest techniques is the steam

reforming in which hydrogen is produced from natural gas.

Virtually 95% of the hydrogen in the world is produced from

Table 1 e Queries selected for the SR.

Query

“loss* of integrity” hydrogen

“loss* of containment” hydrogen

“hydrogen release*" safety

“release* of hydrogen” safety

“hydrogen embrittlement*" safety

“low* temperature* embrittlement” hydrogen

“thermal* stress*" hydrogen safety

Table 2 e Filter selected for the SR.

Filter type

Document type Article

Language English

Web of Science categories Energy fuels, Chemistry Physical, Electrochemistry, Nuclear Science Technology, Engineering

Chemical, Engineering Mechanical, Material Science Multidisciplinary, Metallurgy

Metallurgical Engineering, Thermodynamics, Material Science Characterization Testing,

Engineering Environmental, Environmental Sciences, Engineering Multidisciplinary,

Mechanics, Green Sustainable Science Technology, Multidisciplinary Sciences, Physics

Applied, Engineering Civil, Environmental Studies, Physics Nuclear, Transportation Science

Technology

Source title excluded Structure and Infrastructure Engineering, Strength of Materials, Steel Research, Physical

Review Applied, Nuclear Technology, Metals, Mechanics Research Communications,

Mechanics of Materials, Materials Science Medziagotyra, Materials Research Bulletin,

Materials Performance, Materials Design, Kerntechnik, Journal of Mechanical Science and

Technology, Journal of Engineering for Gas Turbines and Power Transactions of the ASME,

International Journal of Pressure Vessels and Piping, International Journal of Plasticity,

International Journal of Heat and Mass Transfer, Industrial Engineering Chemistry Research,

Electrochemistry Communications, Corrosion, Chinese Science Bulletin, Chemical

Engineering Technology, Catalysis Science Technology, Applied Physics Letters, Applied

Materials Today, Scientific Reports, Journal of Failure Analysis and Prevention, Journal of

Alloys and Compounds, International Journal of Mechanical and Materials Engineering,

Computational Materials Science, Acta Metallurgical Sinica English Letters, Acta Materialia,

Metallurgical and Materials Transactions a Physical Metallurgy and Materials Science,

International Journal of Fatigue, Journal of Materials Science Technology, Journal of Power

Sources, Journal of Nuclear Science and Technology, Corrosion Science
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hydrocarbons [17]. In addition, hydrogen can be generated

from coal, biomass, plastic mixtures, organic matter (refined

sugars, corn stover, and wastewater), hydrides and water. If

hydrogen is synthesized by coal, a gasification process is

needed prior the reforming. Biomass is employed in gasifica-

tion, pyrolysis and dark fermentation methods. Dark

fermentation, differently from photo formation, does not

required sunlight and oxygen, since an anaerobic digestion

occurs during this process [24]. In Ref. [25], a review on

different bio-hydrogen production techniques which exploit

waste-based raw materials is conducted. In particular, the

focus is placed on the bacteria activity improvement during

the anaerobic fermentation to increase the hydrogen pro-

duction rate.

Hydrogen is produced through hydrolysis from hydrides

and other chemical compounds which contain hydrogen [26].

Hydrogen can be stored in the hydrides through a hydroge-

nation process [27], as described in the Storage subsection.

Moreover, differently from steam reforming and gasification,

hydrolysis is a CO2-free process. Recently, different catalysts

such as CoP nanoarray in situ grown on Ti mesh (CoP NA/Ti)

[28], NiCoP nanosheet array on Ti mesh (NiCoP NA/Ti) [29] and

Fe-doped CoP nanoarray on Ti foil (FeeCoP/Ti) [30] were

investigated to increase the hydrogen generation from

ammonia borane and sodium borohydride (NaBH4) respec-

tively. Furthermore, the adoption of these non-noble-metal

catalysts can reduce the hydrogen production costs.

Hydrogen is generated from water mainly by electrolysis.

Other methods which use water are thermochemical cycles,

photofermentation and sonochemical (ultrasound waves)

processes. Currently, electrolysis is gaining more interest

since an electrolyser can be coupled with the renewable en-

ergy systems (e.g. wind or solar) and exploit their energy

surplus to generate hydrogen. Moreover, thismethod does not

require an additional technique such as carbon capture and

storage (CCS) in order to be emissions free. As for the hydro-

lysis process, several non-noble-metal catalysts were ana-

lysed to avoid the utilization of rare and precious metals such

as platinum and therefore reduce the costs of this technique.

In particular, Zn0.08Co0.92P nanowall array on titanium mesh

(Zn0.08Co0.92P/TM) [31], NiMoS4 nanosheet array on Ti mesh

(NiMoS4/Ti) [32], CoPeCeO2 hybrid nanosheet film on Ti mesh

(CoPeCeO2/Ti) [33], CoP nanosheet arrays on carbon cloth (CoP

NA/CC) [34] and Mn-doped Ni2P nanosheet array on nickel

Fig. 2 e Hydrogen life cycle. Potentially, the water produced after the hydrogen utilization can be the source of the hydrogen

production.
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foam (MneNi2P/NF) [35] were found as the most suitable cat-

alysts to replace platinum.

Finally, thermochemical cycles can produce hydrogen by

splitting the water molecule with the aid of a raw material.

There are more than 300 water-splitting cycles described in

literature and they can be divided between direct and hybrid

cycles [36]. Although direct cycles are simpler than hybrid

cycles, higher operating temperatures are required. For

instance, the cerium oxide two step is a typical direct cycle

while two hybrid cycles are copper chloride [36] and West-

inghouse [37]. In Table 3, the main hydrogen production

methods are collected and compared.

A systematic and fully updated comparison between the

main hydrogen production techniques is reported in Table 4.

In particular, the hydrogen sources, energy consumptions and

efficiencies of these methods were considered for the com-

parison. From the hydrogen source, the amount of fuel or the

energy necessary to generate 1 kg of hydrogen can be esti-

mated. For instance, 4.7 Nm3 are required to produce 1 kg of

hydrogen. The energy consumption is the energy contained in

the fuel, i.e. its lower heating value (LHV) multiply by the fuel

amount. Therefore, the energy consumption corresponds to

the energy amount to produce 1 kg of hydrogen. The energy

efficiency is estimated as the ratio between the hydrogen LHV

(120.07 MJ/kg [52]) and the energy consumption. A similar

approach was adopted in Ref. [53]. As result of the compari-

son, dark fermentation, steam reforming and electrolysis

seem themost energy efficient techniques compared with the

other methods.

Storage

From a storage point of view, one of the main hydrogen

drawbacks is the low density. Compared with other fuels,

hydrogen requires a larger volume if stored at normal tem-

perature and pressure (NTP) conditions (20 �C, 101.325 kPa

[58]). Inmost of the hydrogen applications, the storage volume

represents a limitation. For this reason, many hydrogen

storage methods were studied and developed in the last

decades.

The most common storage solution is compressed

hydrogen up to 700 bar in metallic or composite tank. There

are mainly four CGH2 tank categorizes named type I, II, III and

IV [59]. These tanks differ in the types of materials and the

maximum allowable pressure. For instance, type IV tanks are

composed by a polymer liner, wrapped in composite material

(glass or carbon fibres embedded in epoxy resin) and can bear

up to 100 MPa [59].

Compared with other storage solutions, liquid hydrogen

(LH2) offers a higher density up to 70.9 kg/m3 at 20.4 K and

atmospheric pressure [58]. Due to its extremely low boiling

point (�253 �C), hydrogen can easily evaporate. For this

reason, it is usually stored in double walled vessels, composed

of two metal tanks separated by a vacuum jacket filled with

insulated material (e.g. perlite powder) or a multi-layer insu-

lation (MLI) [60]. The boil-off gas (BOG) formation is one of the

main drawbacks of the LH2 storage method. During the

liquefaction process, hydrogen is converted from normal

hydrogen (75% of ortho- and 25% of para-hydrogen at NTP

conditions [61]) to 100% of the more stable para-hydrogen in

order to reduce the BOG rate.

The maximum hydrogen density seems to be achievable

with a cryo-compressed solution (80 kg/m3 (300 bar, 38 K [59]).

Another advantage of this technique is the reduction of the

BOG since the vessel is designed to bear at least 350 bar and

can be filled with either LH2 or CGH2 [59]. In this case, an

insulate pressure vessel is needed [62], and the cost and

weight of the tank result higher than the one for LH2.

Hydrogen can be bonded with different material through

adsorption and absorption. In the first case, porous materials

such as metal organic frame (MOF) are employed. The limi-

tations of this method are slow kinetic reaction and low

operating temperature (77 K) or high pressure. Hydrogen can

be absorbed by both metal and chemical hydrides and in this

case the weight of the system and the energy necessary for

both the hydrogenation and dehydrogenation processes are

the main drawbacks of this solution.

In Table 5, the characteristics of themain hydrogen storage

solutions are listed and compared. It should be remarked that

the safety aspects must never be neglected when hydrogen is

stored. In the past, several accidents occurred from hydrogen

storage devices. For instance, one of the last accidents

occurred in Kjørbo (Norway) on June 2019, where the high-

pressure tank of a hydrogen filling station leaked the gas

due to an assembly oversight [63]. The mixture of hydrogen

and air was ignited leading to an explosion with consequent

Table 4 e Systematic comparison of different hydrogen production techniques.

Technique Hydrogen source Fuel/energy amount
for 1 kgH2

Energy consumption
(MJ/kgH2)

Efficiency (%)

Steam reforming [53] Natural gas 4.7 Nm3 165 73.1

Gasification [53] Coal 9.8 kg 271 44.3

Biomass 13.0 kg dry biomass 242 48.3

Thermochemical cycles (Nuclear) [53] Water 7.03 � 10�5 kg uranium 273 44.0

Thermochemical cycles (Solar) [54] Water 160 kW ha 577a 20.8

Hydrolysis [55] Hydrides (MgH2) 74 kW ha 265a 45.3

Photofermentation [56] Waste 33,353 kW ha 120,070a 0.1

Dark fermentation [56] Waste 42 ÷ 56 kW ha 150a 80.0

Electrolysis [57] Water 53 kW h 192 73.0

Photoelectrochemical (PEC) [56] Water 55,588 kW ha 200,117a 0.06

a Calculated from the efficiency (LHVH2/Energy in). The hydrogen LHV is 120.07 MJ/kg [52].
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fire. Similarly, on June 1, 2019, a hydrogen tanker truck leaked

the gas after the refuelling in a chemical plant in Santa Clara,

California [64]. The hydrogen dispersion led to an explosion

with consequent fire. Hydrogen safety is further discussed in

the following sections.

Transportation

Hydrogen can be transported by different means with

continuous or batch approaches adopting different storage

techniques previously described (see Table 6). The only

manner to achieve a continuous hydrogen transport is

through pipelines. Usually, these are installed within the fa-

cility where hydrogen is produced or until the plant in which

the hydrogen is consumed [81]. The length of the pipelines is

intentionally short in order to contain the capital and variable

costs required by the maintenance. In 2007, Yang and Ogden

[82] estimated that pipelines designed for CGH2 are the most

convenient delivery method for large amounts of hydrogen

and short distances, compared with CGH2 and LH2 trucks.

When road transport is adopted, hydrogen can be stored

onboard of trucks both as CGH2 and LH2. Hydrogen is

commonly transported in pressurized vessels installed on-

board of tube trailer when short distances must be covered.

The road regulations of different countries limit the allowable

CGH2 tank pressure to 200e300 bar even though new genera-

tion type IV composite tanks are able to bear up to 700 bar [83].

Another constraint imposed by the road codes is the total

mass of the trucks which must not exceed 40 tons [54]. From

2017 to 2018, the European Hydrogen Law (HyLaw) project

aimed to change the road regulations together with other

standards and safety codes which represent the legal barriers

to the deployment of fuel cells and hydrogen applications [54].

LH2 is delivered by means of road tanker, contained in the

double walled tank. As mentioned before, the BOG formation

is the main drawback of this storage method and impedes

long distance shipments.

During railway transport, hydrogen is in liquid phase in

order to increase the delivery amount. This transport method

is not widely used due to a lack of LH2 tank cars availability

and railway time scheduling factor that can increase the BOG

formation [53]. Finally, maritime transport is relatively suited

for large quantities of hydrogen for long distances. The CO2-

free Hydrogen Energy Supply-chain Technology Research

Association Commences (HySTRA) organization, established

by four Japanese companies, is aiming to demonstrate the

marine transport feasibility of large amount of LH2 [58].

Despite few projects studied and designed this kind of vessel,

LH2 carrier ships have not been built to date.

The common thread between these transport methods are

the safety aspectswhichmust be always considered. Different

lessons were learned after several accidents and near misses

occurred in the past, such as in 1991 at Porta Susa station in

Turin, Italy where the whole content of a LH2 railway wagon

was harmlessly released [57].

Related equipment
When hydrogen is stored and delivered, substantial equip-

ment is needed tomove or contain it. Material selection is one

of the main issues during hydrogen equipment design [84].

The selected material must be suitable for hydrogen envi-

ronment, resistant to corrosion, hydrogen embrittlement and

cryogenic temperatures if hydrogen is in liquid phase [85].

Therefore, the maintenance costs are reduced and the loss of

integrity of hydrogen equipment can be avoided increasing

the system safety by choosing the appropriate materials.

Tanks and pipes are both complex equipment composed by

valves, joints, welding, gaskets, compensators (for thermal

contraction), safety devices, insulation, instrumentation and

support structure. In the case of double walled LH2 tanks, rods

are needed to keep the inner tank suspended inside the outer

vessel and manway or an inspection panel are needed when

the tank has a large size [60]. During the design of these

equipment, themechanical stresses in the case of pressurized

tanks and thermal dissipation and contraction for LH2 and

CcH2 must be taken into account as well. Currently, recipro-

cating compressors are widely used to fill the hydrogen tanks.

This equipment has low efficiency (45%) [86], is expensive and

affected by operating and maintenance costs [87]. Ionic liquid

piston compressor seems to be the most suitable device for

hydrogen thanks to the lacking in solid moving parts, higher

efficiency (70%) and reduced size and weight in comparison to

a reciprocating compressor [88]. LH2 pump is employed both

to fill the LH2 tank and to compress hydrogen from 3 bar at

24.6 K (liquid) up to 875 bar at 30e60 K (gaseous phase) [89].

The cryogenic pump has a low electricity consumption of

1.1 kW h/kgH2 compared to the most performant hydrogen

compressors in the same range of pressures (3 kW h/kgH2). On

the other hand, a larger energy demand is required by the

liquefaction (10 kW h/kgH2 [66]) compared with the compres-

sion process. The BOG formation during the pumping phase

affects the pump efficiency but it can be reduced when large

flowrates are required (more than 1000 kgH2/day) [89].

Usage

Fuel cells are the electrochemical devices that generate elec-

tric energy from the redox reduction of hydrogen and air

(oxygen), hence without any combustion. This device was

invented by Sir William Grove in 1839 [99]. During the 1960s,

fuel cells were employed as power system for the Apollo lunar

missions with a consequent enhancement of this technology.

The advantages of these devices are a good weight-energy

ratio, and water and heat as only by-products of the reac-

tion. In the following, fuel cells are recognized as hydrogen

technologies.

In Table 7, the hydrogen technologies are divided between

two main categories: stationary and mobile systems. Most of

the applications use hydrogen to produce electricity through a

fuel cell device in order to supply an electric engine. In

particular, this concept is adopted in vehicles because a higher

efficiency can be obtained compared with traditional internal

combustion engines (ICEs) [100]. The selection of this rela-

tively new technology can increase the capital costs of the

system since fuel cells are not produced on an industry large

scale [101]. The high initial costs can sometime hamper the

hydrogen distribution. Nevertheless, hydrogen can be

employed as well as fuel in ICE to power cars or in gas turbine

(GT) [102] either to produce electrical energy [103] or to thrust

unmanned aerial vehicles (UAVs) [104]. In this manner, very
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well-known technologies already available at large scale and

competitive prices can be exploited. Another obstacle in the

expansion of the hydrogen technology is the lack of in-

frastructures (e.g. refuelling stations) and the hydrogen

availability to the public society compared with the conven-

tional fuels such as hydrocarbons. Themain barriers to build a

spread and complete (from production to utilization)

hydrogennetwork are cost, government policy, regulation and

public opinion [105]. These barriers are mainly and directly

influenced by safety, aspect that must be always guaranteed.

