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1. Executive summary 

Hydrogen is considered as an important energy carrier for the future. It is enabling sustainable, 

clean and efficient production of power and heat from a range of primary energy sources. It is 

produced from water using primary renewable energy sources (e.g. sunlight), but also from 

hydrocarbons, mainly natural gas through steam reforming or autothermal reforming processes. 

The combustion of hydrogen for power/heat production is (generally) an emission free process, 

proving hydrogen to be the most environmentally friendly energy carrier. The prospect of 

hydrogen economy, however, often raises concerns about safety due to hydrogen accidents in 

the past, being hydrogen extremely flammable and producing explosive mixtures with air. The 

public perception to accept hydrogen as energy carrier and fuel is a significant barrier to the 

implementation of such a hydrogen economy. 

Therefore, the H2TRUST project, implemented by a team of European FCH industry leaders, 

aims at fostering a smooth and well-managed transition to full-scale commercialization of FCH 

applications in Europe and, from a safety perspective, to aid the process by which all industry 

stakeholders as well as general public, are informed, prepared and confident about the large 

scale deployment of hydrogen. 

For this purpose, a risk assessment methodology has been developed to establish the level of 

preparedness of industry for the introduction of FCH technology. This assessment is based on 

practices applied in existing industries for large plants and infrastructures (from HAZID, to 

HAZOP to other methods) as well as novel technology (e.g. Autothermal reforming of natural 

gas in a fluidized bed membrane reactor). The assessment uses detailed information from a 

comprehensive data collection in each of the main application area (e.g. H2 production, storage 

& distribution, mobility &vehicles, etc.) 

This study covers the hazard identification, the consequences, consequence assessment and 

risk characterization and goes beyond the topics of the physical plant, equipment and materials, 

including emergency and health service readiness. 

To carry out this project, the Hydrogen Incident and Accident Database (HIAD-DB) and H2 

Incidents reporting and lessons learned have been taken into account, as European knowledge 

base to assist in better understanding of hydrogen-related incidents and accidents as well as 

the safety actions taken.  

The results of this project will together with other results of the consortium form the basis for the 

development of an online portal of FCH safety resources and an online safety assessment tool 

for industry and regulators.  
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2. Introduction 

The period 2010-2020 is widely viewed as the time when H2 powered vehicles and applications 

will enter service in commercial numbers. As of 2014 the industry was still in what can be 

described as a mature demonstration phase, and recent technological progress in multiple 

component areas is enabling step improvements in performance, durability and cost reduction. 

In the view of a desirable and drastic reduction of both world-wide anthropogenic greenhouse 

gas emissions and exploitation of not-renewable resources, a strong interest of international 

scientific and industrial community has been addressed towards the possible development of a 

global “hydrogen economy” [1]. 

Although hydrogen production, storage and conversion technologies have reached a technical 

mature state, which already makes its use highly interesting, hydrogen as an energy carrier is 

still in its infancy and a number of challenges, especially those regarding the safety acceptance 

by the public, have to be overcome to make hydrogen a commercially viable large-scale actor 

on the energy market.  

Therefore, the objective of H2TRUST is to build on these efforts, increase and secure the trust 

within European society that all the necessary work is being done to guarantee the maximum 

level of safety for an accelerated deployment of the hydrogen economy in Europe. 

For this purpose, in the present study, a Safety Risk Assessment is carried out with the aim of 

assessing industry efforts to assure that FHC technology is safe and that there is preparedness 

for incidents, adequate standards/regulations, hazard awareness and ability to respond to public 

concerns towards a more resource efficient and environmentally friendly society. 

The Safety risk assessment is applied in the main application area (e.g. H2 production, H2 

Storage & Distribution, etc.) and covers the hazard identification, the consequences, 

consequence assessment and risk characterization. In particular, a systematic approach is 

designed and applied which measures risk through risk analysis methods and relates it to 

established risk acceptance criteria for the identification of design specifications or need for risk 

mitigating measures. In this way, the risk is assessed, as well as the effect of risk mitigation 

measures, until the risk affecting the system assessed is evaluated as tolerable.  
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3.   Main application area of “hydrogen” 

A key of precondition for the realization of a hydrogen economy is the development of a 

hydrogen infrastructure which, by definition, includes the systems needed to produce hydrogen, 

to store it and to deliver it to the users. For this purpose, at the same time, safe practices in all 

application areas of hydrogen are essential for the widespread acceptance of hydrogen 

technologies. A catastrophic failure in any hydrogen project could damage the public perception 

of hydrogen and could also decrease the ability of hydrogen technologies to gain approval of 

the insurance community, a necessity for commercialization. 

Therefore, a safety risk assessment methodology has been developed to be applied in the main 

application areas of hydrogen, that is: H2 production, H2 Storage & Distribution, H2 use in 

mobility and vehicles and H2 use in non-vehicles & residential power generation, (see Figure 1), 

and is discussed below. 

 

Figure 1: Main application area of "hydrogen". 

3.1. Hydrogen production  

With respect to “hydrogen production” area, according to Deliverable 2.2., led by POLIMI, a 

straightforward discrimination of the benchmark technologies used for the “hydrogen production” 

considers the following possible feedstock: 

 Natural gas and hydrocarbons (e.g. LPG, ethanol, biogas), by using reforming based 

processes (either steam reforming, auto-thermal reforming or through partial oxidation) 

 Solid or heavy fuels (e.g. coal, biomass, refinery residues) through gasification/pyrolysis 

processes. 

 Electricity through electrolysis. 
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A schematic view of the different technologies applied to the conversion of raw material to 

hydrogen, as it is given in Deliverable 2.2, is presented below (Figure 2): 

 
Figure 2: Example of categories of plant configurations as considered in the benchmark report. 

 

A detailed discrimination of the technologies applied in hydrogen production takes into 

consideration factors such as production scale and grade of hydrogen purity required, when 

these factors influence significantly the plant configuration with inclusion of new components 

which can be important by the point of view of safety.  

Nowadays, the most common production routes are by far “Natural Gas Reforming” and 

“Electrolysis”. Typically, there are seven hydrogen production processes based on Natural gas 

reforming and electrolysis production routes, as given below: 

Natural Gas (NG) reforming: 

 Large scale steam reforming of NG 

 Small to medium scale steam reforming of NG with CO-PrOx 

 Small to medium scale steam reforming of NG with PSA 

 Auto0thermal reforming 

 Partial Oxidation 

Electrolysis: 

 Alkaline electrolysis 

 Polymer electrolyte membrane (PEM)  

However, due to the limitation of data for hydrogen infrastructures, in this report, mainly mature 

technologies has been investigated for the hydrogen production, focusing mostly on the 

processes which are most used as for today. Therefore, the report will deal with the “Large 

scale Steam Reforming of Natural Gas” and “Alkaline Electrolysis”, taken as representative 

cases of hydrogen production routes to conduct the safety risk assessment. 

Furthermore, this report is also focused on the investigation of a novel technology for hydrogen 

production. In particular, autothermal membrane reformer of natural gas, within a micro-CHP 

system of 5kWel based on PEM fuel cell is under investigation, where pure hydrogen is 
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produced with a membrane reactor and supplied to a fuel cell system. The system is based on a 

prototype developed within the topic of the JU project ReforCELL European project. 

3.2. Hydrogen storage & distribution 

In the same way, this report elaborates on the other application area of hydrogen like storage, 

transport and distribution. The corresponding overview of the considered cases is shown in 

Figure 3.  

In particular, with respect to the “hydrogen storage/transport/distribution”, the hydrogen 

processes that will be studied in the following sections include: 

 GH2 Storage (Compressed hydrogen storage) 

 LH2 Storage tank (Large scale storage at terminals used for regional distribution) 

 LH2 Storage in Hydrogen Filling station (Deliver hydrogen to public vehicles both in liquid 

and gaseous form) 

 GH2 Transportation (Pipelines) 

 LH2 Transportation (Road Truck) 

 

 

Figure 3: Example of classification of storage/transport/distribution phases as considered in this 

report. 

3.3. Hydrogen Mobility & Vehicles 

Hydrogen is considered as a good candidate to be the fuel for future mobility applications. 

Hydrogen could be used in the future to feed internal combustion engines, very similar to natural 

gas vehicles or to power electric cars equipped with fuel cells.  

Fuel cell technologies and internal combustion engines are today implemented. They showed 

excellent performance and safety in hydrogen city buses as well as in private cars. For example,  
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BMW has successfully demonstrated hydrogen private cars with internal combustion engines 

(e.g. BMW 753i) since the 90s [2]. Hydrogen can be stored on-board in four main ways: 

compressed, as a liquid (-253°C), or in solid media (in hydride form bound to metals, or on the 

surface of solid porous materials or carbon nano-tubes).  

The energy density of hydrogen per mass unit is high, about three times higher than gasoline or 

diesel, but it becomes very low if considered per volume unit at ambient pressure and 

temperature. For this reason hydrogen must be stored on-board at high pressure (up to 700 bar) 

or at low temperature (-253°C) to get it liquid and increasing in this way the energy stored on 

the vehicle to reach an acceptable mileage. 

A cryogenic hydrogen (LH2) storage for vehicles offers great advantages compared with 

compressed gaseous storage, because it offers the highest density per volume. High-pressure 

hydrogen is stored in a thick-walled tank made of high strength material to ensure durability. 

Meanwhile, liquid hydrogen is stored in a double walled vessel with insulation, sandwiched 

between the walls. Therefore, the present study considers a hydrogen private car (e.g. BMW 

735i), where hydrogen is stored in liquid form (LH2) and delivers it to the internal combustion 

engine (ICE). 

3.4. Non-vehicles & Residential power generation 

Hydrogen supplied to buildings (e.g. residential) can be used to provide energy in the form of 

heat and electricity by using fuel cells as combined heat and power (FC-CHP) generators. 

There are two CHP options, i.e. CHP-based natural gas and CHP-based pure hydrogen. The 

fuel option required for the first CHP was natural gas and has to be transformed into hydrogen 

in a separate reformer unit. Hydrogen is reformed from natural gas, which is already distributed 

over the existing infrastructure (this is for instance the topic of the JU project ReforCELL, where 

pure hydrogen is produced with a membrane reactor and supplied to a fuel cell system). Later 

on, it is conceivable to distribute pure hydrogen through a similar infrastructure specifically 

designed. On the other hand, the second CHP system, supplying a clean energy to a whole 

block of buildings is working on pure hydrogen.  

The last FC-CHP option was interesting to be considered in the study because of involving large 

amounts of hydrogen storage. 

A detailed description of all the main application area of hydrogen deployed in this study is 

presented in the Appendix A. 
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4. Safety risk assessment methodology  

This chapter elaborates on the development of a “Safety risk assessment” methodology to 

assess the main application areas of hydrogen described in the previous section. This 

assessment aims at considering all risk factors including unexpected parameters/events. 

Figure 4 represents a schematic review of the Safety Risk assessment methodology: 

 

Figure 4: Safety Risk Assessment methodology schematic description. 

 

As it can be seen in the Figure 4, the risk assessment is an iterative process. If, after the risk 

has been evaluated, the decision is made that the risk needs to be reduced, it is necessary to 

re-estimate the risk. Therefore, a feedback loop from Risk evaluation to System description has 

to be made. A decision can then be made as to whether the measures taken have reduced the 

risk to an acceptable level. Each single step of the safety risk assessment methodology is 

described below. 

4.1 System Description 

The first stage in assessing the risk of a system is to describe the system in terms of its 

equipment and product characteristics, safety systems, procedures and relevant assumptions. 

This should include aspects relevant for the risk acting as an ignition source, including for 

example materials of construction and the formation of explosive atmospheres. Therefore, a list 

of possible hazard types is created characterizing the system examined. (Appendix C)  

4.2 Hazard Identification 

The next step of the risk assessment methodology is to identify the possible hazards. Thorough 

hazard identification is of disputable importance to the worth of the risk assessment. Overall, the 

hazard identification focuses a risk analysis on key hazards of interest and the types of mishaps 

that these hazards may create. 
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Fundamental methods such as “What-If” analysis, Checklists, etc. are tools which can be used 

to identify the hazards and assess the criticality of possible outcomes. In many cases, a 

combination of these techniques is used in order to ensure that possible hazards have not been 

neglected or overlooked. 

In this report, taking into consideration the advantages and disadvantages of each hazard 

identification method, the method selected is a combination of the HAZID analysis with the 

Fault tree (FTA) and the Event tree (ETA) analysis as the most appropriate methodological 

approach providing complete data for each case. The application of these method for each of 

the main application areas of hydrogen are presented in detail in the Appendix B. 

4.3 Accident Scenario Selection 

When all hazards have been identified, a set of accident scenarios is selected. One or a 

combination of hazards can result in an accident scenario. For example, a scenario like 

hydrogen leakage may be caused by one or more of the following hazards; a pipe rupture, 

leakage in the dispenser or pipe corrosion etc. The considered systems mainly consists of a 

tank and piping systems. Each of them, of course, may break or rupture in an infinite number of 

ways. This spectrum of failure needs to be reduced to a representative set of failures. In this 

study, possible pipe failures are represented by either full bore ruptures or holes 20% of the 

diameter. Failure outcomes such as fires and explosions are considered since hydrogen is 

flammable.  

Releases caused by different failures may lead to similar outcomes and these can be combined 

to reduce the calculation burden. Therefore, the final choice of events to be investigated took 

into consideration of the following factors: 1) the size of the release, 2) whether the release is 

instantaneous or continuous, and 3) whether the release is liquid or vapor. Based on the above 

assumptions, the following representative set of events (“Top Events”) was considered in the 

study: 

A) Instantaneous release of the entire hydrogen inventory due to tank rupture (i.e. a 

catastrophic failure of the tank or vessel) 

B) Continuous release of hydrogen in liquid or vapor phase through a hole in the tank. 

C) Continuous release of hydrogen in vapor phase due to relief valves fail open. 

D) Continuous release of hydrogen in vapor phase due to rupture disk ruptures prematurely. 

E) Continuous release of hydrogen in vapor phase due to a full-bore rupture of the vapor lines 

F) Continuous release of hydrogen in liquid phase due to a full-bore rupture of the liquid lines 

For accident scenarios concerning a hydrogen private car and a LH2 road truck, the safety risk 

asssessment methodology is generally focused on the loss of containment of the hydrogen due 

to either an accident breaching a transport container or a failure of associated equipment such 

as releif valves or fittings while in transit. According to CCPS [3] the accident initiated releases 

tend to dominate the risk of hazardous material trasportation. This means that the incident 

release frequencies of hydrogen road transport and onboard hydrogen storage (private car) are 

more likely to occur due to traffic accidents than through the system malfunctions. Therefore, 

the considered accident scenarios for the private car and the LH2 road truck are related to the 

losses of containment accident initiating releases.  
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For accident scenarios concerning GH2 pipelines, according to European databases, national 

statistics throught Europe and published failure rate data under the European Gas Pipeline 

incident Data Group, the considered failures in the present study are related to:  

1) Failures caused by external mechanical interference (e.g by excavators or other equipemnt 

in use by other utility or construction companies, damage during  construction of the land 

drainage, fatigue etc.), 2) Failures caused by corrosion defects (moisture in the ground, 

aggressive soils, etc.), 3) Failures caused by miscellaneous factors, such as pipe material 

defects, natural hazards or operator error. 

4.4 Risk Estimation 

The risk of each accident scenario is being estimated in terms of how frequent each scenario is 

likely to occur (Frequency assessment) and how severe it is (consequence assessment). 

4.4.1.  Frequency Estimation 

In order to begin quantifying the overall risk associated with a hydrogen facility, the frequency of 

each hazardous event should be determined. In general, frequencies of a hazardous event, 

occurring during a given time interval, can be derived from the frequencies of each of the 

contributory events, whose occurrence, individually or in conjunction with other events, could 

lead to the occurrence of the hazardous event. 

A logical relationship between hazardous events and the corresponding contributory events are 

conveniently represented as a ‘Fault Tree” (FTA). However, in some cases the tree is trivial due  

to the frequency being dominated by a single contributory cause, or due to the availability of 

statistical data on the frequency of the hazardous event itself, rather than only on the 

contributory events [4]. Therefore, a dual approach to the frequency estimation is used in the 

study.  

For the case of stationary hydrogen storage (both liquid and gaseous), including hydrogen 

storage for residential power generation, where safety depends on the reliability of a large 

number of components, a FTA is carried out. Meanwhile, for the case of hydrogen 

transportation (LH2 tanker truck and pipelines) and mobility& vehicles (hydrogen private car), 

failure rate data are used for certain discrete events for which adequate statistics exist, or for 

which system reliablity consideration is not the main cause of failure. The detail description of 

this method is presented in the Appendix F. 

Once the frequency estimation of each accident scenario has been completed, each event is 

classified in terms of its frequency according to the Table 1. This table (Table 1) gives a 

detailed description of the frequency assessment categories “A” to “E”. 
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Table 1: Description of Frequency assessment levels [5].  

LEVEL DESCRIPTION DEFINITION 
FREQUENCY OF EVENT 
OCCURRENCE 

A Improbable 
Possible, but may not be heard of, or 
maybe experienced world wide 

About onceper 1000 years 
or less 

B Remote 
Unlikely to occur during 
lifetime/operation of the facility 

About once per 100 years 

C Occasional 
Likely to occur during 
lifetime/operation of the facility 

About once per 10 years 

D Probably May occur several times at the facility About once per year 

E Frequent Will occur frequently at the facility 
About 10 times per year or 

more 

4.4.2. Consequence Assessment 

Having identified a set of top events and estimated their initial frequencies as discussed in the 

previous section, it is necessary to consider the range of possible consequences that could 

occur after the original failure, and to estimate the probabilities of alternative outcomes. This can 

be done by using an “Event tree analysis” (ETA). An event tree is a logic diagram in which all of 

possible outcomes of a single initiating event are described. 

For the case of hydrogen, a release may have many event outcomes, depending on the timing 

and type of ignition. For example, a hydrogen release may be ignited immediately at the point of 

release or it may be ignited after the cloud has been dispersing for a certain amount at time or it 

may not ignite at all.  

Figures 5 and 6 illustrate event tree diagrams (ETA) to develop incident outcomes from 

hydrogen release in gaseous and liquid form, respectively. 
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Figure 5: Event tree analysis of LH2 release [3]. 

According to the Figures 5 and 6, for a given release of hydrogen, an early explosion, fireball or 

jet fire outcomes will be occurred if it is followed by immediate ignition. Otherwise, a pool (pool 

fire may occurs if it ignites) may be formed or the substance may be evaporated and disperse 

away from the release center following the wind direction. If concentration of the hydrogen 

clouds is within its flammability limits (4-75% vol) and an ignition source exists around the 

clouds, then a delayed outcome (such as  a vapor cloud explosion or flash fire) may occur. 
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Figure 6: Event tree diagram of GH2 release [3]. 

Once the initiating event is defined, source models are selected to describe how materials are 

discharged from the process. The source model provides a description of the rate of discharge, 

the total quantity discharge (or total time of discharge) and the state of the discharge that is 

liquid, vapor or combination. A dispersion model is subsequently used to describe how the 

material is transported down wind and dispersed to some concentration levels. If there is an 

immediate fire or explosion, there will be no dispersion. Fire and explosion models convert the 

source model information on the release into energy hazard potentials such as thermal radiation 

and explosion overpressures. Finally, effect models convert these incident specific results into 

effects on people (injury or death) and structures.  

In this way, these effect models rely on the general principle that severity of the outcome is a 

function of distance from the source of release, called effect distance.  Therefore, each of the 

incident outcomes was modelled for different shapes and sizes as it is required for the correct 

risk calculations.  

For each scenario, distance from the source (effect distance) at which the consequence will be 

very serious, serious, irreversible or (where appropriate) indirect is classified, as shown in 

the Table 2. 
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Table 2: Threshold values for delimiting the consequences [6]. 

Consequence description Heat radiation 
Overpressure 

(mbar) 

Limit for very serious hazard to 
human life 

Greatest distance to: 
8 kW/m

2
 or 1800 [(kW/m

2
)
4/3

].s 
200 

Limit for serious hazard to human life Greatest distance to: 
5 kW/m

2 
or 1000 [(kW/m

2
)
4/3

].s 
140 

Limit for significant  hazard to 
human life (irreversible damage) 

Greatest distance to: 
3 kW/m

2
 or 600 [(kW/m

2
)
4/3

].s   
50 

Limit for indirect hazard  
(broken glass) - 20 

Since the major hazards associated with hydrogen are fires and explosions, and in the event of 

contact with the liquid or cold boil off vapor, frostbite and burns, the study considers fire and 

explosion hazards because they may result in fatalities in the population around the installation. 

Therefore, the next step is to identify the number of fatalities, and subsequently classify each 

incident outcome as shown in Table 3. 

Table 3: A description of consequence severity levels: Seriousness scale defined as the link 

between consequences and the number of the people exposed [6]. 

Consequence 

Seriousness 
Very serious Serious Significant 

Disastrous >1000 >100 >10 

Very major 100-1000 10-100 1-10 

Major  10-100 1-10 <1 

Serious 1-10 >1 0 

Moderate <1 0 0 

In general, the human fatalities of the hydrogen consequence may be estimated by using the 

probit equations. The detailed description of the calculation of the human fatalities is presented 

extensively in the Appendix H. 

4.5 Risk Evaluation 

Having assessed both the frequency and the severity of each scenario, risks of all scenarios are 

then evaluated using the Risk Matrix as shown in Table 4, to determine if risk mitigation 

measures are required or whether safety has been achieved.  
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Table 4: "Risk Matrix" presentation [5]. 

 

 

The letters H, M and L denote risk levels High, Medium and Low respectively. The description of 

the risk levels is given in the Table 5. 

Table 5: Description of risk levels High, Medium and Low [5]. 

LEVEL LEVEL NAME DESCRIPTION 

H High High risk, not acceptable. Further analysis should be performed 
to give a better estimate of the risk. If this analysis still shows 
unacceptable or medium risk redesign or other changes should 
be introduced to reduce the criticality. 

M Medium The risk may be acceptable but redesign or other changes 
should be considered if reasonably practical. Further analysis 
should be performed to give a better estimate of the risk. When 
assessing the need of remedial actions, the number of events 
falling into this risk level should be taken into consideration to 
assure that the risk is as low as reasonable practical (ALARP) 

L Low The risk is low and further risk reducing measures are not 
necessary. 

 

It is evident that if the risk evaluation results in a risk level of “H”, the risk is so high as to be 

intolerable and additional mitigation measures are required. Similarly, a risk level “L” can be 

considered to be acceptable and no futher mitigation measures are required.  

Risk levels “M” is intermediate level and require some form of mitigation measures to make the 

risk acceptable. However, the degree of these measures is smaller and in many cases, 

organizational mitigation measures (e.g. the determination of the “safety distance” from a piece 

of equipment) are often sufficient. 
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4.6 Acceptance Criteria 

The risk associated with a given activity or operation is evaluated against risk acceptance 

criteria. Acceptance criteria is based on the established safety goals and quantification of these. 

Risk results of installations, plants, procedures etc. are compared with established risk 

acceptance criteria to determine whether the risk level is acceptable or not. If the estimated risk 

level is too high compared to the acceptance criteria, risk reducing measures need to be 

identified and implemented. The criteria mush be established prior to performing quantitative 

risk assessment to enable comparison against the desired safety level [7]. The study uses the 

risk acceptance criteria called “ALARP” (as shown in Figure 7) proposed by the European 

Integrated Hydrogen project phase 2 (EIHP2) [5], [7]. 

The ALARP (As Low As Reasonably Practicable) principle was developed by the UK authority. 

It is based on general risk for society. This choice also satisfies the general criteria of assuring 

that the risk level associated with hydrogen applIcations should be similar to or smaller than the 

risk associated with comparable non hydrogen systems. The ALARP principle is that the 

residual risk shall be as low as reasonably practicable. It means that a risk is low enough that 

attempting to make it lower would actually be more costly than any cost likely to come from the 

risk itself (tolerable risk) 

The upper line of this figure (Figure 7) represents the risk acceptance curve. The region 

between this line and the lower line denotes the ALARP area. For scenarios with risk level (that 

lie) between these lines the risk should be reduced if practical, typically subject to cost benefit 

analysis. For scenarios with risk levels above the upper curve, measures to reduce the risk must 

be implemented. 
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Figure 7: Societal risk curve, FN curve with ALARP region. 

According to the Dutch approach: 

‒ The upper limit criteria (“unacceptable”) is the frequency of 1∙10-5 /yr for 10 or more 

fatalitites 

‒ The lower limit criteria (“acceptable”) is the frequency of 1∙10-7 /yr for 10 or more 

fatalitites 

According to the UK approach (less strict): 

‒ The upper limit criteria (“unacceptable”) is the frequency of 2∙10-4 /yr for 500 or more 

fatalitites 

‒ The lower limit criteria (“acceptable”) is the frequency of 2∙10-7 /yr for 500 or more 

fatalitites. 

 

 

 

 

 

 

UK ALARP 

Dutch ALARP 
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4.7 Mitigation Measures (safety distance) 

After the risk levels are evaluated using the Risk Matrix for each failure scenario, risk for those 

scenarios evaluated as H or M are mitigated through safety measures. If the risk is not 

acceptable, new mitigation measures have to be introduced and the risk related to each 

scenario has to be analysed again. 

There are many factors to take into account when analysing the options for risk mitigation 

measures. The most important is whether the amount of risk mitigation is sufficient to reduce the 

risk to tolerable levels. It is important during this assessment to properly take into account the 

effectiveness of the various options and reconsider how much the safety of a design improves if 

a particular safety feature is included 

Once other means to reduce the frequency and/or consequences to an acceptable levels are 

not available, the determination of the “safety distance” from a piece of equipment, is the 

parameter that is often used, to mitigate the effect of any likely event and prevent it from 

escalating into a larger incident. The safety distance will also provide protection for the 

equipment from foreseeable external impacts (e.g. roadway, flare) or activities outside the 

control of the operation (e.g. plant or customer station boundary). 

The provision of adequate distance or separation zones around the equipment is a fundamental 

consideration for safe layout. By understanding the protection afforded by increasing the safety 

distance, one can optimize the safety protection of a piece of equipment. In most cases, the 

safety distance to provide protection from all possible events is not practicable. Therefore, an 

assessment of the frequency of the event and the potential consequence is necessary to 

understand which risks can be reasonably mitigated by a safety distance. Figure 8 shows a 

typical example for establishing safety distances [8]. 

 



 D4.2 – Safety risk assessment  

Project no: 10017267 20/37 30.08.2014 

    

 

Figure 8: A risk approach for establishing safety distances [9]. 

 

According to Figure 8, the cumulative frequencies of different leak diameters resulting in one or 

more specified consequences are evaluated against the separation distances required to 

protect people, equipment or structures from a specified level of harm. A detailed description of 

this approach is presented in the Appendix I. 

4.8 Risk Characterization 

The risk characterization represents the final step in the risk assessment process. In this step, 

hazard identification and consequence assessment are combined to describe the probability 

and severity of adverse health effects under various conditions of human exposure. The risk 

characterization describes the estimated incidence of the adverse effect in a given population, 

identifying and highlighting the noteworthy risk conclusions and related uncertainties. 
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5.  Risk Results Presentation  

Generally, the “Risk Calculation” procedure applied in this methodology can be expressed as 

shown in Figure 9, illustrating the relationship between the risk calculation model and its input 

and output. 

 

 

Figure 9: The risk calculation model environment used in this study. 

According to Figure 9, the model combines the consequences of hydrogen related accidents to 

the population and their frequencies. The accident consequences of hydrogen (i.e. fire and 

explosion outcomes) were calculated in terms of their effect zones (distances), and the result is 

presented in the Appendix H. Since the model concerns risks, it also needs frequencies for each 

possible event and outcome. Within the model, the frequency of each outcome is calculated 

from the frequency of the event itself and the probabilities defined on each branch of the event 

tree (Figure 5 and 6). The event frequencies of the system were calculated by using the FTA as 

well as by using historical statistical data. The estimated frequencies are presented in the 

Appendix F. Finally, superimposes them on the population to calculate the risk for fatalities in 

the surrounding area. The results are presented as F-N curve for societal risk and individual risk 

profiles.  

In the present study, the risk estimation and evaluation of the hydrogen application areas were 

conducted by using both graphical risk profiles such as Individual and societal curves, but also 

through tables, the so-called “Risk  Matrix”. 
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5.1. Individual & Societal Risk 

As discussed above in order to evaluate the risk of the hydrogen study objects, the consequence results 

and their respective frequencies have to be combined. Together with additional data, e.g. population 

density, the fatality risk is calculated and is presented graphically in the form of individual and 

societal risk (F-N curve) (Figure 10 and 11, respectively). The results are also presented in the 

form of a table, the “Risk Matrix” table, as shown in section 5.2. 

 

Figure 10: Individual risk profiles of the hydrogen chain. 

With respect to Figure 10, the individual risk of the studied hydrogen events is presented as risk 

profiles. The individual risk depends on the distance of the hydrogen release source. As it can 

be seen from the graph, fatal consequences are possible from a distance of approximately 40 m 

(as for the GH2 production) up to a distance around 4374.1 m (as for the large scale LH2 

storage). 

According to this Figure, it can easily be noticed that the larger the hydrogen infrastructure is, 

the larger the effect distance is obtained. This means, that the effect distance is proportional to 

the hydrogen capacity. Meanwhile, it can be pointed out that the effect distances according to 

the consequence results for the case of GH2 storage have been calculated smaller compared to 

that of the large scale LH2 storage. 

Furthermore, considering the LH2 storage system for household uses, it can be pointed out that 

fatal consequences are possible up to a distance of approximately 1500m, indicating that the 

storage system for feeding the FC-CHP system is not recommended to be adjacent to a densely 

populated area. 
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From the Figure 10, it can also be seen that hydrogen events have a higher risk at a shorter 

distance than that at the large distance from the release. The overall individual risk of the 

hydrogen events studied is in the rage of 10-2 and 10-4 per year, with the case of GH2 production 

with the use of the membrane reactor having the lowest risk levels 5.2∙10-5 per year. Up to a 

point, the risks profiles are sharply decreasing with the increase of the distance. For example, 

risk of the LH2 storage tank at the Fuelling station, decreased from 3.27∙10-3 per year to about 

1.5∙10-10 per year  at a distance of 313 m. 

 

Figure 11: Societal risk (FN-curves) of the hydrogen chain 

All of the information required for individual risk calculations, as well as information on the 

population surrounding the facility or along the transportation routes are required for the societal 

risk calculation. By using the procedure described in the Appendix H the risk profiles for the 

main application area of hydrogen in the form of F-N curves is presented in Figure 11. 

According to this Figure, failures of such systems can lead from 2 fatalities (as for GH2 pipeline) 

up to 2100 people (as for large scale LH2 storage). As shown in the figure, the GH2 storage, 

GH2 production through the membrane reactor and the transport system through pipelines 

provide the lowest risk compared to that of LH2 systems. 

The figure also shows that the hydrogen events provide lower risk in terms of Societal risk than 

that of the Individual risk. For example, the individual risk (risk to 1 people) of the road truck is 

about 10-3 per year and the societal risk drops to 10-6 with correspondence to the fatality number 

of about 20 people. The overall risk of the hydrogen study events are in the range of 10-3 and 

10-5 per year. 

The societal risk results as a measure of the risk that the events pose to the local population  
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expressed by frequency F as a function of fatalities N, which is then plotted to give the F-N 

curve. The frequencies for given values of N can be summed for all outcomes and events to 

give the overall societal risk. The overall risk of the hydrogen study objects is 8.6∙10-3 per year 

(once in 118 years) shown in Table 6.  

The most contributor to the overall risk is LH2 storage at fuelling station (accounted for 38.6%), 

followed by LH2 storage in private car (accounted for 35%), LH2 at CHP plant (7.6%), LH2 large 

scale storage (6.4%), GH2 pipeline (4.8%), LH2 tanker truck (4.3%), GH2 storage tank (2.7%) 

and GH2 production through membrane (0.6%).  

Figure 12 shows the overall risk for the hydrogen cycles, where the real hydrogen accident and 

incidents found on the European and American database (HIAD-DB [10] and H2 incidents and 

lessons learned [11], respectively) is highlighted with red marker. 

 

Figure 12: F-N curves of the hydrogen chain with ALARP criteria. 
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Table 6: Overall individual risk of the hydrogen chain. 

 

 

 

 

 

 

 

 

 

 

As described in the section 4.6, the study uses the ALARP risk acceptance criteria proposed by 

the EIHP2 (European Integrated Hydrogen Projects). Figure 12 shows that, according to the 

Dutch regulations (Dutch National Environmental Policy Plan, 1989), as well as U.K. standards 

(Health and Safety Commission, 1991), the individual risk for the hydrogen objects (both 

hydrogen storages and transportations) run almost entirely in the unacceptability zone, being 

higher than 1∙10-6 per year (for the Dutch regulations) or 1∙10-4 per year (for the U.K standards) 

or where the measures to reduce the risk must be implemented. 

The figures above also shows that the societal risk level appears globally lower than the 

individual one. In fact, also the curves relevant to the hydrogen objects, fall well in the 

acceptable of the UK ALARP zone (dotted lines). However, assuming the limits proposed by 

Dutch regulations (solid lines), different in slope and more severe than the U.K. ones, most of 

the curves fall within the ALARA zone. These mean that the hydrogen storages and transports 

may be accepted for the public. Should the plants be implemented for the public, the risk must 

be reduced as far as reasonable and  practicable, typically subject to cost benefit analysis. 

Meanwhile, hydrogen production plant (GH2) and pipeline (GH2) fall well in the acceptable zones 

of the ALARP as well as the ALARA.  

5.2. Risk matrix presentation 

The risk associated with hydrogen components failures was also measured by the construction 

of the Risk Matrix, considering real accident and incident hydrogen events, found on both 

European and American hydrogen database , HIAD-DB and H2 Incidents and lessons learned, 

Application area of hydrogen Individual risk (/yr) Contribution  

GH2 production (Membrane reactor) 5.2∙10-5 0.6 

GH2 storage tank 2.3∙10-4 2.7 

LH2 storage large scale 5.5∙10-4 6.4 

LH2 storage at Fuelling station 3.3∙10-3 38.6 

LH2 for household uses 6.5∙10-4 4.3 

LH2 mobility & vehicles (private car) 2.9∙10-3 35 

LH2 road truck 3.7∙10-4 4.8 

GH2 pipeline 4.1∙10-4 7.6 

Overall risk 8.6∙10-3 100% 
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respectively. The risk matrix is performed for the hydrogen application area where quite detailed 

data are available, including : 

1. GH2 Storage tank 

2. LH2 large scale storage  

3. LH2 Storage at fuelling station. 

 

Figure 13 illustrates the classification of accident scenarios with respect to their risk severity. 

According to this Figure, it can be seen that most of the hydrogen accident and/or incidents in 

the area of hydrogen storage in vapor phase exhibit a low risk profile, except for few cases lying 

in the medium risk level, where further investigation is required to establish the safety and 

determine if further mitigation measures are required. This behavior was also confirmed by the 

Individual and societal risk profiles presentation (Figure 10 and 11). 

 

 
Figure 13: Risk Matrix presentation of GH2 storage system. 

 

With respect to the hydrogen storage in liquid phase at large scale system, the risk profile is 

presented in Figure 14 (a). Similar to the previous Figure, the risk is mostly classified in the low 

risk level region, with some case lying on the medium level.  As mentioned before, for these 

cases, further investigation is required to determine whether further measures are necessary or 

not. 
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Figure 14: Risk Matrix presentation of LH2 storage: (a) at Fuelling station and  (b) at large scale 

system. 

 

In a similar way, the risk presentation for the case of LH2 storage at fuelling station is performed 

with the use of the Risk Matrix (see Figure 14(b)).  

As it can be easily noticed from the Figure 14(b) is that in this case even though most of the 

case are classified in the low risk level area, there is one exception, presenting a high hazard 

risk. In this case further measures are required to mitigate the risk, ensuring that the safety has 

been established. This behavior was also confirmed by the individual and societal risk profiles 

presentations.  

 

 

 

 

(a) (b) 
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6. Conclusions 

Hydrogen has been considered as a promising candidate energy carrier for the delivery of 

energy to both public and industry. Hydrogen as a secondary energy carrier offers the best 

alternative solutions. It can be produced from renewable energy providing an alternative fuel 

free of all carbon emissions and offering a sustainable energy supply. Unlike fossil fuels such as 

crude oil or natural gas, hydrogen will never run out, because it is the element most commonly 

found in nature. Besides, the stored hydrogen can be used both to generate electricity or 

directly as a fuel, which makes it highly suitable for stationary as well as mobile applications. 

However, the acceptance of hydrogen technology from  the public is not associated with its 

environmental benefits, instead, public’s first interest focuses on the safety issues and its 

association with hazardous accidents in the past, such as the Hindenburg disaster. Therefore, 

before regulations and the market drive hydrogen to the fuel of chose, the safety issues must be 

systematically addressed and interdisciplinary techniques defined for application to assure that 

related products and systems are safe and perform as designed. 

In the present study, a safety risk assessment methodology has been developed and performed 

with the aim of evaluating the safety of the main application area of hydrogen. This includes 

hydrogen production, storage & distribution, mobility & vehicles, non-vehicles & residential 

power generation. However, due to the limitation or sensitivity of the data available concerning 

hydrogen specific component incidents, the complete safety risk assessment methodology has 

not been performed for the conventional hydrogen production routes (e.g. Steam reforming of 

natural gas, alkaline electrolysis, etc.). Instead, a novel technology for hydrogen production has 

been investigated involving Autothermal reforming of natural gas in a fluidized bed membrane 

reactor (integrated within a micro-CHP system of 5 kWel based on PEM fuel cell) based on a 

prototype developed within ReforCELL European project. However, a complete Hazard 

Identification and the safety aspects of concern have been highlighted for all the above  

hydrogen production processes. 

Throughout the designed methodology, firstly, hazard identification analysis was conducted by 

applying HAZID technique and being accompanied  with analytical approaches  (FTA and ETA). 

In this way, accident scenarios of the hydrogen systems were identified. An accident scenario of 

the hydrogen cycle is mainly initiated with release events, known as “loss of containment” 

events. It includes continuous and instantaneous release. Frequencies of the scenarios were 

then estimated by using the probabilistic safety analysis-analytical approach (combination of 

FTA & ETA). Subsequently, consequence assessment was carried out by investigating the 

possible incident outcomes (e.g. Jet fire, explosion VCE, etc.) coupled with the calculation of the 

possible size and shape of hazard zones (effect distance). Eventually, the frequency and  



 D4.2 – Safety risk assessment  

Project no: 10017267 29/37 30.08.2014 

    

consequence assessment were combined to estimate the risk to the people, expressed in terms 

of the fatalities of people and presented in both graphical (Individual risk and Societal risk 

curves) and table (Risk Matrix) form. 

According to the results, continuous type of release mostly dominates the accident which is 

accounted for about 94% and 6% for instantaneous releases. The instantaneous release mainly 

results form a catastrophic failure of tank storage (e.g. tank rupture) and releases all the 

inventory. The main contributor to the tank rupture is tank overpressure (accounted for 50%), it 

is followed by external events, and spontaneous events.  

Fire and explosions are the two incident outcomes which may result from a hydrogen release 

when ignition sources are present. The results showed that the fires mostly dominate the 

accidents which account for about 60%, explosion of 5%, and the rest (35%) has no effect 

(harmless) to the environment.  

According to the existing standards (e.g. ALARP criteria) the individual risk for both hydrogen 

production through membrane reactor, hydrogen storages and transportations run almost 

entirely in the acceptability zone. The societal risk level, however, appears lower than the 

individual one. In fact, also the curves relevant to hydrogen production, transportations and GH2 

storage fall well in the acceptable of the UK ALARP zone. However, assuming the limits 

proposed by Dutch regulations, different in slope and more severe than the U.K. ones, the 

curves fall within the ALARA zone. 

Meanwhile, the F-N curves for the LH2 storages fall well within UK ALARP zone and upper the 

risk acceptance curve of the Dutch ALARA. According to the ALARP principles, for scenarios 

with risk levels below the acceptable curve no measures to reduce the risk are required. For 

scenarios with risk level (that lie) between these lines the risk should be reduced if practical. 

Should the plants be implemented for the public, the risk must be reduced as far as reasonable 

and practicable, typically subject to cost benefit analysis. For scenarios with risk levels above 

the upper curve, measures to reduce the risk must be implemented. 

In order to avoid the greatest potential impacts to the nearby population, mitigation measures 

should be taken into consideration through the establishment of safety distances, mitigating in 

this way, the effect of any likely event and prevent it for escalating into a larger incident. 

Besides, some failure modes leading to the tank rupture can be avoided related to tank 

overpressure, underpressure (for LH2 case only), and spontaneous events (e.g. hydrogen 

embrittlement, fatigue, etc.). Tank overfilling involving human error may greatly contribution to 

the tank overpressure. An adequate operating procedure and operator training shall be 
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 established for the hydrogen public facilities. In case of LH2, loss of vacuum may also 

contribute to the tank overpressure. Additional safeguards against this event (i.e. vacuum 

breaker connected to Nitrogen supply) may be considered. Some events like a significant 

volume of  

sub-cooled LH2 added and excess withdrawal rates may be considered as initiating event of 

tank underpressure. Safeguards against these events (such as withdrawal protection, pressure 

building circuits) shall be high reliability. The best material selection and adequate design of the 

hydrogen tank should be considered in development of the hydrogen infrastructure, to avoid any 

spontaneous events such as hydrogen embrittlement, cold embrittlement (LH2 case only), 

fatigue, etc., that may lead to tank rupture. Tank leak or piping rupture may result in a 

continuous release or spillage of the hydrogen content. Protective measures against this 

scenario should be considered. In case of piping rupture, an emergency shutoff device (ESD) 

may be remotely or automatically operated should be considered to stop flow of the release. 

Hand operated valves may not possible to protect this event. 
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7. Recommendations 

In the course of this study few limitations were faced, considered important enough to be 

indicated in this section for further improvement to achieve the goals and the objective of the 

study.  

Throughout the project and literature investigation, it was found out that there is limited available 

historical databases for hydrogen specific components failures. Only a small number of 

hydrogen technologies, systems and components are in operation, as such only limited data are 

available on the operational and safety aspects of these technologies and materials involved. 

H2TRUST project builds on previous projects’ results, since it utilizes the previous data to 

assess industry efforts to assure FCH technology is safe and that there is adequate regulation, 

hazard awareness, and ability to respond to public concerns. For this reason, an risk 

assessment and analysis of the hydrogen safety issues should be addressed. According to the 

description of the project (DoW), this analysis assessment is based on European Union 

hydrogen database, called HIAD, indicating this connection.  However, instead, the strongest 

support on this project comes from an American hydrogen database “H2 incidents Reporting 

and Lessons Learned”. Therefore, it is recommended a better collaboration with projects outside 

Europe with the aim of contributing and disseminating the most appropriate scientifically 

approach. 

Furthermore, this project also faced the difficulty to have access to industry propriety data due 

to sensitivity of data or confidential aspects among the companies and even among the 

industrial partners of the H2TRUST project, indicating that an enhanced communication and 

collaboration is necessary. It was found crucial the fact that the thorough safety risk assessment 

designed was ready for application but the appropriate detailed data was missing to validate 

such analysis. Therefore, it is highly recommended the interactive collaboration with companies 

to provide the appropriate data for establishing a comprehensive database and determining the 

safety technological condition of hydrogen technologies. In addition to this, hydrogen 

technologies, systems and components are still in the pre-commercial development phase and 

thus, only limited data are available related on the design and the operational and safety 

aspects of such technology. 

In order to overcome such obstacles, a different approach was tried to be utilized on this 

assessment. Data from different sources were collected and combined. However, most of such 

data was proven to be not detailed enough to develop detailed scenarios and incorporate to the 

safety risk assessment study. 
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Another issue that raised up during the project, was the limitation of the design of a general 

safety risk assessment methodology to cover all application area of hydrogen.  

According to experts from INERIS, in France (partner of TU/e in the EU project DEMCAMER, 

also dealing with hydrogen production), each application area of hydrogen involves quite special 

characteristics and such methodology will not be possible to cover efficiently all hydrogen chain.  

Instead, each case should be treated separately. For this purpose, detailed study of each 

hydrogen chain value is recommended in order to address efficiently all safety issues 

concerning hydrogen technologies and systems. Such approach will contribute to the fact that 

public’s perception and willingness to accept hydrogen as an energy carrier and fuel will not be 

a barrier anymore and thus, contributing to the prospect of hydrogen energy economy. 
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APPENDIX A: Hydrogen scenarios description 

This chapter describes the hydrogen objects for the selected scenarios and their related 

activities to hydrogen considered in the study. The choice is mainly limited to the existing 

plants and includes scenarios covering hydrogen production, storage & distribution, mobility 

& vehicles, non-vehicles & residential power generation. Novel technology was also a subject 

of this study. 

In particular, this study investigates accident scenarios in hydrogen production area (“Large 

scale steam reforming of NG”, “Alkaline electrolysis” & Autothermal reforming of NG in a 

fluidized bed membrane reactor), hydrogen storage (GH2 & LH2), hydrogen transportation 

(LH2 tanker truck & GH2 pipelines), mobility & vehicles (private car) and residential power 

generation (households uses). 

However, due to the sensitivity and unavailability of hydrogen data, the complete safety risk 

assessment was carried out for the case of hydrogen production with the novel technology, 

hydrogen storage in gaseous and liquid phase (both at Filling station & large scale storage), 

hydrogen transport (tanker truck & pipelines), mobility& vehicles (private car), and residential 

power generation (household applications). The detailed description of the hydrogen area 

investigated in this report, is presented below: 

A. 1  Hydrogen storage in gaseous phase (GH2) 

The system elaborates hydrogen storage system in gaseous phase in a hydrogen production 

plant through “Alkaline electrolysis” technology. 

The study is focused on the two horizontal cylindrical high pressure hydrogen storages (see 

Figure A-1) with a total capacity of 5000Nm3 at an operating pressure of 3MPa at ambient 

temperature. The tank is filled directly from the water electrolysis in the plant generated 

requiring subsequent compression of the product gases. 
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Figure A- 1: GH2 storage at hydrogen production plant [12]. 

 

 

Figure A- 2: Simplified P&ID diagram of the GH2 storage [13]. 

Figure A-2 illustrates a simplified piping and instrumentation diagram of the high-pressure 

storage system. The tank is filled from electrolysers continuously during the day (e.g. 200 

/year) through filling valve, V7 and V13. The filling process stops when the set point at the 

pressure control valve, PCV-19 is reached. Pressure indicator and alarms (PIA) are installed 

to measure and indicate pressure levels of the tank and its piping system. The tank PIAs are 

equipped with pressure switch or transmitter for remote controllers (e.g. alarm). If the 

operator fails to observe PIAs or to respond to the alarm the tank pressure increases rapidly 

and the tank is overfilled. 
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Each tank is equipped with two pressure safety valves (SVs) and a rupture disk (RD) to 

prevent from overpressure. The rupture disks (RD-1 and RD-2) are provided in case the 

safety valves should fail. The ultimate overpressure protection of the tank is provided by 

stopping the filling line automatically. It is performed by a safety shut-off (PCV-20), which is 

actuated by PSH signal. The gas is withdrawn from the tank through withdrawal valve V12.  

As discussed in the main body of the report (section 4.3), the scenarios considered for the 

GH2 storage system is summarized in the Table A-1. Due to inadequate information, the 

diameter of pipes and holes were taken from a similar study of LPG. 

Table A- 1: Summary of accident scenarios for the GH2 storage system. 

Undesired Event Inner diameter (mm) 

Release 
direction 

Discharge rate 

Scenarios Phase Pipe Hole 
Flowrate (kg/s) 
or mass (kg) 

Duration 
(inst. or s) 

A Tank rupture Vapor - - - 445 Inst. 

B Tank leak Vapor - 50.8 Down 3.3 135.9 

C Relief valve Vapor 50.8 12.7 Vertical 0.3 17550.3 

D Rupture disc Vapor 50.8 50.8 Vertical 2.3 194.9 

E Line rupture Vapor 50.8 50.8 Vertical 2.3 194.9 

 

A. 2   Large scale hydrogen storage in liquid phase (LH2) 

The study includes also liquid hydrogen (LH2) storage. The LH2 storage is used to store liquid 

hydrogen produced from the hydrogen liquefaction plant. The LH2 is delivered to the 

consumers (e.g. hydrogen filling station) through a LH2 tanker truck [14].  
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Figure A- 3: Process flow diagram of the liquefaction plant [14]. 

 

According to Figure A-3 the liquefaction plant mainly consists of compressor units, Pressure 

Swing Adsorption (PSA) purification, liquefier, and LH2 tank. The hydrogen rich raw gas 

supplied from the RVI refinery has pressures varying between 0.9-1.4 MPa. The gas is then 

compressed to about 2.1 MPa, and is cleaned in PSA purification units. The gas is further 

purified by low temperature and liquefied into para-hydrogen [14]. 

After liquefaction process, the liquid hydrogen is then stored in a horizontal vacuum insulated 

tank at -253°C and pressure 0.13MPa, having a capacity of 270,000 litres [14]. The LH2 is 

transported to consumers by using an LH2 tanker truck, which is loaded in the filling station. 

The whole plant is operated and controlled by a central process control system (PCS). 
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Figure A- 4: Hydrogen liquefaction plant [14]. 

 

Figure A- 5: Simplified P&ID diagram of the LH2 storage tank [15]. 

Figure A-5 shows a simplified P&I diagram of the system examined. The LH2 tank is filled 

directly from a liquefaction plant. The level indicator LI, level switch (LSHL), and a trip switch 

(LSH) at successively higher levels are located. It has two independent shutoff valves V-1 

and V-3, both of which are operator actuated. The LI is simply an indicator and the LSHL is 

connected to an audible/light alarm, and LSH to an automatic trip system and close main 

valve of the plant (PCV-40). The LH2 is withdrawn to an LH2 tanker truck through remotely 

controlled valve V-5. 

The tank pressure is maintained by a pressure building circuit which mainly consists of a coil 

(ambient evaporator, D) and its pressure regulator (PCV-1). The circuit vaporizes liquid 

hydrogen from the bottom of the tank and sends hydrogen in the gas phase to the tank (top). 

Operation of the circuit is controlled by the PCV-1 triggered by PIC-1 based on the tank  

pressure (low) obtained and transmitted by pressure transmitter (PT). When the pressure in 

the tank is lower than the set point of the PCV-1, then the circuit is working. In order to 

protect the tank against overpressure two pressure safety valves (SV-1, SV-2) are installed. 
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One of the two safety valves is operated exchangeable at relative pressure of 0.143 MPa. 

Additionally, the PCV-2 is used as the secondary pressure relief devices. The operation of 

the PCV-2 is similar to the PCV-1, but it opens if the tank pressure is high. 

Additionally, the tank is equipped with pressure switches (PIS and PSHL) used to protect the 

tank against excessive lower pressure.  

The accident scenarios considered for the large scale LH2 storage system is summarized in 

the Table A-2. This table gives similar information with the Table A-1, however, including 

also an additional scenario in liquid phase. 

Table A- 2: Summary of accident scenarios for the large scale LH2  storage system. 

Undesired Event Inner diameter (mm) 

Release 
direction 

Discharge rate 

Scenarios Phase Pipe Hole 
Flowrate (kg/s) 
or mass (kg) 

Duration 
(inst. or s) 

A Tank rupture Liquid - - - 16248 Inst. 

B Tank leak Liquid - 127 Down 84.4 192.6 

C Relief valve Vapor 50.8 50.8 Vertical 3.5 3600 

D Rupture disc Vapor 50.8 50.8 Vertical 3.6 3600 

E Line rupture Vapor 50.8 50.8 Vertical 4.2 3600 

F Line rupture Liquid 127 127 Vertical 30.5 532.7 

 

A. 3  Hydrogen Fuelling station 

The fuelling station provides hydrogen as fuel for transportation purposes both in liquid (LH2) 

and compressed gaseous (CGH2) form. The station is considered to store hydrogen in liquid 

(LH2) form (-253°C, 0.8 MPa), and deliver it in the form of CGH2 to a hydrogen storage at 

vehicles at 25 MPa and 15 °C. 
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Figure A- 6: Process flow diagram of a LCGH2 fuelling station [16]. 

. 

Figure A-6 shows the process flow diagram of the hydrogen filling station including all the 

major components: (1) A double walled super-insulated (cryogenic) tank, to store LH2 with a 

capacity of 12,000 litres (800 kg of LH2) at a temperature of –253°C and pressure of 0.8MPa; 

(2) An ambient air evaporator, used to vaporize the liquid hydrogen to gaseous hydrogen by 

taking heat from the air; (3) A multi-stage diaphragm compressor, to raise the pressure of the 

gaseous hydrogen to three levels, i.e. 15MPa, 20MPa, and 35MPa; (4) A tube trailer, used to 

store compressed gaseous hydrogen at three levels of pressure (15MPa, 20MPa, and 

35MPa), with a capacity of 60 kg; (5) A CGH2 dispenser, to deliver compressed gaseous 

hydrogen to hydrogen vehicles (at 35 MPa). 

The LH2 storage has the largest hydrogen inventory compared to other equipment in the 

filling station. Therefore, the study focused on the LH2 storage where its risk may dominate 

the societal risk of the filling station. 

The liquid hydrogen (LH2) storage system is a cryogenic, double wall type, and vacuum 

super-insulated tank. It consists of an inner vessel of cryogenic chromium-nickel steel to hold 

liquid hydrogen at a temperature of –253°C and pressure of 0.8 MPa, and a supporting outer 

vessel of carbon steel. The space between the inner and the outer vessels is under vacuum 

and super-insulated with perlite. Figure A-7 shows a simplified piping and instrumentation 

diagram (P&ID) of the LH2 tank installed at the station. The LH2 tank mainly consists of 

following components: filling system, withdrawal parts, pressure building circuits, safety 

devices, instrumentation and control, and vacuum system. 

The tank is normally filled from a LH2 tanker truck through the hose coupling C/1, pressure 

control valve PCV-5 and isolation valve V-2. Valve V-1 is used to inject the liquid hydrogen 

into the top of the tank in order to keep the tank pressure constant during filling. The filling is 

carried out by two operators who observe level indicators (LI). The filling is stopped manually 

if the level indicator (LI) reaches a high level. In case of operator fails to observe the LI, 

the level switch LSHL (which is connected to LI) will activate the alarm. The ultimate 

overfilling protection is provided by stopping the truck valve (PCV-47) automatically. It is 

actuated by the LSH signal. The signal is provided by overfill detector if the full trycock (V-22) 

is open. 
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Figure A- 7: Simplified P&ID diagram of the LH2 tank at fuelling station [15], [17]. 

The required tank pressure (operating pressure 0.7MPa) is maintained by a pressure 

building circuit (PBC) which is regulated by the pressure controller PCV-1. The pressure is 

produced by converting the liquid hydrogen into gas by a pressure build-up evaporator D. 

The pressure controller PCV-2 ensures that the gas flows from the top of the tank into the 

vent lines when the tank pressure is too high. To protect the tanks and piping system against 

overpressure, the system is equipped with two pressure safety devices (SV-1 and SV-2) with 

one of them in operation and the other one in standby. One of the two safety valves is 

operated exchangeable at a relative pressure of 0.77 MPa (10% of the operating pressure). 

Additionally, the PCV-2 is used as the secondary pressure relief device. The operation of the 

PCV-2 is controlled by the PIC using signal input given by tank pressure (PT). The valve is 

open if the tank pressure reaches the set point and it closes again if the tank pressure drops 

below the set point. 

 

The liquid product is withdrawn from the tank through connector L/11-1 and L/11-2. The L/11-

2 is connected to an LH2 dispenser through a flexible vacuum insulated hose. The L/11- 1 is 

connected to an evaporator to be converted into gaseous hydrogen, compressed, and then 

stored in the high-pressure tubes trailer (at a pressure of 25 MPa) which is connected to the 

CGH2 dispenser. 

The actual level and pressure inside the tank is measured and displayed by level and 

pressure indicators, respectively. The tank pressure gauge and level indicator are equipped 

with limit-switch contacts or analog signals for remote transmission. 

The tank vacuum jacket is protected against overpressure by an outer vessel relief device, 

RV/O. While the line relief valves are installed in the external tank and piping system at 
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points where the liquid becomes trapped. Evacuation valves (1-9) are installed to draw 

vacuum within the tank and piping insulation space. The vacuum gauge tube, PE is a 

connection point for vacuum probe to measure vacuum in the tanks insulation space. 

Similar to previously, the accident scenarios considered for the LH2 storage system at the 

fuelling station is summarized in the Table A-3.  

Table A- 3: Summary of accident scenarios for LH2 storage system at the fuelling station. 

Undesired Event Inner diameter (mm) 

Release 
direction 

Discharge rate 

Scenarios Phase Pipe Hole 
Flowrate (kg/s) 
or mass (kg) 

Duration 
(inst. or s) 

A Tank rupture Liquid - - - 800 Inst. 

B Tank leak Liquid - 76.2 Down 30.4 26.3 

C Relief valve Vapor 50.8 12.7 Vertical 0.5 1566 

D Rupture disc Vapor 50.8 50.8 Vertical 3.6 223.4 

E Line rupture Vapor 50.8 50.8 Vertical 4.2 192.0 

F Line rupture Liquid 76.2 76.2 Vertical 9.4 85.4 

 

A. 4  Hydrogen mobility & vehicles (LH2 prIvate car) 

Fuel cell technologies and internal combustion engines have showed excellent performance 

and safety in hydrogen city buses as well as in private cars. For example, BMW has 

successfully demonstrated hydrogen private cars (e.g. BMW 753i) since 90s [2]. Hydrogen 

fuel in the vehicle can be stored in gaseous form (compressed gas), as a liquid (-253°C), or 

in solid media. A cryogenic hydrogen (LH2) storage for vehicles offers great advantages 

compared with compressed gaseous storage, because it offers the highest density per 

volume. The study considers a hydrogen private car where hydrogen is stored in liquid form 

(LH2). 

Figure A-8 shows the arrangement of the main components of the BMW hydrogen private 

car. 
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Figure A- 8: The main components of the BMW 735i with ICE [18]. 

It is a private car driven by an internal combustion engine (ICE) modified from standard 6- 

cylinder gasoline engine, 2.5-5 litre, 80-140 kW, and with the driving range of 400 km [18]. 

The car stores hydrogen in liquid form (LH2) in a cryo-tank at  a temperature of -253°C, and a 

pressure of about 0.5 MPa. The LH2 is transported to the engine compartment through a 

liquid line, and is heated in a central exchanger by engine water up to - 1°C. The GH2 is then 

fed to a central, electrically operated supply valve with electronic control that injects the 

required fuel to each cylinder inlet port in sequence. The engine runs under lean conditions 

for all driving conditions, giving high efficiency and very low NOx emissions. 

According to the study carried out by Directed Technology Inc (DTI), the most risk is 

contributed by the hydrogen tank. Therefore, the study is focused on the LH2 tank.  

The LH2 fuel tank (Figure A-9) is installed safely in the car trunk (back side of the passenger 

compartment) so that any release of gaseous hydrogen is directed away from the driver or 

passenger compartment of the vehicle. The fuel tank is mounted in a location to minimize 

damage from collision to the fuel tank itself and its accessories. The liquid hydrogen fuel tank 

is equipped with a hydrogen detection system that sounds an audible alarm if the level of 

gaseous hydrogen exceeds 20% of the lower flammability limit. 
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Figure A- 9:The LH2 tank installed in a BMW hydrogen car [19]. 

Similar to previously, the accident scenarios considered for a LH2 private car are summarized 

in the Table A-4.  

 

Table A- 4: Summary of accident scenarios for a LH2 private car. 

Undesired Event Inner diameter (mm) 

Release 
direction 

Discharge rate 

Scenarios Phase Pipe Hole 
Flowrate (kg/s) 
or mass (kg) 

Duration 
(inst. or s) 

A Tank rupture Liquid - - - 6 Inst. 

B Tank leak Liquid - 12.7 Down 3.4 1.8 

C Relief valve Vapor 12.7 5.08 Vertical 0.1 79.5 

D Rupture disc Vapor 12.7 12.7 Vertical 0.2 40.4 

E Line rupture Vapor 12.7 12.7 Vertical 0.2 33.9 

F Line rupture Liquid 12.7 12.7 Vertical 0.2 29.9 

 

 

 

 

A. 5  Residential power generation (Household applications) 

Hydrogen supplied to buildings (e.g. residential) can be used to provide energy in the form of 

heat and electricity by using fuel cells as combined heat and power (FC-CHP) generators. 

Two CHP options have tested 1) CHP-based natural gas and 2) CHP- based pure hydrogen. 



 D4.2 – Safety risk assessment  

Project no: 10017267 A - 12/25 10.04.2014     

The latter option was interesting to be considered in the study because of involving large 

amounts of hydrogen storage situated in a residential area.  

The fuel cell system designed for CHP applications primarily consists of a liquid hydrogen 

storage tank, ambient evaporator, fuel cell system, and heat & power station, as shown in 

Figure A-10. Each fuel cell system consists of two primary subsystems: the fuel cell stack 

that generates direct current electricity; and the power conditioner that processes the electric 

energy into alternating current or regulated direct current. 

 

Figure A- 10: Block diagram of a hydrogen fuelled FC-CHP for household applications [20]. 

The biggest safety hazard of the entire fuel cell unit seems to be the pressure vessel 

containing water and steam at an operating pressure of approx. 1 MPa. Therefore the fuel 

cell unit had to be analyzed according to the pressure vessel ordinance [20]. 

The study is focused on the LH2 storage and its environments, since the LH2 storage showed 

to have the largest contribution to the overall risk. 

The hydrogen infrastructure required for the system consists of a storage tank and refuelling 

applications for liquid hydrogen (LH2) and an evaporator for the fuel preparation. 
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Figure A- 11: Simplified P&ID of the LH2 tank at the CHP plant [17]. 

Figure A-11 shows the simplified P&I diagram of the LH2 tank that consists of two concentric 

walls (envelopes). It is used to store liquid hydrogen at low temperatures. The internal wall is 

made from stainless steel, and the external wall from carbon steel. These two envelopes are 

separated by super-insulation thermal (fire-resistant rock wool and aluminium) and the 

interspace is under a guaranteed vacuum of 1.33∙10-9 MPa. The tank has dimensions of 13.8 

m of height, 3.1 m of external diameter, and internal volume (geometric) of 66.3 m3. It has a 

capacity of 4282 kg of LH2, consisting of 90% of liquid and 10% of vapour. The operating 

condition of the tank is at a pressure of 1.2 MPa, and a temperature of -253°C. 

The tank contains liquid hydrogen with a gas phase on top of the liquid phase. The pressure 

of the gas phase is controlled by means of a pressure regulator (PCV-3), functioning like a 

pressure reducer, and a pressure build-up circuit. Withdrawal of hydrogen is made by 

opening the liquid hydrogen drain valve at the tank bottom directed towards the evaporator to 

be vaporized by the heat from ambient air. In case  

hydrogen is not used, the pressure goes up slowly in the tank because of the natural heat 

entries through the insulation and equipment of the tank. The increased tank pressure is 
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 monitored and manual degasifications are generally carried out by the operator, before the 

pressure reaches the pressure of opening of the valves. The economizer (PCV-4) valve 

remains closed if its set point pressure is higher than the tank pressure. It sends gaseous 

hydrogen to the utilization circuit when the tank pressure reaches its set point. 

The system consists of: 1)Filling circuit, 2)Pressure Building and Economizer Circuit, 

3)Pressure relief device, 4)Withdrawal circuits, 5)Instrumentation and control, 6)Stack for 

evacuation of hydrogen and 7)Evaporator (heat exchanger). 

The accident scenarios considered for the residential power generation of LH2 hydrogen are 

summarized in the Table A-5.  

Table A- 5: Summary of accident scenarios for a LH2 private car. 

Undesired Event Inner diameter (mm) 

Release 
direction 

Discharge rate 

Scenarios Phase Pipe Hole 
Flowrate (kg/s) 
or mass (kg) 

Duration 
(inst. or s) 

A Tank rupture Liquid - - - 4200 Inst. 

B Tank leak Liquid - 76.2 Down 30.4 138.3 

C Relief valve Vapor 50.8 50.8 Vertical 3.5 1211.9 

D Rupture disc Vapor 50.8 50.8 Vertical 3.6 1173 

E Line rupture Vapor 50.8 50.8 Vertical 4.2 1010.6 

F Line rupture Liquid 76.2 76.2 Vertical 10.9 387.2 

 

A. 6  Hydrogen transportation 

Subsequently to hydrogen production, hydrogen has to be distributed to the end users 

(consumers) through long distances. This means that intercontinental transports are required 

to transport hydrogen from a large-scale hydrogen production located to the storage at 

terminals, storage at large scale, storage at fuelling stations, and storage at consumer 

premises. In the present study two means of transport are considered, 1)LH2 road truck and 

2)GH2 pipeline. 

 

A.6. 1  LH2 tanker truck (Road tanker) 

LH2 road truck is commonly used to deliver liquid hydrogen to the fuelling stations, since in  
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this case hydrogen does not have to be transported under pressure. The volume of fuel that 

can be transported is much larger than what is possible with the compressed gas. However, 

the density of liquid hydrogen is lower than that of other fuels (e.g. gasoline), and the tanker 

has to be well insulated. Therefore, only around 2,000 to 4,000 kg can be delivered by a 

single tanker, enough to fill 400 to 800 vehicles, or a two to four day supply for a filling 

station, yet only a 5 to 10 hour supply for a station on a busy motorway. The study considers 

hydrogen transportation by means of a LH2 tanker truck to transport hydrogen from a large 

scale LH2 storage system to a fuelling station situated in a city.  

The truck delivery characteristics, such as numbers of filling stations, roundtrip distances, 

and number of deliveries per year were used according to the Table A-6 developed by [21] . 

According to [21] the coverage of the hydrogen are at least 10% (for a small market 

penetration) of the total gasoline stations. 

The city was modelled as an ideal area assumed to be “circular” city, with a population 

density which is higher in the central core and lower in the outer regions. A city of 100,000 

people is assumed to have an average population density of 1000 people/km2. An average 

number of light duty  vehicle (LDV) per person is assumed to be 0.8, so that the ideal number 

of gasoline stations for the city is 40. The hydrogen demand of the city for the 1% early fleet 

market penetration (assuming that the hydrogen consumption per vehicle is about 0.68 

kg/day) is 544 kg/day. 

Assuming that the capacity of a hydrogen station is 100 kg/day with the output capacity of 

70%, the number of a hydrogen filling station is calculated to be about 8 units. Table A-6 

shows that the total roundtrip distance is 215 km with total deliveries of 71 trips per year.  

In this risk assessment study it is also assumed that the city has a uniformly distributed group 

of  equally sized hydrogen stations (Figure A-12). The LH2 tank truck is supposed to 

transport LH2 from a production plant (in city “A”) to the filling stations (in city “B”). It makes 

about 71 deliveries per year along a round trip distance of 215 km. The route is broken into 

two segments of uniform population density. The first segment is the round trip distance of 

200 km (i.e.2x100 km) with the population density of 500 people/km2. The second segment is 

around the city B of about 15 km with population density of 1000 people/km2. 
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Figure A- 12: Hydrogen road truck delivery route. 

 

Table A- 6: Hydrogen truck delivery model for the study [16]. 

Hydrogen delivery parameters Values 

Population, N 100,000 

Average population density, D [1/km2] 1,000 

Average number per person 0.8 

H2 fuelling station capacity, S (kg/day) 100 

H2 consumption, Q (kg/vehicle.day) 0.68 

Fraction of H2 LDVs 0.01 

Distance H2 plant to the city gate, X [km] 100 

Number of gasoline station 40 

Hydrogen demand of the city, C [kg/day] 544 

Number of hydrogen fuelling station, n 8 

City area, A [km2] 100 

Hydrogen station area [km2] 12.9 

Average distance between stations [km] 3.6 

Roundtrip distance per delivery [km] 215 

LH2 truck capacity [kg] 4000 

Truck delivery per station, T [days] 40 

Truck delivery for the city, T [days] 5 

Number of deliveries per year 71 

Coverage of the H2 stations 19.4% 

 

The LH2 tank truck has a capacity of 53m3 or about 4000 kg of LH2 (-253°C, 0.13 MPa). The 

tank has dimensions of 2.5m of diameter and 8.5m of length. The tank is typically a double 

walled cylindrical tank consisting of an inner pressure vessel, enclosed in an outer casing or 

jacket. Figure A-14 shows a typical internal piping arrangement of a cryogenic tank truck. It 

has two liquid phase lines. The first liquid line is used to fill the truck at the production plant 

through connector C/1 and V-8, and to unload it using the off-loading pump through C/2 and 

V-14. 
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The second liquid line is a pressure-building circuit (PBC) used to increase the inner tank 

pressure by vaporizing a small amount of liquid. The coil (D) with a large heat transfer area 

can readily vaporize liquid and return the warmed gas to the ullage (top) space of the tank. 