Hydrogen Properties and Safety

Chemical and physical properties

Hydrogen is the lightest element in nature, and it tends to rise

in the atmosphere at normal conditions. It is not toxic, nor

corrosive, and harmless for the environment. According to the

International Agency Research on Cancer [85], hydrogen is not

carcinogenic as well. At atmospheric conditions, it is a

diatomic gas with a very low density (0.0838 kg/m3 [136]). It is

difficult to detect since it is colourless, odourless and tasteless.

Moreover, its flame is considerably wicker compared with

hydrocarbon flames [137], thus difficult to see with the naked

eye. Although the hydrogen flame in air has a very high

temperature (2321 K for 19.6%vol of H2 in air [85]), it burns

faster and produce significantly less thermal radiation than

hydrocarbons such as LNG [138]. The atmospheric moisture

has a significant effect on the thermal energy radiated by a

hydrogen flame. In particular, the water contained in the air

absorbs the thermal (infrared) radiation [138]. However, any

kind of undesirable ignition sources should be always avoided

during hydrogen applications due to its low ignition energy

(0.017 mJ in air [139]). Furthermore, the flammability range is

wider than other fuel (4.0% ÷ 75.0% in air [136]). Hydrogen has

a high burning velocity which corresponds to a high explosive

potential. This means that the containment or suppression of

its flame and explosion are difficult to achieve. It must be

notice that hydrogen is one of the few gases that increases its

temperature when expanded at a temperature above its in-

verse Joule-Thomson temperature (193 K [85]). Some of the

most important hydrogen physical and chemical character-

istics are listed in Table 8.

Safety aspects

In the following, the hydrogen safety aspects are presented

according to the scheme depicted in Fig. 3. The schematic

represents a simplified bow-tie diagram, in which hazards,

faults, critical events and consequences are distinguished. A

similar approach is provided by the software BowTieXP [141].

Each category is hereby briefly described. According to Refs.

[142], hazard is “a source of danger”, while risk is the “possi-

bility of loss or injury”. Therefore, the risk contains the like-

lihood of conversion of the hazard in a damage. The damage

can be of different kind such as a loss or an injury. Thus, both

critical event and consequences are considered as damages.

In particular, a critical event is defined as the loss of

containment (LOC) or loss of physical integrity (LPI) [143],

while the consequences are the damages which occur due to

the critical events. The fault event is the cause of the accident,

thus the event that triggered other failures and errors which

lead to the critical event (domino effect [144]) or directly this

latter.

Hazards
In the case of hydrogen, the hazards consist of the hazardous

physical and chemical properties of the substance in gaseous

and liquid phase. The risk phrases R12 is attributed to

hydrogen [145]. R12 corresponds to the hazard statementH220

“Flammable gas, Hazard Category 1” and H224 “Flammable

Table 8 e Thermophysical, chemical and combustion
properties of hydrogen.

Property Value

Normal Boiling point [136] 20.268 K (�252.882 �C)
Melting point (0.101 MPa) [140] 13.99 K (�259.16 �C)
Critical temperature [136] 32.976 K (�240.174 �C)
Critical pressure [136] 1.2928 MPa ab

Triple point temperature [136] 13.803 K (�259.347 �C)
Triple point pressure [136] 7.04 kPa ab

Density - gas (NTP) [136] 0.0838 kg/m3

Density - liquid (NBP) [136] 70.78 kg/m3

Lower Heating value (LHV) [52] 120.07 MJ/kg

Higher Heating value (HHV) [52] 141.80 MJ/kg

Heat of vaporization (NBP) [136] 445.6 kJ/kg

Velocity of sound in air - adiabatic (NTP)

[136]

1294 m/s

Velocity of sound in air - adiabatic (NBP)

[136]

of vapour 355 m/s

of liquid 1093 m/s

Minimum ignition energy - in air [139] 0.017 mJ

Flame temperature in air [136] 2318 K (2044.85 �C)
Autoignition temperature [136] 858 K (584.85 �C)
Limits of flammability in air (NTP) [136] 4.0% ÷ 75.0%

Limits of detonability in air (NTP) [136] 18.3% vol ÷ 59.0% vol

Joule-Thomson inversion temperature [136] 193 K (�80.15)

Energy of explosion (theoretical explosive

yield) [136]

24 gTNT/gH2

NTP: Normal temperature and Pressure: 293 K and 101.3 kPa.

NBP: Normal Boiling point: 20.268 and 101.3 kPa.

Fig. 3 e Bow-tie approach adopted to describe the

hydrogen safety aspects [141].
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liquid, Category 1” when it is in gaseous and liquid phase

respectively. Category 1 means that the substance is

extremely flammable. All the hazards analysed for GH2 must

be taken into account also with LH2 since a gaseous phase is

often present due to its continuous evaporation.

Causal events
All types of mechanical and physical failures can be consid-

ered as LOC causes. These failures include collision during

transportation, mechanical failures of hydrogen equipment

such as safety devices, storage vessels, vent, exhaust and

vaporization systems. Hydrogen embrittlement is a well-

known phenomenon responsible of material degradation

and thus can be the cause of different types of equipment

rupture. For this reason, the materials for hydrogen service

must be selected in order to avoid any embrittlement phe-

nomena. These issues were addressed in the Hydrogen

Damage section. The embrittlement phenomena can lead to

different critical events.

In case of LH2, an inappropriate insulation of hydrogen

equipment can provoke other failure mechanisms such as

embrittlement or safety device failures due to its low boiling

point. Moreover, at these extremely low temperatures, air

can condensate over a hydrogen equipment such as a pipe,

if it is not insulated properly. Therefore, explosive mixture

can be created if the condensed air drips onto combustible

materials such as tar or asphalt [85]. The low temperature of

the liquefied air (�196 �C [146]) can brittle sensitive mate-

rials or flammable substances can be enriched with oxygen

due to the higher density. Moreover, the humidity presents

in the air can solidify over or inside safety devices such as

pressure relief valves causing failures and thus severe con-

sequences. A mixture of LH2 and liquid or solid oxygen can

be created if air flows into the tank during the filling [61] or

LH2 is spilled onto ground [147]. This mixture is sensible to

variation in pressure and can be easily ignited due to its

small ignition energy [148], and even an external generated

shock wave can make it detonate [61]. Continuous evapo-

ration of the LH2 is an aspect that must be always consid-

ered. The BOG must be vented when the tank reaches a

safety pressure value, otherwise, BOG production can be the

cause of equipment rupture and a consequent physical or

chemical explosion.

Critical events
According to the methodology for the identification of major

accident hazards (MIMAH) [143], four types of critical events

for hydrogen in gaseous phase at atmospheric conditions or

stored in pressurized vessels can occur. In most of the appli-

cations, GH2 is compressed in order to increase its density.

The identified critical events are the following:

� start of fire (LPI);

� breach on the shell in vapor phase (three different sizes are

defined);

� leak from gas pipe (three different sizes are defined);

� catastrophic rupture;

Three different sizes of breach or leak are defined which

correspond different consequences severity. According to

MIMAH, the critical events for a cryogenic hydrogen equip-

ment in contactwith a two-phase substance (liquid and vapor)

are the same considered for the gaseous phase. Furthermore,

the “breach on the shell in liquid phase” and “leak from liquid

pipe” are two additional critical events. Conversely to GH2, a

LH2 leak can be easily detected through the consequent

formed cloud of condensed humidity. Although hydrogen has

a higher density than air up to 23 K and atmospheric pressure,

the cloud formed after its dispersion can float away blown by

the wind. This can lead to severe consequences if the

dispersed hydrogen encounters an ignition source.

Consequences
When hydrogen is dispersed, especially in an enclosed envi-

ronment, it can cause respiratory ailment and asphyxiation.

Other physiological consequences of physical or chemical

phenomena are the overpressure of a blast wave or the radi-

ation from a fireball. Physiological consequences such as

frostbite and hypothermia can manifest when LH2 is

dispersed or splashed.

Consequences of loss of containment or catastrophic

rupture can be fires and explosions when a mixture of

hydrogen and air is present. The amount of energy necessary

to reach the hydrogen ignition energy can be generated by

mechanical sparks, electrostatic discharges, welding and

cutting operations, catalyst particles and lightning strikes [85].

Deflagration, detonation and flash fire are the chemical ex-

plosions usually considered for hydrogen.

Boiling Liquid Expanding Vapor Explosion (BLEVE) is a

physical explosion. It is a direct consequence of a catastrophic

rupture of a tank containing a liquid (or liquid and vapor) at a

temperature above its boiling point at atmospheric pressure

[149]. Hence, BLEVE is usually considered for liquefied gases,

both pressurized and cryogenic fluids. However, in Refs. [150],

supercritical BLEVEs were tested and analysed. This is a type

of BLEVE which can occur when a liquefied gas reaches the

supercritical conditions due to considerable increase in pres-

sure. BLEVE’s consequences are the overpressure of the blast

wave and the missiles. These latter are the debris of the tank

blown away by the explosion. Another BLEVE consequence is

the fireball that can be generated if an ignition source is

present.

Rapid Phase Transition (RPT) is a physical explosion as well

and should be considered when LH2 is managed close to a

water reservoir, sea, lakes or rivers. This is a well-known

phenomenon for Liquefied Natural Gas (LNG) and liquid ni-

trogen (LIN). In the past, few accidents occurredwhen the LNG

was spilled onto water [151]. The heat transfer between the

water and the cryogenic fluid can leads to a violent expansion

of the LNG due to the sudden phase change if certain condi-

tions are met such as a well mixing between the two fluids

[152]. RPT never occurred for LH2 and it is not clear yet if it can

happen. However, in Ref. [153e155], the authors assume that

theoretically RPT can always occurs when a cryogenic fluid is

spilled onto water.

During the LH2 spilling caused by a leak, part of the

hydrogen flash-vaporizes (more than 30% [154]) provoking

also a gas dispersion as consequence. Two direct conse-

quences of the gas dispersion are the vapor cloud explosion

(VCE) and the flashfire. A pool formed during a series of
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experimental tests carried out in Ref. [147] during which LH2

was spilled on the ground. Although, the authors could not

exactly estimate the composition of the pool, they assumed it

was formed of LH2 trapped by solidified and liquefied air (ox-

ygen and nitrogen). In the case of pool ignition, a pool fire is

the direct consequence.

Atypical accident scenarios

As previously mentioned, although hydrogen is a very well-

known substance, emerging risks can arise when it is

employed in new applications which correspond to

emerging technologies [11]. From the emerging risks,

different atypical accidents might occur. An accident sce-

nario is atypical if it has not been identified by a conven-

tional hazard identification (HAZID) technique [156]. In fact,

some phenomena have not been analysed for hydrogen yet.

For instance, in the case of LH2, two physical explosions,

BLEVE and RPT were not analysed and barley mentioned in

few studies.

At least two BLEVE accidents for LH2 occurred in the past.

In 1974, an improper firefighting technique was the cause of

an LH2 20,000 gal tank failure and the consequent BLEVE ex-

plosion [157]. The Challenger Space Shuttle disaster was

initiated by an O-ring rubber seal failure installed in one solid

rocket booster [158]. For this reason, the hot gaseswhich could

not be held anymore in this section, escaped and ignited. The

generated flames burned against the external tank where the

LH2 and LOX vessels were installed. As consequence, the

vessels breached and exploded [134]. The NASA theory

established that this explosion was a BLEVE [159]. LH2 BLEVE

was considered during the IDEALHY project as result of the

LH2 risk assessment and consequence analysis [14] as well as

in a recent study where the DyPASI technique able to identify

atypical accident scenarios was applied to the LH2 technolo-

gies [13]. On the other hand, there are no records of RPT for

LH2. During the SH2IFT project [15], both LH2 BLEVE and RPT

will be analysed by conducting experimental tests and

developing numerical simulation models in order to estimate

the explosion consequences and comprehend their

formation.

Loss of integrity phenomena

In this section, the main physical and chemical phenomena

that can lead to a loss of integrity of hydrogen equipment are

described and analysed. These are some of the causal events,

discussed in the Safety Aspects section and represented on

the left-hand side of Fig. 3. Many critical events and thus ac-

cidents with severe consequences can be prevented by

increasing the knowledge in loss of integrity phenomena,

such as hydrogen damage (HD). Despite several studies were

conducted in the past in order to prevent the formation of

these phenomena, HD is still the cause of several failures and

accidents. On the other hand, there are other processes such

as low temperature embrittlement and thermal contraction

which can occur for LH2 and are not categorised as HD.

Hydrogen damage (HD)

HD is a categorization of different phenomena which can

affect the characteristics and integrity of the hydrogen

equipmentmaterials. These phenomena canmanifest even in

applications in which hydrogen is not directly employed. As

depicted in Fig. 4, the formation of the majority of these

phenomena depends on three different factors. These are the

environment (hydrogen amount, form and processes) and

field type (mechanical, electrochemical, operating conditions)

where the material is employed, and the selected material

itself. Similarly to Fig. 4, Table 9 presents the three main fac-

tors which induce the HD formation (materials, hydrogen

source and conditions) together with the main HD processes.

In the following, these phenomena were briefly described.

According to Ref. [161], there are three main HD forms

which are blisters caused by hydrogen diffusion into the

metal, hydrogen-assisted cracking which includes different

types of crack and metal hydrides formation. In Fig. 5, the

Fig. 4 e Venn diagram of hydrogen damages (HDs) influencing factors (adapted from Ref. [160]).
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schematic of hydrogen attack, blistering and metal hydride

formation phenomena is illustrated.

Hydrogen attack exhibits when carbon and low-alloy

steels are exposed to hydrogen at high temperature and

pressure for long time. As results, steel decarburization due

to methane formation from hydrogen and carbon contained

in the material, or generation of cracks and fissures making

the alloy weaker [162]. Instead, blistering can occur for low-

strength alloys if cleaned by pickling or exposed to corrosive

environment, such as H2S [162]. A blister is a plastic defor-

mation of the alloys provoked by the precipitation of atomic

to molecular hydrogen, initially diffused inside internal de-

fects of the material. This precipitation generates a localized

high pressure. Finally, the hydrogen pickup from welding,

heat treating, corrosion processes or melting, is the cause of

precipitation of metal hydride phases with consequent

degradation of mechanical properties and cracking of

several metals such as magnesium, tantalum, niobium, va-

nadium, uranium, thorium, zirconium, titanium, and their

alloys. Application of stress can increase the hydride for-

mation [162].

Another large category, part of the HD, is named

hydrogen embrittlement and includes hydrogen environ-

ment embrittlement (HEE), hydrogen stress cracking (HSC)

and loss in tensile ductility. HEE can occur when the mate-

rial is employed in a hydrogen atmosphere [61]. It affects

more the materials with a low hydrogen solubility such as

metals with body-centred cubic (bcc) and hexagon close-

packed (hcp) lattice structure [61]. HEE is more severe at

temperature of 20 �C, low strain-rate and high hydrogen

purity and pressure [162]. The second hydrogen embrittle-

ment type, HSC, is also called internal hydrogen embrittle-

ment, it is a cracking mechanism for ductile steels that

contain hydrogen able to freely move. This process happens

when the material is under a sustained load between a

certain threshold and its yield strength, resulting in brittle

fracture. The threshold stress decreases when the strength

of the material increases [163]. In the past, HSC occurred in

components that were not employed in hydrogen environ-

ment but were treated with different techniques resulted as

sources of hydrogen such as electroplating [61]. The last

hydrogen embrittlement phenomena displays a reduced

elongation and area in tensile test for steels, stainless steels,

nickel-base, aluminium and titanium alloys subjected to

hydrogen environment [163]. The loss in ductility is related

to the hydrogen content of the material. This type of HE

increases when the strain-rate decreases [162].

Shatter cracks, flakes, fisheyes are hydrogen damage

similar to blistering and can occur in forgings, weldments

and castings. These processes start during the melting op-

erations due to hydrogen pickup and during the cooling

phase due to hydrogen precipitation in material defects

resulting in these features. Micro-perforation occurs at very

high pressure and close to room temperature, mainly in

steels. As consequence, small fissures are generated making

the material permeable to gas and liquids [162]. On the other

hand, the pressure has no influence for the degradation in

flow properties phenomena. This degradation process ap-

pears when a hydrogen atmosphere is present for iron and

steel at ambient temperature and for other alloys at high
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temperature. For some nickel-based alloys in hydrogen

environment, the steady-state creep rate under constant

load can increase [162].