This pressure build-up is performed prior to and during the offloading process in order to 

maintain adequate suction pressure for the centrifugal transfer pump. 

The gas-phase lines include a pressure-relief device, which directly communicates with the 

vapor or gas space near the midpoint of the top centerline. A spring loaded pressure relief 

valve (V-19) and a rupture disk device (RD) are normally provided on the tank truck. These 

relief devices are designed to maintain pressure at a safe level under emergency conditions, 

including exposure of the vessel to a fire.  

 

Figure A- 13: Scheme of an LH2 tank truck [13]. 

 

 

 

Figure A- 14: Simplified P&ID diagram of an LH2 tank truck [22]. 

The inner vessel pressure, transfer pump discharge pressure, and liquid contents are 

monitored with trailer-mounted gauges. A differential pressure indicator is the most common 

device used for contents measurement. Sampling of product in the inner pressure vessel is 

necessary in order to determine the level of product purity. A liquid tap typically teed 
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externally to a liquid line can be used for sampling. The vacuum level can be monitored using 

the trailer-equipped thermocouple gauge tube. 

The accident scenarios considered for the LH2 road truck are summarized in the Table A-7.  

Table A- 7: Summary of accident scenarios for the LH2 road truck. 

Undesired Event Inner diameter (mm) 

Release 
direction 

Discharge rate 

Scenarios Phase Pipe Hole 
Flowrate (kg/s) 
or mass (kg) 

Duration 
(inst. or s) 

A Tank rupture Liquid - - - 4000 Inst. 

B Tank leak Liquid - 76.2 Down 30.4 131.7 

C Line rupture Vapor 50.8 50.8 Vertical 4.2 962.5 

D Line rupture Liquid 76.2 76.2 Vertical 10.9 367 

 

A.6. 2  Hydrogen Pipeline 

Hydrogen delivery by gas pipeline is currently the lowest cost delivery option at high 

volumes, and is likely to play a key role in distributing hydrogen in a future hydrogen 

economy. Currently, few dedicated hydrogen pipelines exist—those that are built to transmit 

hydrogen as a chemical feedstock for commercial uses, and they are not adequate to 

broadly distribute hydrogen to serve hydrogen vehicles or household applications. Long-

distance pipeline transportation of hydrogen gas has not reached an international dimension 

up to now [23]. 

The distribution of hydrogen gas seems to be as straightforward as the distribution of natural 

gas, and therefore a pipeline similar to that used in natural gas could be employed. Hydrogen 

reacts with common seals and lubricants currently used in natural gas pipelines and it will be 

necessary to develop new materials that will not degrade, nor contaminate the gas on its 

journey. Furthermore, due to the much lower density of hydrogen, much more gas must be 

moved through a pipe to deliver a certain amount of energy than in use of natural gas. This 

means the gas must either be transported at a greater speed, or the pipe must be of greater 

diameter. 
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Figure A- 15: Description of hypothetical GH2 pipeline routes [13]. 

The present study considers hydrogen transportation by means of a GH2 pipeline from a 

hydrogen production plant to a user storage system. The pipeline has a distance of 53km, a 

diameter of 150mm, is located underground, and the operating conditions are a pressure of 

2.4MPa and a temperature of 15°C. The gaseous hydrogen has regularly transported from 

facility A to facility B through the GH2 pipeline. It is transported over a distance of 53 km 

through areas with varying population densities. 

It constructed by using special steel materials (e.g. ultrafine grain steels) to meet the 

requirement of high strength and high ductility to enable a high system pressure and 

appropriate for welding. Besides, it is wrapped, cathodically protected, and hydro-tested 

before it is put into service. The pipeline crosses four towns, as shown in Figure A-15, with 

one of them closer than 200m. 

Figure A-16 shows a diagram of GH2 pipeline and associated measuring and control devices. 

The pipeline is equipped with two compressors each with a capacity of 8000 N/m3 (piston 

type) used to increase the hydrogen pressure to 2.4MPa (24bar) at rate of 4000 Nm3/h. The 

pipeline is located three meters below the ground level. It is divided into seven stations 

(sections). In case of leakage or any problems in the pipeline each station is equipped with 

an automatic control to close valve. The valves are placed at specific points. Besides, the 

pipeline system is also equipped with measuring and control devices linked to control room 

located in the “central control room”, which constantly manned and from which the system is 

monitored, controlled and supervised. Table A-2 shows the most important capacity and 

dimensions of the pipeline system studied. 
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Figure A- 16: The transport of hydrogen by underground pipeline [16]. 

Table A- 8: Description of the hypothetical GH2 pipeline considered in the study [16]. 

Product Hydrogen 

Length of pipeline 53 km 

Diameter 150mm (outer diameter) 

Flow rate 4000Nm3/h (0.1 kg/s) 

Line type Underground (3m) 

Normal operating pressure 24 bar, 15  

Wall thickness 10 mm 

Valve stations 7 

 

The accident scenarios considered for the GH2 pipeline are summarized in the Table A-9.  

Table A- 9: Summary of accident scenarios for the LH2 road truck. 

Undesired Event Inner diameter (mm) 

Release 
direction 

Discharge rate 

Scenarios Phase Pipe Hole 
Flowrate (kg/s) 
or mass (kg) 

Duration 
(inst. or s) 

A Rupture Vapor 150 150 Vertical 1.9 158 

B Hole (20%) Vapor 150 30 Vertical 1.8 168 

 

 

 

 

A. 7  Hydrogen production  (ATR membrane reactor) 
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Fuel cell development has seen remarkable progress in the past decade because of the 

increasing need for further improvements in energy efficiency. Because of the direct 

transformation of chemical energy into electrical energy, the thermodynamic limit imposed by 

the Carnot cycle is absent for a fuel cell, resulting in a higher energy efficiency than can be 

achieved with any other energy conversion cycle [24].  

A polymer electrolyte membrane fuel cell (PEMFC) is primarily suited for residential, 

commercial, and transportation applications. However, PEMFC requires ultrapure H2 (<10 

ppm CO) because of extreme sensitivity of the anode catalyst towards CO [25].  

Currently, most of the hydrogen produced on an industrial scale is via steam reforming of 

natural gas, involving high temperature chemical reactions and energy losses.  

Such limitation coupled with the need for on-site production of high purity hydrogen for use, 

has raised the need to develop reactor technology for the production of ultrapure H2 from 

fossil fuels with very high energy efficiency. 

Therefore, the present report is focused on an Autothermal membrane reformer of natural 

gas integrated within a micro-CHP system of 5kWel based on PEM fuel cell, based on the JU 

project ReforCELL, where pure hydrogen is produced (~5Nm3/h ) with a membrane reactor 

and supplied to a fuel cell system. 

The configuration of the CHP system with Autothermal membrane reformer is presented in 

the Figure A-17. 

 

Figure A- 17: : Configuration of a CHP system with ATR Membrane Reactor [26]. 

The reactions of reforming, water gas shift and oxidation are described below (1-6). The 

stream at the inlet of the reactor is a mixture of NG, steam and air. The heat required by the 

endothermic reforming reaction is balanced by the partial oxidation of feed fuel with air (3-6). 

The intake of air is obviously below stoichiometry, and regulated so as to control the 
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temperature in the reactor. At the inlet of the reactor, due to the presence of oxygen and the 

faster kinetics of reactions (3) to (6) with respect to reforming reactions, the higher 

hydrocarbons (C2-C4) and some of the methane are oxidized [21]. In the model of the reactor 

these reactions are implemented as the following sequence (4)-(6) => (3) => ((1)- (2).  

 

  
(1) 

  
(2) 

  
(3) 

  
(4) 

  
(5) 

  
(6) 

 

The ATR-MR considered in this work is based on the prototype developed and tested within 

the REFORCELL project. The reaction takes place over a bed of fine catalyst (particle size 

160μm approx.) fluidized in a regime that could be either bubbly or turbulent. Figure A-18  

gives a schematic view of the reactor. In this configuration not all the reactor is filled with 

membranes: part of the reactor is filled only with catalyst so that total oxidation and reforming 

reactions take place. The dead end side of the Pd-membranes is likely to be subject to the 

highest temperature along their length. In the upper side, the endothermic reforming reaction 

would draw the temperature down but this is counterbalanced mainly by the heat transfer 

with the fluidized catalyst. 
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Figure A- 18: Schematic view of ATR-MR. 

The simplified P&ID diagram investigated for the ATR-MR is presented in the Figure A-19. 
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Figure A- 19: Process flow diagram of autothermal reforming membrane reactor. 
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According to the process flow diagram (Figure A-19), the setup consists of six sections  

The most important characteristics of this reactor are presented in Table A-10. 

Table A- 10: The most important parameters of the ATR-MR system. 

Component Dimension Capacity 

ATR-MR  Din = 0.11m, L=0.8m 5Nm3/h of H2; 

P=8bar, T=600°C Membrane Nmr=13, Dmr=0.01m, Lmr=0.4m 

 

The accident scenarios considered for the ATR-MR are summarized in the Table A-11.  

Table A- 11: List of accident scenarios considered for ATR-MR. 

Undesired Event Inner diameter (mm) 

Release 
direction 

Discharge rate 

Scenarios Phase Pipe Hole 
Flowrate (kg/s) 
or mass (kg) 

Duration 

(s, or instant.) 

A 
Membrane 
break 

Vapor - - - 0.0092 
- 

B Relief valve Vapor 7 1.4 Vertical 0.00013 71 

C Line rupture Vapor 7 7 Vertical 0.0033 4 
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APPENDIX B: Description of Hazard Identification techniques 

Hazard identification 

The next step of the risk assessment methodology is to identify the possible hazards. 

Thorough hazard identification is of disputable importance to the worth of the risk 

assessment. Overall, the hazard identification focuses a risk analysis on key hazards of 

interest and the types of mishaps that these hazards may create, ensuring that all possible 

hazards are found and none are missed. In order to identify the hazards, a systematic review 

should be made of technical as well as operational conditions which may influence the risk. 

Historical records and experience from previous risk analysis do provide a useful input to the 

hazard identification process. 

The following are some of the commonly used techniques to identify hazards [27]: 

 Pure Hazard Identification:  

- Checklists 

- HAZID 

- Hazard and operability studies (HAZOP) 

- “What-if” analysis 

 Supplementary techniques include: 

- Fault tree analysis (FTA) 

- Event tree analysis (ETA) 

- Failure modes and effects analysis (FMEA) 

- Layers of protection analysis (LOPA) 

A short description of the techniques is given in the following sections. 

B.1 Checklist Analysis 

The checklist analysis is a systematic evaluation against pre-established criteria (from 

previous risk assessments or actual incidents in the past) in the form of checklists and 

includes a list of questions about plant organization, operation, maintenance and other areas 

of concern [28]. 

Advantages: 

 It is applicable for high-level or detailed-level analysis. 

 It capture a wide range of previous knowledge and experience. 

 It ensure that common and more obvious problems are not overlooked. 

Disadvantages 

 It is of limited use when dealing with novel systems. 
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 It would miss hazards that have not been previously seen. 

 It focuses only on a single item at a time, so it cannot identify hazards as a result of 

interaction among different units or equipment. 

B.2 HAZID technique 

HAZID is a technique used to identify potential hazards which could result in consequences 

to personnel (e.g., injuries and fatalities), environmental (oil spills and pollution), and financial 

assets (e.g., production loss/delay). Typically, the system being evaluated is divided into 

manageable parts, and a brainstorming session follows to identify potential hazards 

associated with each part of the system [29]. 

Advantages: 

 It is a systematic technique. 

 Applicable to all or part of a facility or vessel or operational procedures 

 The hazards that are considered significant are prioritized for further evaluation. 

 Allows examination of external influences and human error. 

Disadvantages 

 Used early in a project as soon as process flow diagrams and plot layouts are 

available. 

 Depending upon the system being evaluated and the resources available, the 

process used to conduct a HAZID can vary. 

B.3 Hazard and Operability studies (HAZOP) 

HAZOP is a systematic and structured approach using parameter and deviation guidewords. 

The technique relies on a very detailed system description being available for study and 

usually involves breaking down the system into well-defined subsystems and functional or 

process flows between subsystems [28].  

Advantages: 

 It is a systematic and comprehensive technique. 

 Can be applied to a wide range of types of system. 

 Creates a detailed and auditable record of the hazards identification process. 

 

Disadvantages 

 Very time-consuming and laborious for complex systems. 
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 Requires detailed design drawings (PI&Ds, PFD, material flow diagrams and 

operating manuals) 

 Less suitable for identification of hazardous scenarios associated with mechanical 

integrity failures and external events such as vessel collisions or dropped objects. 

 Can inhibit imaginative thinking and so certain kinds of hazards. 

B.4 “What-if” analysis 

The What-if analysis is a brainstorming approach that uses broad, loosely structured 

questioning to postulate potential upsets that may result in mishaps or system performance 

problems and ensure that appropriate safeguards against those problems are in place [28]. 

Advantages: 

 Easy to use 

 Once the questions have been developed they can be used throughout the life of the 

project with slight modifications 

 good qualitative analysis of the hazards present. 

Disadvantages 

 not inherently thorough and foolproof 

 Typically works to identify only single point failures. 

B.5 Fault tree analysis (FTA) 

The Fault Tree Analysis (FTA) is a deductive analysis that graphically models how logical 

relationships among equipment failures, human errors and external events can combine to 

cause specific mishaps of interest. Fault tree development moves from the top event to the 

basic faults which can cause it [28]. 

Advantages: 

 Systematic technique. 

 Most effectively used to analyse system failures caused by relatively complex 

combinations of events. 

 Easy to read and understand hazard profile 

 

 

Disadvantages 

 Narrow focus 
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 Time consuming for complex systems 

 Requires data for all the separate events e.g. component failure rates, human error, 

etc. 

B.6 Event tree analysis (ETA) 

The Event tree analysis utilizes decision  trees to graphically model the possible outcomes of 

an initiating event capable of producing an end event of interest, in terms of the failure or 

success of reduction and mitigation measures such as isolation and fire-fighting systems 

[28]. 

Advantages: 

 Systematic technique. 

Disadvantages 

 Time consuming 

 Most effectively used to address possible outcomes of initiating events for which 

multiple safeguards are in line as protective features. 

B.7 Failure mode effect analysis (FMEA) 

The FMEA is an inductive reasoning approach that is used to consider ways in which the 

basic components of a system can fail to perform their design intent. The technique relies on 

a detailed system description and considers the ways in which each sub-component of the 

system could fail to meet its design intent and what the consequences would be on the 

overall system [28]. 

Advantages: 

 Systematic and rigorous technique. 

 Can be applied to a wide range of types of system. 

Disadvantages 

 Applicable to any well-defined system, but mostly to mechanical and electrical 

systems (e.g., fire suppression systems, vessel steering/propulsion systems). 

 Consider hazards only  from single point failure modes rather than combinations 

 Examination of external influences and human error is limited. 

 

B.8 Layer of protection analysis (LOPA) 
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The LOPA is a semi-quantitative methodology that can be used to identify safeguards that 

meet the independent protection layer (IPL) criteria established.  IPLs are extrinsic safety 

systems that can be active or passive systems (e.g. Standard operating procedures, Basic 

process control systems, Pressure relief devices, etc.) [28]. 

Advantages: 

 Capable of detecting and preventing or mitigating the consequences of specified, 

potentially hazardous events, (e.g.  loss of containment, or an explosion).  

 Most importantly, the protection layer is independent of the initiating cause.  

Disadvantages 

 Does not routinely address cumulative risk  from whole facility (sometimes enhanced  

to take account of several initiators for same scenario but that is all) 

 Risk tolerance criteria must be established for the LOPA exercise before the process 

starts.  

 Flexible in the areas of selecting IPLs and PFDs associated with the IPLs though the 

general industry data is available for the purpose. This brings in subjectivity in the 

assessment process and depends on the expertise of the user. 
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APPENDIX C: Example of hazard identification technique application 

Once the necessary data of each application area of hydrogen, concerning the system 

description (P&IDs, hazardous equipment and materials involved, etc.) is defined, a list of 

possible hazard types for each process is constructed, as shown in Table C-1 (for the case 

of “Large scale steam reforming of Natural Gas”). 

Table C- 1: List of Hazard types  - Large scale SR of NG [30], [31], [32]. 

No Hazard Type Examples 
Possible Hazard 

Event 

Substance Specific Hazards 

1 
Hydrocarbons under 

pressure 
Natural Gas, Condensate, Methane, Ethane, Propane, 
Butane 

Leakages/ 

Loss of containment 

2 

Toxic/flammable 
substances, 
Hazardous 
Materials 

H2S, Smoke, KOH, sulphur (S) 

Products: CO2, CO, H2, asphyxiant gases, exhaust 
gases, intoxicating gases, hazardous waste, stack, 
catalyst dust 

Leakages/ 

Loss of containment 

3 
Liquids & Gases 

under High 
Pressure 

Water vapor, instrument air/compressed air, Steam, N2 Leakages/ 

Loss of containment 

4 
Hot or cryogenic 

fluids 
Liquid sulphur, Steam, pressure-liquefied fluids, 
heating substances, cryogenic-liquefied nitrogen 

Leakages/ 

Loss of containment 

5 
Blasting Agents, 

Explosive 
substances 

- 
Leakages/ 

Loss of containment 

6 
Generation of 

Explosive Gases - 
Leakages/ 

Loss of containment 

7 
Utility facilities Heating gas systems (Heat Exchanger), Instrument Air 

System, Water Supply Systems, Air Conditioning 
Systems, Energy Supply(Burner) 

Loss of function 

8 
Safety Systems Blow Down Systems, Fire Extinguishing Systems, CO2 

Extinguishing Systems, 
Loss of function 

9 
Instrumentation & 
Control Systems 

Process control systems, Remote control systems, 
Process data register 

Loss of control 

Equipment Specific Hazards 

10 Dangerous Fast revolving parts, Hydraulic systems, Instruments Loss of function 
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equipment under pressure (Compressor) 

11 

Ignition sources Heating systems, Electrical installations, Exhaust 
system, Static electricity (non-grounded systems), 
pyrophoric materials (K), inappropriate equipment 

Failure of safety systems 
(Protective system), Fire, 

Disregarding of Fire 
Breaks. 

12 Lifting facilities - Falling parts 

13 Ionizing radiation - Leakages/Releases 

14 
General radiation,  

not ionized 
Flare lamps, Mercury vapor lamps, E-welding External impact 

General Hazards 

15 
Special locations Facilities on Critical surfaces (Swamps, Water), Flood 

areas, offshore Platforms 
Failure of structure 

16 
Transportation/Traffi

c 
Airborne, Roads, Railways, Waterways Collision 

17 
Surrounding-

Related hazards 
Earthquake, Severe weather (Windstorm, 
precipitation), Dust 

General Facility Damages 

18 
General Safety Drilling facilities, Natural gas storage & transportation 

facilities 
Loss of control 

19 External Hazards Neighboring plants/facilities, Sabotage, Aircraft crash Facility damages 

 

Having this list prepared, the suitable hazard identification method can be applied for each 

type of hazard, as shown in the following table (Table C- 2) 

 

Table C- 2: HAZID analysis - Steam reforming of Natural Gas. 

No Hazard Type Hazardous 

Event 
Initiating Cause Prevention Controls Consequences Mitigation Controls 

1 Hydrocarbons  

under 

pressure 

Loss of 

containme

nt 

①Tube rupture 

inside the 

reformer 

②Heavier H/C 

(C2
+
) presence 

in NG due to 

varying quality 

of natural gas. 

③Coke 

①Pre-reforming 

②High S/C 

(steam/carbon) ratio 

③Safety valves 

④Design with low 

inlet temperature to 

reformer, short 

connecting lines to 

①Flammable 

gas release 

②Flammable 

mixture 

fire/explosion 

 

 

①Gas quality 

requirements to NG 

supplier. 

②Regular inspection & 

maintenance 

③Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 
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formation 

④Hotspots 

development on 

reformer tubes 

⑤Deactivation 

of reformer 

catalyst 

reformer 

 

 

 

gas system  

④Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

2 Hydrocarbons 

under 

pressure 

Loss of 

containme

nt 

①Tube rupture 

②NG leak 

inside reformer  

③Metal dusting 

(Disintegration 

of the affected 

metal into a 

powdery mixture 

of graphite and 

metal particles) 

④Lower oxygen 

partial pressures 

& higher carbon 

activities. 

①High S/C 

(steam/carbon) ratio 

②Protective 

coating 

(Aluminide coatings, 

alloying with 

copper) 

③Safety valves 

④Appropriate 

material selection 

(Alloys such as 

INCONEL℗ alloy 

600 & INCOLOY 

alloy 800H.) 

①Flammable 

gas 

fire/explosion 

②Flammable 

gas ignition 

 

①Regular inspection & 

maintenance 

②Explosion relief panels 

③Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system. 

④Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

 

3 

 

Hydrocarbons 

under 

pressure 

 

Loss of 

containme

nt 

 

①Large leak of 

flammable gas 

(NG/H2/CO) 

mixture inside 

container.  

②Wear and 

tear 

③Mechanical 

aggression/fatig

ue 

④Failure of 

gaskets/joints 

⑤Human failure 

⑥Insufficient 

safety measures 

 

①Explosion relief 

of containment 

②Gas detection 

which activates: 

a) Emergency 

ventilation, 

b) Opening of 

ceiling and/or 

walls 

c) Closure of 

segmentation 

valves  

③Safety valves 

 

①Flammable 

gas mixture 

fire/explosion 

②Flammable 

gas ignition 

③Lost time 

injury 

 

①Segmentation valves, 

located outside the 

container in an area with 

good natural ventilation 

②Regular inspection & 

maintenance 

③Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

④Explosion relief panels 

⑤Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

4 Hydrocarbons 

under 

pressure 

Loss of 

containme

nt 

①Leakage of 

NG feed line  

①Gas detection 

which activates: 

a) Emergency 

①Flammable 

gas mixture 

fire/explosion 

①Segmentation valves, 

located outside the 

container in an area with 
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②Wear and 

tear 

③Mechanical 

aggression/fatig

ue 

④Failure of 

gaskets/joints 

⑤Stress 

corrosion 

cracking (SSC) 

⑥Insufficient 

safety measures 

 

 

ventilation, 

b) Opening of 

ceiling and/or 

walls 

c) Closure of 

segmentation 

valves 

②Ventilation 

system 

③Adequate 

inspection 

④Protective 

coating 

⑤Safety valves 

⑥Appropriate 

material selection 

(Alloys such as 

INCONEL℗ alloy 

600 & INCOLOY 

alloy 800H.) 

②Hydrogen 

ignition 

③Lost time 

injury 

good natural ventilation 

②Regular inspection & 

maintenance 

③Explosion relief panels 

④Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

⑤Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

 

5 Toxic/flamma

ble 

substances 

 

Loss of 

containme

nt 

①Pipe failure 

②Stress 

corrosion 

cracking (SSC) 

③The presence 

of incompatible 

materials (KOH 

as promoter 

present in the 

SMR catalyst) 

④Hydrogen 

embrittlement 

①Protective 

coating 

②Cathodic 

protection 

③Piping 

specifications 

(Replacement of the 

SS 24-inch with 1-

1/4 Cr 1/2 Mo alloy 

pipe that is 

corrosion-resistant 

to SCC) 

④Adequate 

inspection 

⑤Safety valves 

⑥Adequate 

Hydrogen detection 

equipment 

①Flammable 

mixture release 

②Flammable 

mixture 

fire/explosion 

③Ignition 

④Damage of 

equipment near 

the event 

①Detailed hazard review 

& evaluation of all of the 

materials of construction 

in the hydrogen plant 

process to prevent 

changing several pieces 

of piping & equipment 

items in the SMR 

process. 

②Regular inspection & 

maintenance 

③Refresh & re-enforce 

personnel training on fire 

& gas identification and 

interpretation. 

④Explosion relief panels 

6 Toxic/flamma

ble 

substances 

 

Loss of 

containme

nt 

①Tube rupture 

inside reformer 

②Sulphur 

poisoning 

①Cu-catalyst as 

sulphur guard in the 

bottom of ZnO bed 

(Protective coating) 

②Pre-reforming 

①Flammable 

gas release 

②Flammable 

mixture 

①Gas quality 

requirements to NG 

supplier. 

②Regular inspection & 
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③Deactivation 

of reformer 

catalyst 

④Hotspots 

development on 

reformer tubes 

 

 

upstream reformer 

③Safety valves 

 

fire/explosion 

 

 

maintenance 

③Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

④Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

⑤Re-enforce personnel 

training on their roles to 

ensure that non-essential 

personnel are cleared 

from the area during 

startup. 

7 Gases under 

high pressure 

Loss of 

containme

nt 

①Pipe rupture 

②Failure of 

structure after 

startup. 

③Hydrogen 

embrittlement 

④Localized 

deterioration& 

hotspots 

⑤High pressure 

⑥High 

temperature 

①Adequate 

inspection 

②Careful change 

in Procedures, 

equipment, or 

Materials 

③Comply with 

correct Standard 

Operating Protocol 

(SOP) 

④Safety valves 

 

①Flammable 

mixture release 

②Flammable 

mixture 

fire/explosion 

③Ignition 

 

①Regular inspection & 

maintenance 

②Refresh & re-enforce 

personnel training on fire 

& gas identification and 

interpretation. 

③Operation and 

management of the 

Steam/methane reformer 

unit should be 

strengthened to account 

for local corrosion. 

④Explosion relief panels 

8 Hot or 

Cryogenic 

fluids 

Loss of 

containme

nt 

①Rupture of H2 

pipe 

②Hydrogen 

embrittlement 

③Excessive 

temperature 

④Excessive 

pressure 

⑤Failure of 

gaskets/joints 

①Safety valves 

②Adequate 

inspection 

③Gas detection 

which activates: 

a) Emergency 

ventilation, 

b) Opening of 

ceiling and/or 

walls 

c) Closure of 

segmentation 

valves 

①Leakage of 

H2 pipeline 

before or after 

cooling 

②Flammable 

gas mixture 

fire/explosion 

 

①Regular inspection & 

maintenance 

②Detailed hazard review 

&evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

③Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

④Explosion relief 
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④Causes 

shutdown when 

exceeding max 

operation 

temperature 

 

⑤Protective 

coating  

⑥Appropriate 

material selection 

(Alloys such as 

INCONEL℗ alloy 

600 & INCOLOY 

alloy 800H.) 

panels. 

 

 

9 

 

Utility facilities 

 

Loss of 

function 

 

①Tube rupture 

②NG leak in 

heat exchanger 

③Metal dusting 

(Disintegration 

of the affected 

metal into a 

powdery mixture 

of graphite and 

metal particles) 

 

④Lower oxygen 

partial pressures 

& higher carbon 

activities. 

 

①High S/C 

(steam/carbon) ratio 

②Protective 

coating 

(Aluminide coatings, 

alloying with copper 

&addition of steam) 

③Improve 

design(use of 

boiling water and 

steam for cooling) 

④Appropriate 

material selection 

(Alloys such as 

INCONEL℗ alloy 

600 & INCOLOY 

alloy 800H.) 

 

①Flammable 

gas 

fire/explosion 

②Hydrogen 

ignition 

 

 

 

①Regular inspection & 

maintenance 

②Explosion relief panels 

③Detailed hazard review 

&evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

④Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

10 Safety system Loss of 

function 

①Tube rupture 

during startup 

②Steam flow 

picking up water 

& carrying it into 

the furnace 

③Entrained 

water impinges 

on hot catalyst & 

pipe wall & 

instantaneously 

①Comply with 

Standard Operating 

Procedures 

②Adequate 

management of 

change 

③Efficient decision 

making 

④Provide 

adequate draining 

system to facilitate 

①Flammable 

mixture 

fire/explosion 

②Shock wave 

development 

③Lost Time 

Injury 

④Generation of 

shrapnel & 

brittle fracture 

①Regular inspection & 

maintenance 

②Detailed guidance for 

verifying that the feed 

system is dry, and a 

formal sign-off by both 

operations and 

engineering personnel. 

③A separate cold-eyes 

review by external 

experts is recommended 

as part of the pre-startup 
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flashes 

④Winter 

shutdown 

operation 

(external impact) 

⑤Operating 

error 

⑥Hotspot 

development 

⑦Extreme 

internal pressure 

water removal 

⑤Safety valves 

 

 

 safety review. 

Refresh & re-enforce 

personnel training on 

their roles to ensure that 

non-essential personnel 

are cleared from the area 

during startup activities. 

11 Safety 

systems 

Loss of 

function 

①Rupture of 

vent line 

②Mechanical 

aggression 

③Corrosion 

④Overpressure  

①Safety valves 

②Adequate 

inspection 

③Gas detection 

which activates: 

a) Emergency 

ventilation, 

b) Opening of 

ceiling and/or 

walls 

c) Closure of 

segmentation 

valves 

④Protective 

coating 

⑤Appropriate 

material selection 

(Alloys such as 

INCONEL℗ alloy 

600 & INCOLOY 

alloy 800H.) 

①Flammable 

gas mixture 

standing 

flame/explosion 

②Hydrogen 

ignition 

 

①Regular inspection & 

maintenance 

②Detailed hazard review 

&evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

④Explosion relief 

panels. 

12 Safety 

systems 

Loss of 

function 

①No proper 

purge system 

after removing 

and installing a 

vent valve 

②Maintenance 

error 

①Safety valves 

②Adequate 

inspection 

③Gas detection 

which activates: 

a) Emergency 

ventilation, 

b) Opening of 

ceiling and/or 

walls 

①H2 vent line 

explosion 

②H2-Air mixture 

ignition from 

flare stack or 

static charge 

①Regular inspection & 

maintenance 

②Detailed hazard review 

&evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 
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c) Closure of 

segmentation 

valves 

and interpretation. 

④Explosion relief 

panels. 

⑤Fenced site 

 

13 

 

Instrumentati

on & Control 

systems 

 

Loss of 

control 

 

①Pipe rupture 

②Valve failure 

③Operating 

error 

④Extremely 

high pressure 

(pressure 

explosion) 

 

 

①Regularity 

requirements to 

suppliers of control 

system (PLC and 

valve operation). 

②Adequate system 

monitoring/inspectio

n. 

③Ventilation 

system. 

 

 

①Flammable 

gas 

fire/explosion 

②Ignition 

③Lost time 

injury 

 

 

①Remote operated 

process will reduce the 

probability of human 

failure. 

②Industry guidance on 

the type of pressure relief 

device materials in terms 

of their metallurgical 

makeup. 

③Regular inspection & 

maintenance 

④Detailed hazard review 

and evaluation of all of 

the procedures in the 

hydrogen plant process 

gas system . 

⑤Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

14 Instrumentati

on & Control 

systems 

Loss of 

control 

①Pressure disk 

failure in the 

regulator 

②Improper 

installation of 

check valves 

(backward 

installation) 

 

③Deficiency in 

procedures 

④Human error 

①Proper 

installation of check 

valves 

②Adequate system 

monitoring/inspectio

n. 

③Visual inspection 

of check valves and 

equipment prior to 

pressurization 

④Ventilation 

system. 

①H2 release 

②H2 ignition 

③Flammable 

gas 

fire/explosion 

 

①Regular inspection & 

maintenance 

②Detailed hazard review 

and evaluation of all of 

the procedures in the 

hydrogen plant process 

gas system to prevent 

abnormal phenomena. 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

15 Dangerous 

equipment 

Loss of 

function 

①Rotary PSA 

safety valve 

failure 

①Safety valves 

②Adequate 

①Flammable 

gas leakage 

②Flammable 

①Regular inspection & 

maintenance 

②Detailed hazard review 
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②Fatigue 

③Wear and 

tear 

④Failure of 

gaskets/joints 

inspection 

③Gas detection 

which activates: 

a) Emergency 

ventilation, 

b) Opening of 

ceiling and/or 

walls 

c) Closure of 

segmentation 

valves 

gas mixture 

standing 

flame/explosion 

③Injury 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

④Explosion relief 

panels. 

16 Dangerous 

equipment 

Loss of 

function 

①Burst of the 

PSA 

②Overpressure 

(external fire) 

③Excessive 

pressure at 

reformer outlet 

④Hydrogen 

embrittlement 

⑤Mechanical 

aggression 

 

①Safety valves 

②Adequate 

inspection 

③Gas detection 

which activates: 

a) Emergency 

ventilation, 

b) Opening of 

ceiling and/or 

walls 

c) Closure of 

segmentation 

valves 

④Protective 

coating 

⑤Use sensors to 

identify the 

presence of oxygen 

or air ingress 

upstream & actuate 

alarms/emergency 

stop when 

concentrations 

exceed 

predetermined set 

point 

⑥Purge the 

adsorber bed with 

an inert gas to 

reduce the risk of 

ignition if high 

oxygen 

concentrations are 

present. 

⑦Appropriate 

material selection 

①Toxic gas 

dispersion 

②Missiles 

③Fireball 

 

①Regular inspection & 

maintenance 

②Detailed hazard review 

and evaluation of all of 

the procedures in the 

hydrogen plant process 

gas system to prevent 

abnormal phenomena. 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

④Explosion relief 

panels. 

⑤Fenced site 

⑥Pull a vacuum on the 

adsorber to remove any 

adsorbed oxygen before 

the adsorber is put back 

online 
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(Alloys such as 

INCONEL℗ alloy 

600 & INCOLOY 

alloy 800H.) 

17 Dangerous 

equipment 

Loss of 

function 

①Leakage or 

burst of the H2 

line to the 

compressor  

②Operating 

error 

③Wear and 

tear 

④Technical 

defect 

⑤Errors in 

process 

controlling 

①Safety valves 

②Adequate 

inspection 

③Gas detection 

which activates: 

a) Emergency 

ventilation, 

b) Opening of 

ceiling and/or 

walls 

c) Closure of 

segmentation 

valves 

④Protective 

coating 

⑤Causes 

shutdown when 

exceeding max 

operation 

temperature 

①Jet fire 

②Explosion 

①Regular inspection & 

maintenance 

②Detailed hazard review 

and evaluation of all of 

the procedures in the 

hydrogen plant process 

gas system to prevent 

abnormal phenomena. 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

 

18 Dangerous 

equipment 

Loss of 

function 

①Blow off of 

cylinder head 

②H2 

compressor 

repair 

③Error at 

assembly 

④Discharge 

valve installed in 

intake position 

of compressor 

 

①Safety valves 

②Adequate 

inspection 

③Gas detection 

which activates: 

a) Emergency 

ventilation, 

b) Opening of 

ceiling and/or 

walls 

c) Closure of 

segmentation 

valve 

①H2 release 

②Fire/explosion 

①Regular inspection & 

maintenance 

②Detailed hazard review 

and evaluation of all of 

the procedures in the 

hydrogen plant process 

gas system to prevent 

abnormal phenomena. 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

19 Dangerous 

equipment 

Loss of 

function 

①Constant 

vibration of the 

process 

equipment 

(compressor) 

①Hydrogen 

distribution lines 

should be designed 

and carefully 

inspected to ensure 

process equipment 

in the area is 

①The bolt 

rubbed a hole in 

the high-

pressure suction 

piping, resulting 

in the release of 

make-up 

①Regular inspection & 

maintenance 

②Equipment subject to 

vibration should not be 

placed in contact with 

hydrogen lines or with 
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 ②Design flaw correctly and safely 

installed.  

 

hydrogen. other equipment. 

③If equipment is moved 

or rearranged, the 

hydrogen system should 

be re-inspected as per 

the above. 

20 Dangerous 

equipment 

Loss of 

function 

①Incorrect 

installation of 

sized gasket at 

the suction line 

of a hydrogen 

compressor 

②Inadequate 

Venting Design 

③Flammable 

Mixture in 

Confined Area 

④Design Flaw 

 

①Adequate 

inspection  

②Adequate 

System 

Monitoring/Oversigh

t 

③Adequate 

Hydrogen Detection 

Equipment 

④Ventilation 

system 

 

①H2 leak 

②Fire/explosion 

③Human life 

 

 

 

 

①Regular inspection & 

maintenance 

②Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

③Carefully revise the 

risk assessment process 

to evaluate any confined 

areas where hydrogen is 

handled. 

④Separate the fire and 

gas detection alarm 

system from the process 

information to provide 

easy and clear 

identification. 

 

⑤Retrain personnel on 

emergency procedures 

&enhance their 

understanding & 

awareness of risky, 

flammable, explosive, 

and/or toxic substances.  

21 Ignition 

source 

Failure of 

safety 

systems 

① Tube rupture 

②Heat release 

③Burn wires 

④Short circuit 

in the electrical 

junction box in 

the vicinity of a 

H2 line 

①Install circuit 

protection devices 

(e.g. Fuses, circuit 

breakers, ground-

fault circuit 

interrupters) 

 

①H2 release 

②Fire/explosion 

③Hydrogen 

ignition 

①Regular inspection & 

maintenance 

②Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

22 General 

radiation,  

not ionized 

External 

impact 

(welding) 

① Holes burned 

through the 

hydrogen tubing 

②Improper hot 

①Perform hot work 

only after the gas 

supply is verified 

closed (along with a 

①H2 leak 

②H2 ignition 

①Regular inspection & 

maintenance 

②Detailed hazard review 

& evaluation of all of the 
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As it is shown in Table C-2,  the HAZID is a qualitative technique for examining a 

system and identifying hazardous events, initial causes and their consequences. The 

starting point for the HAZID analysis is going through the whole list of Hazard types 

possible for the examined system. For each hazard type possible hazardous events 

are addressed which are further investigated by identifying initial causes and their 

consequences. Preventing control (safeguards) and mitigations controls are also 

included to safeguard and compensate for hazardous events  with significant 

hazardous consequences, leading in this way to a modified safer design. 

With this method, identification of the  hazards as a result of interaction among 

different units or equipment is possible to be achieved. 

work  

performance in 

the vicinity of a 

charged 

flammable gas 

line. 

③A short during 

welding caused 

the pinholes in 

the tubing 

containing the 

gaseous H2. 

④Failure to 

follow Standard 

Operating 

Procedures 

⑤Human 

error/Individual 

action 

lock and tag).  

②The system 

should be checked 

for leaks prior to 

turning the gas back 

on. 

③Minor injury 

 

procedures in the 

hydrogen plant process 

gas system. 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

 

23 Surrounding-

Related 

hazards 

General 

facility 

damages 

(severe 

weather) 

①Usually calm 

weather 

②Cold H2 gas 

vented through 

the stack into 

atmosphere 

③Gas 

accumulation 

around the vent 

stack 

①Check for 

weather conditions 

and adjust 

procedures 

①H2 release 

②H2 ignition 

 

①Regular inspection & 

maintenance 

②Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 
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When the HAZID analysis application has been completed and several hazardous 

events have been screened with, their initial causes and their consequences, the 

Fault tree analysis (FTA) is being applied  in order to define further initial causes from 

these hazardous events that have been probably passed over. 

Fault Tree Analysis (FTA) is a deductive analysis that graphically models how logical 

relationships among equipment failures, human errors and external events can 

combine to cause specific mishaps of interest. 

After completion of the FTA method and defining further initial causes, an iterative 

approach is employed by using the ETA. The ETA method utilizes decision trees to 

graphically model the possible outcomes of an initiating event capable of producing 

an end event of interest. In this method, possible outcomes of initiating events are 

addressed for which multiple safeguards are in line as protective features. Therefore, 

further possible outcomes of initiating events can be addressed and compared with 

the first ones being defined by the HAZID. In this way, a very complete and 

comprehensive hazard identification for “Steam reforming of Natural Gas” can be 

performed through this combination of Hazard Identification methods. 

In the following pages, an example of this combination of hazard identification 

methods is performed to shed light on its applicability. 

- Example A’: Steam reforming of NG 

At first, the HAZID analysis is applied and presented in the Table C-3, followed by 

the FTA for defining further initial causes (Figure C-1). 

 
Table C- 3: Example of HAZID analysis - SR of NG. 

Hazard 
Type 

Hazard 
Event 

Initiating 
Cause 

Preventio
n Controls 

Consequenc
es 

Mitigation Controls 

 
Toxic/ 
Flammab
le 
substanc
es 

 
Leakages/   
Loss of 
containment 

 
①Tube 
rupture 
 

②Stress 
corrosion 
cracking 
(SSC) 

③Hydrogen 
embrittlement 

 

 
①Protective 
coating 
 

②Cathodic 
protection 
 
③Adequate 
inspection 
 
 

 
①Flammabl
e mixture 
release 
 
②Fire/Explo
sion 
 
 

 
①Detailed hazard 
review & evaluation of 
all of the materials of 
construction in the 
hydrogen plant process 
to prevent changing 
several  pieces of 
piping &equipment 
items.  
 

②Regular inspection & 
maintenance 

①Tube ①Cu- ①Flammable ①Gas quality 
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. 

After the HAZID table formation, the development of further probable initial events causing 

“Tube rupture inside the reformer” is performed by the FTA application (Figure C-1). 

 

 

 

 

 

rupture 
inside 
reformer 
 

②Sulphur 
poisoning 
 

③Deactivati
on of 
reformer 
catalyst 
 

④Hotspots 
developmen
t on 
reformer 
tubes 

catalyst as 
sulphur 
guard in 
the bottom 
of ZnO bed 
 

②Pre-
reforming 
upstream 
reformer 
 

③Regular 
inspection 
&maintena
nce 

gas release 
 

②Fire 
 

requirements to NG 
supplier. 
 

②Detailed hazard 
review of all 
procedures in the 
hydrogen plant 
process gas system 
to prevent abnormal 
phenomena. 
 
 

 
Hydrocar
bons 
Under 
pressure 

Leakages/   
Loss of 
containment 

 

①Tube 
rupture inside 
the reformer 
 
②Heavier 
H/C (C2+) 
presence in 
NG due to 
varying 
quality of 
natural gas. 
 
 

 

①Pre-
reforming 
 
②High S/C 
(steam/carb
on) ratio 
 

③Safety 
valves 
 
④Design 
with low 
inlet 
temperature 
to reformer, 
short 
connecting 
lines to 
reformer 

 

①Flammable 
gas release 

 
②Fire 
 

 

①Gas quality 
requirements to NG 
supplier. 
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According to Figure C-1, further initial causes have been identified that can be easily 

overpassed through the HAZID analysis in the beginning.  For example,  tube rupture inside 

the reformer can be also caused  due to the presence of KOH usually used as catalyst 

promoter, according to the  FTA application  results. 

Table C-4 presents the whole HAZID table formation including now the missed initial causes 

after the FTA analysis. 

 

: and 

: or Tube rupture 

inside the 

reformer 

 Excessive water/steam 

flow inside the tube  
Hotspots development 

on reformer tubes  

Deactivation of  

reformer catalyst 

Coke 

formation  

 Presence of 
KOH as 
catalyst 

promoter 

 
(1) 

 Sulphur 

poisoning 

 (3) 

 Inadequate 

draining 

system 

 

(2) 

 Presence of    

heavier   H/C   (C2+) 

(4) 

Figure C- 1: Example of Fault tree analysis (FTA) - Steam reforming of NG. 
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Table C- 4: Example of HAZID analysis after FTA application. 

Hazard 
Type 

Hazard 
Event 

Initiating 
Cause 

Prevention 
Controls 

Consequences Mitigation Controls 

 
Toxic/ 
Flammable 
gases 

 
Leakages/   
Loss of 
containment 

 

①Tube 
rupture 
 

②Stress 
corrosion 
cracking (SSC) 

③Hydrogen 
embrittlement 

④Presence 
of 
incompatible 
materials 
(KOH as 
promoter 
normally 
present in the 
SMR catalyst) 

 

①Protective 
coating 
 

②Cathodic 
protection 
 

③Adequate 
inspection 
 
④Piping 
specifications  
(Replace the SS 
with 1-1/4 Cr 1/2 
Mo alloy pipe) 

 

①Flammable 
mixture release 
 

②Fire/Explosio
n 
 
 

 

①Detailed hazard 
review & evaluation of 
all of the materials of 
construction in the 
hydrogen plant 
process to prevent 
changing several 
pieces of piping 
&equipment items.  
 

②Regular inspection 
& maintenance 

①Tube 
rupture inside 
reformer 
 

②Sulphur 
poisoning 
 

③Deactivation 
of reformer 
catalyst 
 

④Hotspots 
development 
on reformer 
tubes 

①Cu-catalyst as 
sulphur guard in 
the bottom of ZnO 
bed 
 

②Pre-reforming 
upstream 
reformer 
 
 

①Flammable 
gas release 
 

②Fire 
 

①Gas quality 
requirements to NG 
supplier. 
 

②Detailed hazard 
review of all 
procedures in the 
hydrogen plant 
process gas system to 
prevent abnormal 
phenomena. 
 

③Regular inspection 
&maintenance 

 
Hydrocarb
ons 
Under 
pressure 

Leakages/   
Loss of 
containment 

 

①Tube 
rupture inside 
the reformer 
 

②Heavier H/C 
(C2+) 
presence in 
NG due to 
varying quality 
of natural gas. 
 
 

 

①Pre-reforming 
 
②High S/C 
(steam/carbon) 
ratio 
 

③Safety valves 
 

④Design with low 
inlet temperature 
to reformer, short 
connecting lines 
to reformer 

 

①Flammable 
gas release 

 

②Fire 
 

 

①Gas quality 
requirements to NG 
supplier. 
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After completing the FTA analysis and defining further initiating events, the Event tree 

analysis is applied, in order to provide further possible outcomes that could not be addressed 

only with the HAZID application. The example as shown in the Figure C-2, illustrates the 

potential outcomes of sulphur poisoning taken as initiating event.  

According to the ETA results, in this case,  explosion was identified as the further possible 

consequence caused by the sulphur poisoning of the system. 

In the Table C-5, it is now presented the complete hazard identification analysis  for Steam 

reforming of NG including the results of all the techniques employed. 

 

 

 

 

 

 

 

 

 

Figure C- 2: Example of Event tree analysis - SR of NG. 
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Table C- 5: Example of HAZID analysis after FTA application. 

Hazard 
Type 

Hazard 
Event 

Initiating Cause 
Prevention 
Controls 

Consequences 
Mitigation 
Controls 

 
Toxic/ 
Flammabl
e gases 

 
Leakages/   
Loss of 
containmen
t 

 

①Tube rupture 

②Stress corrosion 
cracking (SSC) 

③Hydrogen 
embrittlement 

④Presence of 
incompatible 
materials (KOH as 
promoter normally 
present in the SMR 
catalyst) 

 

①Protective 
coating 
 

②Cathodic 
protection 
 
③Adequate 
inspection 
 
④Piping 
specifications  
(Replace the SS 
with 1-1/4 Cr 1/2 
Mo alloy pipe) 

 

①Flammable 
mixture release 
 

②Fire/Explosion 
 
 

 

①Detailed hazard 
review & evaluation 
of all of the 
materials of 
construction in the 
hydrogen plant 
process to prevent 
changing several  
pieces of piping 
&equipment items.  
 

②Regular 
inspection & 
maintenance 

①Tube rupture 
inside reformer 
 

②Sulphur poisoning 
 

③Deactivation of 
reformer catalyst 
 

④Hotspots 
development on 
reformer tubes 

①Cu-catalyst as 
sulphur guard in 
the bottom of ZnO 
bed 
 

②Pre-reforming 
upstream 
reformer 
 
 

①Flammable gas 
release 
 

②Fire 
 
③Explosion 

①Gas quality 
requirements to NG 
supplier. 
 

②Detailed hazard 
review of all 
procedures in the 
hydrogen plant 
process gas system 
to prevent 
abnormal 
phenomena. 
 
③Regular 
inspection 
&maintenance 

 
Hydrocarb
ons 
Under 
pressure 

Leakages/   
Loss of 
containmen
t 

 

①Tube rupture 
inside the reformer 
 
②Heavier H/C (C2+) 
presence in NG due 
to varying quality of 
natural gas. 
 
 

 

①Pre-reforming 
 

②High S/C 
(steam/carbon) 
ratio 
 

③Safety valves 
 

④Design with 
low inlet 
temperature to 
reformer, short 
connecting lines 
to reformer 

 

①Flammable gas 
release 

 
②Fire 
 

 

①Gas quality 
requirements to NG 
supplier. 

 
It is now evident that combination of the HAZID analysis with both the FTA and the ETA is 

necessary in order to conduct Hazard Identification analysis, providing a quite complete and 

comprehensive hazard identification results. The FTA and the ETA techniques can serve as 
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supplementary techniques safeguarding that any hazard has been addressed and has not 

been neglected. 

 

The same procedure was applied to all main application area of hydrogen. In the next 

section, in order to give a better insight of such methodology, this procedure was also 

performed for the case of Alkaline electrolyzer, as shown below. 

 

Once the necessary data regarding the system description (P&IDs, hazardous equipment 

and materials involved, etc.) is defined, now for the alkaline electrolyzer system, a list of 

possible hazard types for each process is constructed, as shown in Table C-6. 
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Table C- 6: List of hazards types - Alkaline electrolyzer. 

No Hazard Type Examples 
Possible Hazard 

Event 

Substance Specific Hazards 

1 
Hydrocarbons under 

pressure - 
Leakages/ 

Loss of containment 

2 

Toxic/flammable 
substances, 

Hazardous Materials 

Lye, KOH 

Products: O2, H2, asphyxiant gases, exhaust gases, 
intoxicating gases, hazardous waste, stack, magnetite, 
sludge 

Leakages/ 

Loss of containment 

3 
Liquids & Gases 

under High Pressure 
Water vapor, instrument air/compressed air Leakages/ 

Loss of containment 

4 
Hot or cryogenic 

fluids 
Steam, pressure-liquefied fluids, heating substances  Leakages/ 

Loss of containment 

5 
Blasting Agents, 

Explosive 
substances 

- 
Leakages/ 

Loss of containment 

6 
Generation of 

Explosive Gases - 
Leakages/ 

Loss of containment 

7 
Utility facilities Heating gas systems (Heat Exchanger), Instrument Air 

System, Water Supply Systems, Air Conditioning 
Systems, Energy Supply(Burner) 

Loss of function 

8 Safety Systems Blow Down Systems, Fire Extinguishing Systems Loss of function 

9 
Instrumentation & 
Control Systems 

Process control systems, Remote control systems, 
Process data register 

Loss of control 

Equipment Specific Hazards 

10 
Dangerous 
equipment 

Fast revolving parts, Hydraulic systems, Instruments 
under pressure (Compressor) 

Loss of function 

11 

Ignition sources Heating systems, Electrical installations, Exhaust 
system, Static electricity (non-grounded systems), 
pyrophoric materials (K), inappropriate equipment 

Failure of safety systems 
(Protective system), Fire, 

Disregarding of Fire 
Breaks. 

12 Lifting facilities - Falling parts 
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13 Ionizing radiation - Leakages/Releases 

14 
General radiation,  

not ionized 
Flare lamps, Mercury vapor lamps, E-welding External impact 

General Hazards 

15 
Special locations Facilities on Critical surfaces (Swamps, Water), Flood 

areas, offshore Platforms 
Failure of structure 

16 Transportation/Traffic Airborne, Roads, Railways, Waterways Collision 

17 
Surrounding-Related 

hazards 
Earthquake, Severe weather (Windstorm, 
precipitation), Dust 

General Facility Damages 

18 
General Safety Drilling facilities, Natural gas storage & transportation 

facilities 
Loss of control 

19 External Hazards Neighboring plants/facilities, Sabotage, Aircraft crash Facility damages 

 

Having this list prepared, the suitable hazard identification method can be applied for each 

type of hazard, as shown in the following table (Table C- 7). 

 

Table C- 7: HAZID Analysis - Alkaline Electrolyzer. 

No Hazard Type 
Hazard 

Event 
Initiating Cause 

Prevention 

Controls 
Consequences Mitigation Controls 

1 Toxic/Flammabl

e substances 

Hazardous 

Materials 

Leakage/ 
Loss of 
containment 

①Lye leak through 

cells 

②Overpressure  

(External fire) 

③Failure of 

gaskets/joints/fittings 

④Excessive 

temperature 

①Safety valves 

②Proper purging 

system 

③H2 detection 

system with 

shutdown 

④Isolation valves 

closure 

①Explosion 

②Jet flame 

①Regular inspection 

& maintenance 

②Adequate venting 

design 

③Exceeding max 

operation 

temperature causes 

shutdown 

2 

 

Toxic/Flammabl

e substances 

Hazardous 

Materials 

 

Leakage/ 

Loss of 

containment 

 

①Leakage from lye 

pipes 

②Hydrogen 

embrittlement 

 

①H2 detection 

system with 

shutdown 

(Limit leak time) 

 

①Explosion 

②Jet flame 

③Injury 

 

①Regular inspection 

& maintenance 

②Forced & 

emergency ventilation 
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(hydrogen corrosion) 

③Overpressure 

④Failure of 

gaskets/joints 

②Safety valves 

③Isolation valves 

closure 

③Proper purging 

system 

 

3 

 

Toxic/Flammabl

e substances 

Hazardous 

Materials 

 

Leakage/ 

Loss of 

containment 

①Lye discharge 

through vent line 

②Overpressure in 

hydrogen separator 

③Low level in break 

tank 

 

 

①H2 detection 

system with 

shutdown 

(Limit leak time) 

②Expand vent 

line with water 

trap.(Vent stack 

kept frost free by 

heating elements) 

③Safety valves 

④Isolation valves 

closure 

 

①Explosion 

②Jet flame 

③Injury 

 

①Regular inspection 

& maintenance 

 

②Forced & 

emergency ventilation 

 

 

4 Toxic/Flammabl

e substances 

Hazardous 

Materials 

Leakage/ 

Loss of 

containment 

①Lye pipe rupture 

②Hydrogen 

embrittlement 

(hydrogen corrosion) 

③Excessive 

pressure 

④Excessive 

temperature 

⑤Welds & 

connections failure 

①H2 detection 

system with 

shutdown 

(Limit leak time) 

②Safety valves 

③Exceeding max 

operation 

temperature 

causes shutdown 

 

①Explosion 

②Jet flame 

③Injury 

 

①Regular inspection 

& maintenance  

②Forced & 

emergency ventilation 

③Proper purging 

system 

 

5 Toxic/Flammabl

e substances 

Hazardous 

Materials 

Leakage/ 

Loss of 

containment 

①Sludge deposits in 

the electrolyte 

passages 

②Inadequate flush 

water system to 

remove Sludge 

formation  

③Electrolyte flow 

rate reduce caused 

by sludge blockage 

④High temperature 

⑤High electrolyte 

concentration 

①Periodical flush 

the system with 

water to remove 

sludge formation. 

②Adequate 

Hydrogen 

Detection 

Equipment 

③Continuous gas 

analyzer test of 

oxygen and 

hydrogen product 

purity. 

④Supply 

supervision 

①Physical 

breakdown of 

cell separators 

②H2 &O2 

mixture 

③Flammable 

mixture ignition 

④Explosion 

⑤Separator 

drum rupture 

①Regular inspection 

& maintenance 

②Check on a routine 

basis the individual 

cell purity levels to 

monitor the 

deterioration of 

performance of 

individual cells. 

③Carry out a risk 

assessment of the 

current LP purity 

analyzers to 

determine the level of 

risk associated with a 

loss of sample flow. 
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⑥Severe 

corrosion/erosion of 

cell electrodes & 

separator(Hydrogen 

embrittlement) 

alarming. 

 

 

 

6 Safety Systems Loss of 

Functions 

①Technical defect 

②Operating error 

③Discharge form 

safety relief valve to 

an unsafe location 

①H2 detection 

system with 

shutdown 

(Limit leak time) 

②Adequate 

venting design 

③Location 

selection 

according to local 

regulatory 

authority 

①Explosion 

②Jet fire 

①Regular inspection 

& maintenance. 

②Detailed hazard 

review of all 

procedures in the 

hydrogen plant 

process gas system 

to prevent abnormal 

phenomena. 

③Location away 

from residence area 

7 Instrumentation 

& Control 

System. 

Loss of 

Control 

①Bursting disc 

ruptured 

②Air ingress in the 

system 

③LP filter & LP 

dryer failure allowing 

air in the line. 

④LP Pipe low point 

drain at LP gasholder 

blocked 

⑤LP gasholder 

failure(sticking bell or 

mal-operation) 

⑥Design flaw on 

inlet and outlet of 

gasholder 

⑦Oxygen ingress 

form cells 

⑧Low electrolyte 

level due to built-up 

of magnetite and 

other contaminants 

at the inlets leading 

to blocked water inlet 

pipes at the affected 

cells . (Blocked drain 

valves) 

①LP purity 

analyzer  

②Isolation 

transformer 

③Supply 

supervision 

alarming 

 

 

①Hydrogen 

release 

②Ignition 

③Explosion in 

the hydrogen 

HP feed pipes  

④Hydrogen 

self-ignited 

resulting in an 

explosion and 

fire in storage 

tanks. 

①Regular inspection 

& maintenance. 

②Check on a routine 

basis the individual 

cell purity levels to 

monitor the 

deterioration of 

performance of 

individual cells. 

 

③Replace the drain 

valves with open port 

ball valves to improve 

the drain operation 

and to allow effective 

cleaning of the cells. 

④Replace the 

existing LP purity 

analyzer with a fail-

safe model that 

ensures the vent 

valve is opened under 

the conditions 

described above.  

⑤Carry out a risk 

assessment of the 

current LP purity 

analyzers to 

determine the level of 

risk associated with a 
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⑨Failure of welds 

and connections at 

the storage banks 

allowing hydrogen 

gas to be released in  

large quantities 

loss of sample flow. 

⑥Fit hydrogen purity 

analyzers that fail 

safe either between 

the stages of the 

compressor or 

immediately after the 

compressor. 

⑦Fit pot type water 

seals with open 

trough water makeup 

as a replacement for 

the  U tube and pot 

type seals. 

⑧Remove the end 

sheeting from the 

building to increase 

ventilation 

⑨An investigation be 

carried out into the 

feasibility of 

establishing a gas up 

station away from the 

hydrogen generation 

plant possibly near 

the CO2 plant to 

allow the units to be 

gassed from 

transportable pallets 

in an emergency 

 

As it is shown in the Table C-7 the HAZID analysis has been performed, concentrating and 

analyzing  possible hazards for the case of Alkaline electrolyzer. This table presents a draft 

hazard identification analysis for the alkaline electrolyzer case and further analysis is 

required. However, it constitutes one another example of how this technique is applied to 

another hydrogen application area. Similar to the HAZID analysis for the “Steam reforming of 

natural gas”, in this case, again for each hazard type, possible hazardous events are 

addressed which are further investigated by identifying initial causes,  their consequences as 

well as  preventing control and mitigations controls. 

With this method, it is shown again that hazards identification as a result of interaction 

among different units or equipment is possible to be achieved. 

Since the HAZID analysis has been completed and several hazardous events have been 

screened, their initial causes and their consequences, the Fault tree analysis (FTA) is being 
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applied  in order to define further initial causes from these hazardous events that have been 

probably passed over. 

Similar to the case of “Steam reforming of natural gas”, after completion of the FTA method 

and defining further initial causes, an iterative approach is employed by using the ETA to 

graphically model the possible outcomes of an initiating event capable of producing an end 

event of interest. Therefore, further possible outcomes of initiating events are addressed and 

compared with the first ones being defined by the HAZID.  

An example of this combination of hazard identification methods is performed for  “Alkaline 

electrolyzer”  to shed light on its applicability. 

- Example B’: Alkaline Electrolyzer 

At first, the HAZID analysis is applied and presented in the Table C-8, followed by the FTA 

for defining further initial causes (Figure C-3). 

 

Table C- 8: Example of HAZID analysis - Alkaline electrolyzer. 

Hazard Type 
Hazard 

Event 
Initiating Cause 

Prevention 

Controls 

Consequence

s 
Mitigation Controls 

Toxic/Flamma

ble 

substances 

Hazardous 

Materials 

 

Leakage/ 

Loss of 

containmen

t 

①Leakage from lye 

pipes 

②Hydrogen 

embrittlement 

(hydrogen corrosion) 

③Overpressure 

④Failure of 

gaskets/joints 

①H2 detection 

system with 

shutdown 

(Limit leak time) 

②Safety valves 

③Isolation valves 

closure 

①Explosion 

②Jet flame 

①Regular inspection 

& maintenance 

②Forced & 

emergency 

ventilation 

③Proper purging 

system 

 

Instrumentatio

n & Control 

System 

Loss of 

Control 

①Bursting disc 

ruptured 

②Air ingress in the 

system 

③LP gasholder 

failure (sticking bell) 

④Failure of welds 

①LP purity 

analyzer monitor 

②Isolation 

transformer 

③Supply 

supervision 

alarming 

①Hydrogen 

release 

②Ignition 

③Explosion in 

the hydrogen 

HP feed pipes  

④Hydrogen 

①Regular inspection 

& maintenance. 

②LP purity analyzer 

replacement with a 

fail-safe model 

ensuring open vent 

valve.  

③Fit hydrogen purity 
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After HAZID table formation, “Explosion”  has been taken as an example of a hazard 

consequence for further investigating of several other  probable initial events through FTA 

application (Figure C-3). 

 

and connections at 

the storage banks 

allowing hydrogen 

gas to be released in  

large quantities 

 

④Replace drain 

valves with open 

port ball valves 

allowing effective 

cleaning of the 

cells. 

 

self-ignited 

resulting in an 

explosion &fire 

in storage 

tanks. 

analyzers either 

between the stages 

of the compressor or 

immediately after the 

compressor. 

④Fit pot type water 

seals with open 

trough water makeup 

as a replacement for 

U tube& pot type 

seals. 

⑤An investigation of 

the feasibility of 

establishing a gas up 

station away from the 

hydrogen generation 

plant possibly near 

the CO2 plant to 

allow the units to be 

gassed from 

transportable pallets 

in an emergency 
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Figure C- 3: Example of Fault tree analysis (FTA) - Alkaline electrolyzer. 

 

According to Figure C-3, further initial causes have been identified that could be easily  

overpassed  through the HAZID analysis in the beginning.  For example,  explosion can be 

also caused  due to LP filter and LP dryer failure allowing air in the line, presence of 

contaminants (magnetite, sludge) or design flaw on inlet and outlet gasholder, according to 

FTA application  results. 

Table C-9 presents the whole HAZID table formation including now the missed initial causes 

after the FTA analysis. 
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Table C- 9: Example of HAZID analysis after FTA application - Alkaline Electrolyzer. 

Hazard Type 
Hazard 

Event 
Initiating Cause 

Prevention 

Controls 

Consequenc

es 

Mitigation 

Controls 

Toxic/Flamma

ble 

substances 

Hazardous 

Materials 

Leakage/Los

s of 

containment 

①Leakage from 

lye pipes 

②Hydrogen 

embrittlement 

(hydrogen 

corrosion) 

③Overpressure 

④Failure of 

gaskets/joints 

①H2 detection 

system with 

shutdown 

(Limit leak time) 

②Safety valves 

③Isolation valves 

closure 

①Explosion 

②Jet flame 

①Regular 

inspection & 

maintenance 

②Forced & 

emergency 

ventilation 

③Proper purging 

system 

 

Instrumentatio

n & Control 

System 

Loss of 

Control 

①Bursting disc 

ruptured 

②Air ingress in the 

system 

③LP gasholder 

failure (sticking bell) 

④Failure of welds 

and connections at 

the storage banks 

allowing hydrogen 

gas to be released 

in  large quantities 

⑤LP filter & dryer 

failure allowing air 

in the line. 

⑥Design flaw on 

inlet & outlet of 

gasholder 

⑦Low electrolyte 

level due to 

contaminants 

(magnetite ) at the 

inlets leading to 

blocked water 

inlet pipes 

(Blocked drain 

①LP purity 

analyzer monitor 

②Isolation 

transformer 

③Supply 

supervision 

alarming 

④Replace drain 

valves with open 

port ball valves 

allowing effective 

cleaning of the 

cells. 

 

①Hydrogen 

release 

②Ignition 

③Explosion 

in the 

hydrogen HP 

feed pipes  

④Hydrogen 

self-ignited 

resulting in 

an explosion 

&fire in 

storage 

tanks. 

①Regular 

inspection & 

maintenance. 

②LP purity 

analyzer 

replacement with a 

fail-safe model 

ensuring open vent 

valve.  

③Fit hydrogen 

purity analyzers 

either between the 

stages of the 

compressor or 

immediately after 

the compressor. 

④Fit pot type 

water seals with 

open trough water 

makeup as a 

replacement for U 

tube& pot type 

seals. 

⑤An investigation 

of the feasibility of 

establishing a gas 

up station away 

from the hydrogen 
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valves) generation plant 

possibly near the 

CO2 plant to allow 

the units to be 

gassed from 

transportable 

pallets in an 

emergency 

 

After completing  the FTA analysis and defining further initiating events, Event tree analysis 

is applied, in order to provide further possible outcomes that could not be addressed only 

with the HAZID application. The example as shown in the Figure C-4 illustrates the potential 

outcomes of presence of contaminants taken as initiating event. 

 

 

 

 

Figure C- 4: Example of Event tree analysis - Alkaline electrolyzer. 

According to ETA results, in this case,  the poor diaphragm operation was identified as the 

further possible consequence cause by the presence of contaminants in the system. 
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In the Table C-10, it is now presented the complete hazard identification analysis for Alkaline 

electrolyzer including the results of all the techniques employed. 

 

Table C- 10: Example of HAZID analysis after FTA and ETA combination. 

Hazard Type 
Hazard 

Event 

Initiating 

Cause 
Prevention Controls 

Consequenc

es 

Mitigation 

Controls 

Toxic/Flamma

ble 

substances 

Hazardous 

Materials 

Leakage/Los

s of 

containment 

①Leakage from 

lye pipes 

②Hydrogen 

embrittlement 

(hydrogen 

corrosion) 

③Overpressure 

④Failure of 

gaskets/joints 

①H2 detection 

system with shutdown 

(Limit leak time) 

②Safety valves 

③Isolation valves 

closure 

①Explosion 

②Jet flame 

①Regular 

inspection & 

maintenance 

②Forced & 

emergency 

ventilation 

③Proper purging 

system 

 

Instrumentatio

n & Control 

System 

Loss of 

Control 

①Bursting disc 

ruptured 

②Air ingress in 

the system 

③LP gasholder 

failure (sticking 

bell) 

④Failure of 

welds and 

connections at 

the storage 

banks allowing 

hydrogen gas to 

be released in  

large quantities 

⑤LP filter & 

dryer failure 

allowing air in 

the line. 

⑥Design flaw 

on inlet & 

outlet of 

①LP purity analyzer 

monitor 

②Isolation 

transformer 

③Supply supervision 

alarming 

④Replace drain 

valves with open port 

ball valves allowing 

effective cleaning of 

the cells. 

 

①Hydrogen 

release 

②Ignition 

③Explosion 

in the 

hydrogen HP 

feed pipes  

④Hydrogen 

self-ignited 

resulting in 

an explosion 

&fire in 

storage 

tanks. 

⑤Poor 

diaphragm 

operation. 

 

①Regular 

inspection & 

maintenance. 

②P purity analyzer 

replacement with a 

fail-safe model 

ensuring open vent 

valve.  

③Fit hydrogen 

purity analyzers 

either between the 

stages of the 

compressor or 

immediately after 

the compressor. 

④Fit pot type 

water seals with 

open trough water 

makeup as a 

replacement for U 

tube& pot type 

seals. 

⑤An investigation 
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gasholder 

⑦Low 

electrolyte 

level due to 

contaminants 

(magnetite ) at 

the inlets 

leading to 

blocked water 

inlet pipes 

(Blocked drain 

valves) 

of the feasibility of 

establishing a gas 

up station away 

from the hydrogen 

generation plant 

possibly near the 

CO2 plant to allow 

the units to be 

gassed from 

transportable 

pallets in an 

emergency 

 

The combination of Hazard identification techniques applied for Hazard Identification analysis 

to both of the cases, “Steam reforming of Natural Gas” and “Alkaline Electrolyzer” shows that 

the suggested methodological approach can efficiently work to both cases providing  a quite 

complete and comprehensive hazard identification results.  

Starting with HAZID analysis and screening several potential hazards, FTA and ETA 

techniques can serve as supplementary techniques safeguarding that any hazard has been 

addressed and has not been neglected. 
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APPENDIX D: Hazard Identification Tables for all hydrogen chain. 

In this section, Hazard Identification results are presented for all the application area of 

hydrogen, being performed according to the methodology described in the Appendix C. This 

results include: 

1) Hydrogen production (based on Large scale steam reforming of Natural Gas) 

2) Hydrogen production (based on Alkaline electrolysis) 

3) Hydrogen production (based on ATR-MR system) 

4) Compressed hydrogen gas storage 

5) Liquid hydrogen storage at large scale 

6) Liquid hydrogen storage at Fuelling station 

According to CCPS [33], accident-initiated releases tend to dominate the risk of hydrogen 

transportation (road truck) and mobility (private car). Therefore, in the present study, the 

other application area of hydrogen, Distribution (road truck) and Mobility (private car), are 

evaluated according to accident rates based on statistical databases. 