Hydrogen damage mechanisms

Even though the hydrogen damages are very well-known

phenomena in the material science, many contrasting the-

ories were developed to explain their complex formation

mechanisms and a universal theory is yet missing. The HD

formation can depends on several parameters which are the

time of exposure to hydrogen, stress state, pressure, temper-

ature, hydrogen concentration, physical and mechanical

properties of the metal, microstructure, surface conditions,

diffusion rates, purity of the hydrogen, nature of the crack

front [61].

The pressure theory is one of the oldest one and thoroughly

pinpoints the blistering and other loss in tensile ductility. On

the other hands, this theory cannot explain other phenomena

such as the hydrogen stress cracking [162]. Another important

hydrogen damage is the metal hydride formation, which is

very well described by the namesakemechanism. Instead, the

hydrogen damage that occurs at high temperature can be

characterize by the hydrogen attackmechanism. In Table 10, a

brief description of the theories which aim to explain the

hydrogen damages is provided.

Fig. 5 e Schematic of hydrogen attack, blistering and metal hydride formation phenomena.
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Low temperature embrittlement

A brittle material, differently from a ductile one, does not

show any permanent deformation before fracturing due to the

absence of a yielding region. On the other hand, a ductile

material can remain intact even though the applied load is

higher than its yield stress by exhibiting plastic (permanent)

deformation. Different ductilemetals become brittle when the

temperature is lowered. This phenomenon is called ductile-

to-brittle behaviour and happens at the nil-ductility temper-

ature (NDT), also named nil ductility transition temperature

(NDTT) or ductile-brittle transition temperature (DBTT) which

is different for each metal [61].

To measure the ductility of the materials, the Charpy test

is used. If the reduction in area at the fracture location and

the total elongation of the sample are considered, the ten-

sile test can be applied as well. These tests can be con-

ducted at different temperatures in order to analyse the

ductile-to-brittle behaviour of the materials and estimate

their NDT. For instance, the yield stress value of AISI 430

stainless steel increases faster than the tensile stress

approaching the liquid nitrogen temperature (77 K at at-

mospheric conditions [58]). This means that this metal be-

comes brittle and not suitable for cryogenic applications

[172]. Contrarily, 5086 aluminium has the opposite behav-

iour and increases its ductility at the same temperature. In

general, metals used at cryogenic temperatures are metals

with face-centred cubic (FCC) crystal structure such as

aluminium, copper, nickel and some of their alloys and

austenitic stainless steel [61].

Usually, the ductile-to-brittle behaviour is analysed by

holding the metal in air. It would be interesting to investigate

this behaviour for metals suitable for hydrogen service by

placing them in contact with hydrogen. In 2008, Deimel and

Sattler [173] demonstrated the influence of temperature and

pressure on hydrogen embrittlement. Firstly, different stain-

less steels at �253 �C and ambient pressure were tested

immersed in liquid hydrogen and in helium for comparison.

Secondly, the steels were examined at 22 �C, 60 �C, 100 �C and

9 MPa in gaseous hydrogen and helium. As result, the reduc-

tion of area at fracture was more significant for the stainless

steels tested in LH2 and GH2 than in helium at �253 �C, 22 �C
and 60 �C. On the other hand, no critical variations in steels

ductility were measured at 100 �C. Moreover, the authors

compared the composition of the samples and concluded that

nickel together with carbon and nitrogen should be consid-

ered when hydrogen embrittlement might manifest [173]. It

seems that the hydrogen equipment employed at cryogenic

temperature is susceptible to a sort of superposition of the low

temperature embrittlement and hydrogen damage. Hence,

during the design and maintenance phases, the influence of

all these phenomena must be considered.

Thermal contraction

Hydrogen equipment, especially for LH2, is often subjected to

thermal stresses. The coefficient of thermal expansion (CTE) is

a characteristic of the material and depends on the operative

temperature. This coefficient must be always considered

during the design of components and systems. The majority
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of the materials reduce their volume by decreasing the tem-

perature. The CTE is not linear, usually the 90% of the total

contraction take place between room temperature (298 K) and

77 K (nitrogen boiling point) [61]. In the following, the thermal

stresses caused by dimensional change and thermal gradients

were described.

Stresses cause by dimensional change
Usually, these stresses derive from thermal contraction due

to the employment of the materials at cryogenic tempera-

tures. For instance, the internal vessel of a double walled

LH2 tank must contract or expand freely during the filling

and discharging phases respectively, otherwise tank fail-

ures might occur due to internal generated stresses.

Furthermore, the suspension system and the inter-

connecting piping must be designed in order to accommo-

date the dimension variations of the inner shell after

several contraction and expansion cycles [61]. One of the

main issues for the LH2 tanks is the shifting of the perlite

powder in the vacuum jacket after the thermal contraction

of the inner vessel. During the discharge of the LH2, the

inner tank expansion presses the powder which did not

flow back to the original position. This phenomenon is

known as perlite compaction and there are several solu-

tions to overcome this problem. For example, a soft bat can

be applied on the outer surface of the inner tank or a

proper design of the support rod system [61]. The LH2

vacuum-jacket pipe is another component that must be

able to properly deform as well. The flexibility of the pipe

can be increased through the installation of elbows, “U”

bends and expansion bellows.

Stresses caused by thermal gradients
Different components, part of the hydrogen equipment, are

subjected to thermal gradient during the filling and emptying

operations or at steady state. The supporting rods of the inner

tank in a LH2 vessel are one example of the steady state

gradient. In fact, one end of the beam is in contact with the

outer vessel at ambient temperature while the other side is

jointed to the inner shell reaching virtually a cryogenic

temperature.

Three parameters which can influence the stresses

generated by thermal gradients are the rate of cooling, ther-

mal conductivity and thickness of the cooled material. A fatal

combination of these parameters can provoke undesired

stresses which might lead to the component failure. It was

estimated that for a stainless steel flange, the thermal

gradient generated by a LH2 flow can provoke a compression

and a tension of the outside and inside of the component

respectively [61]. Thermal conductivity and thickness of the

material can be selected during the design phase, while the

cooling rate depends by the cryogenic flow rate setting during

the operational phase. For lower-boiling cryogens such as

hydrogen, a pre-cooling phase with liquid nitrogen or cold

gaseous hydrogen is required. For instance, the bunkering

duration for the LH2 fuelled ferry S.F. Breeze estimated in

Ref. [174] is hereby reported. The researchers had foreseen

40 min for the transferring line cooldown, 30 min for the LH2

transfer and 30 min for purge and pipes warm-up before

disconnecting.

Another issue during the cooldown of the long transfer

lines is the two-phase hydrogen flow regime inside the pipe.

The bottom of the tube, where the liquid phase is flowing,

becomes cold faster than the top of the pipe and it tends to

contract. A thermal gradient is generated again in the pipe

section making it bow upward in the middle and generating

unwanted stress both in the pipe and its supports [175]. To

avoid bowing, the LH2 flow should be higher than a lower

limit in order to reduce the vapor phase. Another solution

to avoid the two-phase flow is to cooldown the pipe by

means of the BOG formed in the storage tank prior the LH2

flow.

Material behaviour during fatigue cycles

A fundamental aspect that must be taken into account during

the design of a mechanical component is its fatigue life. In

2008, Murakami et al. [176] investigated the hydrogen

embrittlement mechanism in fatigue of austenitic stainless

steels. The authors concluded that the cause of HE is not the

decohesion mechanism but the hydrogen diffusion and con-

centration to and at the crack tips respectively. Furthermore,

hydrogen increases the fatigue crack growth rates and de-

pends on cyclic load frequency [176]. In 2010, Nakamura et al.

[177] investigated the degradation of fatigue properties of

different metals in high pressure hydrogen environment. For

comparison, the authors exposed the different materials to an

argon environment as well. After the tests, the authors noted

that the fatigue life of stainless steel 316 L was almost not

affected by the hydrogen atmosphere compared with argon

environment. On the other hand, the fatigue lives of the

stainless steels A286 and 304were shorter in hydrogen than in

argon [177].

In [178], San Marchi et al. demonstrated the influence of

hydrogen environment in reducing the fatigue life in the low-

cycle regime of different grade austenitic stainless steel at

different values of pressure and temperature, while hydrogen

has no influence in high-cycle or very high-cycle regime.

Differently, Iijima et al. [179] proved that the fatigue life in the

high-cycle regime of austenitic stainless steels is increased at

low temperature and is not affected by hydrogen. These

studies demonstrate the need for further investigations on

this topic.

Material selection

As mentioned earlier, material selection is the base of the

design phase of hydrogen equipment. The materials suitable

for hydrogen applications must be resistant to hydrogen

damage as well as to cryogenic conditions in case of LH2 and

SLH2. In Table 11, the material compatible with hydrogen are

collected by indicating if they are also suitable for cryogenic

service.

In Table 12, the materials most indicated for the main

components of hydrogen equipment were listed.

Further indications should be followed by hydrogen

equipment designers and operators. For instance, the insu-

lating materials such as powders or MLI must be composed

of non-combustible materials for safety reasons (danger of
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explosion). Moreover, clad materials can be used in

hydrogen technology, but they may be difficult to weld.

Furthermore, welding is susceptible to hydrogen embrit-

tlement in all hydrogen environments. Finally, during the

cryogenic hydrogen equipment design, room temperature

material properties must be considered since the materials

strengths tends to increase as their temperature is lowered

and they also operate at room (or higher) temperature

during their life.

Relevant expertise

In this section, the results of the systematic review on loss of

integrity of hydrogen technologies are presented. This allows

quantifying what has been done in the literature as well as

demonstrating that this topic is multidisciplinary and in-

cludes chemistry, electrochemistry, nuclear science tech-

nology, material science, among the main fields. In

particular, a precise overview of the loss of integrity of

hydrogen equipment was achieved. After the application of

the filters described in themethodology section, a total of 266

papers, written by 795 different authors, was found. As pre-

viously mentioned, no limitations on the publication year

were adopted. Although the time span of the resulted papers

goes from 1973 to 2019, as few as 7 papers were written

before 2000. The publication years trend, illustrated in Fig. 6,

indicates how the interest in this topic has strongly grown in

the last 12 years.

Fig. 7 depicts the authors with the highest number of

publications in this field. The first two authors are Ven-

etsanos from the National Center for Scientific Research

Demokritos and Molkov from the University of Ulster. They

both have published 15 articles and studied the conse-

quences of hydrogen accidents such as dispersion, fires and

explosions, focusing on the numerical modelling.
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Table 11 e Materials compatible with hydrogen (adapted
from Ref. [85]).

Material GH2 CcGH2/LH2/SLH2

Aluminium and its alloys Yes Yes

Austenitic stainless steels with >7%

nickel (such as, 304, 304 L, 308,

316, 321, 347)

Yes Yes

Copper and its alloys (brass, bronze,

and copper-nickel)

Yes Yes

Titanium and its alloys Yes Yes

Poly-chloro-tri-fluoro-ethylene

(PCTFE or Kel-F®)

Yes Yes

Poly-tetra-fluoro-ethylene (PTFE or

Teflon®)

Yes Yes

Carbon steels Yes No

Low-allow steels Yes No

Chloroprene rubber (Neoprene®) Yes No

Dacron® Yes No

Fluorocarbon rubber (Viton®) Yes No

Mylar® Yes No

Nitrile (Buna-N®) Yes No

Polyamides (Nylon®) Yes No
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However, Molkov is not part of the top ten authors with the

largest number of citations depicted in Fig. 8. The labels inside

the bars of the chart indicate the number of publications per

author in this field. Considering the authors with a minimum

number of three papers, Venetsanos is themost cited one (263

times). Among themost cited authors, the researcher with the

lowest number of publications is Xu with barely three articles

but more than 150 citations.

The co-authorship network maps are shown in Fig. 9 and

Fig. 10. Authors with fewer than three papers on this topic

were excluded from these maps, and only the largest set of

connections was reported. A total of 46 authors are indicated

on these maps, showing their co-authorship links. In the first

picture, each item (author) is weighted on the number of

publications, whereas the number of citations is the weight

type in the second figure. For this reason, the dimensions of

the circles in the pictures clearly vary when the type of weight

is modified. Moreover, the network map is formed by ten

different clusters distinguished by diverse colours, which

were created based on the author collaborations. In this case,

one of the drawbacks of thesemaps is that the authors names

with fewer publications (small circles) are omitted from the

taken screenshot.

Fig. 6 e Publication years of the selected papers.

Fig. 7 e Authors with the highest number of publications in the loss of integrity of hydrogen equipment field.
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The co-authorship maps were also built for countries

where the research institutions are sited and have published

more than five articles. These maps are shown in Fig. 11 and

Fig. 12. In both pictures, the weight was the number of pub-

lications, but in the latter image, this number was divided for

the number of researchers working in the country. The

number of researchers (academic and industrial) for the

considered countries in the period 2005e2017 was retrieved

from Ref. [182]. Then, an average over this time frame

was calculated and reported in Table 13. As result from

this sort of normalisation, Greece was the country with the

highest number of publications per researcher, followed by

Norway.

Finally, the co-occurrence network map was built for all

types of keywords with a minimum of 7 occurrences in the

considered papers. This map is depicted in Fig. 13 indicating

Fig. 8 e Authors with the highest number of citations in the loss of integrity of hydrogen equipment field. The number of

publications per author is written inside the bars.

Fig. 9 e Largest set of connection of the co-authorship network map weighted on the number of publications. Only authors

with more than three publications were included.
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that after “hydrogen”, the keywords with the highest number

of occurrences are “hydrogen safety”, “dispersion” and

“hydrogen embrittlement”. Dispersion is a consequence of the

loss of integrity, while hydrogen embrittlement is one of the

phenomena that lead to it. Hence, both causes and

consequences were examined in the analysed works, but they

are often studied separately.

The research areas were considered an important param-

eter as well, enabling to enlarge the overview on this topic.

Fig. 14 represents the research areas covered by the majority

of the papers resulted from the SR. As evident from Fig. 14,

Fig. 11 e Countries network maps weighted on the number of documents.

Fig. 10 e Largest set of connection of the co-authorship network map weighted on the number of citations.
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there are different research fields in which the hydrogen loss

of integrity related issues have been investigated. However,

the safety field is missing from the chart because is not

defined as a research area by theWeb of Science platform and

is thus enclosed in the other fields. As previously mentioned,

the safety key word or a related word appears in all the

selected queries. Therefore, the safety was assumed to be the

research area common to all the papers. Thismeans that each

article can cover more than one research field. As prove of it,

the sum of the papers reported in Fig. 14 is higher than the

total number of studies found in the SR (266 papers).

All these examinations bring to the conclusion that the

hydrogen loss of integrity is amultidisciplinary topic. The lack

of collaboration between authors involved in different

research fields is a problem that emerged from this multidis-

ciplinary aspect. This is highlighted in Fig. 15 where the co-

authorship network map is displayed with all the clusters

demonstrating the absence of links between several research

groups.

Discussion

The hydrogen life cycle demonstrated the hydrogen flexibility.

In particular, it can be produced from water, different hydro-

carbons (especially methane), coal, biomass, hydrides, several

types of waste and raw materials, by means of many tech-

niques. These methods differ in costs, efficiency and CO2

production. Usually, the cheapest techniques, such as steam

reforming and gasification, require a carbon capture storage

since CO2 is generated during these processes. In the last two

decades, the focus has been placed on generate hydrogen in a

renewable and cleanmanner. Different techniques are able to

achieve this goal. For instance, hydrogen can be produced

through electrolysis by exploiting the renewable energy sur-

plus, mainly from solar and wind technologies. New chal-

lenges such as the cost reduction, are faced during the

development of new renewable and clean techniques. An

effort has been made to identify non-noble metal catalysts in

order to lessen the initial costs of many hydrogen production

methods. The low density of hydrogen may represent a vol-

ume issue in some applications. For this reason, different

storage solutions were studied in the past and some of these

are still in a development phase. Hydrogen is stored under

Table 13 e Number of researchers in the considered
countries [182].

Country Nr. of researchers Nr. of publications
by 105 researchers

Canada 156,924 9.6

France 260,811 1.0

Germany 361,726 9.1

Greece 28,971 58.7

India 366,445 2.5

Italy 117,616 11.1

Japan 667,762 2.7

Netherlands 74,223 20.2

Norway 29,072 37.8

Popular

Rep. of China

1,511,812 2.8

Poland 78,073 9.0

Russia 440,282 1.4

Spain 123,460 7.3

Sweden 63,924 9.4

Switzerland 39,763 22.6

UK 273,160 15.4

USA 1,288,682 3.9

Fig. 12 e Countries network map normalized on the number of researchers for each nation.
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different forms which are compressed gas, liquefied (cryo-

genic), cryo-compressed, and bounded to other substances

through physical adsorption or chemical absorption. A new

trend in hydrogen production and storage consists in generate

hydrogen from water onboard of boats through electrolysers,

compress and store it in appropriate pressurized vessels.

Thus, the hydrogen storage volume can be reduced, and the

surplus of electric energy produced onboard is exploited. An

example of this innovative solution is the Energy Observer,

the self-sustained catamaran previously mentioned [50].

Beyond the conventional hydrogen transportation methods

(pipelines, road and rail) the maritime solution has been

recently considered and the development of LH2 tanker ships

started few years ago. Hydrogen is suitable as clean fuel for a

multitude of applications, and it seems clear that it could

potentially replace the traditional hydrocarbons currently

employed. Although the fuel cells are foreseen in the majority

of the applications in order to increase the overall system ef-

ficiency, hydrogen can be used as fuel in available technolo-

gies such as ICE and GT reducing the capital costs of the

systems.

Fig. 14 e Research areas covered by the papers found during the SR.

Fig. 13 e Co-occurrence map for all types of keywords.
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Hydrogen properties demonstrate its highly flammability

and aptitude to escape from the storage equipment through

undesired microscopic holes in the metal or in sealing and

gasket. There are also several characteristics which make

hydrogen safer than other conventional fuels such as the low

thermal radiation of its flame and buoyancy in air. It must be

highlighted again that it is not toxic nor corrosive and harm-

less for the environment. For this reason, all its properties

must be considered for a thorough safety comparison be-

tween hydrogen and the fuels already employed in each

application. Regarding the safety aspects, although it seems as

safe as the traditional fuels, there is still a knowledge gap on

few phenomena and consequences. In particular, the proba-

bility and formation of two physical explosions, BLEVE and

RPT, are still not clear for LH2. The consequences of these

explosions and those of other phenomena have not been

estimated yet for hydrogen. Currently, two important pro-

jects, SH2IFT and PRESLHY, are aiming to cover this knowledge

gap. Furthermore, these projects demonstrate the growing

interest in LH2 as storage solution.

The loss of integrity (LOI) phenomena were described in

this study in order to comprehend under which conditions

they manifest, according to which mechanisms. It has been

highlighted that an integrated theory able to explain all the

LOI phenomena has not been proposed yet. Additional effort

should be made to find a common thread between the

mechanisms and understand which are the parameters that

influence more the LOI occurrence. Moreover, other phe-

nomena such as low temperature embrittlement and thermal

contraction must be taken into account for LH2. It is funda-

mental to investigate further on the fatigue properties of

hydrogen equipment since a significant reduction in fatigue

lifetime of different metals suitable for hydrogen service was

estimated by different authors. Several accidents can be pre-

vented by broadening the knowledge of these phenomena and

considering them during both the design and maintenance

phases. In the worst-case scenario, a loss of containment of

hydrogen equipment might happen by neglecting these phe-

nomena. For instance, two of the most recent hydrogen acci-

dents occurred in June 2019 in a public hydrogen refuelling

station in Norway [63] and in a chemical plant in California

[64] were both provoked by a gas leakage with consequent

explosion and fire. As additional aftermath, the service of

many hydrogen refuelling stations was ceased as preventing

measure for few months, and then several hydrogen fuelled

cars were brought to a halt. These ruinous events witness the

urgency for safety countermeasures to reassure the public

opinion and future investors, and thus achieve a significant

growth of the hydrogen technologies.

The material selection for hydrogen equipment is directly

related with the LOI phenomena and fundamental during the

design phase. There are just few materials suitable for all

hydrogen applications. Usually these materials are expensive

alloys. For this reason, a careful analysis must be conducted

Fig. 15 e Co-authorship network map weighted on the number of documents. Only authors with more than three

publications were included.
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for each utilization in order to minimize the costs and maxi-

mize the safety of the system. In Ref. [84] the authors

demonstrated as the hydrogen compatibility with materials

influences the hydrogen codes and standards. The authors

confirmed that this compatibility is affected by the mechani-

cal (structural integrity) and environmental variables (time,

temperature, pressure), beyond the material conditions. All

these aspects render the material selection a complex and

critical analysis.

The systematic review (SR) on the loss of integrity (LOI) of

hydrogen equipment resulted in a heterogeneous batch of

papers. This heterogeneity is ought to the different research

areas touched by the articles. Virtually all the works are

focussed on hydrogen safety, marking its importance.

Moreover, these articles accurately cover all the aspects

described in the first sections of this study. For instance, the

hydrogen service in new applications and the importance of

appropriate safety measures were considered in Ref. [183].

Briottet et al. [184] expressed concern for the LOI phenom-

ena, in particular for the hydrogen embrittlement and the

existing knowledge gap on their formation mechanisms.

This issue was highlighted also in the Hydrogen Damage

Mechanisms section. Furthermore, the relevancy of the

material selection during the apparatus design was clearly

elucidated in Ref. [185]. This probably represents the main

approach to prevent accidents provoked by the LOI phe-

nomena. This matter is also related to the uncertainty about

the material behaviour under fatigue cycles in hydrogen

environment discussed in the Material Behaviour during

Fatigue Cycles section, issue that must be considered

together with the material behaviour during the design

phase. The variety of these issues completely explain and

highlight the multidisciplinary of the LOI topic.

Another compelling result of the SR is the publication years

trend. In particular, the research revealed the exponential

growth in the number of papers published in the last two

decades. This may be an outcome of the several hydrogen

safety projects promoted worldwide during this period. Most

of the publications were written by scientists who work in

European countries, as well as in North America (USA and

Canada) and Asia (China, Japan and India). By normalising the

amount of publications on the number of researchers, coun-

tries as Greece and Norway seem the most involved in this

type of research. This can be explained by the fact that these

two countries are currently involved in a number of European

projects on hydrogen safety. Moreover, the Norwegian gov-

ernment policy is directed toward a sustainable and renew-

able energy mix by investing and supporting this research

field.

The first achievement of this study is to appropriately

confirm the information gathered in the first part of the paper

through the SR. Therefore, the novelty of this work was

respected, by successfully applying for the first time a well-

known literature review technique to a complex topic: the

hydrogen LOI. Lastly, a limitation emerged from the network

maps, indicating that the collaborations between research

groups from different fields are often missing. This lack is

exacerbated by the multidisciplinary of this topic. It is

believed that participation by experts from different areas in

research projects related to this critical topic can significantly

improve its knowledge. It can be concluded that various

hydrogen related topics were addressed in this study, and the

common thread between these issues is represented by

related safety implications, which must never be neglected

when hydrogen is employed. The safety aspects influence the

costs, government policies, regulations and public opinion

which can be obstacles against the hydrogen technologies

distribution [105]. Therefore, the enhancement of hydrogen

safety is suggested as result of this study since it can directly

promote a broad implementation of this fuel.

Conclusion and suggestions

In this study, a broad overview on the LOI of hydrogen

equipment was presented. The innumerable hydrogen ap-

plications were described in the Life Cycle section, demon-

strating the importance of this substance as future fuel.

Currently, the hydrogen potential as clean renewable fuel

cannot be compared with other substances or technologies.

Its physical and chemical properties were discussed in the

Properties and Safety section, clarifying why the safety as-

pects must never be neglected when hydrogen is employed

in any kind of application. In Loss of Integrity Phenomena

section, the focus was strongly placed on the LOI phenom-

ena for hydrogen equipment, which are the main causes of

accidents. The material selection, the fundamental aspect

required to prevent the LOI phenomena formation, was

examined in the Material Selection section. Finally, an SR on

the LOI of hydrogen equipment was conducted in the

Relevant Expertise section to confirm the aforementioned

issues.

It can be concluded that safety is the common thread for all

the topics considered in the paper, and it is one of the main

aspects that can directly influence the future hydrogen tech-

nology distribution and development. LOI topic related to the

hydrogen technologies was demonstrated to be a multidisci-

plinary topic. A limitation represented by the dearth of

collaboration between the research groups fromdifferent areas

was highlighted. For this reason, future research projects on

the hydrogen LOI topic should include scientists and re-

searchers from different fields. It is thought that an extensive

participation by different kind of experts would be beneficial to

enlarge theknowledgeon this topic.Moreover, the government

policies should support the development of sustainable and

renewable technologies such as hydrogen during the emerging

phase. Novel projects and investments able to increase the

awareness on hydrogen safety may be initiated as conse-

quence of the political decisions. Currently, the entire world is

involved in an unprecedented crisis which involve the energy

sector as well. It is believed that the hydrocarbons debacle

could be one of themost suitable opportunities to promote the

hydrogen technologies in a safe and responsible way.
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[57] Di�eguez PM, Ursúa A, Sanchis P, Sopena C, Guelbenzu E,
Gandı́a LM. Thermal performance of a commercial alkaline
water electrolyzer: experimental study and mathematical
modeling. Int J Hydrogen Energy 2008;33:7338e54. https://
doi.org/10.1016/j.ijhydene.2008.09.051.

[58] NIST. Nist. Chemistry WebBook 2019. webbook.nist.gov/.
[Accessed 19 March 2019].

[59] Barthelemy H, Weber M, Barbier F. Hydrogen storage: recent
improvements and industrial perspectives. Int J Hydrogen
Energy 2017;42:7254e62. https://doi.org/10.1016/
J.IJHYDENE.2016.03.178.

[60] Peschka W. Liquid Hydrogen - Fuel of the Future. 1st ed.
Wien: Springer-Verlag; 1992. https://doi.org/10.1007/978-3-
7091-9126-2.

[61] Edeskuty F, Stewart W. Safety in the Handling of Cryogenic
Fluids. Springer Science þBusiness Media, LLC; 1996.

[62] Aceves SM, Espinosa-Loza F, Ledesma-Orozco E, Ross TO,
Weisberg AH, Brunner TC, et al. High-density automotive
hydrogen storage with cryogenic capable pressure vessels.
Int J Hydrogen Energy 2010;35:1219e26. https://doi.org/
10.1016/j.ijhydene.2009.11.069.

[63] Nel Hydrogen. Status and Q&A regarding the Kjørbo
incident. 2019. https://nelhydrogen.com/status-and-qa-
regarding-the-kjorbo-incident/. [Accessed 5 September
2019].

[64] Genovese M, Blekhman D, Dray M, Fragiacomo P. Hydrogen
losses in fueling station operation. J Clean Prod
2020;248:119266. https://doi.org/10.1016/
j.jclepro.2019.119266.

[65] U.S. DRIVE. Hydrogen Storage Tech Team Roadmap. 2017.
[66] DOE. Energy requirements for hydrogen gas compression

and liquefaction as related to vehicle storage needs. 2009.
[67] Riis T, Sandrock G, Ulleberg Ø, Vie PJS. Hydrogen storage e

gaps and priorities. HIA HCG Storage Pap; 2005.
[68] Ahluwalia RK, Hua TQ, Peng J-K. Fuel cycle efficiencies of

different automotive on-board hydrogen storage options.
Int J Hydrogen Energy 2007;32:3592e602. https://doi.org/
10.1016/J.IJHYDENE.2007.03.021.

[69] U.S. Department of Energy. Technical Assessment: Cryo-
Compressed Hydrogen Storage for Vehicular Applications.
2006.

[70] Tan Y, Zhu Y, Li L. Excellent catalytic effects of multi-walled
carbon nanotube supported titania on hydrogen storage of a
Mg-Ni alloy. Chem Commun 2015;51:2368e71. https://
doi.org/10.1039/c4cc09350j.

[71] Schlegel MC, T€obbens D, Svetogorov R, Krüger M, Stock N,
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Hydrogen is a valuable option of clean fuel to keep the global temperature rise below 2°C. However, one of 
the main barriers in its transport and use is to ensure safety levels that are comparable with traditional fuels. In 
particular, potential liquid hydrogen accidents may not be fully understood (yet) and excluded by relevant risk 
assessment. For instance, as hydrogen is cryogenically liquefied to increase its energy density during 
transport, Boiling Liquid Expanding Vapor Explosions (BLEVE) is a potential and critical event that is important 
addressing in the hazard identification phase. Two past BLEVE accidents involving liquid hydrogen support 
such thesis. For this reason, results from consequence analysis of hydrogen BLEVE will not only improve the 
understanding of the related physical phenomenon, but also influence future risk assessment studies. This 
study aims to show the extent of consequence analysis influence on overall quantitative risk assessment of 
hydrogen technologies and propose a systematic approach for integration of posterior results. The Dynamic 
Procedure for Atypical Scenario Identification (DyPASI) is used for this purpose. The work specifically focuses 
on consequence models that are originally developed for other substances and adapted for liquid hydrogen. 
Particular attention is given to the parameters affecting the magnitude of the accident, as currently 
investigated by a number of research projects on hydrogen safety worldwide. A representative example of 
consequence analysis for liquid hydrogen release is used in this study. Critical conditions identified by the 
numerical simulation models are identified and considered for subsequent update of the overall system risk 
assessment. 

1. Introduction 

Hydrogen is considered a clean fuel and could replace the fossil fuels in order to reduce the environmental 
pollution. Potentially, its combustion produces only water and heat if the flame temperature is controlled or a 
catalyst burner is adopted. Moreover, hydrogen has a specific energy value (120 MJ/kg (Verfondern, 2008)) 
higher than other commercial fuels such as gasoline or natural gas. Despite these and other advantages, 
hydrogen is considered a dangerous fuel mainly due to its flammability and low ignition energy (0.017 mJ in air 
(Ono et al., 2007)). Hence, when the transportation and utilization of hydrogen is taken into account, the safety 
aspects should not be neglected. Furthermore, hydrogen has a low density at atmospheric conditions (0.0838 
kg/m3 at 293 K, 101.3 kPa (McCarty et al., 1981)) compared with other fuels. Liquefaction increases the 
hydrogen density (70.9 kg/m3 at 20.4 K, 101.3 kPa (NIST, 2019)) and that is why liquid hydrogen (LH2) can be 
considered both for storage and transportation. For example, in the case of road transportation, a truck with a 
tube trailer of compressed gaseous hydrogen can be filled with 300-400 kg of hydrogen at 200-250 bar, while 
a truck with a vacuum insulated tank can hold up to 3.5 tons of LH2 (Pritchard and Rattigan, 2010). On the 
other hand, when LH2 is used, different potential accidents and hazards must to be considered. Some of these 
have not been fully understood or forecasted yet. 
Boiling Liquid Expanding Vapour Explosion (BLEVE) and Rapid Phase Transition (RPT) are two physical 
explosions as consequence of a loss of containment and these are two atypical accidental scenarios. BLEVE 
is a very well-known phenomenon for different substances such as water, propane, Liquefied Petroleum Gas 
(LPG) and Liquefied Natural Gas (LNG). It can happen immediately after a catastrophic rupture of  
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 (Casal et al., 2016). While RPT can occur if Liquefied Natural Gas (LNG) is spilled onto water 

 (Woodward and Pitblado, 2010). In the case of LH2, it is not yet clear if and under which 
conditions these phenomena can happen, and which is the intensity of the consequences. 
Several projects on hydrogen safety have been performed in the last decades. However, some of these 
studies did not consider BLEVE and RPT, such as the HyRAM tool (Groth and Hecht, 2017). Although, it does 
not mean these phenomena cannot happen for LH2. In fact, the IDEALHY project has been focused on the 
LH2 risk assessment, considering BLEVE among the potential consequences (Lowesmith et al., 2013). In a 
recent JRC report on hydrogen safety, it has been concluded that knowledge gaps still exist in hydrogen 
BLEVE/fire resistance among all the other considered areas (Azkarate et al., 2018). Moreover, LH2 RPT has 
been theoretically predicted in a few studies such as in (Verfondern, 2008). This study identifies two past LH2 
BLEVE accidents. On the other hand, RPT never happened for LH2.  
The presented study is a preliminary introduction to the “Safe Hydrogen Fuel Handling and Use for Efficient 
Implementation” (SH2IFT) project. This is a Norwegian project coordinated by the research institute SINTEF, 
in which the safety aspects of both liquid and gaseous hydrogen are studied. In the case of the LH2, BLEVE 
and RPT will be analysed carrying out experimental tests and developing models both to forecast the 
formation and estimate the consequences. 
The aim of this work is to integrate atypical accidental scenarios, such as LH2 BLEVE, into the standard risk 
assessment of LH2 technologies. The DyPASI technique was used to update the hazard identification phase, 
while relevant operational conditions of the LH2 tank were considered as preliminary input to the consequence 
analysis phase. Furthermore, all the results obtained in this study will be confirmed during the SH2IFT project. 