In a similar way, hydrogen distribution (GH2 pipelines) are evaluated based on confident and 

validated statistics and published failure rate data under the European Gas Pipeline Incident 

Data group. When considering all these databases, it can be pointed out that there are three 

broad failure categories concerning GH2 pipelines: 

1) Failures caused by external mechanical interference 

2) Failures caused by corrosion defects 

3) Failures caused by miscellaneous factors, such as pipe material defects, natural 

hazards or operator error. 

The Hazard identification results concerning the application hydrogen area, as listed above, 

are given as follows: 
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Table D- 1: HAZID analysis table - Large scale SR of NG. 

No Hazard Type Hazardous 

Event 
Initiating Cause Prevention Controls Consequences Mitigation Controls 

1 Hydrocarbons  

under 

pressure 

Loss of 

containme

nt 

①Tube rupture 

inside the 

reformer 

②Heavier H/C 

(C2
+
) presence 

in NG due to 

varying quality 

of natural gas. 

③Coke 

formation 

④Hotspots 

development on 

reformer tubes 

⑤Deactivation 

of reformer 

catalyst 

①Pre-reforming 

②High S/C 

(steam/carbon) ratio 

③Safety valves 

④Design with low 

inlet temperature to 

reformer, short 

connecting lines to 

reformer 

 

①Flammable 

gas release 

②Flammable 

mixture 

fire/explosion 

 

 

 

 

①Gas quality 

requirements to NG 

supplier. 

②Regular inspection & 

maintenance 

③Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system  

④Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

2 Hydrocarbons 

under 

pressure 

Loss of 

containme

nt 

①Tube rupture 

②NG leak 

inside reformer  

③Metal dusting 

(Disintegration 

of the affected 

metal into a 

powdery mixture 

of graphite and 

metal particles) 

④Lower oxygen 

partial pressures 

& higher carbon 

activities. 

①High S/C 

(steam/carbon) ratio 

②Protective 

coating 

(Aluminide coatings, 

alloying with 

copper) 

③Safety valves 

④Appropriate 

material selection 

(Alloys such as 

INCONEL℗ alloy 

600 & INCOLOY 

alloy 800H.) 

①Flammable 

gas 

fire/explosion 

②Flammable 

gas ignition 

 

①Regular inspection & 

maintenance 

②Explosion relief panels 

③Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system. 

④Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

 

3 

 

Hydrocarbons 

under 

pressure 

 

Loss of 

containme

nt 

 

①Large leak of 

flammable gas 

(NG/H2/CO) 

mixture inside 

 

①Explosion relief 

of containment 

②Gas detection 

 

①Flammable 

gas mixture 

fire/explosion 

 

①Segmentation valves, 

located outside the 

container in an area with 
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container.  

②Wear and 

tear 

③Mechanical 

aggression/fatig

ue 

④Failure of 

gaskets/joints 

⑤Human failure 

⑥Insufficient 

safety measures 

which activates: 

d) Emergency 

ventilation, 

e) Opening of 

ceiling and/or 

walls 

f) Closure of 

segmentation 

valves  

③Safety valves 

②Flammable 

gas ignition 

③Lost time 

injury 

good natural ventilation 

②Regular inspection & 

maintenance 

③Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

④Explosion relief panels 

⑤Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

4 Hydrocarbons 

under 

pressure 

Loss of 

containme

nt 

①Leakage of 

NG feed line  

②Wear and 

tear 

③Mechanical 

aggression/fatig

ue 

④Failure of 

gaskets/joints 

⑤Stress 

corrosion 

cracking (SSC) 

⑥Insufficient 

safety measures 

 

 

①Gas detection 

which activates: 

d) Emergency 

ventilation, 

e) Opening of 

ceiling and/or 

walls 

f) Closure of 

segmentation 

valves 

②Ventilation 

system 

③Adequate 

inspection 

④Protective 

coating 

⑤Safety valves 

⑥Appropriate 

material selection 

(Alloys such as 

INCONEL℗ alloy 

600 & INCOLOY 

alloy 800H.) 

①Flammable 

gas mixture 

fire/explosion 

②Hydrogen 

ignition 

③Lost time 

injury 

①Segmentation valves, 

located outside the 

container in an area with 

good natural ventilation 

②Regular inspection & 

maintenance 

③Explosion relief panels 

④Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

⑤Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

 

5 Toxic/flamma

ble 

substances 

Loss of 

containme

nt 

①Pipe failure 

②Stress 

corrosion 

①Protective 

coating 

②Cathodic 

①Flammable 

mixture release 

②Flammable 

mixture 

①Detailed hazard review 

& evaluation of all of the 

materials of construction 

in the hydrogen plant 

process to prevent 
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 cracking (SSC) 

③The presence 

of incompatible 

materials (KOH 

as promoter 

present in the 

SMR catalyst) 

④Hydrogen 

embrittlement 

protection 

③Piping 

specifications 

(Replacement of the 

SS 24-inch with 1-

1/4 Cr 1/2 Mo alloy 

pipe that is 

corrosion-resistant 

to SCC) 

④Adequate 

inspection 

⑤Safety valves 

⑥Adequate 

Hydrogen detection 

equipment 

fire/explosion 

③Ignition 

④Damage of 

equipment near 

the event 

changing several pieces 

of piping & equipment 

items in the SMR 

process. 

②Regular inspection & 

maintenance 

③Refresh & re-enforce 

personnel training on fire 

& gas identification and 

interpretation. 

④Explosion relief panels 

6 Toxic/flamma

ble 

substances 

 

Loss of 

containme

nt 

①Tube rupture 

inside reformer 

②Sulphur 

poisoning 

③Deactivation 

of reformer 

catalyst 

④Hotspots 

development on 

reformer tubes 

 

 

①Cu-catalyst as 

sulphur guard in the 

bottom of ZnO bed 

(Protective coating) 

②Pre-reforming 

upstream reformer 

③Safety valves 

 

①Flammable 

gas release 

②Flammable 

mixture 

fire/explosion 

 

 

①Gas quality 

requirements to NG 

supplier. 

②Regular inspection & 

maintenance 

③Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

④Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

⑤Re-enforce personnel 

training on their roles to 

ensure that non-essential 

personnel are cleared 

from the area during 

startup. 

7 Gases under 

high pressure 

Loss of 

containme

nt 

①Pipe rupture 

②Failure of 

structure after 

startup. 

③Hydrogen 

①Adequate 

inspection 

②Careful change 

in Procedures, 

equipment, or 

Materials 

①Flammable 

mixture release 

②Flammable 

mixture 

fire/explosion 

①Regular inspection & 

maintenance 

②Refresh & re-enforce 

personnel training on fire 

& gas identification and 

interpretation. 
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embrittlement 

④Localized 

deterioration& 

hotspots 

⑤High pressure 

⑥High 

temperature 

③Comply with 

correct Standard 

Operating Protocol 

(SOP) 

④Safety valves 

 

③Ignition 

 

③Operation and 

management of the 

Steam/methane reformer 

unit should be 

strengthened to account 

for local corrosion. 

④Explosion relief panels 

8 Hot or 

Cryogenic 

fluids 

Loss of 

containme

nt 

①Rupture of H2 

pipe 

②Hydrogen 

embrittlement 

③Excessive 

temperature 

④Excessive 

pressure 

⑤Failure of 

gaskets/joints 

①Safety valves 

②Adequate 

inspection 

③Gas detection 

which activates: 

d) Emergency 

ventilation, 

e) Opening of 

ceiling and/or 

walls 

f) Closure of 

segmentation 

valves 

 

④Causes 

shutdown when 

exceeding max 

operation 

temperature 

 

⑤Protective 

coating  

⑥Appropriate 

material selection 

(Alloys such as 

INCONEL℗ alloy 

600 & INCOLOY 

alloy 800H.) 

①Leakage of 

H2 pipeline 

before or after 

cooling 

②Flammable 

gas mixture 

fire/explosion 

 

①Regular inspection & 

maintenance 

②Detailed hazard review 

&evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

③Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

④Explosion relief 

panels. 

 

 

9 

 

Utility facilities 

 

Loss of 

function 

 

①Tube rupture 

②NG leak in 

heat exchanger 

③Metal dusting 

 

①High S/C 

(steam/carbon) ratio 

②Protective 

coating 

(Aluminide coatings, 

 

①Flammable 

gas 

fire/explosion 

②Hydrogen 

ignition 

 

①Regular inspection & 

maintenance 

②Explosion relief panels 

③Detailed hazard review 

&evaluation of all of the 
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(Disintegration 

of the affected 

metal into a 

powdery mixture 

of graphite and 

metal particles) 

 

④Lower oxygen 

partial pressures 

& higher carbon 

activities. 

alloying with copper 

&addition of steam) 

③Improve 

design(use of 

boiling water and 

steam for cooling) 

④Appropriate 

material selection 

(Alloys such as 

INCONEL℗ alloy 

600 & INCOLOY 

alloy 800H.) 

 

 

procedures in the 

hydrogen plant process 

gas system . 

④Refresh & re-enforce 

personnel training on 

abnormal phenomena 

identification and 

interpretation. 

10 Safety system Loss of 

function 

①Tube rupture 

during startup 

②Steam flow 

picking up water 

& carrying it into 

the furnace 

③Entrained 

water impinges 

on hot catalyst & 

pipe wall & 

instantaneously 

flashes 

④Winter 

shutdown 

operation 

(external impact) 

⑤Operating 

error 

⑥Hotspot 

development 

⑦Extreme 

internal pressure 

①Comply with 

Standard Operating 

Procedures 

②Adequate 

management of 

change 

③Efficient decision 

making 

④Provide 

adequate draining 

system to facilitate 

water removal 

⑤Safety valves 

 

 

①Flammable 

mixture 

fire/explosion 

②Shock wave 

development 

③Lost Time 

Injury 

④Generation of 

shrapnel & 

brittle fracture 

 

①Regular inspection & 

maintenance 

②Detailed guidance for 

verifying that the feed 

system is dry, and a 

formal sign-off by both 

operations and 

engineering personnel. 

③A separate cold-eyes 

review by external 

experts is recommended 

as part of the pre-startup 

safety review. 

Refresh & re-enforce 

personnel training on 

their roles to ensure that 

non-essential personnel 

are cleared from the area 

during startup activities. 

11 Safety 

systems 

Loss of 

function 

①Rupture of 

vent line 

②Mechanical 

aggression 

③Corrosion 

④Overpressure  

①Safety valves 

②Adequate 

inspection 

③Gas detection 

which activates: 

d) Emergency 

ventilation, 

①Flammable 

gas mixture 

standing 

flame/explosion 

②Hydrogen 

ignition 

 

①Regular inspection & 

maintenance 

②Detailed hazard review 

&evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

③Refresh and re-
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e) Opening of 

ceiling and/or 

walls 

f) Closure of 

segmentation 

valves 

④Protective 

coating 

⑤Appropriate 

material selection 

(Alloys such as 

INCONEL℗ alloy 

600 & INCOLOY 

alloy 800H.) 

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

④Explosion relief 

panels. 

12 Safety 

systems 

Loss of 

function 

①No proper 

purge system 

after removing 

and installing a 

vent valve 

②Maintenance 

error 

①Safety valves 

②Adequate 

inspection 

③Gas detection 

which activates: 

d) Emergency 

ventilation, 

e) Opening of 

ceiling and/or 

walls 

f) Closure of 

segmentation 

valves 

①H2 vent line 

explosion 

②H2-Air mixture 

ignition from 

flare stack or 

static charge 

①Regular inspection & 

maintenance 

②Detailed hazard review 

&evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

④Explosion relief 

panels. 

⑤Fenced site 

 

13 

 

Instrumentati

on & Control 

systems 

 

Loss of 

control 

 

①Pipe rupture 

②Valve failure 

③Operating 

error 

④Extremely 

high pressure 

(pressure 

explosion) 

 

 

①Regularity 

requirements to 

suppliers of control 

system (PLC and 

valve operation). 

②Adequate system 

monitoring/inspectio

n. 

③Ventilation 

system. 

 

 

①Flammable 

gas 

fire/explosion 

②Ignition 

③Lost time 

injury 

 

 

①Remote operated 

process will reduce the 

probability of human 

failure. 

②Industry guidance on 

the type of pressure relief 

device materials in terms 

of their metallurgical 

makeup. 

③Regular inspection & 

maintenance 

④Detailed hazard review 

and evaluation of all of 
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the procedures in the 

hydrogen plant process 

gas system . 

⑤Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

14 Instrumentati

on & Control 

systems 

Loss of 

control 

①Pressure disk 

failure in the 

regulator 

②Improper 

installation of 

check valves 

(backward 

installation) 

 

③Deficiency in 

procedures 

④Human error 

①Proper 

installation of check 

valves 

②Adequate system 

monitoring/inspectio

n. 

③Visual inspection 

of check valves and 

equipment prior to 

pressurization 

④Ventilation 

system. 

①H2 release 

②H2 ignition 

③Flammable 

gas 

fire/explosion 

 

①Regular inspection & 

maintenance 

②Detailed hazard review 

and evaluation of all of 

the procedures in the 

hydrogen plant process 

gas system to prevent 

abnormal phenomena. 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

15 Dangerous 

equipment 

Loss of 

function 

①Rotary PSA 

safety valve 

failure 

②Fatigue 

③Wear and 

tear 

④Failure of 

gaskets/joints 

①Safety valves 

②Adequate 

inspection 

③Gas detection 

which activates: 

d) Emergency 

ventilation, 

e) Opening of 

ceiling and/or 

walls 

f) Closure of 

segmentation 

valves 

①Flammable 

gas leakage 

②Flammable 

gas mixture 

standing 

flame/explosion 

③Injury 

①Regular inspection & 

maintenance 

②Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

④Explosion relief 

panels. 

16 Dangerous 

equipment 

Loss of 

function 

①Burst of the 

PSA 

②Overpressure 

(external fire) 

③Excessive 

①Safety valves 

②Adequate 

inspection 

③Gas detection 

which activates: 

①Toxic gas 

dispersion 

②Missiles 

③Fireball 

①Regular inspection & 

maintenance 

②Detailed hazard review 

and evaluation of all of 

the procedures in the 

hydrogen plant process 

gas system to prevent 
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pressure at 

reformer outlet 

④Hydrogen 

embrittlement 

⑤Mechanical 

aggression 

 

d) Emergency 

ventilation, 

e) Opening of 

ceiling and/or 

walls 

f) Closure of 

segmentation 

valves 

④Protective 

coating 

⑤Use sensors to 

identify the 

presence of oxygen 

or air ingress 

upstream & actuate 

alarms/emergency 

stop when 

concentrations 

exceed 

predetermined set 

point 

⑥Purge the 

adsorber bed with 

an inert gas to 

reduce the risk of 

ignition if high 

oxygen 

concentrations are 

present. 

⑦Appropriate 

material selection 

(Alloys such as 

INCONEL℗ alloy 

600 & INCOLOY 

alloy 800H.) 

 abnormal phenomena. 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

④Explosion relief 

panels. 

⑤Fenced site 

⑥Pull a vacuum on the 

adsorber to remove any 

adsorbed oxygen before 

the adsorber is put back 

online 

17 Dangerous 

equipment 

Loss of 

function 

①Leakage or 

burst of the H2 

line to the 

compressor  

②Operating 

error 

③Wear and 

tear 

④Technical 

defect 

①Safety valves 

②Adequate 

inspection 

③Gas detection 

which activates: 

d) Emergency 

ventilation, 

e) Opening of 

ceiling and/or 

walls 

f) Closure of 

segmentation 

①Jet fire 

②Explosion 

①Regular inspection & 

maintenance 

②Detailed hazard review 

and evaluation of all of 

the procedures in the 

hydrogen plant process 

gas system to prevent 

abnormal phenomena. 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 



 D4.2 – Safety risk assessment  

 

Project no: 10017267 D - 10/46 10.04.2014    

⑤Errors in 

process 

controlling 

valves 

④Protective 

coating 

⑤Causes 

shutdown when 

exceeding max 

operation 

temperature 

and interpretation. 

 

18 Dangerous 

equipment 

Loss of 

function 

①Blow off of 

cylinder head 

②H2 

compressor 

repair 

③Error at 

assembly 

④Discharge 

valve installed in 

intake position 

of compressor 

 

①Safety valves 

②Adequate 

inspection 

③Gas detection 

which activates: 

d) Emergency 

ventilation, 

e) Opening of 

ceiling and/or 

walls 

f) Closure of 

segmentation 

valve 

①H2 release 

②Fire/explosion 

①Regular inspection & 

maintenance 

②Detailed hazard review 

and evaluation of all of 

the procedures in the 

hydrogen plant process 

gas system to prevent 

abnormal phenomena. 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

19 Dangerous 

equipment 

Loss of 

function 

①Constant 

vibration of the 

process 

equipment 

(compressor) 

 ②Design flaw 

①Hydrogen 

distribution lines 

should be designed 

and carefully 

inspected to ensure 

process equipment 

in the area is 

correctly and safely 

installed.  

 

①The bolt 

rubbed a hole in 

the high-

pressure suction 

piping, resulting 

in the release of 

make-up 

hydrogen. 

①Regular inspection & 

maintenance 

②Equipment subject to 

vibration should not be 

placed in contact with 

hydrogen lines or with 

other equipment. 

③If equipment is moved 

or rearranged, the 

hydrogen system should 

be re-inspected as per 

the above. 

20 Dangerous 

equipment 

Loss of 

function 

①Incorrect 

installation of 

sized gasket at 

the suction line 

of a hydrogen 

compressor 

②Inadequate 

Venting Design 

①Adequate 

inspection  

②Adequate 

System 

Monitoring/Oversigh

t 

③Adequate 

Hydrogen Detection 

①H2 leak 

②Fire/explosion 

③Human life 

 

①Regular inspection & 

maintenance 

②Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

③Carefully revise the 



 D4.2 – Safety risk assessment  

 

Project no: 10017267 D - 11/46 10.04.2014    

③Flammable 

Mixture in 

Confined Area 

④Design Flaw 

 

Equipment 

④Ventilation 

system 

 

 

 

 

risk assessment process 

to evaluate any confined 

areas where hydrogen is 

handled. 

④Separate the fire and 

gas detection alarm 

system from the process 

information to provide 

easy and clear 

identification. 

 

⑤Retrain personnel on 

emergency procedures 

&enhance their 

understanding & 

awareness of risky, 

flammable, explosive, 

and/or toxic substances.  

21 Ignition 

source 

Failure of 

safety 

systems 

① Tube rupture 

②Heat release 

③Burn wires 

④Short circuit 

in the electrical 

junction box in 

the vicinity of a 

H2 line 

①Install circuit 

protection devices 

(e.g. Fuses, circuit 

breakers, ground-

fault circuit 

interrupters) 

 

①H2 release 

②Fire/explosion 

③Hydrogen 

ignition 

①Regular inspection & 

maintenance 

②Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 

22 General 

radiation,  

not ionized 

External 

impact 

(welding) 

① Holes burned 

through the 

hydrogen tubing 

②Improper hot 

work  

performance in 

the vicinity of a 

charged 

flammable gas 

line. 

③A short during 

welding caused 

the pinholes in 

the tubing 

containing the 

gaseous H2. 

④Failure to 

follow Standard 

Operating 

①Perform hot work 

only after the gas 

supply is verified 

closed (along with a 

lock and tag).  

②The system 

should be checked 

for leaks prior to 

turning the gas back 

on. 

①H2 leak 

②H2 ignition 

③Minor injury 

 

①Regular inspection & 

maintenance 

②Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system. 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 
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Procedures 

⑤Human 

error/Individual 

action 

23 Surrounding-

Related 

hazards 

General 

facility 

damages 

(severe 

weather) 

①Usually calm 

weather 

②Cold H2 gas 

vented through 

the stack into 

atmosphere 

③Gas 

accumulation 

around the vent 

stack 

①Check for 

weather conditions 

and adjust 

procedures 

①H2 release 

②H2 ignition 

 

①Regular inspection & 

maintenance 

②Detailed hazard review 

& evaluation of all of the 

procedures in the 

hydrogen plant process 

gas system . 

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena identification 

and interpretation. 
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Table D- 2: HAZID analysis table - Alkaline electrolyzer. 

No Hazard Type 
Hazard 

Event 
Initiating Cause 

Prevention 

Controls 
Consequences Mitigation Controls 

1 Toxic/Flammab

le substances 

Hazardous 

Materials 

Leakage/ 
Loss of 
containment 

①Lye leak through 

cells 

②Overpressure  

(External fire) 

③Failure of 

gaskets/joints/fittings 

④Excessive 

temperature 

①Safety valves 

②Proper purging 

system 

③H2 detection 

system with 

shutdown 

④Isolation valves 

closure 

①Explosion 

②Jet flame 

①Regular inspection 

& maintenance 

②Adequate venting 

design 

③Exceeding max 

operation 

temperature causes 

shutdown 

2 

 

Toxic/Flammab

le substances 

Hazardous 

Materials 

 

Leakage/ 

Loss of 

containment 

 

①Leakage from lye 

pipes 

②Hydrogen 

embrittlement 

(hydrogen corrosion) 

③Overpressure 

④Failure of 

gaskets/joints 

 

①H2 detection 

system with 

shutdown 

(Limit leak time) 

②Safety valves 

③Isolation valves 

closure 

 

①Explosion 

②Jet flame 

③Injury 

 

①Regular inspection 

& maintenance 

②Forced & 

emergency ventilation 

③Proper purging 

system 

 

3 

 

Toxic/Flammab

le substances 

Hazardous 

Materials 

 

Leakage/ 

Loss of 

containment 

①Lye discharge 

through vent line 

②Overpressure in 

hydrogen separator 

③Low level in break 

tank 

 

 

①H2 detection 

system with 

shutdown 

(Limit leak time) 

②Expand vent 

line with water 

trap.(Vent stack 

kept frost free by 

heating elements) 

③Safety valves 

④Isolation valves 

closure 

 

①Explosion 

②Jet flame 

③Injury 

 

①Regular inspection 

& maintenance 

 

②Forced & 

emergency ventilation 

 

 

4 Toxic/Flammab

le substances 

Leakage/ 

Loss of 

①Lye pipe rupture ①H2 detection 

system with 

 

①Regular inspection 



 D4.2 – Safety risk assessment  

 

Project no: 10017267 D - 14/46 10.04.2014    

Hazardous 

Materials 

containment ②Hydrogen 

embrittlement 

(hydrogen corrosion) 

③Excessive 

pressure 

④Excessive 

temperature 

⑤Welds & 

connections failure 

shutdown 

(Limit leak time) 

②Safety valves 

③Exceeding max 

operation 

temperature 

causes shutdown 

①Explosion 

②Jet flame 

③Injury 

 

& maintenance  

②Forced & 

emergency ventilation 

③Proper purging 

system 

 

5 Toxic/Flammab

le substances 

Hazardous 

Materials 

Leakage/ 

Loss of 

containment 

①Sludge deposits in 

the electrolyte 

passages 

②Inadequate flush 

water system to 

remove Sludge 

formation  

③Electrolyte flow 

rate reduce caused 

by sludge blockage 

④High temperature 

⑤High electrolyte 

concentration 

⑥Severe 

corrosion/erosion of 

cell electrodes & 

separator(Hydrogen 

embrittlement) 

①Periodical flush 

the system with 

water to remove 

sludge formation. 

②Adequate 

Hydrogen 

Detection 

Equipment 

③Continuous gas 

analyzer test of 

oxygen and 

hydrogen product 

purity. 

④Supply 

supervision 

alarming. 

 

①Physical 

breakdown of 

cell separators 

②H2 &O2 

mixture 

③Flammable 

mixture ignition 

④Explosion 

⑤Separator 

drum rupture 

①Regular inspection 

& maintenance 

②Check on a routine 

basis the individual 

cell purity levels to 

monitor the 

deterioration of 

performance of 

individual cells. 

③Carry out a risk 

assessment of the 

current LP purity 

analyzers to 

determine the level of 

risk associated with a 

loss of sample flow. 

 

 

6 Safety Systems Loss of 

Functions 

①Technical defect 

②Operating error 

③Discharge form 

safety relief valve to 

an unsafe location 

①H2 detection 

system with 

shutdown 

(Limit leak time) 

②Adequate 

venting design 

③Location 

selection 

according to local 

regulatory 

authority 

①Explosion 

②Jet fire 

①Regular inspection 

& maintenance. 

②Detailed hazard 

review of all 

procedures in the 

hydrogen plant 

process gas system 

to prevent abnormal 

phenomena. 

③Location away 

from residence area 

7 Instrumentation 

& Control 

Loss of ①Bursting disc ①LP purity ①Hydrogen ①Regular inspection 
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System. Control ruptured 

②Air ingress in the 

system 

③LP filter & LP 

dryer failure allowing 

air in the line. 

④LP Pipe low point 

drain at LP gasholder 

blocked 

⑤LP gasholder 

failure(sticking bell or 

mal-operation) 

⑥Design flaw on 

inlet and outlet of 

gasholder 

⑦Oxygen ingress 

form cells 

⑧Low electrolyte 

level due to built-up 

of magnetite and 

other contaminants 

at the inlets leading 

to blocked water inlet 

pipes at the affected 

cells . (Blocked drain 

valves) 

⑨Failure of welds 

and connections at 

the storage banks 

allowing hydrogen 

gas to be released in  

large quantities 

analyzer  

②Isolation 

transformer 

③Supply 

supervision 

alarming 

 

 

release 

②Ignition 

③Explosion in 

the hydrogen 

HP feed pipes  

④Hydrogen 

self-ignited 

resulting in an 

explosion and 

fire in storage 

tanks. 

& maintenance. 

②Check on a routine 

basis the individual 

cell purity levels to 

monitor the 

deterioration of 

performance of 

individual cells. 

 

③Replace the drain 

valves with open port 

ball valves to improve 

the drain operation 

and to allow effective 

cleaning of the cells. 

④Replace the 

existing LP purity 

analyzer with a fail-

safe model that 

ensures the vent 

valve is opened under 

the conditions 

described above.  

⑤Carry out a risk 

assessment of the 

current LP purity 

analyzers to 

determine the level of 

risk associated with a 

loss of sample flow. 

⑥Fit hydrogen purity 

analyzers that fail 

safe either between 

the stages of the 

compressor or 

immediately after the 

compressor. 

⑦Fit pot type water 

seals with open 

trough water makeup 

as a replacement for 

the  U tube and pot 

type seals. 

⑧Remove the end 

sheeting from the 

building to increase 

ventilation 

⑨An investigation be 
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carried out into the 

feasibility of 

establishing a gas up 

station away from the 

hydrogen generation 

plant possibly near 

the CO2 plant to 

allow the units to be 

gassed from 

transportable pallets 

in an emergency 
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Table D- 3: HAZID analysis table - GH2 storage system. 

No 
Hazard 

Type 

Hazardous 

Event 
Initiating Event 

Prevention 

Controls 
Consequences 

Mitigation 

Controls 

1 Liquids & 

Gases 

under 

high 

pressure 

Leakages/ 

Loss of 

containment 

①Massive  GH2 leak 

due to pipe rupture          

②A pneumatically 

operated GH2 isolation 

gate valve failed in open 

position  (overpressure) 

                          

③Absence of coating at 

the leak point     

                        

④Galvanic corrosion 

                                                                               

⑤Pipe rupture when 

high-pressure gas was 

applied to the thin pipe 

membrane. 

                                   

⑥GH2 was trapped in 

large quantities in sand 

and gravel under the 

apron surface (a 1-foot-

thick concrete pad about 

160 x 140 ft).  

                                  

⑦GH2 entrance in the 

basement of the 

electrical control and 

instrumentation terminal 

building, located 

immediately adjacent to 

the facility, through 

penetrations in the 

basement wall, including 

cable ducts, cable pulls, 

①Active GH2 

sensors should 

be installed and 

continuously 

monitored in all 

enclosed 

buildings near 

GH2 sources. All 

buildings near 

areas where 

hydrogen is used 

should be 

designed to 

preclude GH2 

entrapment (e.g., 

sloping roof with 

ventilation at the 

highest point).    

                                                                                         

②Underground 

carbon steel lines 

beneath concrete 

pad areas should 

not be used for 

GH2 

transmission. All 

GH2 lines are 

now stainless 

steel and above 

ground.    

                                                                                                                          

③Any GH2 

transmission lines 

buried 

underground 

should be proof-

tested and leak-

checked on a 

periodic basis.  

                                                                                  

①H2 release  

②H2 ignition (an 

electrical arc from a 

sump pump)    

③Flamable gas 

explosion 

①Regular 

inspection & 

maintenance 

                                                                             

②  The 

pressure 

between 

isolation valves 

and stand shut-

off valves 

should be 

routinely 

monitored on a 

daily basis.   

                                                                   

③ Field repair 

of mechanically 

severable 

valves in high-

pressure 

systems should 

be eliminated.   

                                                                                                                

④All high-

pressure gas 

lines scheduled 

to be inactive 

for periods 

greater than 6 

months should 

be physically 

isolated by 

blind flanges 

from active 

systems.       

                                                                                                                                                

⑤Supply 
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and two 24-inch-diameter 

air conditioning ducts. 

GH2 was transported 

through the air 

conditioning ducts to a 

support building about 90 

feet from the terminal 

building.                                                         

⑧The possible ignition 

source in the terminal 

building was considered 

to be  an electrical arc 

from a sump pump. 

④Any below-

grade piping 

installation should 

be in open 

trenches covered 

by grating.      

                                                       

⑤Facilities 

should be 

protected from 

GH2, at a safe 

distance, by 

manual isolation 

valves. If remote-

operated valves 

(ROVs) are 

required for 

operational 

isolation 

purposes, the 

ROVs should be 

in series with and 

downstream of 

the manual 

isolation valve.    

                                                             

⑥Valves 

repaired in the 

field should be 

subjected to 

functional and 

leak checks, 

including actuator 

and valve seals at 

simulated 

operating 

conditions. A 

written procedure 

should be 

prepared and 

used.         

                                 

⑦Valves utilizing 

pneumatic 

actuators should 

have actuator 

piston and piston 

nut staked (or 

locked by other 

positive means) in 

the installed 

condition. 

system status 

of pressure 

vessels and 

lines (pressure 

and/or 

quantity) 

should be 

recorded at the 

start and 

completion of 

operations 

each day. All 

reservoirs 

should be 

isolated at 

close of 

business each 

day, and 

before 

weekends and 

holidays.       

                                                                         

⑥Corrosion 

protection 

systems for 

underground 

lines should be 

reviewed and 

tested to 

confirm the 

adequacy of 

the systems.    

                                       

⑦Operational 

and support 

buildings at 

hazardous 

sites should be 

isolated (i.e., 

interconnecting 

air conditioning 

systems should 

be avoided). 

Buildings 

connected to 

hazardous 

sites by tunnels 

and/or conduits 

should be 

physically 

isolated by 

seals. If 

physical 
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isolation is not 

practical, then 

positive air flow 

should be 

maintained in 

tunnels and 

conduits.      

                                                                                                                                                   

⑧Explosive 

gas detection 

meters should 

be included in 

the equipment 

carried by 

firefighters and 

emergency 

medical 

personnel.    

                                  

⑨Fire alarm 

transmitters 

should be 

located at all 

hazardous 

locations.     

                                                                                                                                            

⑩Emergency 

instructions for 

isolating GH2 

and utilities for 

hazardous 

locations 

should be 

permanently 

posted with 

names and 

telephone 

numbers of key 

individuals to 

be contacted. 

2 

2 

 

 

 

Liquids & 

Gases 

under 

high 

pressure 

Leakages/ 

Loss of 

containment 

①Rupture of the H2 

storage output line   

                           

②Mechanical 

aggression(digger)     

   ③Hydrogen 

embrittlement (hydrogen 

①Fenced site 

                                                                                

②Regular 

monitoring system            

                                            

③Safety valve at 

the storage output 

①H2 release     

②H2 ignition   

   ③Flamable gas 

explosion or jet fire 

①Work 

permit/Trained 

employees  

                                                                    

②Regular 

inspection & 

maintenance 
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corrosion)  

                                                                     

④External fire or 

overpressure (excessive 

temperature) 

(released by a fuse)                 

                                                                                  

④Pressure reducer 

as close as possible 

to the high pressure 

source         

                                                                                          

⑤H2 gas detection 

system with 

shutdown if in 

confined ventilated 

space    

                                                                                                       

⑥Flame detection 

3 Liquids & 

Gases 

under 

high 

pressure 

Leakages/ 

Loss of 

containment 

①Release of of hydrogen 

through the pressure 

relief valve (PRV) line      

                        ②External 

fire or 

overpressure/excessive 

pressure input 

①Adequate gas 

detection system 

with shudown   

                              

②Pressure reducer 

as close as possible 

to the high pressure 

source 

①H2 release     

②H2 ignition   

③Flamable gas 

explosion or jet fire 

①Regular 

inspection & 

maintenance  

                                                                            

②  PRV vent in a 

safe location 

4 Liquids & 

Gases 

under 

high 

pressure 

Leakages/ 

Loss of 

containment 

①Burst of hydrogen tank      

                                   

②External fire      

                                                 

③Jet flame/impingement    

④Overpressure (input 

line)                        

⑤Loss of mechanical 

properties (ageing, 

mechanical aggression, 

material defect)        

                                            

⑥Chemical aggression 

①Adequate gas 

detection system 

with shudown    

                             

②Avoid 

combustible 

materials used in 

design-

housekeeping     

                                                                                            

③Location of vent 

outlet (open air, no 

congestion)     

                                          

④Fenced site  

                                                                                                                            

⑤Compatible 

material use 

①H2 release  

②H2 ignition    

③Pressure 

wave+missiles+fireball 

①Regular 

inspection & 

maintenance 

                                                                             

②  Periodic 

control       

                                                                                                          

③Work 

permit/trained 

employees      

                                                              

④Detailed 

hazard review 

and evaluation of 

all of the 

procedures in the 

hydrogen plant 

process gas 

system to prevent 

abnormal 
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phenomena. 

5 Liquids & 

Gases 

under 

high 

pressure 

Leakages/ 

Loss of 

containment 

①Release of hydrogen 

through the vent line due 

to voluntary action / 

human error 

(maintenance)       

                                                          

②voluntary emergency 

release 

(fire) 

①Design: release 

hydrogen in a safe 

location   

                                                                       

②Adequate gas 

detection system 

with shudown        

                               

③Refresh and re-

enforce personnel 

training on 

abnormal 

phenomena 

identification and 

interpretation. 

①H2 release        

②H2 ignition         

③Explosion or jet fire 

①Regular 

inspection & 

maintenance 

                                                                             

②  Periodic 

control       

                                                                                                          

③Work 

permit/trained 

employees   

                                                                 

④Detailed 

hazard review 

and evaluation of 

all of the 

procedures in the 

hydrogen plant 

process gas 

system to prevent 

abnormal 

phenomena. 

6 Liquids & 

Gases 

under 

high 

pressure 

Leakages/ 

Loss of 

containment 

①Rupture of the H2 

bundle manifold or of the 

manifold feed line due to 

mechanical aggression 

(drop of a heavy 

equipment, 

displacement of 

cylinders)      

                                   

②hydrogen 

embritlement (hydrogen 

corrosion)   

                                                                        

③external fire 

①Detect / Limit the 

flow / quantity of 

H2 that can leak at 

the H2 bundle 

manifold or at the 

manifold feed line 

with isolation 

through fail safe 

valve      

                                                     

②Limit manifold 

material to those 

that can withstand 

an 

ignited leak 

①H2 release    

②H2 ignition   

③Explosion or jet fire 

①Regular 

inspection & 

maintenance   

                                                                           

②  Periodic 

control       

                                                                                                          

③Work 

permit/trained 

employees   

                                                                 

④Detailed 

hazard review 

and evaluation of 
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all of the 

procedures in the 

hydrogen plant 

process gas 

system to prevent 

abnormal 

phenomena. 

7 Liquids & 

Gases 

under 

high 

pressure 

Leakages/ 

Loss of 

containment 

①A pressure relief device 

(PRD) valve failed on a 

high-pressure storage 

tube at a hydrogen fueling 

station          

②the use of incompatible 

materials in the 

manufacturing of the PRD 

valve,        

                          ③improper 

assembly resulting in 

over-torquing of the inner 

assembly                                          

④over-hardening of the 

inner assembly materials 

by the valve manufacturer         

                                           

⑤Gas ignition at the exit 

of the vent pipe 

①adequate quality 

assurance/quality 

control procedures 

during the design 

and safety reviews.   

                                              

② it is likely that 

the vent stacks 

adjacent to the 

canopy would have 

been raised in order 

to avoid any damage 

in the event of a fire. 

①H2 release     

②H2 ignition (Either 

static electricity or spark 

from escaping particle)     

③Fire or Jet flame    

                      ④Property 

Damage  

                                  

⑤Facility closure 

①new and 

modified 

procedures were 

instituted to 

improve the 

timely 

communication of 

station status 

during 

emergency 

events.         

                                     

②Additional 

training of 

personnel 

focused on 

improving the 

response time 

and effective 

communication 

between 

employees, first 

responders, and 

the hydrogen 

equipment 

supplier. 
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Table D- 4: HAZID analysis table - LH2 storage at large scale. 

No 
Hazard 

Type 

Hazardous 

Event 
Initiating Event 

Prevention 

Controls 
Consequences Mitigation Controls 

1 Hot or 

Cryogenic 

fluids 

Leakage/ 

Loss of 

containment 

①A cracked weld 

on a hydrogen vent 

line                                                                             

②Fault in original 

weld                                                                    

③ Incorrect filler 

rod selected by 

welder                                         

④Insufficient 

fusion in the weld,    

⑤Insufficient weld 

penetration. 

⑥Incorrect power 

level setting 

⑦Incorrect heat 

level applied during 

welding. 

①Instrumentatio

n attached to vent 

lines during 

subsequent 

operations to 

provide data for 

the ongoing weld 

stress analysis 

and screen 

criteria to 

determine which 

welds required 

clamshell repairs. 

Weld defect 

growth/propagati

on can now be 

monitored at 

periodic 

intervals.Weld 

defect 

growth/propagati

on can now be 

monitored at 

periodic intervals.                                               

②Material 

compatibility                                            

③Adequate 

inspection                                                

④Adequate 

detection system 

①H2 release                      

②Property damage                                                     

①Preventive regular 

maintenance plan                                                              

②Refresh and re-

enforce personnel 

training on abnormal 

phenomena 

identification and 

interpretation.                                                 

③Detailed hazard 

review and 

evaluation of all of the 

procedures in the 

hydrogen plant 

process gas system to 

prevent abnormal 

phenomena. 
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2 Hot or 

Cryogenic 

fluids 

Leakage/ 

Loss of 

containment 

①Loss of vacuum 

due to corrosion of 

outer shell                                                                    

②Pressure build-

up in inner tank.                                                                                                   

③External fire 

①Cathodic 

protection                                                 

②PTFE sleeve 

around external 

vessel                                                    

③Relief valve 

and possibly 

rupture disc 

designed for loss 

of vacuum or run 

wawy of LH2                                                                         

④Periodic cotrol 

and periodic 

change of rupture 

disc and PRV                                                

⑤Visual checks 

(ice on outer 

jacket)                             

⑥Pressure 

sensor and 

pressure 

transmitter could 

operate a valve to 

decrease pressure                                                 

⑦Fail-safe valve 

with melting fuse 

to isolate the 

storage (Avoid 

water on vents to 

prevent ice 

blockage)                                                                            

⑧Liquid 

hydrogen leak 

diverted to a 

remote dike 

①H2 release                      

②Property damage                                  

③BLEVE or 

collapse of the tank                                              

①Preventive regular 

maintenance plan                                                              

②Refresh and re-

enforce personnel 

training on abnormal 

phenomena 

identification and 

interpretation.                                                  

③Vacuum tight plate 

at the top of the tank/ 

H2 released directly 

into air                                                                                                                              

④Site survey and 

site requirements 

before tank siting                                              

⑤Every pipe that can 

be isolated with LH2 

inside to be protected 

with a relief valve 

3 Hot or 

Cryogenic 

fluids 

Leakage/ 

Loss of 

containmen

t 

①Explosive 

mixture inside 

inner tank due to 

LH2 / solid O2 

(impurities) 

mixture                                              

①Fill hose 

purged with inert 

gas before filling 

to prevent O2 

from 

accumulating 

inside tank                                                                                        

②Purge the 

storage tank on a 

regular basis                                        

③Fail-safe valve 

with melting fuse 

to isolate the 

storage 

①storage 

destruction                      

②large spill of 

hydrogen 

(considered as 

catastrophic-

unlikely to occur)                                               

①Preventive regular 

maintenance plan                                                              

②Refresh and re-

enforce personnel 

training on abnormal 

phenomena 

identification and 

interpretation.                                                  

③Every pipe that can 

be isolated with LH2 

inside to be protected 

with a relief valve. 
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4 Hot or 

Cryogenic 

fluids 

Leakage/ 

Loss of 

containmen

t 

①Failure of boil-off 

management 

system                                                           

②Inner tank 

pressurization                

③Blockage of boil-

off valve (icing)  

①Relief valve                                                                  

②Periodic 

control and 

periodic change of 

PRV                                                                        

③Vent outlet 

designed to 

prevent rain 

ingress                                                                                                          

④Adequate 

detection system 

①shear of the 

inner tank                      

②large release of 

hydrogen                                              

①Sign on fences to 

prevent use of water 

(in case of fire)                       

②Preventive regular 

maintenance plan                                                              

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena 

identification and 

interpretation.                                                  

④Every pipe that can 

be isolated with LH2 

inside to be protected 

with a relief valve. 

5 Hot or 

Cryogenic 

fluids 

Leakage/ 

Loss of 

containmen

t 

①Rupture of LH2 

line                              

②Mechanical 

aggression                     

③Overpressurizati

on (liquid trapped 

between two 

valves)                                   

④Non-compatible 

materials 

①Designed 

closed area                                             

②Double wall                                                                  

③Every pipe that 

can be isolated 

with LH2 inside 

should be 

protected with a 

relief valve   

④Easy and safe 

access to 

emergency 

shutdown                                                                         

⑤No combustible 

materials in the 

vicinity of the 

storage 

①hydrogen spill                     

②explosive 

mixture (explosion 

or pool fire)                                              

①Control 

combustible 

materials/site 

housekeeping                             

②Preventive regular 

maintenance plan                                                              

③Refresh and re-

enforce personnel 

training on abnormal 

phenomena 

identification and 

interpretation.                                                 

④Fail-safe valve with 

melting fuse to isolate 

the storage 
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6 Safety 

systems 

Loss of 

function 

①No use of 

inerting gas during 

rupture disc 

replacement.                                           

②Domino effect 

(Rupture of the 

second vessel burst 

disk was caused by 

the low-

temperature 

exposure of the 

mild steel vacuum 

jacket due to liquid 

N2 sprayed on it.)                                                                            

③Improper Fire 

Fighting Technique 

①The use of 

inerting gas or 

other means of 

separation should 

be employed 

when conducting 

mechanical work 

where hydrogen 

gas could be 

present.                                                 

②the metal 

should be made 

much more brittle 

due to the low 

temperature to 

withstand the 

instantaneous 

temperature 

reduction created 

localized stresses, 

which cracked 

under the vacuum 

pressure of the 

system. 

①H2 release                      

②Property damage                    

③H2 ignition                                                 

④Fire                                  

① Per CGA S1.3, the 

vessel should be 

equipped with a dual 

relief system that can 

isolate one side from 

the other and allow a 

rupture disc to be 

changed                                                                                      

②Refresh and re-

enforce personnel 

training on abnormal 

phenomena 

identification and 

interpretation.                                                  

③Detailed hazard 

review and 

evaluation of all of the 

procedures in the 

hydrogen plant 

process gas system to 

prevent abnormal 

phenomena.without 

exposing the operator 

to hydrogen.                                                     

④All relevant 

personnel should 

receive at least basic 

training on the 

proper selection of 

fire extinguishing 

techniques for the 

given scenarios they 

are likely to 

encounter.                                          

⑤Liquid nitrogen 

should not be used to 

put out a hydrogen 

fire. It is very difficult 

to put out a gaseous 

hydrogen fire, plus 

had the liquid 

nitrogen not cracked 

the nearby vessel's 

shell, it certainly 

could have cracked 

the original vessel. It 

could also have 

plugged up the stack 

by freezing at liquid 

hydrogen 

temperatures. 
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7 Safety 

systems 

Loss of 

function 

①Rupture disc 

blew on a 22,000-

gallon liquid 

hydrogen tank, 

causing the vent 

stack to exhaust 

cold gaseous 

hydrogen                                     

②Improper Fire 

Fighting Technique 

using water.                                                                                 

③The water 

freezing caused the 

vent stack to be 

sealed off, disabling 

the only exit for the 

cold hydrogen gas.                                             

④ the residual 

hydrogen gas in the 

tank warmed up, 

causing the tank to 

over-pressurize and 

rupture 

①Place signs on 

all liquid 

hydrogen tanks 

indicating that no 

water is to be put 

on the vent stack.                                                                           

②An additional 

secondary backup 

vent stack should 

be added to liquid 

hydrogen tanks. 

This secondary 

stack is designed 

to be used only if 

needed in the 

event the main 

vent stack 

becomes plugged 

with ice, such as 

what occurred in 

this incident. The 

secondary vent 

stack would only 

be used if the 

main vent stack 

failed. 

①H2 release                             

②H2 

ignition(Friction on 

the vent stack wall 

at the stack outlet)                         

③Explosion 

(BLEVE)                          

④Property damage                

⑤Minor Injury               

⑥Facility Closure 

①Preventive regular 

maintenance plan                                                              

②Refresh and re-

enforce personnel 

training on abnormal 

phenomena 

identification and 

interpretation.                                                  

③Detailed hazard 

review and 

evaluation of all of the 

procedures in the 

hydrogen plant 

process gas system to 

prevent abnormal 

phenomena.                                                                                                            

④Liquid hydrogen 

installations should 

be inspected by 

facility personnel on a 

frequent basis, 

consistent with NFPA 

55, to verify proper 

operation and inspect 

for physical damage 

or leaks. If there are 

problems, contact the 

servicing company 

immediately.                                          

⑤Industrial gas 

companies that 

design, install, and 

maintain liquid 

hydrogen 

installations should 

follow the guidelines 

set in the Compressed 

Gas Association 

(CGA) publications: 

G-5.4 - Standard for 

Hydrogen Piping 

Systems at Consumer 

Locations, G-5.5 - 

Hydrogen Vent 

Systems, H-3 - 

Cryogenic Hydrogen 

Storage, and H-5 - 

Installation Standards 

for Bulk Hydrogen 

Supply Systems. 
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8 Instrumen

tation & 

Control 

systems 

Loss of 

control 

① The LH2 tanks 

and vent system 

were not properly 

maintained after 

the last use, 

allowing hydrogen 

to remain in the 

system, providing a 

fuel source.                                           

②Air ingress into 

the system through 

vent line( 

disconnected at 

different places) 

and the purge panel 

deactivated 

allowing air to 

enter via the 

burnstack.                                     

③  A combustible 

hydrogen/air 

mixture most likely 

reached the 

burnstack exit and 

served as a "wick" 

to ignite the 

remainder of the 

system.                                                                     

①Adequate 

System 

Monitoring/Overs

ight     

②Adequate 

Management 

Planning  

①H2 release                      

②H2 

ignition(burnstack)                  

③Flamable gas 

fire/deflagration/d

etonation                                   

④Property damage                              

① Necessary 

activities should be 

defined in order to 

place hydrogen 

systems in long-term 

periods of inactivity. 

The defined activities 

should 

address.requirements 

for rendering inert, 

isolation (i.e., physical 

disconnect, double 

block and bleed, etc.) 

and periodic 

monitoring.                                                                                           

② The using 

organization should 

develop a process to 

periodically monitor 

hazardous systems 

for proper 

configuration (i.e., a 

daily/weekly/monthl

y check sheet to 

verify critical purges 

are active). 

9 Surroundi

ng-

Related 

hazards 

Failure of 

equipment 

①Unusually high 

wind                                           

②Long-term 

exposure to 

sunlight and 

temperature 

extremes                                     

③The toppled vent 

line sustained a 

kink that restricted 

hydrogen flow and 

created a back 

pressure on the 

vessel relief system.                                     

④Material 

incompatibility                                                                

⑤Inadequate 

venting design 

①Hardware 

design must be 

adequate for 

weather 

conditions and 

materials 

selection must be 

compatible with 

temperature 

excursions and 

solar-UV exposure 

conditions.                                                 

②Operations 

must include 

periodic 

inspection of 

mounting 

hardware.                                                 

③Emergency 

procedures must 

address 

conditions that 

include the 

①H2 release                      

②Property damage                  

③Facility closure                           

④ Explosion           

①Determining the 

approximate 

temperature and 

release rate of the 

hydrogen emanating 

from the damaged 

vent,                                                                         

②Finding computed 

hydrogen dispersion 

information based on 

diffusion and wind                                                                                                                

③Using the 

dispersion 

information to 

establish a safe 

working area for 

repair operations and 

an exclusion zone 

around the hydrogen 

release point. 
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presence of a 

hydrogen leak 

that may pose a 

hazard to 

personnel 

attempting repair 

operations.  
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Table D- 5: HAZID analysis table - LH2 storage at fuelling station. 

No 
Hazard 

Type 

Hazardous 

Event 
Initiating Event 

Prevention 

Controls 
Consequences 

Mitigation 

Controls 

1 Hot or 

Cryogenic 

fluids 

Leakage/ 

Loss of 

containme

nt 

①A loose hose 

flange at the 

trailer/facility 

connection                                      

②Liquid H2 

produced  spray 

which 

enveloped the 

rear of the truck                                     

③cold fluid 

contacted and 

shrank the 'O' 

ring seal (made 

of Buna-N 

rubber), thus 

permitting 

liquid hydrogen 

leakage to the 

atmosphere. 

①Adequate 

inspection                                           

②All tank 

trailers should 

have a safely 

accessible 

auxiliary shut 

off valve in case 

of spills.                                                                

③Emergency 

personnel need 

to have access 

to all of the 

appropriate 

protective 

clothing, 

including shoes. 

①Cold H2 

leakage through 

the lubricated 

bayonet seal.                              

②Minor injury                                           

③Property 

damage 

①Regular 

maintenance 

plan                       

②Refresh and 

re-enforce 

personnel 

training on 

abnormal 

phenomena 

identification 

and 

interpretation 

2 Hot or 

Cryogenic 

fluids 

Leakage/ 

Loss of 

containme

nt 

①While 

disconnecting a 

liquid H2 fill line 

from a liquid H2 

trailer, liquid H2 

escaped                                      

②The liquid H2 

shut off valve 

was partially 

open (Failure to 

Follow Standard 

Operating 

Procedures)                                 

③Both men 

assumed it was 

closed(situation

al awareness) 

①Standard 

procedure must 

be followed in 

all cases.                                                                      

②Regular 

inspections 

①Cold H2 

leakage through 

the lubricated 

bayonet seal.                              

②Minor injury                                            

①Regular 

maintenance 

plan                       

②Refresh and 

re-enforce 

personnel 

training on 

abnormal 

phenomena 

identification 

and 

interpretation 
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3 Hot or 

Cryogenic 

fluids 

Leakage/ 

Loss of 

containme

nt 

①A plume of 

hydrogen gas 

escaped from 

the offloading 

valve of a liquid 

hydrogen 

delivery truck 

while 

transporting 

hydrogen                                

②Driver 

error(when the 

driver of the 

truck was 

preparing to 

complete the 

second of two 

deliveries at the 

facility)                                     

③The manual 

valve was left in 

an open position 

following the 

first unloading                                                      

④The driver 

next failed to 

perform the 

required 

procedure of 

seven purges 

intended to 

eliminate 

contaminants 

and water from 

the piping 

before 

connecting the 

hose for the 

second 

unloading                                             

⑤He then 

opened the 

pneumatic 

(“automatic” ) 

valve before 

connecting the 

hose, which, due 

to the open 

manual valve, 

resulted in a 

direct release of 

liquid hydrogen 

into the ambient 

①Attentiveness 

to proper 

procedure 

would have 

prevented this 

incident.                                                      

②the need for 

rigorous 

training on 

hydrogen 

properties and 

behavior, not 

only for the 

operators of 

fueling 

equipment but 

also for 

emergency 

responders and 

the general 

public. The 

physical and 

chemical 

characteristics 

of hydrogen are 

different from 

those of fossil 

fuels and must 

be 

communicated, 

understood, and 

accounted for in 

hydrogen 

handling and 

use. 

①Plume of 

hydroge released          

②Plume of 

hydroge ignited                                    

③ Ignited gas 

mixture resulted 

in 

overpressurizatio

n(the difference 

involves subsonic 

as opposed to 

super-sonic flame 

speed and 

consequent 

damage to the 

surroundings is 

much less)                                       

④Minor injury                                            

①Regular 

maintenance 

plan                       

②Refresh and 

re-enforce 

personnel 

training on 

abnormal 

phenomena 

identification 

and 

interpretation 
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air.                                                                            

⑥This liquid 

immediately 

vaporized into a 

hydrogen cloud 

and quickly 

ignited.                                                        

⑦Ignition 

source:a static 

electricity 

buildup caused 

by the rush of 

vaporizing gas 

self-ignited the 

mixture.                                                                           

⑧moisture in 

the line froze 

due to the 

extreme cold 

temperatures of 

the liquid (-423° 

F) preventing 

the pneumatic 

valve from fully 

closing. 

4 Hot or 

Cryogenic 

fluids 

Leakage/ 

Loss of 

containme

nt 

①Mechanical 

aggression                     

②Voluntary 

disconnection                  

③Improper 

connection                        

④Temperature 

effects                         

⑤Damaged 

connector (wear 

of discharge 

nozzle)                                      

⑥Foreign 

substance in 

connector 

during refilling  

①Unloading 

operations in 

open air                       

②Refilling line 

screwed at both 

ends. When 

pressurised, it 

cannot be 

disconnected 

manually                                                                                         

③Appropriate 

material 

selection                                        

④Trailer 

parked and 

operated in a 

dedicated and 

safe area 

(tanker parked 

away from 

①Leakage of 

hydrogen from 

the tanker 

connection 

line(when 

delivering LH2)                                             

②Explosive 

atmosphere in 

open air              

①Regular 

maintenance 

plan                       

②Refresh and 

re-enforce 

personnel 

training on 

abnormal 

phenomena 

identification 

and 

interpretation                                          

③Trained 

personnel only 

with permanent 

supervision                                                                

④Other applied 

method is filling 

the hosewith 

inert gas. Line is 
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power lines, 

trees, ..)                                                 

⑤Filling line is 

possibly 

vasuumed. If 

line is not tight, 

the vacuum will 

not be reached.                                                

⑥Remotely 

actuated 

isolation valve                                    

⑦Isolation 

valve on the 

tanker actuated 

by an 

emergency 

button                                            

⑧Fenced 

site/closed 

container                            

⑨Dedicated 

delivery area 

then pressurized 

with H2 gas at 

few bar. 

5 Hot or 

Cryogenic 

fluids 

Leakage/ 

Loss of 

containme

nt 

①Venting of 

hydrogen from 

the storage 

tankduring 

refilling due to 

tank isolation 

valves remained 

"open" during 

decoupling 

procedure                                      

②pressure 

built-up during 

refilling                    

①Refilling line 

screwed at both 

ends. When 

pressurizedm it 

cannot be 

disconnected 

manually                                                                               

②Appropriate 

choice of 

material                           

③Trailer 

parked and 

operated in a 

dedicated and 

safe area 

(tanker parked 

away from 

power ines, 

trees..)                                                                     

④Fillign line i 

spossibly 

vacuumed. If 

line is not tight, 

the vacuum will 

not be reached.                                                        

⑤Connector 

inspection 

before each 

delivery                                                        

⑥During 

decoupling 

①Explosive 

atmosphere at 

storage tank vent 

(explosion or 

permanent 

flame) 

①Regular 

maintenance 

plan                       

②Refresh and 

re-enforce 

personnel 

training on 

abnormal 

phenomena 

identification 

and 

interpretation                                          

③Trained 

personnel only 

with permanent 

supervision                                                                

④Double 

isolation valves: 

manual & 

automated one                                                

⑤Isoaltion 

distance 

bewteen 

discharge point 

and properties 
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procedure, wait 

a certain time 

before purging 

the line with 

gas. Tanker 

outlet valve is 

closed then 

thetank inlet 

valves are 

closed. Any 

liquid in the 

transfer hose is 

boiled-off in the 

top of the tank 

haulage. Then 

the hose is 

warmed with 

H2 gas and 

purged with 

inert gas 

procedure.                                                     

⑦PRV on inner 

tank and 

associated vent                                              

⑧Pressure 

sensors on the 

inner storage 

tank and on the 

trailer and 

associated vent 

6 Hot or 

Cryogenic 

fluids 

Leakage/ 

Loss of 

containme

nt 

①Venting of 

hydrogen from 

the tanker due 

to external fire                                     

②Loss of 

vacuum                                      

③Pressure 

relief device 

abnormal 

opening 

①Fire 

extinguisher 

onboard the 

trailer               

②Diked area                                                                 

③PRV on inner 

tank and 

associated vent                                                

④Pressure 

sensors on the 

inner storage 

tank                                                                         

⑤Isolation 

valve on the 

tanker actuated 

by an 

emergency 

button 

①Explosive 

atmosphere at 

trailer 

vent(explosion or 

permanent 

flame) 

①Fillign line is 

possibly 

vacuumed. If the 

line is not tight, 

the vacuumwill 

not be reached. 

Other applied 

method is filling 

the hose with 

inert gas. Line is 

then pressurized 

with H2 gas at 

few bar. If the 

connection is not 

good, it will leak 

during 

pressurization                                        

②Trained 

personnel only 

with permanent 

supervision                                                 

③Regular 

maintenance 
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plan and 

inspection 

7 Hot or 

Cryogenic 

fluids 

Leakage/ 

Loss of 

containme

nt 

①Hydrogen 

release after 

refilling when 

decoupling the 

hose due to 

remaining LH2 

or H2 gas in the 

hose (tank valve 

remains open) 

①During 

decoupling 

procedure, wait 

a certain time 

before purging 

the line with 

gas. Tanker 

outlet valve is 

closed then 

thetank inlet 

valves are 

closed. Any 

liquid in the 

transfer hose is 

boiled-off in the 

top of the tank 

haulage. Then 

the hose is 

warmed with 

H2 gas and 

purged with 

inert gas 

procedure.                                                                            

②Fire 

extinguisher 

onboard the 

trailer                                                  

①Hydrogen 

release                          

②Subsequent 

explosion or fire 

①Regular 

maintenance 

plan                       

②Refresh and 

re-enforce 

personnel 

training on 

abnormal 

phenomena 

identification 

and 

interpretation                                          

③Trained 

personnel only 

with permanent 

supervision                                                                

④Double 

isolation valves: 

manual & 

automated one                                                

⑤Isoaltion 

distance 

bewteen 

discharge point 

and properties 

8 Hot or 

Cryogenic 

fluids 

Leakage/ 

Loss of 

containme

nt 

①Hydrogen 

leak from the 

tanker due to 

leaking isolation 

valve 

①Fire 

extinguisher 

onboard the 

trailer                                   

②Diked area                                                              

③  Connector 

inspection 

before each 

delivery                                                                              

④  Spare parts 

available in the 

①Hydrogen spill     

②Subsequent 

explosion or pool 

fire 

①Regular 

maintenance 

plan                       

②Refresh and 

re-enforce 

personnel 

training on 

abnormal 

phenomena 

identification 

and 
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truck                                                 

⑤Double 

isolation valves:  

manual and 

automated one 

interpretation                                          

③Trained 

personnel only 

with permanent 

supervision                                                                 

9 Liquids & 

Gases 

under high 

pressure 

Leakages/ 

Loss of 

containme

nt 

①Untightness 

at the nozzle 

during 

refuelling                                    

①Refueling 

takes place in a 

secure area                               

②Manufactures 

design and 

recommendatio

ns          

③Dedicated 

nozzle design 

depending on 

refueling 

pressure                                            

④Regular 

inspection                                       

⑤Double 

isolation of the 

liquid flow                                                          

⑥Close main 

valve upstream 

on abnormal 

situation 

detection                                         

⑦Leakage 

feeds the boil-

off line                                                     

⑧Hose line 

kept under 

moderate 

(<2bar) 

gaseous 

hydrogen 

pressure when 

coupling and 

decoupling (H2 

is flushed before 

decoupling)                                                        

⑨Hose line 

isolated form 

liquid sources 

when coupling 

or decoupling 

①cold gas 

escapeing      

②Explosion or 

flame 

①Leak tightness 

tests after 

connections (H2 

pressure drop 

control)                                                                

②Operated by 

trained 

personnel                                

③Periodic 

visual checks on 

the nozzle                                

④Regular check 

of coupling leak 

tightness                                        

⑤Automatic 

check up 

procedure 

(handbrake, 

windows closed, 

...) before 

refueling starts.                                                

⑥Permanent 

communication 

between the 

dispenser and 

the 

vehicle:refueling 

stops if the 

signal "car ready 

fro refueling: is 

gone  
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10 Liquids & 

Gases 

under high 

pressure 

Leakages/ 

Loss of 

containme

nt 

①Gasket 

untightness 

①Refueling 

takes place in a 

secure area                               

②Manufactures 

design and 

recommendatio

ns          

③Dedicated 

nozzle design 

depending on 

refueling 

pressure                                            

④Regular 

inspection                                       

⑤Double 

isolation of the 

liquid flow                                                          

⑥Close main 

valve upstream 

on abnormal 

situation 

detection                                         

⑦Leakage 

feeds the boil-

off line                                       

⑧Hose line 

kept under 

moderate 

(<2bar) 

gaseous 

hydrogen 

pressure when 

coupling and 

decoupling (H2 

is flushed before 

decoupling)                                                        

⑨Hose line 

isolated form 

liquid sources 

when coupling 

or decoupling 

①Leakage inside 

the dispenser 

cabinet                                                   

②Explosion 

inside the 

dispenser                                      

③Burst or 

dispenser 

①Leak tightness 

tests after 

connections (H2 

pressure drop 

control)                                                                

②Operated by 

trained 

personnel                                

③Periodic 

visual checks on 

the nozzle                                

④Regular check 

of coupling leak 

tightness                                        

⑤Automatic 

check up 

procedure 

(handbrake, 

windows closed) 

before refueling 

starts.                                                

⑥Permanent 

communication 

between the 

dispenser and 

the 

vehicle:refueling 

stops if the 

signal "car ready 

fro refueling: is 

gone  

11 Liquids & 

Gases 

under high 

pressure 

Leakages/ 

Loss of 

containme

nt 

①Severe 

mechanical 

impact of hose 

line                                                    

②Shear of hose 

line (loss of 

vacuum) 

①Dedicated 

nozzle design 

depending on 

refueling 

pressure                   

②Pressure 

relief device on 

liquid line                         

③Hydrogen 

vented                                    

①H2 leak                      

②Large LH2 

spill                                         

③Explosion or 

flame 

①Manufacturer 

design and 

recommendation

s                                     

②Operated by 

trained 

personnel                                

③Periodic 

visual checks                                 

④Automatic 
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④Pressure 

sensor and 

automatic 

shutdown                                   

⑤Periodical 

visual checks on 

the dispensing 

line                                         

⑥PRD on 

vacuum line 

(vacuum relief 

device) vented 

to open air            

shutdown of the 

dispensing line                                       

⑤Emergency 

shutdown button 

(dispenser in 

use) 

 

 

Table D- 6: HAZID analysis table – ATR-MR. 

FLUIDIZED-BED MEMBRANE REACTOR 

No 
Hazard 
Type 

Hazardous 
Event 

Initiating Event 
Prevention 
Controls 

Consequences 
Mitigation 
Controls 

1 

Instrument
ation & 
Control 
systems 

Loss of 
function 

①CH4 Mass flow 
controller malfunction  
(high flow)                                              
②Overpressure in the 
delivery line                                         

③Pressure relief valve 
failure                                                                   
④fluidisation regime 
changes                                 

⑤ possible entrainment 
of catalyst                                                             
⑥carbon deposition zone 

                                                                                             
①Pressure 
safety valves 
(PSV)                                                                      

②MFC 
maintenance                               

③High steam 
to carbon ratio 
alarm 

①Explosion  
(Upper explosion 
limit in reactor)                             

②Catalyst 
deactivation                                       

③Membrane 
tubes failure  

①Regular 
inspection & 
maintenance     

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena 

2 

Instrument
ation & 
Control 
systems 

Loss of 
function 

①CH4 Mass flow 
controller malfunction   
(low flow)                                             

②Pressure decrease in 
the delivery line                                         
③fluidisation regime 
changes                                 

④ possible packd bed                                                           

①Check valve  
(CV)                                                                                                                                                                  

②MFC 
maintenance                               

③Low steam 
to carbon ratio 
alarm 

①Explosion  
(Lower explosion 
limit in reactor)                             

②Catalyst re-
oxidation 

①Regular 
inspection & 
maintenance        

②Detailed 
hazard review & 
evaluation of all of 
the streams to 
prevent abnormal 
phenomena                       

③Fire-
Extinguishing 
Equipment                                  

④Beware 
explosive 
atmosphere in 
detection cabinet 
(detection, 
ventilation)                                                                                                      
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3 

Instrument
ation & 
Control 
systems 

Loss of 
function 

①CH4 Mass flow 
controller malfunction   
(no flow)                                             

②Pressure decrease in 
the delivery line                                         

③Valve before the CH4 
MFC closes                                                              

④ No return valve closes                                                          

①Check valve  
(CV)                                                                                                                                                                  

②MFC 
maintenance                               

③Low steam 
to carbon ratio 
alarm 

①No reaction                     

②No hydrogen 
production                            
③Damage to the 
membrane/ 
sealing due to 
oxygen feeding                  

①Regular 
inspection & 
maintenance        

②Detailed 
hazard review & 
evaluation of all of 
the streams to 
prevent abnormal 
phenomena                         

4 

Instrument
ation & 
Control 
systems 

Loss of 
function 

①Air Mass flow 
controller(MFC) 
malfunction  (high flow)                                              

②Overpressure in the 
delivery line                                         

③Pressure relief valve 
failure                                                                   

④fluidisation regime 
changes                                 

⑤ possible entrainment 
of catalyst                                                              

                                                                                             
①Pressure 
safety valves 
(PSV)                                                                      

②MFC 
maintenance                               

③Fit high 
temperature 
alarm 

①Explosion  
(Higher explosion 
limit in reactor)                             

②Low 
conversion & low 
permeation                                     

③Temperature 
inside the reactor 
increases                                     

④Membrane 
damage 
(sintering)                                      

⑤Failure of 
sealing                                                   
⑥Lower purity                                    

⑦Lower catalyst 
activity 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena                                          

③Check of 
isolation system 

④Fire-
Extinguishing 
Equipment     
⑤Beware 
explosive 
atmosphere in 
detection cabinet 
(detection, 
ventilation)                                                                                                                                     

5 

Instrument
ation & 
Control 
systems 

Loss of 
function 

①Air Mass flow controller 
(MFC) malfunction   (low 
flow)                                             

②Pressure decrease in 
the delivery line                                         

③fluidisation regime 
changes                                 

④ possible packd bed                                                           

                                                                                             

①Check 
valves 
(CV)and a  
pressure alarm                                                                    

②MFC & lines 
maintenance                                

①Explosion  
(Lower explosion 
limit in reactor)                             

②Higher 
productivity                                   

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena   
③Beware 
explosive 
atmosphere in 
detection cabinet 
(detection, 
ventilation)                                                                                                                                              
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6 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①Air Mass flow controller 
(MFC) malfunction   (no 
flow)                                             

②Pressure decrease in 
the delivery line                                         

③Valve before the Air 
MFC closes                                                              
④ No return valve closes                                                          

                                                                                             

①Check 
valves 
(CV)and a  
pressure alarm                                                                    

②MFC & lines 
maintenance                                

①No combustion 
reaction                     
②Lower 
hydrogen 
production                            

③Carbon 
deposition                                         
④Reaction stops                  

①Inspection & 
maintenance of 
instrumentation                                                               

②  Alarm system 
installed                                           

7 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①Steam Mass flow 
controller(MFC) 
malfunction  (high flow)                                              

②Overpressure in the 
supply line                                          

③Fluidization regime 
changes                             

④Possible entrainment of 
catalyst                                                          

⑤ Possible packed-bed                                                                                       

                                                                                             

①Check 
valves 
(CV)and a  
pressure alarm                                                                    

②MFC & lines 
maintenance                               

③Alarm for 
high steam-
carbon ratio 

①Explosion  
(Higher explosion 
limit in reactor)                             

②Low 
conversion & low 
permeation                                     

③Temperature 
inside the reactor 
decreases                                     
④Membrane 
damage (fouling) 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Beware 
explosive 
atmosphere in 
detection cabinet 
(detection, 
ventilation)     
③Fire-
Extinguishing 
Equipment                                                                                                                                              

8 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①No liquid in supply tank                                              

②Low pressure in the 
supply tank                                                        

③PC failure                             

④Release valve failure                                                            
⑤MFC malfunction                                                                                       

⑥Check valve failure                                                                      

                                                                                             

①Check 
valves 
(CV)and a  
pressure alarm                                                                    

②MFC & lines 
maintenance                                       
③Alarm for 
low steam-
carbon ratio.           