2. Methodology 

In this study, DyPASI has been applied to LH2 technologies following the methodology used in (Paltrinieri et 
al., 2015). In the following, DyPASI and its procedure are briefly described. Furthermore, the methodology 
adopted to carry out the LH2 BLEVE consequence analysis has been reported. 

2.1 Application of DyPASI technique to LH2 technologies 

In Figure 1, the phases described in the introduction have been schematized. Looking at this scheme, it is 
noticeable that to apply the DyPASI technique, other tools such as MIMAH (Methodology for the Identification 
of Major Accident Hazards) and MIRAS (Methodology for the Identification of Reference Accident Scenarios) 
are needed. As said before, the results obtained in this study will be confirmed during the SH2IFT project 
(dashed lines). 

 

 

DyPASI is a hazard identification technique usually coupled with a Dynamic Risk Assessment (DRA) in order 
to update it taking into account atypical accidental scenarios which are not considered by traditional hazard 
identification processes (Paltrinieri et al., 2016). For example in (Russo et al., 2018), the explosion scenario 
has not been considered for the storage unit of the hydrogen refuelling station. MIMAH methodology has been 
used to develop the conventional bow-tie diagram utilized as input of the first DyPASI step (Delvosalle et al., 
2006). DyPASI procedure is structured in different steps and these are described in Table 1. MIRAS 
methodology has been  
used to define the safety barriers for the atypical scenarios in the step 4 of DyPASI (Delvosalle et al., 2006). 
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Step Input Output Description 
0 Input to conventional bow-tie 

technique 
Generic bow-ties 
describing potential 
accident scenarios 

DyPASI needs a preliminary application of the 
conventional bow-tie technique to identify 
relevant critical events 

1 Information from accident 
databases 
and dedicated search systems 

Risk notions on 
undetected potential 
hazards 

A search for relevant information concerning 
hazards that may have not been considered in 
conventional bow-tie development is performed

2 Risk notions from step 1 Early warnings 
triggering further 
analysis 

A determination is made as to whether the data 
are significant enough to trigger further action 
and proceed with risk assessment 

3 Bow-ties from step 0 and early 
warnings from step 2 

Bow-tie diagrams 
considering also 
atypical scenarios 

Atypical scenarios are isolated from the early 
warnings; cause–consequence chains are built 
and integrated into the generic bow-ties 

4 Integrated bow-ties from step 3 Safety barriers for 
the atypical 
scenarios 

Safety measures are defined for the atypical 
scenarios identified 

2.2 LH2 BLEVE consequence analysis 

DyPASI technique can identify different kind of accidental scenarios consequences but other tools are needed 
to estimate these consequences. Hence, a study on LH2 BLEVE consequences has been carried out. 
The BLEVE consequences are the overpressure of the blast wave, the missiles (debrides formed after the 
vessel rupture) that fly away owing the explosion and the thermal radiation, if a fireball occur due to an ignition 
source outside the tank, such as fire (Casal, 2008). In this study, only the evaluation of the overpressure of the 
blast wave has been considered. 
The superheat limit temperature theory (Reid, 1979) assumes that the liquid contained in the vessel must be 
superheated, otherwise the yield of the explosion cannot be compared with a BLEVE. To estimate the 
superheat temperature of a substance, several formulas have been developed by different authors. One of the 
most common equation used is the one proposed by Reid (Reid, 1976): 

 (1) 

Eq(1) is a simple formula that depends only on the critical temperature. According to Eq(1), the superheat 
temperature of hydrogen is 29.66 K. There are other methods to estimate the superheat temperature, but 
these are more conservative. Casal et al. (Casal et al., 2016) explained that this theory is valid at small scale 
but not at large scale where there is always a non-homogeneous distribution of the heat in and around the 
vessel. Nevertheless, the superheat limit temperature is an important parameter because at this temperature 
the adiabatic energy transfer between the liquid and vapor interface is maximum (Salla et al., 2006). In this 
study, the inputs for the estimation of the consequence analysis have been chosen in order to reach a 
temperature higher than 29.7 K inside the tank. Furthermore, a correlation between the hydrogen mass 
contained in the tank, its pressure and the yield of the LH2 BLEVE has been searched. The mass and 
pressure of hydrogen are operational parameters and, in the case of a storage facility, they can vary during 
the day. 
A representative BLEVE consequence analysis has been carried out using the software PHAST 8.11 
developed by DNV-GL. In this software, a BLEVE is simulated as a standalone model, hence the simulation is 
not time-dependent. The chosen tank has a volume of 1 m3, a cylindrical shape with a diameter of 1.13 m and 
1 m of length. The elevation of the tank is 1 m. The tank contains hydrogen in both phases, liquid and vapour. 
Three different pressures, 9, 11.9 and 31.2 bar gauge (barg) have been chosen to simulate the BLEVE. The 
first pressure, 9 barg, is approx. 1.21 times 7.4 barg, that is the pressure at which the first pressure relief valve 
(PRV) of the LH2 vessel opens (Rybin et al., 2005). The same approach is suggested in (Uijt de Haag and Ale, 
2005). Then, the yield of the BLEVE have been estimated when the vessel has a pressure of 11.9 barg, which 
is a value close to the hydrogen critical pressure (12.96 bar). The burst pressure of the LH2 tank has been 
estimated to calculate the yield of the BLEVE in case of PRVs failure without fire engulfment of the tank (cold 
BLEVE). In this case, the value of the pressure inside the tank before its rupture is the highest compared with 
hot BLEVE. When the tank is exposed to fire, the tank material is subjected to thermal stress and the 
estimated bursting pressure has a lower value than the considered case. To evaluate the bursting pressure, 
the tank wall thickness has been calculated following the ASME Boiler and Pressure Vessel Code (BPVC) 
Sec. VIII (ASME, 2001). This code is used to design also cryogenic vessels. Eq(2) is used to calculate the 
tank wall thickness, : 
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 (2) 

where  is the design pressure of the tank (7.4 barg or 107 psig) and  its radius (500 mm),  is the allowable 
stress equal to 20,000 psi for the AISI Stainless Steel 304 (Rana and Barthelemy, 2003) and  is the weld joint 
efficiency factor considered 1. To estimate the burst pressure , Eq(3) has been used (Casal, 2008): 

 (3) 

where P0 is the atmospheric pressure (0.1 MPa), SM is the mechanical strength of the material with a value of 
565 MPa always for AISI Stainless Steel 304 (Casal, 2008). Eq(3) has been used for LH2 tank because it is 
applied for cylindrical vessels with the pressure (P – P0) lower than 0.385 times SM (Casal, 2008). 
To simulate the BLEVE using PHAST, it is possible to set the pressure inside the tank, the temperature of the 
substance and the bubble point. The mass of the substance contained inside the tank is not an input, hence, 
to reach its desire value the other conditions such as pressure, temperature and liquid mole fraction should be 
changed. When the substance is in the supercritical state, only the temperature can be varied to set the mass 
at fixed pressure. When the pressure is 11.9 barg inside the tank, the minimum and maximum values of the 
mass that can be reach are almost 26 and 40 kg respectively, due to the density of the vapour and the liquid 
at this pressure. For this reason, 26, 30 and 40 kg have been chosen as values of the hydrogen mass 
contained in the tank. In Table 2, the initial conditions of the different simulation have been collected. 

Pressure 
(barg) 

Mass 
(kg) 

Temperature 
(K) 

Liquid mole 
fraction 

Liquid mass 
fraction 

9 26 31.3 0.33 0.64 
 30  0.44 0.74 
 40  0.71 0.90 
11.9 26 33.0 0.05 0.08 
 30  0.35 0.46 
 40  0.97 0.98 
31.2 26 43.0 0 0 
 30 40.7 0 0 
 40 36.7 0 0 

3. Results 

3.1 Results of DyPASI application to LH2 technologies 

In the original bow-tie diagram obtained with the MIMAH tool, the catastrophic rupture of the cryogenic tank 
has been chosen as critical event. MIMAH suggests generic logic trees to build the bow-tie diagram. This 
methodology considers BLEVE as a domino effect, being the critical event of a secondary event tree. 
Applying DyPASI, with the available information regarding the two past BLEVE accidents, this phenomenon 
becomes an event in the updated bow-tie diagram. Moreover, in the fault tree “improper firefighting technique” 
has been added as an escalation factor, following the procedure used in the software BowTieXP. This 
escalation factor triggers the PRV failure, leading to internal overpressure. 
In the updated bow-tie diagram, three safety barriers have been added using the MIRAS methodology. These 
safety barriers are the “training” of the fire fighters and the “PRV” in order to prevent the PRV failures when the 
LH2 tank is exposed to a fire and the increase in overcompression inside the tank respectively. The other 
safety barrier is the “blast walls”, usually utilized to mitigate the consequence of an explosion such as the 
overpressure of the blast wave. Only with the experimental tests that will carried out during the SH2IFT project, 
the effectiveness of these safety barriers will be estimated. 
In Figure 2, the updated bow-tie diagram is shown. The black branches form the bowtie diagram developed 
using the MIMAH methodology, while the blue branches have been integrated after the DyPASI application. 
The red boxes in the figure are the safety barriers. 

3.2 LH2 BLEVE consequence analysis results 

The results of the BLEVE consequence analysis obtained with the PHAST software are the overpressure of 
the blast wave at different distances and the overpressure radii. The latter indicates at which distance the 
overpressure has a value of 0.02068 barg, which is the lowest value considered.  
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In the presented study, the same overpressure values considered by PHAST that correspond to 3, 2 and 0.3 
psig (0.2068, 0.1379, 0.0207 barg respectively) have been analysed. In the following, these values have been 
indicated as Overpressure 1, 2 and 3 respectively. In Table 3, the results of the BLEVE consequence analysis 
have been collected. In particular, the estimated distances at which the 3 values of overpressure occurred 
have been reported. 

Pressure in 
the tank 
(barg) 

Mass 
(kg) 

Distance downwind to 
Overpressure 1 (m) 

Distance downwind to 
Overpressure 2 (m) 

Distance downwind 
to Overpressure 3 
(m) 

Increasing of the 
distance to 
Overpressure 1 

9 26 7.65 10.15 40.25  
 30 7.90 10.47 41.55 +3.2 % 
 40 8.45 11.20 44.43 +10.4 % 
11.9 26 8.38 11.02 43.31  
 30 8.74 11.49 45.14 +4.2 % 
 40 9.43 12.39 48.71 +12.4 % 
31.2 26 9.64 12.60 48.20  
 30 9.74 12.75 48.74 +1.1 % 
 40 9.85 12.88 49.27 +2.2 % 
 
As expected, when the hydrogen mass contained inside the vessel increases, the distance to overpressure 
increases as well. It is possible to note that the increase of mass influence more the distance when the tank 
pressure is 11.8 barg (+12.4 %). Instead, when the hydrogen is in supercritical conditions, the mass has a 
weak influence on the results of the consequence analysis. The worst-case scenario is the third one, when the 
tank pressure is 31.2 barg, equal to the estimated bursting pressure of the tank. 
For the considered cases, it seems that the tank pressure has a higher influence than the hydrogen mass on 
the consequence results. Comparing the same amount of hydrogen (26 kg) increasing the pressure from 9 to 
31.2 barg, the distance to overpressure increase up to 19.8 %. 
These results will be confirmed during the SH2IFT project when the experimental tests will be carried out to 
validate this model. 

4. Conclusions 

Usually, BLEVE is considered as a domino effect and not as a direct consequence of a critical event such as a 
catastrophic rupture. In this study, an atypical accidental scenario, such as LH2 BLEVE, has been integrated 
into the standard risk assessment of LH2 technologies. This allowed defining appropriate safety barriers to 
avoid, control, limit or prevent causes and consequences of the critical events are suggested. Moreover, a 
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preliminary consequence analysis has been carried out. The results of this analysis showed there is a 
correlation between the hydrogen mass contained in the vessel, its pressure and the distance to BLEVE 
overpressure. This will represent the very first basis to design robust safety barriers. A more accurate 
consequence analysis should be carried out, employing and adapting for LH2 different models validated for 
other substances. The suggested safety barriers and the results of the BLEVE consequence analysis will be 
confirmed and validated by the experimental tests that will be carried out during the SH2IFT project. 
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Hydrogen is one of the best candidates in replacing traditional hydrocarbon fuels to decrease environmental 
pollution and global warming.  Its consumption is expected to grow in the forthcoming years.  Hence its liquefaction 
becomes necessary to store and transport large amounts of this fuel.  However, a liquid hydrogen (LH2) boiling 
liquid expanding vapor explosion (BLEVE) is a potential accident scenario for these technologies, despite the fact 
it may be considered as atypical.  A BLEVE is a physical explosion resulting from the catastrophic rupture of a tank 
of a liquid at a temperature above its boiling point at atmospheric pressure.  Its consequences are the pressure wave, 
the missiles, which are the tank debris thrown away by the explosion, and a fireball if the substance is flammable 
and an ignition source is present. The aim of this paper is to estimate the consequences associated with BLEVEs 
from LH2 storage and transport systems by means of integral models.  Both ideal and real gas behavior models were 
considered to calculate the explosion overpressure.  The physical models were employed to analyze the 
consequences of analogous fuel BLEVEs, in order to provide a comparative assessment of the results.  BLEVE 
experimental results for LH2 are not available in literature yet.  For this reason, the developed models will be 
validated during the SH2IFT project in which LH2 BLEVE experimental tests will be conducted. 
 
Keywords: liquid hydrogen, comparative assessment, consequence analysis, BLEVE, explosion, integral models, 
numerical simulation models, risk assessment, atypical accident scenario. 
 
 

1. Introduction 
Hydrogen is considered a clean a renewable fuel 
able to replace the fossil fuels and reduce the 
environmental pollution. Its consumption is 
expected to increase in the next years (IEA 
Hydrogen, 2017). Hydrogen liquefaction seems to 
be one of the best options to transport large 
amount of this fuel by increasing its density up to 
70.9 kg m-3 (Landucci et al., 2008; NIST, 2019). 
This value is almost four times the density 
achieved in a conventional tube trailer which 
carries compressed hydrogen at 250 bar 
(Barthelemy et al., 2017). Currently, less than 1% 
of the hydrogen produced worldwide is liquefied 
(Ausfelder and Bazzanella, 2016). This could 
explain the knowledge gap still present in 
literature regarding the LH2 behavior under 
certain conditions and its consequences. 

The safety aspects must be always taken into 
account when hydrogen is considered in any 
application as it is highly flammable. 
Furthermore, it is colorless, odorless, buoyant in 
air and difficult to contain due to its very small 
molecule. Another safety issue is the extremely 
low boiling point (20.3 K at atmospheric pressure 
(NIST, 2019)). It becomes a cryogenic fluid when 
liquefied, with the tendency to evaporate even if 
contained in very well insulted vessels. In order to 
limit the boil-off gas formation, liquid hydrogen 
(LH2) is converted from ortho- to parahydrogen 
and is usually stored in a double walled vessel 
(Edeskuty and Stewart, 1996). This type of tank is 
composed by an outer vessel in which the inner 
tank is installed. These tanks are then separated by 
a vacuum jacket in where an appropriate 
insulation is placed. This latter can be a powder of 
insulating material such as perlite or a multi-layer 
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insultation (MLI) formed by several metallized 
polymeric layers in order to prevent both 
convective and radiative heat losses (Peschka, 
1992). 
If hydrogen is employed for new applications, 
such as automotive or transport fuel (Landucci et 
al., 2010) it may be considered as an emerging 
technology with consequent emerging risks 
(Jovanović and Baloš, 2013). Atypical accident 
scenarios may be associated to emerging risks as 
the scenarios that may be well known by experts 
but disregarded by practitioners (Paltrinieri, 
2013). Accidents scenarios are atypical if these 
have not been identified by a conventional hazard 
identification (HAZID) technique (Paltrinieri et 
al., 2012). For instance, a boiling liquid 
expanding vapor explosion (BLEVE) of LH2 can 
be recognized as an atypical scenario. This 
phenomenon is a physical explosion which may 
occur after the catastrophic failure of a vessel 
containing a liquid (and vapor) at a temperature 
above its boiling point (Casal et al., 2016). Hence, 
this phenomenon may happen for any liquefied 
gas tank if the liquid phase is superheated. In the 
past, three LH2 BLEVE accidents occurred 
(Ustolin et al., 2019). However, the yield of this 
phenomenon for an LH2 tank is still unknown 
since very few experimental tests were conducted 
in this regard without achieving a BLEVE. 
The aim of this study is to estimate which are the 
consequences of an LH2 BLEVE in terms of 
mechanical energy generated by the explosion 
and the pressure wave overpressure at a certain 
distance from the tank. Then, an appropriate 
comparison with two conventional fuels such as 
propane and methane is conducted in order to 
comprehend if the LH2 BLEVE consequences can 
be tolerated or additional safety barriers are 
required. After the description of the adopted 
methodology in Sec. 2, the results are reported 
and discussed in Sec. 3 and 4 respectively. 
 