①Explosion  
(Lower explosion 
limit in reactor)                             

②Lower 
hydrogen 
productivity                                     

③Low 
conversion                                     
④Higher CO 
formation                                    

⑤Catalyst 
poisoning                                                                                                

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena     
③Beware 
explosive 
atmosphere in 
detection cabinet 
(detection, 
ventilation)                                           

9 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①High temperature 
development in steam 
section                                             

② Internal temperature 
controller fails                                                     

③tracing controller fails 
(thermocouples) 

①Fit a control 
and high 
temperature 
alarm                                 

②Check 
valves and 
lines 

①Evaporator not 
working properly 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena       
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10 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①Low temperature 
development                                             

② Internal temperature 
controller fails                                                     

③tracing controller fails                  
(thermocouples)                                   

④No steam-possible 
water in the lines        

①Fit a control 
and low 
temperature 
alarm                        
②Check 
valves and 
lines 

①Possible water 
in the lines                                  

②Overpressure 
development                                       
③Explosion  
(Lower explosion 
limit in reactor)                             

④Lower 
hydrogen 
productivity                                     

⑤Low 
conversion                                     

⑥Higher CO 
formation                                    

⑦Catalyst 
poisoning                                                                                                

①Regular 
inspection & 
maintenance of 
instrumentation                                                               
②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena      

③Beware 
explosive 
atmosphere in 
detection cabinet 
(detection, 
ventilation)                                                                                

11 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①High flow inside reactor 
due to  Mass flow 
controller(MFC) 
malfunction failure                                           

②Overpressure 
development                                         

③Pressure relief valve 
failure                                                                   

④fluidisation regime 
changes                                 

⑤ possible entrainment 
of catalyst                                        

⑥Temperature increase                                                        

                                                                                             

①Pressure 
safety valves 
(PSV)                                                                      
②MFC 
maintenance                               

③Check 
valves (CV)                                      
④Fit a control 
and high 
temperature 
alarm 

①Contamination 
of hydorgen 
stream                            

②Blockage of 
filter                                     

③Membrane 
damage                                        

④ Lower 
conversion 

⑤ Lower 
permeation 

⑥ Lower 
hydrogen 
recovery 

⑦ Lower purity of 
hydrogen 
⑧Sealing failure 

⑨ Lower catalyst 
activity                                  

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena   
③Beware 
explosive 
atmosphere in 
detection cabinet 
(detection, 
ventilation)                                                                                                                        

12 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①Low flow inside reactor 
due to  Mass flow 
controller(MFC) 
malfunction failure                                           
②Pressure decrease in 
the delivery line                                         

③fluidisation regime 
changes                                 
④ possible packd bed                                                                                                 

⑤Pressure relief valve 
failure                                                                                                 

⑥ possible entrainment 
of catalyst                                                             

⑦Blockage of distributor                                    

⑧bypass valve failure                                         

⑨Temperature decrease 
(Thompson-Joule Effect) 

①Fit a control 
and low 
temperature 
alarm                        

②Check 
valves and 
lines                                      

③MFC and 
instrumentatio
n maintenance                                       
④Pressure 
relief valve 

①Depressurizati
on of reactor                             

②Hydrogen 
production 
decrease                                     
③Possible 
particle 
agglomeration                                         

④Condensate on 
membrane 
surface 
  

①Regular 
inspection & 
maintenance of 
instrumentation                                                               
②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena                                           
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13 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①Overpressure in feed 
line                              

②Failure of release valve                                       

③Blockage at the outlet                                           

④Pressure controller 
failure 

                                                                                             

①Pressure 
safety valves 
(PSV)                                                                      
②Check back 
pressure                               

③Rupture 
disc                                      

④Fit a high 
pressure alarm 
to shut off all 
feeds and 
open PCV 
fully. 

①Depressurizati
on of the reactor                                         

②Lower 
membrane 
selectivity                                        

③ mixing of 
production gases 
in the inlet zone                      

④Possible 
mixing of 
production gases 
with pure 
hydrogen                                             

⑤Lower purity of 
hydrogen stream                                       

⑥Sealing failure                                    

⑦Damage to 
membrane                                                    

⑧Explosion 
possibility of MR 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena   

③Beware 
explosive 
atmosphere in 
detection cabinet 
(detection, 
ventilation)       
③Fire-
Extinguishing 
Equipment                                                                                                                                                                                                                                                                                                       

14 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①Lower pressure in feed 
line                              

②Failure of release valve                                       

③Leakage line                                           

④Membrane failure                                   
⑤Pressure controller 
failure                                        

⑥MFC failure 

                                                                                             

①Check 
valves 
(CV)and a  
pressure alarm                                                                    
②MFC & lines 
maintenance                                

①Lower 
hydrogen 
production 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena                                           

15 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①No pressure inside 
reactor due to failure of 
membrane applying 
vacuum in the permeate 
side                                                   

②Leakage in feed line                                           

③Feed valve closed 

                                                                                             

①Check 
valves 
(CV)and a  
pressure alarm                                                                    

②MFC & lines 
maintenance                                

①Mixing of all 
gas components 
in the permeate 
side                                        

②No hydrogen 
production                                           

③Temperature 
decrease 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena      

③Beware 
explosive 
atmosphere in 
detection cabinet 
(detection, 
ventilation)       
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16 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①High temperature due 
to failure in autothermal 
reaction condition                                                   

②Decrease of gas flow in 
feed line                                      

③Tracing control fails 

①Fit a control 
and high 
temperature 
alarm                                 
②Maintenanc
e of 
instrumentatio
n                                          

③Check 
valves and 
lines 

①Membrane can 
be 
damaged/catalyst. 

②Higher 
permeate flow-
rate                                  

③Higher 
hydrogen 
production                                           

④Damage of 
reactor 
sealing/connectio
ns                                     
⑤Thermal stress 
for the membrane 

⑥Catalyst 
sintering        
⑦Hot spot 
development in 
MR. 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena                                           

17 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①Low temperature due 
to failure in autothermal 
reaction condition                                                   

②Lower temperature of 
feed line                                      

③Tracing control fails                                       
④Increase of gas flow in 
feed line                                     

⑤Isolation of MR  set up 
fails. 

①Fit a low 
temperature 
alarm                                           

②Membrane 
cleaning (due 
to condensate 
film on 
membrane 
surface)                                           

③ 
Maintenance 
and check of 
feed steam 
and gas valves                                         

④Maintenanc
e of 
instrumentatio
n 

①Lower reaction 
rate 

②Lower 
hydrogen 
permeation                                 

③Lower 
hydrogen 
productivity 
(blockage of 
membrane 
surface with coke                                          

④Lower 
conversion                                     
⑤Condensation 
of vapors  in the 
lines                                           

⑥Catalyst 
damage                                   

⑦Possible coke 
formation and 
blockage of filters 
at the outlet                                  
⑧Check isolation 
system 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena                                           

18 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①High flow in the 
retentate side due to high 
flow in reaction zone 

                                                                                             

①Check 
valves (CV) 

②MFC & lines 
maintenance                                

①Steam traces 
at the outlet                                      

②Damage of 
flow transmitter                             

③High pressure 
drop in the lines 
(droplet 
formation) 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               
②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena                                           
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19 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①Low flow in the 
retentate side due to low 
flow in reaction zone                                                    
②Blockage of filter                                          

③Malfunction of the 
pressure controller                                

④Leakage/blockage of 
the cooler                                        

⑤Malfunction of draining 
valve 

                                                                                             

①Pressure 
safety valves 
(PSV)                                                                      
②Check back 
pressure                               

③Rupture 
disc                                      

④Fit a high 
pressure alarm 
to shut off all 
feeds and 
open PCV 
fully. 

①Depressurizati
on of the reactor                                         

②Lower 
membrane 
selectivity                                        

③ mixing of 
production gases 
in the inlet zone                      

④Possible 
mixing of 
production gases 
with pure 
hydrogen                                             

⑤Lower purity of 
hydrogen stream                                       

⑥Sealing failure                                    

⑦Damage to 
membrane                                                    

⑧Explosion 
possibility of MR 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena      
③Beware 
explosive 
atmosphere in 
detection cabinet 
(detection, 
ventilation)       
                                      

20 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①Overpressure in 
retentate side                                           

②Failure of check & 
release valve                                       
③Blockage of filter at the 
outlet                                           

④Pressure controller 
failure 

                                                                                             

①Pressure 
safety valves 
(PSV)                                                                      

②Check back 
pressure                               

③Rupture 
disc                                      

④Fit a high 
pressure alarm 
to shut off all 
feeds and 
open PCV 
fully. 

①Depressurizati
on of the reactor                                         

②Lower 
membrane 
selectivity                                        
③ mixing of 
production gases 
in the inlet zone                      

④Possible 
mixing of 
production gases 
with pure 
hydrogen                                             

⑤Lower purity of 
hydrogen stream                                       

⑥Sealing failure                                    

⑦Damage to 
membrane 
(packed bed)                                                   

⑧Explosion 
possibility of MR                                         

⑨Droplet 
formation in the 
lines (dew point of 
mixture)                                        

⑩Possible 
damage to valves 
and MFC. 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               
②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena      

③Beware 
explosive 
atmosphere in 
detection cabinet 
(detection, 
ventilation)       
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21 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①High temperature in the 
retentate side due to 
cooler failure 

①Fit a control 
and a high 
temperature 
alarm                                           

②Maintenanc
e of 
instrumentatio
n 

①Presence of 
steam at the 
outlet                              

②Possible 
droplet formation 
in the liens at the 
outlet (high 
pressure drop)                    

③Damage of 
MFC 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena                                           

22 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①Low temperature due 
to failure in autothermal 
reaction condition                                                   

②Lower temperature of 
feedline                                      

③Tracing control fails                                       

④Increase of gas flow in 
feedline                                     

⑤Isolation of MR  set up 
fails. 

①Fit a low 
temperature 
alarm                                           

②Membrane 
cleaning (due 
to condensate 
film on 
membrane 
surface)                                           

③ 
Maintenance 
and check of 
feed steam 
and gas valves                                         

④Maintenanc
e of 
instrumentatio
n 

①Lower reaction 
rate 

②Lower 
hydrogen 
permeation                                 
③Lower 
hydrogen 
productivity 
(blockage of 
membrane 
surface with coke                                          

④Lower 
conversion                                     

⑤Condensation 
of vapors  in the 
lines(droplet 
formation before 
the cooler)                                           

⑥Catalyst 
damage                                   

⑦Possible coke 
formation and 
blockage of filters 
at the outlet                                  
⑧Check isolation 
system 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena                                           

23 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①High flow in the 
permeate side due to 
leakage of the membrane 
(membrane damage)                                                    

②Internal connections 
inside the reactor  (to the 
permeate side)                                     

③Possible failure of the 
valve and MFC in the 
feedline                                

①Fit a control 
and a high 
pressure alarm                                           

②Maintenanc
e of 
instrumentatio
n 

①Mixing of 
hydrogen with 
reaction gas 
mixture in the 
permeate side 
(change 
autothermal 
reforming 
condition)                                   

②Fluidization 
regime change                                      

③Possible 
mixing of 
hydrogen with air                                          
④Possible 
coke/fine particles 
at the  permeate 
side 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               
②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena     

③Beware 
explosive 
atmosphere in 
detection cabinet 
(detection, 
ventilation)       
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24 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①Low flow in the 
permeate side due to the 
cooler failure                                                    

②Blockage in the 
permeate line 

①Maintenanc
e of 
instrumentatio
n 

①Low hydrogen 
production 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena                                           

25 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①Overpressure in the 
permeate side due to 
failure/blockage of pump                                                    
②Failure in valves                                            

③Membrane leakage 

①Maintenanc
e of 
instrumentatio
n                                  

②High 
pressure alarm 

①Back 
permeation of  
hydrogen to the 
reaction zone                                     

②Poor reactor 
performance 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena    
                                        

26 

Instrument
ation & 
Control 
systems 

Loss of 
control 

①Lower pressure in the 
permeate side due to 
vacuum pump failure 
(high suction from 
hydrogen pump)                                                    

②Failure in valves                                            

③Membrane leakage 

①Maintenanc
e of 
instrumentatio
n                                  
②Pressure 
alarm                            

③Check 
pump 

①Higher 
hydrogen 
production                                    

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena                                           

27 

Instrument
ation & 
Control 
systems 

Loss of 
control 

① High temperature 
development due to 
hydrogen combustion in 
the line (if Air MFC fails in 
feedline)                                                    

②Failure of cooler                                                    
③ Membrane leakage                            

①Maintenanc
e of 
instrumentatio
n                                         

②High 
temperature 
alarm                                       
③Check 
valves 

①Explosion                                  

②Droplet 
formation at the 
outlet (in case of 
cooler failure) & 
higher pressure 
drop in the lines                                               
③Damage to 
vacuum pump 

①Regular 
inspection & 
maintenance of 
instrumentation                                                               

②  Detailed 
hazard review 
and evaluation of 
all of the streams 
to prevent 
abnormal 
phenomena     
③Beware 
explosive 
atmosphere in 
detection cabinet 
(detection, 
ventilation)       
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APPENDIX E: Accident scenarios of each hydrogen chain 

This appendix includes the summary of accident scenarios studied for each hydrogen 

application area separately, as found from real accidents or incidents  by using both HIAD-

DB [10] and H2 Incidents and lessons learned [11] , the European and American database, 

respectively. 

 

Table E- 1: List of accident scenarios in this study - GH2 storage system. 

No ACCIDENT SCENARIO 

1 Massive GH2 leak in a pipe due to ruptured pipe caused by galvanic corrosion (absence of 
coating) and a pneumatically operated GH2 isolation gate valve failure in open position, 
leading to an explosion or jet fire. 

2 Rupture of the H2 storage output line due to mechanical aggression (digger), hydrogen 
embrittlement (hydrogen corrosion), external fire or overpressure (excessive temperature) 
leading to a jet fire or an explosion. 

3 Release of hydrogen through the PRV line due to external fire or overpressure/ excessive 
pressure input leading to a jet fire or an explosion 

4 Burst of hydrogen tank due to an external fire, jet flame / impingement on storage, 
overpressure (input line), loss of mechanical properties (ageing, mechanical aggression, 
material defect), or chemical aggression leading to pressure wave + missiles + fireball. 

5 Release of hydrogen through the vent line due to voluntary action / human error (maintenance) 
or voluntary emergency release (fire) leading to a jet fire or an explosion 

6 Rupture of the H2 bundle manifold or of the manifold feed line due to mechanical aggression 
(drop of a heavy equipment, displacement of cylinders), hydrogen embrittlement (hydrogen 
corrosion) or external fire leading to a jet fire or an explosion 

7 Release of hydrogen through Pressure Relief Device (PRD) due to the use of incompatible 
materials in the manufacturing of the PRD valve, improper assembly (over-torquing of the inner 
assembly), over-hardening of the inner assembly materials by the valve manufacturer leading 
to hydrogen ignition and fire. 
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Table E- 2: List of accident scenarios in this study - LH2 large scale storage. 

No ACCIDENT SCENARIO 

1 Hydrogen leak from a vent line during cryogenic loading operations due to a cracked 
weld on a hydrogen vent line caused by incorrect filler rod selected by welder, 
insufficient fusion in the weld and/or insufficient weld penetration leading to explosion. 

2 Loss of vacuum due to corrosion of outer shell. Pressure build-up in inner tank, 
subsequent vent of hydrogen and in the presence of external fire (fed by hydrogen) 
leading to a BLEVE (considered as catastrophic) or to a collapse of the tank. 

3 Explosive mixture inside inner tank due to LH2 / solid O2 (impurities) mixture leading 
to the storage destruction and large spill of hydrogen (considered as catastrophic). 

4 Inner tank pressurization due to heat exchanger runaway or failure of boil off 
management system / blockage of boil off valve (icing) leading to the shear of the 
inner tank and large release of hydrogen. 

5 Rupture of LH2 line due to mechanical aggression, overpressurisation (liquid trapped 
between two valves) or non-compatible materials leading to hydrogen spill and 
explosive mixture (explosion or pool fire). 

6 Hydrogen release during rupture disk replacement procedure, with a load of liquid 
hydrogen, without separating inerting gas causing the H2-air mixture being ignited by 
static discharges.  

7 Rupture of the burst disc of a vessel due to external fire leading to H2 boil-off and 
Fireball (BLEVE). 

8 A rupture disc blew on a liquid hydrogen tank, causing the vent stack to exhaust cold 
gaseous hydrogen. During tank stabilization procedure, water sprayed and directed a 
stream onto the fire exiting the vent stack, causing the water in the vent stack to 
freeze and seal off the stack, disabling the only exit for the cold hydrogen gas, leading 
to the residual hydrogen gas in the tank warm up, causing the tank to over-pressurize 
and rupture with an explosion known as a BLEVE (boiling liquid expanding vapor 
explosion). 

9 Hydrogen release due to air ingress in the vent line system due to disconnection at 
several places for installation of new bellows, deactivation of the purge panel allowing 
air to enter the system via the burnstack, leading to fire/deflagration that traveled back 
through the vent line and into the LH2 tanks, causing further 
fire/deflagration/detonation.  
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10 Hydrogen release near the ground in the vent line from a liquid hydrogen storage 
vessel due to unusually high winds that sustained a kink, material incompatibility,  that 
restricted hydrogen flow and created a back pressure on the vessel relief system 
leading to  explosion. 

 

Table E- 3: List of accident scenarios in this study - LH2 storage at Fuelling station. 

No ACCIDENT SCENARIO 

1 Hydrogen leak developed in a bayonet fitting at the trailer/facility connection due to a 
loose hose flange connection allowing leakage of cold fluid through the lubricated 

bayonet seal leading to explosion. 

2 Hydrogen release while disconnecting a liquid H2 fill line from a liquid H2 trailer, due 
to shut-off valve was partially open leading to explosion. 

3 A plume of hydrogen release from the offloading valve of a liquid hydrogen delivery 
truck due to human error (failure to follow the appropriate procedure during hydrogen 
transport) leading to liquid hydrogen release into the ambient air, ignition and jet fire 

4 Hydrogen leakage from tanker connection line due to mechanical aggression, 
voluntary disconnection, improper connection, temperatures effects, damaged 

connector during refilling leading to an explosive atmosphere in open air. 

5 Venting of hydrogen from the storage tank during refilling due to tank isolation valves 
remained open during the “decoupling” procedure, pressure build-up during refilling 

leading to an explosive atmosphere at the storage tank vent (explosion) 

6 Venting of hydrogen from the storage tank due to external fire, loss of vacuum, 
pressure relief device (PRD) abnormal opening or heat exchanger runaway leading 

to an explosive atmosphere at the trailer vent (explosion) 

7 Hydrogen release after refilling when decoupling the hose due to remaining LH2 or 
H2 gas in the hose (tank valve remains open) leading to flash fire. 

8 Hydrogen leak from the tanker due to leaking isolation valve leading to a hydrogen 
spill and subsequent explosion. 

9 Hydrogen leakage at the nozzle during refueling due to untightness leading to cold 
gas escaping and subsequent an explosion. 

10 Hydrogen release due to the shear of the hose line (loss of vacuum) due to severe 
mechanical impact leading to LH2 spill and subsequent explosion. 
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11 Hydrogen leakage inside the dispenser cabinet due to gaskets’ untightness leading 
to an explosion inside the dispenser and its burst. 
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APPENDIX F: Frequency Estimation Methodology 

This section introduces the main technique used in the present study to establish the 

frequency of each identified hazardous incidents (accident scenario). In general, the 

frequency of a hazardous event occurring during a given time interval can be derived from 

the frequencies of each of the contributory event  whose occurrence, individually or in 

conjunction with other events, could lead to the occurrence of the hazardous event (incident 

outcome). A logical relationship between hazardous events and the contributory events are 

conveniently represented as a “Fault Tree”. 

F.1  Fault Tree Analysis 

Fault tree analysis (FTA) is based on a graphical logical description of the failure 

mechanisms of a system and is rigorously based on the concepts of set theory, probability 

analysis and Boolean algebra. 

It is an analytical tool that uses deductive reasoning to determine the occurrence of an 

undesired event (called “Top Event”). The FTA, along with component failure data and 

human reliability data can enable determination of the frequency of occurrence of an 

accidental event. It yields qualitative as well as  quantitative information. 

Normally, FTA is constructed from the top down. An undesired event is chosen which is 

considered the “Top Event” and is taken as the root of a tree of logic. Beginning with the “Top 

Event”, the necessary and sufficient causes are identified together with their logical 

relationship. To accomplish this, the analyst asks, “How can this happen?” or “What are the 

causes of this event?”. This process of deductive reasoning is continued until sufficient  

resolution has been obtained to allow for the later assignment of frequencies to the basic 

events. 

The basic events at the bottom of the fault tree are linked via logic symbols, known as gates, 

to the “Top Event”. The logical connections in the FTA are generally represented by two 

types of gates, the “OR” and the “AND”. Table F-1 presents the standard FTA symbol. 

Then, each situation that could cause that effect is added to the tree as a series of logic 

expressions. Basic events at the bottom of the FTA are linked via logic symbols (known as 

gates) [3]. 
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Table F- 1: Standard FTA symbols [3]. 

 

Quantitative evaluation of a fault tree requires quantitative reliability data for equipment as 

well as human error. Among various methods to calculate failure frequencies of undesired 

events, in the present study, an analytic method using Minimal Cut Set calculation is used, 

described detailed in the following section. The method is made up of Boolean algebra 

operations in order to transform the tree in such a way that it is expressed in terms of its 

minimal cut sets. In contrast to other methods, this method does not require reliability data 

for obtaining the minimal cut sets of the tree. These are only needed for calculating the 

probability of the undesired events. 

Therefore, in order to calculate the expected frequency of each undesired event, a two-step 

procedure is followed: 
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1) Determination of minimal cut set with an analytical approach, and 

2) Fault tree evaluation. 

 

Minimal Cut Set Analysis 

Minimal cut set analysis is a mathematical technique for manipulating the logic structure of a 

fault tree to identify all combinations of basic events that result in the occurrence of the top 

event. These basic combinations, called cut sets, are then reduced to identify those 

“minimal” cut sets, which contain the minimum sets of events necessary and sufficient to 

cause the “Top Event”. Therefore, the FTA  is mathematically transformed, using the rules of 

Boolean Algebra, into an equivalent minimal cut set fault tree. This transformation process 

ensures that any single event that appears repeatedly in various branches of the FTA is 

properly accounted for. 

In order to understand the method, a simple example of the use of Boolean algebra in FTA is 

first illustrated in Figure F-1. It consists of a top event, four intermediate events and four 

basic events. The minimal cut sets for this example are determined by representing the fault 

tree as a Boolean equation. This equation is reduced using the laws of BOOLEAN algebra, 

as shown in Table F-2. 

This reduction involves replacement of intermediate events with their causes. As it can be 

shown in Table F-3, Step 1 represents the Boolean representation of the top event in terms 

of intermediate events IE1 and IE2. In Step 2, intermediate event IE1 (“AND” gate) and IE2 

(“OR” gate) are replaced by their Boolean equivalents. This process of replacing intermediate 

events is continued in Steps 3 and 4, until the Boolean representation of the FTA contains 

only basic events. Eventually, Step 4 represents the “Top Event” in terms of basic events 

only. Each term is a cut set [3].  
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Figure F- 1: Simple example of Fault tree analysis (FTA) [3]. 

 

However, the representation is not the minimal cut set form because further Boolean 

reduction is possible. Event BE4 appears twice in one term of the expression, and one of the 

terms containing BE1 can be eliminated. In Step 5, the term BE3∙BE4∙BE4∙BE2 is reduced to 

BE3∙BE4∙BE2 using the idempotent law. In step 6, BE1+ BE1∙ BE2 is reduced to BE1, using 

the law of absorption. Step 7, the communicative law is used to reorder the basic events of 

the second term(putting them in numerical order for convenience). The two terms (BE1 and 

BE2∙BE3∙BE4) are the minimal cut sets for the FTA of Figure F-1 The occurrence of either of 

these two cut sets will cause the top event of the simple FTA of Figure F-1. 

 



  D4.2 – Safety Risk Assessment   

Project no: 325357 F- 5/64 01.09.2013     

Table F- 2: Selected rules of Boolean Algebra [3]. 

Rule Mathematical form 

Communicative Rule A∙B = B∙A 

A+B = B+A 

Associative Rule A∙(B∙C) = (A∙B)∙C 

 A+(B+C) = (A+B)+C 

Distributive Rule A∙(B+C) = A∙B+A∙C 

 A+(B∙C) = (A+B)∙(A+C) 

Idempotent Rule A∙A = A 

 A+A = A 

Rule of absorption A∙(A+B) = A 

 A+ A∙B = A 
 

Table F- 3: Reduction of sample FTA of Figure F-1 using Boolean Algebra [3]. 

Step Boolean Representation 

1 T= IE1 + IE2 

2 T= (BE1∙BE2) + (BE1+IE3) 

3 T= BE1∙BE2 + BE1+ (BE3∙BE4∙IE4) 

4 T= BE1∙BE2 + BE1+ (BE3∙BE4∙ BE4∙BE2) 

5 T= BE1 + BE1∙BE2 + BE3∙BE4∙BE2 

6 T= BE1 + BE3∙BE4∙BE2 

7 T= BE1 + BE2∙BE3∙BE4 

 

After finding the minimal cut sets the procedure may be continued with FTA evaluation, that 

is the calculation of the expected frequency of the undesired event (“Top Event”). Therefore, 

the frequency of the top event is calculated from the cut set frequencies by : 

 

Where  is the frequency of the “Top Event”,  is the frequency of the minimal cut set i. 

It can be pointed out that while such methodology provides a comprehensive prediction 

model, predicting possible accident scenarios that have not been identified, it still involves 

possible uncertainties that cannot be taken into consideration. 

If initiating events are taken into account, each of them are evaluated using unavailabilities 

for the basic events. The corresponding expected frequency of the undesired event is  
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obtained by multiplying the unavailability with the frequency of the initiating event. 

For a stand-by component subjected to maintenance, the unavailability of the basic event is 

given by : 

 

Where  is the time between inspections, and n is integer parts of the quotient . 

By integrating the above equation over the time interval between two inspections, the 

average unavailability is given by: 

 

Where  is the mean time to failure for components i. It is the inverse of the failure rate, , 

i.e. = . If the component is not an object of maintenance its reliability and unreliability 

coincide , i.e. . 

Reliability Data for the Process Plant analysis 

Evaluation of a FTA requires the input of reliability data such as failure frequencies and 

probabilities for technical components and human actions as well as frequencies of 

occurrence for initiating events including external events. 

An ideal situation is to have valid historical data from identical equipment in the same 

application. But in most cases, the hydrogen plant specific data are unavailable, because of 

the expense of testing and limited historical database on equipment failure. Only a small 

number of hydrogen technologies, systems and components are currently in operation. To 

overcome this problem generic failure rate data as surrogates for or supplements to plant-

specific data have been used in this study. Because of the uncertainties inherent in the risk 

analysis methodology, generic failure rate data are frequently adequate to identify the major 

risk contributors in a process or plant [3]. 

However, selecting appropriate generic data requires understanding and judgement. Data 

points chosen for use must provide the level of confidence necessary without creating an 

unacceptable tolerance uncertainty. The uncertainties of data selection can be reduced by 

learning as much as possible about data sets, including the taxonomy and equipment 

boundaries used; the type, design and construction of the equipment, plant operation, and 

failure modes. After data have been selected and combined with other generic data or plant-

specific data to a single data point, judgement must still be exercised in their use. The 
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generic data may be used directly if the equipment description, process conditions and 

failure modes of the data sources are similar to the equipment being studied. 

After determining the minimal cut sets the procedure may be continued with the evaluation of 

the fault tree by calculating the expected frequency of the undesired event. 

Human error 

The technical systems, however advanced their automation, still rely on human intervention 

in some respects. A FTA would be incomplete if this aspect was neglected.  In modern 

process plants direct operator control is unusual. Automatic controllers generally ensure that 

process parameters are maintained close to nominal levels, except perhaps for start-up and 

shut-down, when an increase degree of human intervention is normally required. 

In FTA, human error should be introduced as basic events to be quantified. A quantification 

is at present, only possible for the failure of an operator to carry out a planned intervention, 

e.g. opening or closing a valve. Meanwhile, an unplanned act (e.g. playing around with 

buttons or changing positions of valves because of absent-mindedness or with the intention 

of causing harm) cannot be quantified [34]. The human error quantification still remains less 

exact than the quantification of the failure of technical components. 

Human error is defined as an act outside to tolerance limits. It is evident that the permissible 

interval of tolerance depends on the type of human act in question and on the circumstances 

under which it is carried out. 

 

Event Tree Analysis 

Having identified a set of top events and estimated their initial frequencies as discussed at 

the previous section, it is necessary to consider the range of possible consequences that 

could occur after the original failure, and to estimate the probabilities of alternative outcomes. 

This can be done with using an “event tree analysis (ETA)”. An event tree is a logic diagram 

in which all of possible outcomes of a single initiating event are described [3]. 

A hydrogen release may have many event outcomes, depending on the timing and type of 

ignition. For example, a released substance may be ignited immediately at the point of 

release, or it may be ignited after the cloud has been dispersing for a certain amount at time, 

or it may not ignite at all. Figure F-2 and F-3  show event tree diagrams to develop incident 

outcomes from hydrogen releases (in liquid and gaseous forms). For a given release of 

hydrogen an early explosion, fireball, or jet fire outcomes will be occurred if it is followed by 

immediate ignition. Otherwise, a pool (pool fire may occurs if it ignites) may be formed or the 
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substance may be evaporated and disperse away from the release centre following the wind 

direction. If concentration of the hydrogen clouds is within its flammability limits (4-75%/vol)  

and an ignition source exists around the clouds, then a delayed outcome (such as a vapour 

cloud explosion, or flash fire) may occur. Frequencies of the event outcomes (such as 

explosion, fireball, etc.) for a given scenarios are calculated by multiplying the initial 

frequency with the associated branch probabilities of the event tree diagram. 

 

 

Figure F- 2: Event tree analysis of LH2 release [3]. 
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Figure F- 3: Event tree analysis of GH2 release [3]. 

 

In order to calculate the frequencies of the event outcomes, the probabilities for each of the 

branches of the event tree diagram have to be first determined. They can be estimated by 

using fault tree analysis or are developed based on numbers of accidents in the past.  

Based on a limited number of hydrogen accidents, [35] gave some probabilities for hydrogen 

and other combustible materials released from road tankers that generally carry up to 30.3 

m3 inventories. These values are presented in Table F-4 and F-5, and are generally 

applicable to tank truck and station releases. Table F-5  shows that the immediate ignition of 

hydrogen release is a very likely event. It gives the probability is 0.9 for large spill, and 0.5 for 

small spill. The same ways for delayed ignition gives probability of 0.09 for a large release, 
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and 0.45 for a small release. The small spills meant that it involves 10% of tank inventory, 

large spill involve 100% of tank inventory. 

 

Several references [23], [35], [36] concluded that an unconfined space release explosion is a 

very unlikely event, because an explosion requires several circumstances, such as the 

presence of obstacles and a very strong source of ignition (>1000 Joule). According to the 

evaluation given by several authors based on explosion accidents in the past, only a small 

portion of the energy of a hydrogen cloud is expected to be liberated in an open air 

explosion; it is estimated to be in the range of 0.1 – 10%, mostly < 1% [23]. Based on the 

above references, it can be considered that the probability is 0.2 for explosion, and 0.8 for 

fire. Table F-6  give a summary of the incident outcomes probabilities used in the study.   

 

Table F- 4: Conditional probabilities of spill for transport truck accident [23]. 

Fuel Small spill Large Spill Total 

Hydrogen  0.06 0.02 0.08 

 

 

Table F- 5: Conditional probabilities of immediate ignition for given a spill [23].  

Fuel Immediate Ignition Delayed Ignition 

Small spill Large Spill Small spill Large Spill 

Hydrogen  0.5 0.9 0.45 0.09 

 

 

Table F- 6: Conditional probability of hydrogen release used in the study [3], [23]. 

Event Instantaneous Continuous 

Immediate ignition 0.9 0.5 

Pool formation & 
ignition 

0.32 0.16 

Delayed ignition 0.09 0.45 

Explosion rather 
than fire 

0.2 0.2 
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F.2  Direct Use of Base Failure Data 

The safety risk assessment for the case of “Mobility & Vehicles” (hydrogen private car) and 

“Hydrogen Transportation” (LH2 tanker truck) is focused on the loss of containment of the 

hydrogen due to either an accident breaching a transport container or a failure of associated 

equipment such as relief valves or fittings while in transit. According to CCPS [33], accident 

initiated releases tend to dominate the risk of hazardous material transportation. This means  

that the incident release frequencies of hydrogen road transport and on-board hydrogen 

storage system are more likely to occur due to the traffic accidents than through the system 

malfunctions. Therefore, the losses of containment frequencies for these systems were 

estimated directly from the accident rate data. Fault tree analysis were not performed for 

these systems. Similar to this, the loss of containment frequencies of a hydrogen pipeline 

may also be estimated by direct use of the base failure rate data. In the following sections, 

these methods are described. 

F.2.1  Estimation of accident frequency for the LH2 storage (“Mobility & 

Vehicles”) 

The probability of an on-board storage release is generally a function of the distance 

travelled [37].Thus, the frequency of an accident is often expressed as an accident rate per 

km. Accident rates of a road hydrogen transport for a given road length may be calculated 

from historical data records according to the equation: 

 

A typical value for the road accident rate is 3.0 10-6 accidents/vehicle-km [37]. The loss of 

containment (release) frequency for the on-board hydrogen storage can be estimated from 

the above accident rates, using the following equation: 

 

Where: 

 Expected frequency of hydrogen release from on-board storage (1/yr) 

 Accident rates (1/veh.km) 

Annual distance for a given vehicle (km/yr) 

Conditional probability for release given an accident (-) 



  D4.2 – Safety Risk Assessment   

Project no: 325357 F- 12/64 01.09.2013     

The truck accident rates ( ) can be obtained for the truck road accident data, as shown in 

Table F-7. 

 

Table F- 7: Road traffic populations in Germany [x1000]. 