2. Methodology 
In this study, the yield of an LH2 BLEVE 
explosion was estimated. In particular, the 
mechanical energy generated by the explosion 
and the overpressure of the blast wave at different 
distances were calculated. Hydrogen has a low 
critical pressure (12.96 bar (NIST, 2019)) and 
temperature (33.1 K (NIST, 2019)). Therefore, 
there is the possibility for the LH2 tank content to 
reach supercritical conditions during a BLEVE 
accident scenario. For this reason, both sub- and 
supercritical BLEVE were considered in this 
paper. In Fig. 1, the schematic of the methodology 
adopted in this study is illustrated. 
A traditional (subcritical) BLEVE is usually 
characterized by the expansion of both the vapor 
and part of the liquid phases due to the 
depressurization after the catastrophic rupture of 

the tank. The amount of liquid that undergoes 
flash vaporization can be estimated by the 
vaporization fraction f as indicated in Eq. (1) 
(Prugh, 1991): 

 

 
where T0 and TC are the boiling and critical 
temperature of the substance respectively at 
atmospheric pressure in K, T is the temperature 
inside the tank prior the explosion in K, cP,T0 is the 
specific heat of the liquid at T0 in kJ kg-1 K-1 and 
HV,T0 is the enthalpy of vaporization of the 
substance at T0 in kJ kg-1. 
 

 
 
Fig. 1. Flowchart of the adopted methodology. Both 
ideal and real gas behavior models were adopted to 
calculate only the subcritical BLEVE mechanical 
energy. 
 
Hence, the total volume V* of the substance 
involved in the explosion at subcritical 
conditions, is the sum of the vapor phase and the 
flashing liquid as shown in Eq. (2) (Casal, 2008): 

 

where VV and VL are the volumes of the vapor and 
the liquid phases respectively inside the vessel 
immediately prior the explosion in m3, f is the 
vaporization fraction and  and  are the 
densities of the vapor and liquid phases 
respectively before the explosion in kg m-3. Thus, 
V* is the volume considered in both the ideal and 
real gas behavior models when prior the explosion 
the subcritical conditions are met inside the tank. 
On the other hand, the whole volume of the vessel 
is considered for the supercritical BLEVEs. 
 
2.1 Mechanical energy estimation 
 
2.1.1 Subcritical BLEVE 
The methodology proposed by Hemmatian et al. 
(2017) was adopted and adapted for the 
subcritical BLEVEs. This methodology takes in 
consideration both ideal and real gas behavior 
models in order to estimate the mechanical energy 



Proceedings of the 30th European Safety and Reliability Conference and
the 15th Probabilistic Safety Assessment and Management Conference 1878

generated by the explosion. In this study, only the 
isothermal expansion (IE) was selected as ideal 
gas behavior model since it is usually the most 
conservative one (Hemmatian et al., 2017). The 
IE model proposed by Smith and Van Ness (1996) 
is reported in Eq. (3): 

 

where P0 and P are respectively the atmospheric 
and the bursting pressures of the vessel in Pa, and 
V* is the total expanding volume (vapor plus 
flashing liquid) in m3.  
The second and less conservative model is the real 
gas behavior and adiabatic expansion (RAIE), 
proposed by Planas-Cuchi et al. (2004). The 
mechanical energy is estimated by means of Eq. 
(4): 

 

where uV0 and uL0 are the internal energy of the 
vapor and liquid respectively, at the final state of 
the irreversible process in MJ kg-1, mT is the 
overall mass of the substance in the vessel in kg, 
U is the overall internal energy prior the explosion 
in MJ and x is the intersection between the real 
expansion work line ( ) and the variation 
in internal energy of the vessel content (∆U). The 
internal energy U is calculated with Eq. (5): 

 

where uV and uL are the internal energies of the 
vapor and liquid phases respectively, prior the 
explosion in MJ kg-1, and mL and mV are the 
masses of the liquid and vapor phases inside the 
tank before the explosion in kg. The above 
mentioned intersection x is determined with Eq. 
(6). 

 

where vV0 and vL0 are the specific volume of the 
vapor and liquid phases respectively at the final 
state of the irreversible process in m3 kg-1, and VT 
is the volume of the vessel in m3. 
 
2.1.2 Supercritical BLEVE 
The bursting pressure of a pressure vessel is 
usually 3 to 4 times the maximum allowable 
working pressure (MAWP) (ASME, 2001). In the 
case of a LH2 tank, the MAWP is 8.2 bar (Rybin 
et al., 2005). Hence, the maximum bursting 
pressure of an LH2 tank should be 32.8 bar. 
According to Molkov and Kashkarov (2015), if 
hydrogen has a pressure below 10 MPa (100 bar), 
it can be considered as ideal gas. For this reason, 

only the ideal gas behavior models were 
embraced to estimate the mechanical energy 
generated by the supercritical BLEVE. In this 
case, Eq. (3) is employed again to calculate the 
mechanical energy, but the total expanding 
volume, V*, is replaced by the total volume of the 
tank, V. In addition to the IE, the isentropic 
expansion (ISE) (Strehlow and Baker, 1975) 
model was considered as comparison, since the 
real gas behavior model is not applied. Among the 
ideal models, the ISE is usually the less 
conservative one. Its formula is reported in Eq. 
(7): 

 

where P0 and P are again the atmospheric and 
bursting pressures respectively in Pa, VT is the 
vessel volume in m3, and  is the specific heat 
ratio of the considered substance.  
 
2.2 Blast wave overpressure calculation 
Part of the mechanical energy generated by the 
burst of the vessel contributes in the formation of 
the pressure wave. Hemmatian et al. (2017) 
demonstrated that for ductile tanks virtually 40% 
of this energy is converted in blast wave. This 
value was validated for conventional (single 
walled) propane tanks. LH2 is commonly 
contained in double walled tanks due to its 
extremely low boiling point (20 K at atmospheric 
pressure (NIST, 2019)). Due to the lack of 
experimental tests, it is currently unknown if this 
percentage is valid for an LH2 vessel. However, 
this contribution was assumed to be 40% as well 
for the LH2 tank in this study. 
The Sachs scaling law (Sachs, 1944) was adopted 
in order to estimate the overpressure of the 
pressure wave at a certain distance from the tank. 
The scaled distance was estimated with Eq. (8): 

 

where R is the distance from the center of the 
explosion in m, Pa is the atmospheric pressure 
(101325 Pa), E is the mechanical energy in J, 
estimated with the models previously described 
and  is the percentage of energy converted in 
pressure wave (40%). The overpressure is then 
found with the aid of appropriate diagrams 
reported in (Tang et al., 1996). 
Moreover, only for the subcritical BLEVE, the 
liquid superheating energy (SE) model (Casal and 
Salla, 2006) was employed to directly calculate 
the contribution of the mechanical energy 
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dedicated to generate the pressure wave by means 
of Eq. (9): 

 

where k is the amount of energy which participate 
in the BLEVE blast (0.04 for irreversible 
process), mL is the mass of liquid contained in the 
tank and SE is the enthalpy difference estimated 
with Eq. (10): 

 

where hL0 and hL are the enthalpy of the liquid at 
boiling point and prior the explosion respectively 
in kJ kg-1. This seems to be the most accurate 
model in the case of subcritical propane BLEVE 
(Hemmatian et al. 2017). 
 
2.3 Comparison with hydrocarbon fuels 
The idea of this study was to compare the results 
obtained for LH2 with the BLEVEs from other 
fuels such as propane and methane. The densities 
of these fuels and their critical pressures are at 
least one order of magnitude larger (580.9 and 
422.4 kg/m3 for liquefied propane and methane 
respectively at atmospheric pressure (NIST, 
2019)). In a safety comparison of different fuels, 
the same energy content is considered when an 
application is specified, as for the SF-BREEZE 
high-speed fuel cell ferry where LH2 were 
compared with liquefied natural gas (LNG) 
(Klebanoff et al., 2017). Tanks of different fuels 
with the same fuel mass content were compared 
since an application was not specified in this 
study. This is a conservative assumption for LH2 
which has the highest energy content (120.1 
MJ/kg (Argonne National Laboratory, 2010)) 
compared with the other fuels (46.3 and 48.6 
MJ/kg for propane and methane respectively 
(Argonne National Laboratory, 2010)). The initial 
fuel mass present in the LH2 tank at atmospheric 
pressure is 36.1 kg. For this reason, the volumes 
of the propane and methane tanks are 0.125 m3 
and 0.168 m3 respectively. In the case of a 
subcritical BLEVE, the maximum failure pressure 
was the critical pressure of each substance, while 
the bursting pressure of each tank was the highest 
considered pressure for the supercritical BLEVE. 
The technique used to estimate the tank bursting 
pressure is explained Sec. 2.4. 
 
2.4 Initial conditions and boundaries 
All the thermodynamic conditions required by the 
models employed in this study were retrieved 
from the CoolProp database (Bell et al., 2014). 
The inputs of the models were the type of 
substance (fuel) contained in the vessel, its 
volume and bursting pressure, and the liquid level 
only in the case of the subcritical BLEVE. The 

tank volume chosen was 1 m3 since a vessel of this 
size will be tested during the Safe Hydrogen Fuel 
Handling and Use for Efficient Implementation 
(SH2IFT) project. The bursting pressure was 
selected in the range from 2 bar to the critical 
pressure of the substance for the subcritical 
BLEVEs with a discretization of 1 bar. The 
maximum bursting pressure of the supercritical 
BLEVE was 4 times the MAWP of the vessels 
with the same discretization. As previously 
mentioned, the MAWP of an LH2 tank is 8.4 bar, 
while 21.5 bar (US DOE - NHTSA, 2017) and 
14.5 bar (Cummins Westport Inc., 2003) are the 
MAWPs of a liquefied petroleum gas (LPG) and 
LNG tank respectively. Since LPG and LNG are 
mainly composed by propane and methane 
respectively, these MAWP values were accepted. 
Therefore, the maximum bursting pressures were 
32.8, 86 and 58 bar for the LH2, liquefied propane 
(LC3H8) and methane (LCH4) respectively. 
Finally, the liquid level prior the subcritical 
BLEVE was 50%. 
Tschirschwitz et al. (2018) measured the blast 
wave overpressure at 7, 9 and 11 m for a series of 
LPG tanks with a volume of 0.064 m3 engulfed in 
a fire. In this study, the overpressure was 
estimated at 9 m since the propane tank has a 
similar volume (0.125 m3). 

3. Results 
In this section, the results are divided in sub- and 
supercritical BLEVE. The comparison with the 
other fuels is presented in both Sec. 3.1 and 3.2. 
 
3.1 Subcritical BLEVE 
The mechanical energies generated by the 
subcritical BLEVEs at different bursting 
pressures for parahydrogen (LH2), propane and 
methane are depicted in Fig. 2. 
 

 
 
Fig. 2. Mechanical energy generated by a subcritical 
BLEVE at different bursting pressures for 
parahydrogen (LH2) in red, liquefied propane (LC3H8) 
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in black and liquefied propane (LCH4) in blue, 
estimated by means of the IE and RAIE models. The 
critical pressures (Pcr) of the substances are indicated 
on the chart with vertical lines. 
 
In this chart, the highest value of the horizontal 
axis corresponds to the critical pressure of 
methane (46 bar (NIST, 2019)). The highest 
mechanical energy estimated with the most 
conservative model is 3.7 MJ for the liquefied 
methane tank, which bursting pressure is 38.8 bar. 
On the other hand, if the fuels are compared in the 
same bursting pressure range assumed for 
parahydrogen (from 2 to 12.9 bar), the highest 
mechanical energy value is 2.6 MJ reached by the 
LH2 tank at 11 bar. The mechanical energy values 
estimated with the RAIE model are quite 
different. The highest value is 1.3 MJ, obtained 
for LH2 at a pressure close to the critical one (12.7 
bar). Similar values were calculated for the liquid 
propane and methane but at higher pressures. 
Comparing the same bursting pressure of 12.7 
bar, LH2 BLEVE generates two times the 
mechanical energy generated by the other fuels. 
In Tab. 1, the mechanical energy values estimated 
at different bursting pressures with both IE and 
RAIE models for the three types of fuels are 
collected. 

Table 1. Comparison between the liquid hydrogen 
(LH2), propane (LC3H8) and methane (LCH4) 
mechanical energy values generated by a subcritical 
BLEVE and estimated at different pressures with 
both IE and real RAIE models. 

 LH2 LC3H8 LCH4 
IE model values    
Max mech. en. 
(MJ) 

2.6 @ 
11.0 bar 

2.9 @ 
35.0 bar 

3.7 @ 
39.0 bar 

Mech. en. @ 11.0 
bar (MJ) 2.6 1.5 1.6 

RAIE model 
values    

Max mech. en. 
(MJ) 

1.3 @ 
12.7 bar 

1.2 @ 
42.0 bar 

1.1 @ 
45.0 bar 

Mech. en. @ 12.7 
bar (MJ) 1.3 0.6 0.6 

 
As mentioned in Sec. 2.2, the blast wave 
overpressure depends by the mechanical energy, 
the percentage of this energy converted in 
pressure wave and the distance from the 
explosion. For this reason, the overpressure 
values collected in Tab. 2 and estimated at a 
distance of 9 m, follow the same trend found for 
the mechanical energy. The SE model outcome is 
reported as well in Tab. 2. This latter provided the 
less conservative values of overpressure but still 
close to the RAIE outcomes. 

Table 2. Comparison between the liquid hydrogen 
(LH2), propane (LC3H8) and methane (LCH4) 
overpressure of the blast wave generated by the 
subcritical BLEVEs, estimated at 9 m with the 
Sachs scaling law. 

 Max. overpressure (bar) 
Mech. en. model LH2 LC3H8 LCH4 

IE 0.06 @ 
11.0 bar 

0.07 @ 
35.0 bar 

0.08 @ 
39.0 bar 

RAIE 0.05 @ 
12.7 bar 

0.05 @ 
42.0 bar 

0.05 @ 
45.0 bar 

SE 0.03 @ 
12.7 bar 

0.04 @ 
34.0 bar 

0.04 @ 
39.0 bar 

 
3.2 Supercritical BLEVE 
The mechanical energy values obtained for 
parahydrogen with the IE and ISE models in the 
range of 13 to 33 bar are illustrated in Fig. 5, 
together with the results for liquefied propane (in 
the range of 42.5 and 86 bar) and liquefied 
methane (between 46 and 58 bar). The highest 
mechanical energy values are 8.6 and 4.7 MJ 
estimated for LH2 with the IE and ISE models 
respectively, at a pressure of 32.8 bar.  
 

 
 
Fig. 5. Mechanical energy generated by a supercritical 
BLEVE of LH2 (red lines), LC3H8 (black lines) and 
LCH4 (blue lines) estimated with the IE and ISE models 
between the critical (Pcr) and bursting pressure (Pb) of 
the different substances.  
 
The highest mechanical energy values reached by 
propane are 4.8 (IE) and 3.3 MJ (ISE) at 86 bar, 
while 3.9 (IE) and 1.9 MJ (ISE) are the values 
calculated for methane at 58 bar.  
Both propane and methane are not in supercritical 
conditions in the range of pressures considered for 
LH2. Only the values obtained by the IE model 
were compared even though the BLEVEs of 
propane and methane are subcritical. This 
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comparison is shown in Tab. 3, together with the 
maximum mechanical energy estimated for each 
fuel. 
Similarly to Sec. 3.1, the maximum pressure wave 
overpressure values estimated for the supercritical 
BLEVEs are collected in Tab. 4. In this case, the 
SE model was not adopted since it takes into 
account exclusively the enthalpy of the liquid 
phase. The overpressure values follow again the 
mechanical energy trend.  

Table 3. Comparison between the liquid hydrogen 
(LH2), propane (LC3H8) and methane (LCH4) 
mechanical energy values generated by a sub- and 
supercritical BLEVE estimate at different pressures 
with the IE and ISE models. 

 LH2 LC3H8 LCH4 
IE model values    
Max mech. en. 
(MJ) 

8.6 @ 
32.8 bar 

4.8 @ 
86.0 bar 

3.9 @ 
58.0 bar 

Mech. en. @ 32.8 
bar (MJ) 

8.6 
(super) 3.6 (sub) 2.9 (sub) 

ISE model values    
Max mech. en. 
(MJ) 

4.7 @ 
32.8 bar 

3.3 @ 
86.0 bar 

1.9 @ 
58.0 bar 

Table 4. Comparison between the liquid hydrogen 
(LH2), propane (LC3H8) and methane (LCH4) 
overpressure blast wave generated by the 
supercritical BLEVEs, estimated at 9 m with the 
Sachs scaling law. 

 Max. overpressure (bar) 
Mech. en. model LH2 LC3H8 LCH4 

IE 0.18 @ 
32.8 bar 

0.12 @ 
86.0 bar 

0.11 @ 
58.0 bar 

ISE 0.12 @ 
32.8 bar 

0.10 @ 
86.0 bar 

0.09 @ 
58.0 bar 

 
The values obtained for propane and hydrogen are 
similar, while the pressure wave generated by the 
methane tank failure seems to be the weakest. 

4. Discussion 
The results of this study show that the 
consequences of a subcritical BLEVE 
(mechanical energy and overpressure) are similar 
when the bursting pressures are closed to the 
critical pressures of the considered fuels. 
Nevertheless, the consequences of a supercritical 
LH2 BLEVE are virtually twice higher than the 
propane and methane explosions even though 
their expected failure pressures (86 and 58 bar 
respectively) are higher than the hydrogen one 
(32.8 bar). The models employed in this study 
seem to provide reliable results for the propane 

tank. During the tests conducted in Tschirschwitz 
et al. (2018), similar values of overpressure (0.05 
÷ 0.12 bar) were measured at 9 m, for an LPG tank 
of 0.0638 m3 which failed between 74 and 79 bar. 
Both ideal (IE and ISE) and real (RAIE) gas 
behavior models were adopted in this study. The 
ideal models are usually the most conservative as 
demonstrated by the presented outcomes. A first 
limitation of the IE model is that only the pressure 
and the volume of the tank are taken into account, 
without considering the type of substance. 
Moreover, the results of this model are not 
reliable when the tank fails at a pressure close to 
the critical one. The independency of the fuel 
mass content inside the tank at supercritical 
conditions is another limitation of all the ideal gas 
behavior models. Additional models such as the 
thermodynamic availability (TA) or the real gas 
behavior and isentropic expansion (RISE) should 
be adopted in the future studies in order to 
estimate more accurate consequences. 
The comparison between the chosen fuels was 
one of the main difficulties of this study due to 
their diverse physical and chemical properties. On 
one hand, hydrogen has a lower density and needs 
larger containments than propane and methane. 
On the other hand, it has much lower critical 
temperature and pressure, thus the probability to 
reach a supercritical status is higher than the 
conventional fuels. The LH2 properties influence 
the characteristics of the vessel, which requires 
high performance insulation to prevent heat 
losses. Therefore, the LH2 double walled vessel is 
composed by an internal tank installed inside the 
external one and separated by the aforementioned 
insulation, and additional energy may be required 
to disrupt both shells. For this reason, the 
mechanical energy contribution dedicated to 
generate the pressure wave ( ) might be lower 
than the conventional tank. The same speculation 
may be valid for the LNG (or liquefied methane) 
which has a temperature of 112 K (NIST, 2019), 
and the other cryogenic fluids. Moreover, the LH2 
tank is design with a MAWP lower than the 
conventional pressure vessels due to its 
properties. The MAWP affects the foreseen 
bursting pressure of the tank, which depends on 
the material and structure of the container and 
other external parameters, such as the presence of 
fire. The yield of the explosion is mainly 
influenced by the bursting pressure and the 
volume. Further investigations such as a tank 
structural analysis or experimental tests are 
needed to determine the effective failure pressure 
of this type of vessels. Furthermore, experimental 
tests are needed to validate the results of these 
models for the LH2 BLEVE. This type of tests will 
be conducted during the Norwegian SH2IFT 
project. If the results of this study will be 
validated, appropriate and effective safety barriers 
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must be suggested in order to prevent or mitigate 
the LH2 BLEVE phenomenon. In a future 
assessment for hydrogen and other conventional 
fuels, the same tank energy content instead of the 
fuel mass could provide a more meaningful and 
realistic comparison if a specific application will 
be considered. 

5. Conclusion 
In this study the consequences of both sub- and 
supercritical LH2 BLEVE were estimated by 
means of ideal and real gas behavior models. In 
particular, the mechanical energy generated by 
the explosion and the blast wave overpressure at 
a fixed distance from the tank were calculated. 
Similar estimations were conducted for liquefied 
propane and methane tanks in order to conduct a 
meaningful hazard assessment. 
Different challenges were tackled especially 
during the fuel safety comparison due to the 
different properties of the considered fuels.  The 
lack of knowledge still present in literature for the 
LH2 BLEVE phenomenon was highlighted 
justifying the necessity for future studies and 
experimental tests. Future test results will be used 
to validate for the LH2 BLEVE the model adopted 
in this study. 
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Safe handling of liquid hydrogen (LH2) has gained extra attention over the last years due to an increase in usage to

mitigate climate changes. Rapid phase transition (RPT) is a potential safety concern when cryogens, like LH2

and liquefied natural gas (LNG), are accidentally spilled onto water. A theoretical assessment of the risk and

consequences of LH2 RPT has been conducted. The assessment is based on the RPT theory established from

LNG research, as well as published reports on actual LH2 spills. We give a review of the established theory on

LNG RPT, examine the probability of an LH2 RPT event, and give estimates on the theoretical consequence in

terms of the peak pressure and the explosive energy yield. There are two main findings of this study. Firstly, the

known theoretical pathways to LNG RPT are impossible or very unlikely when applied to LH2 spills. Secondly,

the theoretical consequences of an explosive LH2 RPT event are low compared to LNG RPT. The expected peak

pressure is about 25% of an LNG RPT, while the expected explosive energy yield is only about 10% of an LNG

RPT, given the same volume of participating cryogen. Combined with the knowledge that LNG RPT events are only

moderately dangerous, the hypothetical LH2 RPT event is possibly characterized by a low destructive potential.

Keywords: Liquid hydrogen, Safe fuel handling, Cryogens, Rapid phase transition, Spill accidents, Risk and

consequence analysis

1. Introduction
Hydrogen technology is pointed out as one of
the solutions to reduce emissions in the transport
and energy sectors. The high volumetric energy
density of liquid hydrogen (LH2) compared to
gaseous hydrogen is an advantage for transport
and storage of large quantities. LH2 is considered
a cryogen due to its extremely low boiling point
(20K). With an increase in usage, transportation
and storage, the need for more knowledge of safe
handling is important.

Liquefied natural gas (LNG) is another cryo-
genic fuel that has been widely used over the last
decades. If LNG is accidentally spilled onto water
it has been observed in some cases, seemingly at
random, to undergo a localized explosive vapor-
ization (Reid, 1983; Cleaver et al., 1998; Luketa-
Hanlin, 2006; Melhem et al., 2006; Koopman and
Ermak, 2007). This is known as a rapid phase
transition (RPT) and has the potential to have
devastating consequences (Luketa-Hanlin, 2006;
Havens and Spicer, 2007; Pitblado and Wood-
ward, 2011; Forte and Ruf, 2017). Predicting trig-
gering and consequence of LNG RPT was subject
to a recent study by Aursand and Hammer (2018).
The literature on LH2 RPT is very limited, and to
the best of our knowledge, no RPT-like event as

a consequence of an LH2 spill has been reported.
This does not mean that LH2 RPT is impossible.

In this study, we examine the probability and
consequences of the hypothetical LH2 RPT event.
The assessment is based on the RPT theory estab-
lished from LNG research, as well as published
reports on actual LH2 spills. Our focus is RPT
events caused by the cryogen being spilled onto
water, since this is a likely scenario for trans-
portation and storage in a marine environment.
We recognize that other scenarios may also cause
RPT events, e.g., when water is released onto a
cryogenic pool. An introduction to RPT and a
review of the established theory on LNG RPT is
given in Sec. 2. This theory is then applied to LH2

in Sec. 3. In particular, we apply the approach
by Aursand and Hammer (2018) to estimate the
consequences of an RPT event in terms of the peak
pressure of the vapor-explosion and the explosive
energy yield. Finally, we summarize the main
conclusions of this study in Sec. 4.

2. LNG Rapid Phase Transition (RPT)
Natural gas is a common fossil fuel whose
main component is methane (about 90%), with
the remainder consisting of progressively smaller
amounts of the heavier alkanes. For long-range
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transportation, natural gas is sometimes cooled
down below its boiling point (−162 ◦C at atmo-
spheric pressure) to form liquefied natural gas
(LNG) (Kumar et al., 2011).

2.1. The phenomenon of RPT
When LNG is spilled onto water it will in the ma-
jority of cases eventually boil off without further
incident. However, in some cases it is observed
to suddenly, and seemingly at random, undergo
a localized explosive vaporization. This is an
RPT event, and is considered one of the main
safety concerns of the LNG industry (Reid, 1983;
Pitblado and Woodward, 2011). Still, the attention
given to RPT risk in LNG safety reviews is highly
variably, ranging from significant discussion (Pit-
blado and Woodward, 2011; Cleaver et al., 2007;
Luketa-Hanlin, 2006; Shaw et al., 2005) to little
more than a brief mention (Alderman, 2005; High-
tower et al., 2005; Havens and Spicer, 2007; Raj
and Bowdoin, 2010; Forte and Ruf, 2017).

RPT is not an explosion in the common mean-
ing of the word, since it does not involve combus-
tion or other chemical reactions. RPT events are
what is sometimes called a vapor explosion or a
physical explosion. It is still destructive in nature,
and poses a danger to both people and equipment.
Its peak pressures and released mechanical energy
can be large enough to displace and damage heavy
equipment (Luketa-Hanlin, 2006; Pitblado and
Woodward, 2011; Forte and Ruf, 2017) and could
theoretically cause secondary structural damage
and cascading containment failures (Havens and
Spicer, 2007). Whether or not an RPT event
will occur in any given spill has been notori-
ously difficult to predict. From extensive tests
performed by LLNL in the 1980s (Luketa-Hanlin,
2006; Koopman and Ermak, 2007; Melhem et al.,
2006) it was found that RPT occurred in about
one third of spills. It was also observed that a
single spill may lead to more than ten distinct
RPT events. The yields of single RPT events
seem quite random, and may apparently have
TNT equivalents of anything from a few grams to
6 kg (about 25MJ) (Koopman and Ermak, 2007;
Melhem et al., 2006; Cleaver et al., 1998; ABS
Consulting, 2004; Hightower et al., 2004).

The general macroscopic chain-of-events of a
marine LNG spill is as follows:

(i) Containment breach: Due to some unin-
tended event, the containment of LNG in a
tank or transfer line is broken. If the breach
is above sea level, the LNG may fall towards
the water surface in the form of a jet.

(ii) Jet impact: The LNG jet impacts the water
surface, which will break it up into separate
droplets.

(iii) Droplet/water mixing: If the momentum of
the the jet is large enough, the droplets will
initially penetrate the surface and become

submerged in water. This forms a chaotic
mixing region.

(iv) Pool formation and spreading: Since the
density of LNG is about half of that of water,
the droplets will be buoyant and will eventu-
ally rise to the surface. This forms an LNG
pool that spreads on top of the water surface.

(v) Boil-off : The boiling point of LNG is at
about −162 ◦C (at atmospheric pressure),
while the water holds a temperature rela-
tively close to 0 ◦C, so the spreading pool
will start boil while spreading. Since
methane is by far the most volatile compo-
nent, the resulting vapor is almost purely
methane. This causes a gradual compo-
sitional change, which increases the rela-
tive amounts of the heavier alkanes such as
ethane, propane and butane.

See Fig. 1 for an illustration of the scenario.
As indicated, there is an established distinction
between two kinds of RPT events depending on
when and where it occurs in a spill event (Luketa-
Hanlin, 2006; Koopman and Ermak, 2007). An
early RPT is defined as any RPT that occurs in the
mixing region at any time during the spill event,
while a delayed RPT is defined as any RPT that
is not an early RPT, which means that it must
occur somewhere in the spreading pool, not in the
mixing region. Reports indicate that delayed RPT
only occurs a considerable time (on the scale of
minutes) after the start of the LNG spill event.

Fig. 1. An illustration of a spill-scenario, where a breach in

a fueling line causes the release of cryogen in the form of a

falling jet. Also shown are the origins of the two kinds of RPT

event: early RPT from the mixing region, and delayed RPT
from the spreading pool.

2.2. The theory of RPT
After the possibility of LNG RPT was discov-
ered in the 1960s, a handful of research groups
went to work on understanding the mechanisms
behind the phenomenon. By the first half of the
1970s, they had arrived at a general consensus
for a theory of RPT (Katz and Sliepcevich, 1971;
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Katz, 1972; Nakanishi and Reid, 1971; Enger,
1972; Enger and Hartman, 1972a,b; Enger et al.,
1973). This is a theory about what occurs on the
small scales at the local time and position where
a single RPT event is observed, and is relevant for
both early and delayed RPT. The theory may be
summarized by the following chain-of-events:

(i) Film-boiling stage: The temperature differ-
ence between the sea water and the LNG is
so large that boiling occurs far into the film
boiling regime, see Fig. 2. This means that
the LNG pool or droplet is insulated from
the water by a vapor film consisting mainly
of methane. Because of this the heat flux
stays relatively low and the evaporation stays
in a quasi-equilibrium regime. All of the
energy transferred into the LNG is spent on
evaporation, and the LNG temperature stays
close to the bubble-point, which is initially
about −162 ◦C.

(ii) Film-boiling collapse (liquid-liquid contact):
For some reason there is a sudden and lo-
calized film-boiling collapse. The suggested
mechanisms for film-boiling collapse will
depend on whether one is considering early
or delayed RPT. In either case, this means
that there is considerable direct contact be-
tween the water and the LNG, which in-
creases the heat flux by orders of magnitude.

(iii) Rapid superheating to the superheat limit:
Because a liquid-liquid interface has rela-
tively few nucleation sites, the evaporation
rate is initially unable to keep up with the
dramatic increase in heat flux. Instead, much
of the heat is spent on superheating the LNG,
which means that the liquid is heated signif-
icantly beyond its boiling temperature. The
superheated liquid is in a meta-stable state,
and may transition to its corresponding equi-
librium state if disturbed. If not disturbed
sufficiently, there is a maximum temperature
at which the liquid must transition regardless
of external disturbances. This is called the
superheat limit.

(iv) Homogeneous nucleation: Once the liquid
approaches its superheat limit, vaporization
spontaneously occurs throughout its volume
by homogeneous nucleation. This is the start
of a rapid transition from a liquid state to a
two-phase state.

(v) Explosive expansion: If in mechanical equi-
librium with its surroundings, the new state
would take up over 100 times the volume
of the original superheated liquid state. The
fluid is initially forced to fit in the original
volume, so the pressure increases dramati-
cally before it has time to expand. Since
this transition happens fast, it is observed as
a loud and destructive vapor explosion. The
event involves high-pressure waves and con-

siderable energy release through expansion
work.

2.3. Predicting triggering of RPT
The main challenge when predicting the occur-
rence of RPT is predicting step two, the sudden
film-boiling collapse and subsequent liquid–liquid
contact. We refer to this as the triggering event.
The approach depends on whether one considers
early RPT (droplet boiling) or delayed RPT (pool
boiling).

2.3.1. Delayed RPT

For delayed RPT, the relevant mode of boiling is
pool boiling. This is usually quantified in terms
of the boiling curve (Dhir, 1998). A general
illustration of a boiling curve is shown in Fig. 2.

T

q̇

T T

T

T

Fig. 2. Illustration of a typical boiling curve for saturated

pool boiling, showing boiling heat flux (q̇) as a function of

surface temperature (T ). In our case, the cryogen is the

boiling fluid (blue shape), while water takes the role as the

hot surface (red shape). Once T > Tsat the surface is

considered superheated, and the difference T − Tsat is called

the surface superheat. At moderate surface superheat we are

in the conventional nucleate boiling regime. Once the surface

superheat becomes very large there is a transition into a film-
boiling regime, which comes with a dramatic drop in heat flux

due to the formation of a continuous vapor film. The lower

end of the film boiling regime is the Leidenfrost temperature

(TL), and crossing this from right to left is called film-boiling
collapse.

In the present case, LNG takes the role of the
boiling fluid and water takes the role of the hot
surface. According to the theory described above
RPT is triggered on film-boiling collapse, which
for pool boiling is defined by the position on the
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boiling curve:

TL < Tw : Film boiling (no RPT)

TL > Tw : Liquid-liquid contact (risk of RPT), (1)

where Tw is the temperature of the water. The
Leidenfrost temperature of a fluid such as LNG
is difficult to predict (or even measure) with good
accuracy, but it has generally been found that it
is close to, but slightly below, the fluid’s critical
temperature (Spiegler et al., 1963),

TL ≈ 27

32
Tcrit. (2)

The critical point of a typical LNG mixture is in
the region of Tcrit ≈ 203K (−70 ◦C), yielding
TL ≈ 171K (−102 ◦C). By comparison, since the
water is normally not observed to freeze in large-
scale LNG spills, the surface holds a temperature
close to zero, Tw ≈ 0 ◦C. Hence, we are safely in
the “Film boiling (no RPT)” part of Eq. (1).

The above calculations are only true for LNG
with its initial (stored) composition. As boil-off
proceeds, the composition changes in such a way
that the critical temperature of the mixture in-
creases. According to Eq. (2), this means that the
Leidenfrost temperature will also increase. Even-
tually it reaches the water temperature, which
according to Eq. (1) gives a risk of RPT. See Fig. 3
for an illustration of this LNG RPT boil-off effect.

Thus, the challenge of predicting the triggering
of delayed LNG RPT is reduced to the prediction
of when and where the condition TL > Tw may
be satisfied. In our previous work, Aursand and
Hammer (2018), this was analyzed extensively in
terms of the methane fraction necessary to satisfy
the the triggering criterion. In short, the results
can be summarized as follows. The LNG must
boil down to approximately 30-50 mol% methane
before meeting the condition for delayed RPT
triggering (TL ≈ Tw). This depends on the
relative amounts of the heavier alkanes. By the
time the triggering condition is met, only 10-20%
of the original amount of LNG is remaining.

2.3.2. Early RPT

As indicated in Fig. 1, so-called early RPT occurs
in the chaotic mixing region beneath the point
of LNG jet impact. This region contains film-
boiling LNG droplets submerged in water, which
initially move downwards due to inertia but even-
tually move back to the surface due to buoyancy.
According to the general theory of RPT presented
in Sec. 2.2, the triggering event is initiated by
sudden significant liquid-liquid contact. Predict-
ing this for early RPT is much more difficult than
in the case of delayed RPT, since the degree of
liquid-liquid contact is no longer governed by a
simple boiling curve. In this case it would require
a detailed multi-phase simulation of the mixing
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Fig. 3. An illustration of how the two-phase region (filled

shapes) and the critical point (red dot) shifts to higher temper-

atures as methane is removed from the mixture due to boil-off.

In this particular example the LNG boils down from 90 mol%

methane to 40 mol% methane. This causes the Leidenfrost

temperature (TL), according to Eq. (2), to shift up into the

typical seawater temperatures (blue bar), which satisfies the

condition for delayed RPT triggering.

region over sufficiently long time-scales. This
has to our knowledge not been achieved, and we
consider early RPT an unsolved problem in the
LNG industry.

2.4. RPT consequence quantification
Our work in Aursand and Hammer (2018) also
included a method of partially quantifying the
consequence of RPT. According to the theoreti-
cal chain-of-events listed in Sec. 2.2, after film-
boiling collapse (Leidenfrost transition) there is
rapid superheating, homogeneous nucleation and
explosive expansion. Here we enable conse-
quence quantification by simplifying the final two
steps in the chain-of-events (steps 4-5) by the
following idealized two-step process:

(i) Equilibration: Calculate the energy and den-
sity of the the mixture exactly when it
reaches the superheat limit after film-boiling
collapse. The temperature of this state is the
superheat limit (TSHL) corresponding to the
composition at the time when the triggering
criterion was reached. Then, find the cor-
responding quasi-equilibrium state, with the
same energy, density and composition. This
yields a new high-pressure intermediate state
(T ∗, p∗).

(ii) Isentropic expansion: The intermediate state
(T ∗, p∗) is called a quasi-equilibrium state
because while it is in local equilibrium, it
is not in mechanical equilibrium with the
surroundings (p∗ � 1 atm). This leads to
a rapid expansion, which is approximated as
an isentropic process. The end-state of this
expansion may then be found as the state at
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atmospheric pressure that has the same en-
tropy as the high-pressure intermediate state.

There are two significant numbers to take away
from such a calculation. Firstly, the peak pressure
(p∗) is found as the pressure of the intermedi-
ate state before expansion. The value may be
interpreted as an estimate for the peak pressure
seen in the vapor-explosion event very close to the
source. Secondly, the explosive energy yield (E)
is found as the mechanical work done by the ex-
pansion process. Since the process is assumed to
be isentropic (reversible and adiabatic), it follows
from classical thermodynamics that the work done
by the process is simply the difference in total
enthalpy between the initial and final states of the
expansion. Note that this merely yields an energy
per amount triggered (i.e. per mole or kilogram),
not a total amount.

Even with these simplifying assumptions, per-
forming this calculation involves a set of quite
complex thermodynamic algorithms. Firstly, an
algorithm to calculate the superheat limit (TSHL).
Here we use the method described in Aursand and
Hammer (2018). Secondly, an algorithm to calcu-
late the two-phase equilibrium state, given either
values for energy and density or values for entropy
and pressure. Here we use the implementations in
SINTEF’s in-house software (Wilhelmsen et al.,
2017), which are based on algorithms described
by Michelsen and Mollerup (2007).

The result of such a calculation is shown in
Fig. 4. This result will depend on the initial LNG
composition, which will vary some. In Aursand
and Hammer (2018) the range of outcomes given
a plausible range of LNG compositions was ex-
plored, and the conclusions were the following.
The predicted explosive yield from LNG RPT (E)
is in the range of 50–80 kJ/kg, which is equiva-
lent to about 12–20 gTNT per kg LNG. In terms
of spilled liquid volume, this is about 5–10 gTNT
per litre. The predicted peak pressure from LNG
RPT (p∗) is in the range of 20 bar to 60 bar.

Note that the predicted yield is only found in
terms of energy per liquid amount that participates
in the event. Since there is currently no way of
predicting how much liquid will participate in a
single event, the explosive yield of single RPT
events cannot be predicted. However, the calcu-
lations give useful upper bounds on the explosive
potential of an LNG pool. They also give numbers
that may be compared with other substances, such
as LH2.

3. Assessment of LH2 RPT
To our knowledge, no RPT-like incident has ever
been reported in relation to LH2 spills. Pritchard
and Rattigan (2010) reported in 2010 that “. . . no
record of a RPT resulting from a LH2 spill has
been found”, and subsequent reports addressing
hydrogen safety does not mention RPT (Batt,
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Fig. 4. The result of an RPT consequence calculation, as

described in Sec. 2.4, for an LNG mixture that is triggered after

boiling down to 40 mol% methane. In this particular example

the theoretical explosive yield (E) is 20 gTNT per kg LNG, or

about 10 gTNT per liter of spilled LNG. The predicted peak

pressure (p∗) is about 55bar.

2014; Royle and Willoughby, 2014; Ekoto et al.,
2014; Kotchourko et al., 2014; Rivkin et al., 2015;
Ruiz, Vega, del Mar Arxer, Jimenez, and Rausa,
Ruiz et al.; Keller et al., 2016). Furthermore,
experimental activity on LH2 spills on water is
limited to the BAM trials in 1994 (Verfondern and
Dienhart, 1997, 2007), were no RPT-like events
was observed. In this section we will assess the
probability and consequences of a hypothetical
LH2 RPT event based on the theory for LNG RPT
presented in Sec. 2.

3.1. Triggering of LH2 RPT
3.1.1. Delayed RPT

If we assume that the basic principles and theories
for LNG RPT also apply for the hypothetical LH2

RPT, the triggering criterion Eq. (1) for delayed
RPT should still hold. In other words, triggering
may only occur if the Leidenfrost temperature
(TL) is at or above the water temperature. Accord-
ing to the approximate model in Eq. (2), the Lei-
denfrost temperature of hydrogen is about 28K.
This is somewhat consistent with the value of 24K
reported by Wang et al. (2016). In either case, the
triggering criterion is far from being satisfied:

TL � Tw =⇒ No triggering. (3)

Furthermore, a pure fluid like H2 has no composi-
tional shift as boil-off proceeds. This is in contrast
to LNG, where the initial stable situation like
Eq. (3) is eventually lost due to methane depletion.
In terms of Fig. 2, LH2 will be far into the film-
boiling regime throughout the boil-off process,
which will prevent RPT. The conclusion is the
following: As long as the surface (water) temper-
ature stays anywhere near 0 ◦C, delayed LH2 RPT
is impossible given that the applied theory is valid.
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3.1.2. Early RPT

We should also consider the possibility of early
RPT, as described for the case of LNG in
Sec. 2.3.2. As illustrated in Fig. 1, early RPT
occurs in the mixing-region below the location
where the cryogen jet penetrates the water surface.
As mentioned in Sec. 2.3.2, there is no satisfactory
method for quantifying the probability of early
RPT. From experience of LNG spills, it seems to
be an event of quite high probability, occurring in
about one third of spills. In contrast, no early RPT
has ever been observed in LH2 spills, and we may
speculate why this is the case:

• Small mixing region: This relates to the mix-
ing region illustrated in Fig. 1, where all early
RPT events occur by definition. LNG on
water has a density-ratio of about 1/2, which
allows for an appreciable mixing region. In
contrast, LH2 on water has a density-ratio of
less than 1/10. Unless the jet has a very
high velocity, it is unlikely to have enough
inertia to penetrate the water and create an
significant mixing region. Additionally, if a
droplet is submerged, it will be brought to the
surface by buoyancy very quickly.

• Stable film-boiling droplets: As mentioned
the Leidenfrost temperature is very low com-
pared to the water temperature. While this
value is usually measured for pool boil-
ing, the stability of film boiling around sub-
merged droplets is likely quite related to this.
This suggests that even if an LH2 droplet is
submerged in water, it will likely stay sepa-
rated from the water by a vapor film, and thus
not satisfy the fundamental criterion for RPT
triggering (film-boiling collapse).

3.1.3. Hypothetical pathways to LH2 RPT

Note that the above argument is based on the
assumption of no ice-formation, i.e. a situation
where the LH2 is spilled on top of liquid water
that holds an approximately constant temperature
of 0 ◦C. Moreover, we neglect other triggering
criteria such as water waves, that could increase
the mixing region and hence possibly facilitate
an RPT. For large-scale (unconfined) LNG-on-
water spills very little or no ice-formation is usu-
ally reported (Luketa-Hanlin, 2006; Cleaver et al.,
2007), despite the very low LNG temperature
(−162 ◦C). It appears that the film-boiling heat
transfer is not sufficiently strong to overcome the
convective heat transfer in the water, and thus
is unable to create the sub-cooling necessary to
nucleate and grow solid ice. However, LH2 is
considerable colder (−253 ◦C), which presum-
ably could be enough to cause noticeable ice-
formation. The formation of continuous and thick
(several mm) layers of ice when LH2 is spilled
on water has been reported in experiments (Ver-

fondern and Dienhart, 1997, 2007). This may be
important for (at least) the following reasons:

• Sub-cooled ice: The presence of an ice sheet
allows for a new potential mechanism for
the triggering of delayed RPT. If there is no
freezing, the surface temperature would es-
sentially be locked to a constant Tw ≈ 0 ◦C,
leading to the conclusion that the only way to
satisfy Eq. (1) is to increase the Leidenfrost
temperature, which is not possible for LH2.
However, the formation of ice allows for the
further cooling of Tw. If the ice surface
cools all the way down to TL, the triggering
criterion can be satisfied despite TL being
constant. The maximum heat flux achieved
after film-boiling collapse (critical heat flux)
is quite high (1× 105 W/m2 (Wang et al.,
2016)), despite the temperature difference
being less than 10K at that point. This is
almost as high as the critical heat flux of
methane (Sciance et al., 1967).

• Jet-on-ice impact: The presence of an ice
sheet makes the incoming jet impact a solid
surface instead of a liquid surface. One could
imagine this leading to a new kind of early
RPT.

Both of the above hypothetical pathways lead
to liquid-solid contact after film-boiling collapse.
This may make RPT unlikely, as the fundamental
theory outlined in Sec. 2.2 often stress the impor-
tance of a liquid-liquid interface between the cryo-
gen and the hot substrate. A liquid-liquid interface
has no nucleation sites, which allows the sudden
heat-flux increase to be spent on superheating
instead of rapid heterogeneous nucleation. Sud-
den liquid-solid contact after film-boiling collapse
may merely lead to normal (but rapid) nucleate
boiling instead of an explosive RPT event.

It is also worth mentioning that the temperature
of LH2 (20K) is below the freezing points of
both oxygen (54K) and nitrogen (63K). This
means that there is a potential to both condense
and freeze oxygen gas and nitrogen gas from the
air and mix it into the LH2 pool. Such mixing may
have unpredictable consequences, and should be
studied further.

3.2. Consequences of LH2 RPT
Regardless of the actual probability of trigger-
ing, we may apply the procedure described in
Sec. 2.4 to quantify the consequence of LH2 RPT
assuming that it does occur. The results of such
a calculation are shown in Fig. 5, which is the
equivalent of what Fig. 4 showed for LNG. Note
that in this case, as opposed to the case of LNG,
a single calculation is representative for all sce-
narios because there is no composition variable
in a pure fluid. The results are summarized and
compared with LNG in Tab. 1.
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Table 1. The predicted consequences of LH2 RPT compared to LNG RPT. The energy yields per volume were

calculated using densities of 450 kg/m3 for LNG and 71 kg/m3 for LH2.

LNG LH2 LH2 compared to LNG

Peak pressure (p∗) 20–60bar 7 bar 12% – 35%

Yield (energy per mass) 50–80 kJ/kg 38 kJ/kg 48% – 76%

Yield (energy per volume) 22000–36 000 kJ/m3 2700 kJ/m3 7.5% – 12%
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Fig. 5. The result of an RPT consequence calculation, as

described in Sec. 2.4, applied to pure hydrogen. Theoreti-

cal explosive yield (E) is 9.2 gTNT per kg LNG, or about

0.65 gTNT per liter of spilled LNG. The predicted peak pres-

sure (p∗) is about 6.8bar.

4. Conclusions
The probability and consequence of a hypothetical
RPT event caused by a LH2 spill (release) onto
water has been evaluated based on established
LNG research. We may draw the following con-
clusions from this assessment.

The probability of an explosive LH2 RPT event
similar to the well known phenomenon of LNG
RPT seems to be low. The theoretical pathways
to RPT known from LNG research seem unlikely
due to the very low Leidenfrost temperature of
hydrogen, the lack of a shift in the Leidenfrost
temperature due to boil-off, and the presumably
very small mixing region at the point of jet impact
in the absence of waves. The formation of an ice
sheet could theoretically allow the triggering of
RPT, but this would require the ice to have time
to cool down to extremely low temperatures. This
theoretical risk assessment is supported by the fact
that no RPT incidents have ever been reported
from real LH2 spills.

In a hypothetical LH2 RPT event, the estimated
consequence of the vapor explosion is consider-
ably smaller than an LNG RPT event. The pre-
dicted peak pressure is only about 25% of that
from LNG RPT. The predicted explosive energy
yield is about 60% by mass (or about 10% by
volume) compared to LNG RPT.

Based on these arguments, we judge the hypo-

thetical LH2 RPT to be an issue of only minor
concern. It should be noted that there have been
relatively few LH2 spills on water, experimental or
accidental, when compared to LNG spills. Thus,
the fact that no LH2 RPT has been reported is not
conclusive evidence for it being impossible and
additional experiments is recommended. Exper-
imental activity on LH2 spill on water designed
to investigate triggering and consequences of LH2

RPT is planned to be conducted as part of the
project ”Safe H2 fuel handling and Use for Effi-
cient Implementation (SH2IFT)”.
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