Vehicle Type 2007 2008 2009 2010 2011 2012 2013 

Private cars 25.845 30.685 40.404 42.840 44.307 44.605 44.916 

Buses 69 70 86 86 87 85 86 

Trucks 1.281 1.389 2.215 2.527 2.640 2.632 2.602 

Tractor-trailers 64 78 124 162 177 179 180 

Motor cycles 993 1.233 2.067 2.767 2.905 2.985 3.051 

Miscellaneous 2.366 2.293 2.590 2.983 3.074 3.114 3.147 

Total 30.618 35.748 47.486 51.365 53.190 53.600 53.982 

 

The total distance travelled by each vehicle type in Germany are presented in the Table F-8. 

Table F- 8: Distance travelled by vehicle types in Germany [in 109 veh.km] 

Vehicle Type 2007 2008 2009 2010 2011 2012 2013 

Private cars 332.5 431.5 535.1 559.5 575.5 583.6 577.8 

Buses 2.9 3.1 3.7 3.7 3.7 3.6 3.6 

Trucks 29.9 33.1 52.8 58.7 60.2 58.3 57.7 

Tractor-trailers 4.4 5.8 9.7 13.1 13.7 13.7 14.2 

Motor cycles 10.8 8.6 13.6 16.8 17.8 16 16.4 

Miscellaneous 3.8 6.2 9.6 11.5 11.8 12.1 12.5 

Total 384.3 488.3 24.5 663.3 682.7 687.3 682.2 
 

Table F- 9: Traffic accidents in Germany [x1000]. 

Accident Number 2007 2008 2009 2010 2011 2012 2013 

Damage to people 328 340 388 383 375 362 355 

-of which result in injuries 319 332 379 375 368 355 348 

-of which result in fatalities 8 8 9 8 7 7 7 

Non damage to people 1513 1671 1850 1967 1998 1927 1905 

Total 1840 2011 2238 2350 2374 2289 2260 
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Table F- 10: Road traffic accident rate [accident /106 veh.km] in Germany. 

Vehicle Type 2007 2008 2009 2010 2011 2012 

Private cars 3.53 3.05 3.00 2.90 2.77 2.76 

Buses 0.01 0.01 0.01 0.01 0.01 0.01 

Trucks 0.16 0.17 0.17 0.17 0.16 0.16 

Tractor-trailers 0.01 0.01 0.01 0.01 0.01 0.01 

Motor cycles 0.14 0.16 0.19 0.19 0.19 0.19 

Miscellaneous 0.26 0.20 0.21 0.20 0.19 0.19 

Total 4.12 3.58 3.54 3.48 3.33 3.31 
 

Table F- 11: Annual distance each type of vehicles[x1000 km.veh.yr] for Germany. 

Total Distance 2007 2008 2009 2010 2011 2012 

Private cars 14.1 13.2 13.06 13.0 13.1 12.9 

Buses 44.1 42.9 43.237 42.7 42.2 42.0 

Trucks 23.8 23.8 23.230 22.8 22.1 22.2 

Tractor-trailers 74.2 78.2 80.661 77.5 76.5 79.1 

Motor cycles 7.0 6.6 6.072 6.1 5.4 5.4 

Miscellaneous 2.7 3.7 3.855 3.8 3.9 4.0 

Total 165.8 168.4 170.1 166 163.2 165.4 

 

As mentioned above, historical failure rate data has been used to estiamte the overall failure 

frequency of the on-board storage tank in the private car. The reason is that according to 

experience of the past, a flammable release resulting from a road accident can be more 

significant than from normal operation. Therefore, the release frequency of the onboard 

hydrogen storage used in this study was extracted from vehicle road accident data.  

The expected frequency of hydrogen release from the onboard storage in a private car can 

be calculated by the equation above and the private car data in Table F-10 and F-11. 

Assuming that the overall chance of hydrogen release frequency of the onboard hydrogen 

storage is 0.02 (one accident in 50 results ina release), the calculated release frequency of 

the onboard hydrogen storage is about 7.1∙10-4  per year. Assuming that 20% of the release 

may lead to a catastrophic failure (instantaneous release), the incident frequencies of the 

continuous and instantaneous scenarios are shown in Table F-12. 
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Table F- 12: Expected frequencies of the onboard LH2 storage in private car. 

Release Type 
Frequency 

(/yr) 
Percentage Source 

Instantaneous 1.4∙10-4 20% 

Estimated 
based on the 
accident rate 

data 

Continuous 5.7∙10-4 80% 

Estimated 
based on the 
accident rate 

data 

Total 7.1∙10-4 100%  

 

By muptiplying the above initial frequencies with the outcome probabilities resulting from the 

event tree analysis (Figure F-2), the associated outcome frequencies are presented in Table 

F-13. 

 

Table F- 13: Accident outcome frequencies of the on-board LH2 storage in private car. 

Release Type 
Conditional 

Probability on 
Release 

Outcome 
Probability 

Outcomme 
Frequency 

(/yr) 

Instantaneous Early 
explosion 

0.0360 2.6∙10-5 

Fireball 0.1440 1.0∙10-4 

Pool fire 0.0064 4.5∙10-6 

Late 
explosion 0.0000 2.0∙10-8 

Flash fire 0.0001 8.2∙10-8 

Continuous Jet fire 0.4000 2.8∙10-4  

Pool fire 0.0640 4.5∙10-5  

Late 
explosion 0.0014 1.0∙10-6  

Flash fire 0.0058 4.1∙10-6 

No effect 0.3423 2.4∙10-4 

Overall 1.0000 7.1∙10-4  
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F.2.2  Estimation of accident frequency for the road transportation (“Storage & 

Distribution”) 

As mentioned in the main body of this report, the release frequency of a truck transport is 

dominated by truck accident such as collisions and overturning. The non-accident-initiated 

release or railroad grades do not contribute substantially to the risk analysis. Therefore, the 

release frequency of the hydrogen road transport can be estimated from the accident rate as 

given below: 

 

Where: 

 Expected frequency of hydrogen release from road transport (1/yr) 

 Accident rates (1/veh.km) 

Length of route segment (km) 

 Truck per year travelling on the route (1/yr) 

Conditional probability for release given an accident (-) 

It is similar to the previous section, with the exception that the annual distance of the truck is 

calculated for a certain route.  

Similar to the on-board storage in the passenger car, the overall failure frequencies of the 

LH2 tanker truck was derived from the traffic accident data.  

As described in the previous section, the study considered an LH2 truck delivery from a 

hydrogen plant to the eleven hydrogen filling stations situated in a small city with the 

roundtrip distance of about 215km. The route is broken into two segments, i.e. 200km of the 

route along rural population and 15km inside the city. Based on the above information the 

initiating frequencies of the accident scenarios for the two route segments can be calculated 

by applying the above equation. The results shows that the initiating frequencies of hydrogen 

release from the LH2 tanker truck along the distance of 215km is 1.6∙10-7 per year. Assuming 

that the conditional release probability for given accident is 0.02, the estimated associated 

release frequencies of the two segments (i.e. 200km and 15km) are 6.4∙10-5 per year and 

4.8∙10-6 per year, respectively. 
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Table F- 14: Expected release frequencies of the LH2 truck for given routes. 

Route 
Segment 

Truck Accident 
Rate (/veh.km) 

Release 
Probability 

Segment 
Distance (km) 

Trip 
Number 

(/yr) 

Initiating 
Frequency 

(/yr) 

1 
1.60∙10-7  0.02 

200 100 6.4∙10-5  

2 15 100 4.8∙10-6  

 

 

Table F- 15: Accident outcome frequencies of the LH2 truck for given routes. 

Segment 
Route 

Release Type 
Conditional Probability 

on Release 
Outcome 

Probability 
Outcomme 

Frequency (/yr) 

Segment 1 

Instantaneous Early explosion 0.0360 2.3∙10-6 

Fireball 0.1440 9.2∙10-6 

Pool fire 0.0064 4.1∙10-7 

Late explosion 0.0000 1.8∙10-9 

Flash fire 0.0001 7.4∙10-9 

Continuous Jet fire 0.4000 2.6∙10-5 

Pool fire 0.0640 4.1∙10-6 

Late explosion 0.0014 9.2∙10-8 

Flash fire 0.0058 3.7∙10-7 

No effected segment 1 0.3423 2.2∙10-5 

Overall segment 1 1.0000 6.4∙10-5 

Segment 2 

Instantaneous 

Early explosion 0.0360 1.7∙10-7 

Fireball 0.1440 6.9∙10-7 

Pool fire 0.0064 3.1∙10-8 

Late explosion 0.0000 1.4∙10-10 

Flash fire 0.0001 5.5∙10-10 

Continuous 

Jet fire 0.4000 1.9∙10-6 

Pool fire 0.0640 3.1∙10-7 

Late explosion 0.0014 6.9∙10-9 

Flash fire 0.0058 2.8∙10-8 

No effected segment 2 0.3423 1.6∙10-6 

Overall segment 2 1.0000 4.8∙10-6 
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Outcome frequencies are calculated by multiplying the expected initiating frequency with the 

outcome probabilities resulting from the event tree diagram (see Figure F-2). Table F-15 

shows the outcome frequencies of the two above initiating frequencies assuming that 20% of 

the release may result in a catastrophic rupture (instantaneous release). 

 

F.2.3  Estimation of accident frequency for GH2 pipeline (“Storage & 

Distribution”) 

In a similar way, failure frequencies for hydrogen pipelines can be estimated from the 

existing historical failure data of general gas pipeline. Table F-16 and F-17 shows the failure 

rates and failure size of gas pipeline in Europe. It allows one to focus on the likelihood of 

holes and ruptures. 

 

Table F- 16: Failure rate of gas pipeline in Europe [1/km-yr] [33]. 

Cause 
Europe 

All pipelines 

External interference 4.2∙10-4 

Corrosion 1.1∙10-4 

Material/construction defects 1.3∙10-4 

Others 5.0∙10-5 

Total 7.0∙10-4 

 

Table F- 17: Failure sizes in gas pipeline by causes (in%) [33]. 

Size 
External 

interference 
Corrosion 

Material/construction 
defects 

Others 

Rupture 23.4 1.2 10.5 7.9 

Hole 50.6 1.3 25.0 2.5 

Pinhole 26.0 97.5 64.5 89.6 

Total 100 100 100 100 
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Table F- 18: Failure rates of gas pipeline by cause and size (1/km-yr) in Europe. 

Size 
External 

interference 
Corrosion 

Material/ 

construction defects 
Others Total 

Rupture 9.8∙10-5 1.3∙10-6 1.3∙10-4 4.0∙10-6 1.2∙10-4 

Hole 2.1∙10-4 1.4∙10-6 3.1∙10-4 1.3∙10-6 2.5∙10-4 

Pinhole 1.1∙10-4 1.0∙10-4 8.1∙10-5 4.5∙10-4 3.4∙10-4 

Total 4.2∙10-4 1.1∙10-4 1.3∙10-4 5.0∙10-5 7.0∙10-4 

 

The failure data from Table F-16 can be combined with the data on failure size by cause 

(Table F-17) to produce the failure rates by cause and size given in Table F-18. 

The release frequency of hydrogen from a pipeline can be calculated using a simple model 

given by [38]: 

 

Where: 

 Expected frequency of hydrogen release from GH2 pipeline (1/yr) 

 Failure rates of gas pipeline (1/km.yr) 

Length of route segments (km) 

Exposure factors for the route segments (-) 

These rates now need to be adjusted to the increased wall thickness used for this pipeline as 

compared to the typical wall thickness for this diameter. Table F-19 shows reduction factors 

of the failure rates for pipe rupture and holes recommended by [33]. 

The factors were judged based on the benefits of increased wall thickness and surveillance.  

 

Table F- 19: Reduction factors for failure rates for rupture and hole [33].  

Causes of pipe failure Wall Thickness Surveillance 
Total reduction 

factor 

External interference 0.7 0.5 0.35 

Corrosion 1.0 1.0 1.0 

Material/construction defects 0.7 1.0 0.7 

Others 1.0 0.5 0.5 
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Table F- 20: Estimate failure rates of GH2 pipeline for rupture and hole [1/km-yr]. 

Size 
External 

interference 
Corrosion 

Material/ 

construction defects 
Others Total 

Rupture 3.4∙10-5 1.3∙10-6 9.2∙10-6 2.0∙10-6 4.7∙10-5 

Hole 7.4∙10-4 1.4∙10-6 2.2∙10-5 1.2∙10-4 2.2∙10-4 

Total 1.1∙10-4 2.7∙10-6 3.1∙10-5 1.3∙10-4 2.7∙10-4 

 

 

Table F- 21: Expected release frequency of the GH2 pipeline (/yr). 

Release 
Size 

External 
interference 

Corrosion 

Material/ 

construction 
defects 

Others Total Percentage 

Pipe 
Rupture 

3.6∙10-5 1.3∙10-6 9.2∙10-6 2.1∙10-6 4.9∙10-5 32.9% 

Hole in 
the pipe 

7.7∙10-5 1.4∙10-6 2.3∙10-5 6.5∙10-7 1.0∙10-4 67.1% 

Total 1.1∙10-4 2.7∙10-6 3.3∙10-5 2.8∙10-6 1.5∙10-4 100.0% 

 

Table F- 22: Accident outcome frequencies of the GH2 pipeline. 

Release Size 
Conditional 

Probability on 
Release 

Outcome 
Probability 

Outcomme 
Frequency (/yr) 

Pipe Rupture Jet fire 0.164 2.5∙10-5 

Late explosion 0.015 2.2∙10-6 

Flash fire 0.059 8.8∙10-6 

Hole in the pipe Jet fire 0.336 5.0∙10-5 

Late explosion 0.030 4.5∙10-6 

Flash fire 0.121 1.8∙10-5 

No effect 0.275 4.1∙10-5 

Overall 1.000 1.5∙10-4 

 

The general calculation procedure for the pipelines involves multiplying a pipeline failure rate 

per km-year (Table F-20) by the pipeline length and by the release probability, which might 

be the chance of a significant release. Thus, the overall frequency of a release is calculated 

using the above given equation. Assumed that the conditional probability for release is 0.02,  
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the release frequency of GH2 pipeline with a length of 53km is given in Table F-21. 

The accident outcome frequencies were calculated by multiplying the expected initiating 

frequency with the outcome probabilities resulting from the event tree diagram (Figure F-3) 

for the continuous release. 

 

F.3  Estimation Results of accident frequency for GH2 & LH2 storage systems. 

F.3.1  GH2 Storage System 

Expected frequencies of the accident scenarios for the GH2 tank were synthesized from the 

component failure rate data associated with each of the identifies failure more, by using FTA 

approach. The accident scenarios of the GH2 storage can be classified into two “Top Events”, 

that is instantaneous and continuous. Therefore, two FTA were developed. 

By assigning the failure rate data to each basic events of the FTA, the Top Event frequency 

is estimated, as shown in Table F-23 and F-24 . 

Table F- 23: Expected frequencies of the GH2 storage system (1/yr). 

Failure mode Expected frequencies (/yr) 

Instantaneous Release 1.8∙10-6 

Continuous Release 3.4∙10-5 

Overall Frequency (/yr) 3.6∙10-5 

 

Table F- 24: Accident outcome frequencies of the GH2 storage system [1/yr] 

Release Scenario Accident Outcome 
Expected Frequency 

(/yr) 

INSTANTANEOUS 

Early explosion 2.7∙10-7 

Fireball 1.1∙10-6 

Late explosion (VCE) 8.1∙10-9 

Flash fire 3.2∙10-8 

CONTINUOUS 
Jet fire 
Late explosion (VCE) 
Flash fire 

1.7∙10-5 
1.5∙10-6 
6.1∙10-6 

No effect 9.8∙10-6 

Overall 3.6∙10-5 

 

The summary of the fault tree analyses results for the GH2 storage plant is shown in Table F-

23. The table shows that the expected frequency of the overall system is 3.6 ∙10-5 per year 

(once per 27,777 years), with the contribution of instantaneous and continuous release of 

hydrogen from the GH2 tank is 1.8∙10-6  per year (once per 555,556 years) and 3.4∙10-5 per 
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year (once per 29,412 years), respectively. The table also shows that only 5% of the 

hydrogen release from the GH2 storage occurs instantaneously. 

The accident outcome frequencies of the two initial frequencies above were calculated by 

multiplying the expected frequencies with the outcome probabilities calculated from the event 

tree diagram for GH2 release (Figure F-3). The result is shown in Table F-24. The table  

shows that fire outcomes (with account for about 67%) are more dominant than explosion. 

Only about 7% of the accident outcome may result in an explosion, and the rest (26%) may 

have no effect on the population. 

F.3.2  LH2 storage at large scale systems 

Similar to the previously, the expected frequency of the accident scenarios considered for the 

LH2 storage at the hydrogen filling station was synthesised from the component failure data 

associated with each of the identified failure modes, using the FTA approach. The accident 

scenarios considered for the study objects can be classified into two TOP events, i.e. 

instantaneous and continuous. Additionally, the continuous release scenario includes 

hydrogen release both in the liquid and vapour phase. Therefore three fault tree diagrams 

were developed related to the three Top events: (1) instantaneous release of hydrogen, (2) 

continuous release of hydrogen in the liquid phase, and (3) continuous release of hydrogen 

in the vapour phase. 

The summary of the FTA results for the LH2 storage at depot is presented in Table F-25. The 

table shows that the overall expected frequency of the loss of containment of hydrogen from 

the LH2 tank at the depot is 1.2∙10-4 per year (once per 10,905 years), with the instantaneous 

and continuous release are 2.8∙10-6 per year (once per 357,143 years) and 8.9∙10-5 per year 

(once per 11,249 years), respectively. It also shows that only 3.1% of the hydrogen release 

from the LH2 storage occurs instantaneously. 

 

Table F- 25: Expected frequencies of the LH2 large scale storage system. 

Failure mode 
Expected frequencies 

(/yr) 

Instantaneous Release 4.9∙10-6  

Liquid Continuous Release 8.3∙10-5 

Vapor Continuous Release 3.5∙10-5 

Overall Frequency (/yr) 1.2∙10-4 
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Table F- 26: Accident outcome frequencies of the LH2 large scale storage system [1/yr] 

Release Scenario Accident  
Outcome 

Expected 
Frequency 

(/yr) 

INSTANTANEOUS 

Early explosion 8.8∙10-7 

Fireball/BLEVE 3.5∙10-6 

Pool fire 6.3∙10-8 

Late explosion (VCE) 2.8∙10-10 

Flash fire 1.1∙10-9 

CONTINUOUS 

Jet fire 
Pool fire 
Late explosion (VCE) 
Flash fire 

5.9∙10-5 
9.4∙10-6 
2.1∙10-7 
8.5∙10-7 

No effect 4.9∙10-5 

Overall  1.2∙10-4 

 

F.3.3  LH2 storage at fuelling station 

Similar to the previously, the expected frequency of the accident scenarios considered for the 

LH2 storage at the hydrogen filling station was synthesised from the component failure data 

associated with each of the identified failure modes, using the FTA approach. They include: 

(1) instantaneous release of the hydrogen due to tank rupture, (2)continuous release of 

hydrogen in the liquid phase and (3) continuous release of hydrogen in the vapour phase. 

 

Table F- 27: Expected frequencies of the LH2 storage at fuelling station. 

Failure mode 
Expected frequencies 

(/yr) 

Instantaneous Release 4.3∙10-6 

Liquid Continuous Release 6.2∙10-4 

Vapor Continuous Release 9.0∙10-5 

Overall Frequency (/yr) 7.1∙10-4 
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Table F- 28: Accident outcome frequencies of the LH2 storage at fuelling station (/yr). 

Release Scenario Accident  
Outcome 

Expected 
Frequency 

(/yr) 

INSTANTANEOUS 

Early explosion 7.7∙10-7 

Fireball/BLEVE 3.1∙10-6 

Pool fire 8.3∙10-9 

Late explosion (VCE) 3.7∙10-11 

Flash fire 1.5∙10-10 

CONTINUOUS 

Jet fire 
Pool fire 
Late explosion (VCE) 
Flash fire 

3.6∙10-4 

5.7∙10-5 

1.3∙10-6 

5.1∙10-6 

No effect 2.9∙10-4 

Overall  7.1∙10-4 

 

F.3.4  LH2 storage for household uses 

Similar to the previous plant the expected frequency of the accident scenarios considered for 

the LH2 storage at the CHP plant was synthesised from the component failure data 

associated with each of the identified failure modes, using the FTA approach. They include: 

(1) instantaneous release of hydrogen, (2) continuous release of hydrogen in the liquid phase 

and (3) continuous release of hydrogen in the vapour phase. 

 

Table F- 29: Expected frequencies of the LH2 storage for household uses (/yr). 

Failure mode 
Expected frequencies 

(/yr) 

Instantaneous Release 6.9∙10-6 

Liquid Continuous Release 8.4∙10-5 

Vapor Continuous Release 5.2∙10-5 

Overall Frequency (/yr) 1.4∙10-4 
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Table F- 30: Accident outcome frequency of the LH2 storage for household uses. 

Release Scenario Accident  
Outcome 

Expected 
Frequency 

(/yr) 

INSTANTANEOUS 

Early explosion 1.2∙10-7 

Fireball/BLEVE 5.0∙10-6 

Pool fire 1.1∙10-7 

Late explosion (VCE) 4.8∙10-10 

Flash fire 1.9∙10--9 

CONTINUOUS 

Jet fire 
Pool fire 
Late explosion (VCE) 
Flash fire 

6.8∙10-5 

1.1∙10-5 

2.4∙10-7 

9.8∙10-7 

No effect 5.6∙10-5 

Overall  1.4∙10-4 

 

F.3.5  Hydrogen production with ATR-MR 

Similar to the previous plant the expected frequency of the accident scenarios considered for 

the GH2 storage at the ATR-MR system was synthesised from the component failure data 

associated with each of the identified failure modes, using the FTA approach. They include: 

(1) instantaneous release of hydrogen, (2) continuous release of hydrogen in the vapor 

phase and (3) continuous release of hydrogen in the vapour phase through a relief valve. 

 

Table F- 31: Expected frequencies of the membrane reactor. 

Failure mode 
Expected frequencies 

(/yr) 

Instantaneous Release 9.8∙10-8 

Continuous Release 5.1∙10-6 

Overall Frequency (/yr) 5.2∙10-6 
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Table F- 32: Accident outcome frequency of the ATR-MR system. 

Release Scenario Accident  
Outcome 

Expected 
Frequency 

(/yr) 

INSTANTANEOUS 

Early explosion 4.1∙10-8 

Fireball/BLEVE 1.6∙10-7 

Late explosion (VCE) 8.8∙10-10 

Flash fire 5.2∙10-9 

CONTINUOUS 
Jet fire 
Late explosion (VCE) 
Flash fire 

2.4∙10-6 

2.2∙10-7 

8.8∙10-7 

No effect 1.41∙10-6 

Overall  5.2∙10-6 

 

F.4  Fault Tree Analysis Results 

This section contains the derivation of FTA in order to estimate frequency of the study 

objects. It is presented for the four study objects, that is production plant, large scale storage, 

storage at fuelling station and household applications. The FTA was developed for all of the 

major containment systems (i.e. tank or vessel) in the study. 

FTA has been developed for both instantaneous and continuous (both in liquid and vapour 

phase) release of hydrogen from the containment systems. The “Top Events” that are under 

investigation are as follows: 

1) Instantaneous release of hydrogen from GH2 tank in the production plant. (Figure F-4) 

2) Continuous release of hydrogen from GH2 tank in the production plant (Figure F-5) 

3) Instantaneous release of hydrogen from LH2 tank at depot (Figure F-6) 

4) Continuous release of hydrogen in liquid phase from LH2 storage tank at large scale 

(Figure F-7) 

5) Continuous release of hydrogen in vapour phase from LH2 tank at large scale (Figure 

F-8) 

6) Instantaneous release of hydrogen from LH2 tank at filling station (Figure F-9) 

7) Continuous release of hydrogen in liquid phase from LH2 tank at filling station (Figure 

F-10) 

8) Continuous release of hydrogen in vapour phase from LH2 tank at filling station 

(Figure F-11) 

9) Instantaneous release of hydrogen from LH2 tank at CHP plant (Figure F-12) 
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10) Continuous release of hydrogen in liquid phase from LH2 tank at CHP plant (Figure F-

13) 

11) Continuous release of hydrogen in vapour phase from LH2 tank at CHP plant (Figure 

F-14) 

12) Instantaneous release of hydrogen in the ATR membrane reactor (Figure F-15). 

13) Continuous release of hydrogen in vapor phase from ATR membrane reactor 

system(Figure F-16). 

In this section, logic diagrams of FTA for all the cases are presented, coupled with the 

estimated frequencies of the basic events, a list of the more significant minimal cut sets and 

a summary of the results of the expected frequencies of several  “Top Event”. 

Due to the fact that the study is focused on the societal risk, the minimal cut sets that may 

not result in fatality on the publics (e.g. release from relief valve, rupture disk, etc.) are not 

considered in the calculation of the expected frequencies, especially, in the case of 

continuous release of hydrogen both in liquid and gaseous phase. 
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Figure F- 4: FTA of Instantaneous release of hydrogen (GH2 storage tank) [3], [16]. 
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Table F- 33: Estimates of basic events frequencies of GH2 storage-Instantaneous release. 

Basic 

Event 

No. 

Component 

symbol 
Description of the failure mode 

Frequency 

(/hr) 

Uncertianty 

factor, 

K-95 

Source of 

justification 

1 SV2-1 
Spring loaded pressure safety 

valve fails blockage 
1.1∙10

-6
 8.4 [39] 

2 SV2-2 
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

3 PIA-3  
Pressure indicator and alarm 

fails to actuate (low) 
5.9∙10

-7
 2.4 

[40], Pressure 

transmitter 

4 PIA-4  
Pressure indicator and alarm 

fails to actuate (low) 
5.9∙10

-7
 2.4 

[40], Pressure 

transmitter 

5 V-7   
Hand operated (isolation) 

valve fails stuck open 
8.4∙10

-8
 6.0 

[41], manual 

valve 

6 V-10   
Hand operated (isolation) 

valve fails stuck open 
8.4∙10

-8
 6.0 

[41], manual 

valve 

7 V-13s  
Remote operated (isolation) 

valve fails stuck open (2 units) 
3.5∙10

-5
  2.2 

[39]pneu. shutoff 

valve 

8 PSH-1    
Very high pressure switch fails 

to actuate (low) 
5.6∙10

-7
 5.4 [41], p. 171 

9 PSH-2    
Very high pressure switch fails 

to actuate (low) 
5.6∙10

-7
 5.4 [41], p. 171 

10 SV1-1    
Spring loaded pressure safety 

valve fails blockage 
1.1∙10

-6
 8.4 [39] 

11 SV1-2    
Spring loaded pressure safety 

valve fails blockage 
1.1∙10

-6
 8.4 [39] 

12 V20-2 Three-way valve fails blockage 3.3∙10
-6

 4.7 [42] 

13 CCF SV2   
Common cause failure of SV2-

1 and SV2-2 
1.1∙10

-7
 8.4 0.1 x SV 

14 -  
Alarm unit (annunciator) fails 

to sound 
2.8∙10

-7
 10.3 

[41], 

annunciators 

15 -  Operator fails to act 1.0∙10
-3

 2.0 [39], [43] 

16 - 
Plant valve fails stuck open 

(emergency shutdown valve)  
4.4∙10

-6
 2.8 [44], ESD valve 

17 V20-1 Three-way valve fails blockage 3.3∙10
-6

 4.7 [42] 

18 CCF SV1  
Common cause failure of SV1-

1 and SV1-2  
1.1∙10

-7
 8.4  0.1 x SV 

19 RD-2  Rupture disk does not rupture  2.0∙10
-5

 10.0 [4] 

20 PCV-19   
Self-pressure operated control 

valve (fails to change position)  
9.3∙10

-6
 5.0 [45] 

21 - Filling take place  2.3∙10
-2

 3.0 200/years 

22 - 
External heat or major fire 

around the tank  
1.1∙10

-9
 10.0 [46] 

23 - 
Fire protection system, fire 

suppression system (water)  
2.5∙10

-6
 14.9 [29], p. 207 

24 RD-1 Rupture disk does not rupture  2.0∙10
-5

 10.0 [4] 

25 V-13s 

Remote operated (isolation) 

valves fails stuck close (2 

units) 

3.5∙10
-5

 2.2 
[39],pneu. shutoff 

valve 
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26 - 
External events (e.g. 

Earthquake) F 
1.1∙10

-12
 10.0 [41], Table A8.3 

27 -  
Spontaneous events (e.g. H2 

embrittlement) 
1.0∙10

-11
 10.0 [46] 

 

 

Table F- 34: Expected frequencies of the considered initiating events and “Top Event”. 

Initiating 
Event No. 

Description 
Frequency 

(/yr) 
Unavailability 

Frequency of the 
Undesired event (/yr) 

21 Tank overfilling 2.5∙102 6.3∙10-9 1.6∙10-6 

22 
External heat or fire 

around the tank 
2.6∙10-2 2.2∙10-5 5.7∙10-10 

26 External events 2.3∙10-8 1 2.3∙10-8 

27 Spontaneous events 2.3∙10-7 1 2.3∙10-7 

Top Event Expected frequency 1.8∙10-6 
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Figure F- 5: FTA of continuous release of hydrogen (GH2 storage system) [3], [16]. 



  D4.2 – Safety Risk Assessment   

Project no: 325357 F- 31/64 01.09.2013     

Table F- 35: Estimates of basic probabilities and frequencies for continuous hydrogen release 

(GH2 storage system) 

Basic 

Event 

No. 

Component 

symbol 
Description of the failure mode 

Frequency 

(/hr) 

Uncertianty 

factor,  

K-95 

Source of 

justification 

1 V12-1 
Remote operated (isolation) 

valve fails stuck open 
1.8∙10

-5
 2.2 

[39], pneu. 

shutoff valve 

2 V12-2  
Remote operated (isolation) 

valve fails stuck open 
1.8∙10

-5
 2.2 

[39], pneu. 

shutoff valve 

3 SV1-1    
Pressure safety valve fails 

open prematurely  
4.0∙10

-7
 3.9 

[44], PSV-

conventional 

4 SV1-2 
Pressure safety valve fails 

open prematurely  
4.0∙10

-7
 3.9 

[44], PSV-

conventional 

5 SV2-1 
Pressure safety valve fails 

open prematurely  
4.0∙10

-7
 3.9 

[44], PSV-

conventional 

6 SV2-2 
Pressure safety valve fails 

open prematurely  
4.0∙10

-7
 3.9 

[44], PSV-

conventional 

7 V13-1  
Remote operated (isolation) 

valve fails stuck open 
1.8∙10

-5
 2.2 

[39], pneu. 

shutoff valve 

8 V13-2  
Remote operated (isolation) 

valve fails stuck open 
1.8∙10

-5
 2.2 

[39], pneu. 

shutoff valve 

9 PCV-16, 17  
Pressure control valves leak to 

environments (2 units)  
8.8∙10

-7
 5.5 

[44], process 

control valve 

10 -  Withdrawal line rupture  2.7∙10
-8

 10.0 
[41], straight 

section 

11 CCF V12  
Common cause failures of 

V12-1 and V12-2  
1.8∙10

-6
 6.7 0.1 x Basic no.1 

12  - 
Operator fails to act (fails to 

change valve position)  
1.0∙10

-3
 2.0 [39], [43] 

13 V20-1  
Three-way valve is directed to 

one safety valve  
5.0∙10

-1
 2.0 

[44] Guess 

estimate, 50% 

14 V20-2  
Three-way valve is directed to 

one safety valve  
5.0∙10

-1
 2.0 

[44] Guess 

estimate, 50% 

15 CCF V13 
Common cause failures of 

V13-1 and V13-2  
1.8∙10

-6
 6.7 0.1 x Basic no.7 

16 -  Upstream line of V13s rupture  2.7∙10
-8

 10.0 
[41], straight 

section 

17 V10  
Hand operated (isolation) 

valves leak to environment  
1.1∙10

-6
 13.8 [45] 

18 - 
Pipe rupture due to tank 

overpressure  
1.6∙10

-11
 35.0 

fault tree 

analysis 

19 -  
Pipe rupture due to 

mechanical defect  
3.6∙10

-10
 10.0 [41], [4] 

20 RD1  
Rupture disk fails break 

prematurely  
1.0∙10

-6
 10.0 [47] 

21 RD2  
Rupture disk fails break 

prematurely  
1.0∙10

-6
 10.0 [47] 

22 V12s  
Remote operated (isolation) 

valve leaks to environment  
3.8∙10

-7
 5.5 [44], ESD valve 

23 V13s  
Remote operated (isolation) 

valve leaks to environment  
3.8∙10

-7
 5.5 [44], ESD valve 
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24 -  Hole in the tank  2.1∙10
-10

 20.8 
[41], [46], [48], 

pressure vessel 

 

Table F- 36: Expected frequencies of the considered initiating events. 

Initiating 
Event 
No. 

Description 
Frequency 

(/yr) 
Unavailability 

Frequency of the 
Undesired event (/yr) 

10 Withdrawal lines rupture 6.3∙10-4 1.1∙10-2 6.8∙10-6 

16 
Filling lines rupture due to 
tank overpressure 

6.3∙10-4 1.1∙10-2 6.8∙10-6 

18 
Pipe rupture rupture due to 
tank overpressure 

1.4∙10-6 1 1.4∙10-6 

19 
Pipe rupture rupture due to 
mechanical impacts 

8.4∙10-6 1 8.4∙10-6 

24 Serious leakage in the tank 1.0∙10-5 1 1.0∙10-5 

Top Event Expected frequency 3.4∙10-5 
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Figure F- 6: FTA of instantaneous release of LH2 storage (Large scale) [3], [16]. 
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Table F- 37: Estimates pf basic event frequencies for LH2 storage instantaneous release (Large 
scale). 

Basic 

Event 

No. 

Component 

symbol 
Description of the failure mode 

Frequency 

(/hr) 

Uncertianty 

factor,  

K-95 

Source of 

justification 

1 PCV-4  
Remote operated (isolation) 

valve fails stuck open  
1.8∙10

-5
 2.2 

[39], pneu. 

shutoff valve 

2 V-3  
Hand operated (isolation) 

valve fails stuck open F 
8.4∙10

-8
 6.0 

[41], manual 

valve 

3 LSHL  
Level switch of high level fails 

to actuate (low)  
2.8∙10

-5
 13.8 [41] 

4 -  
Alarm unit (annunciator) fails 

to sound  
2.8∙10

-7
 10.3 

[29], 

annunciators 

5 PT  
Pressure transmitter fails to 

obtain signal  
5.8∙10

-7
 32.0 [44] 

6 PCV-2  Control valve fails stuck close  6.1∙10
-7

 8.4 [44] 

7 PIC-2 
Pressure controller fails to 

operate  
1.1∙10

-5
 14.9 [41] 

8 LI  
Level indicator fails to display 

true level  
7.7∙10

-7
 5.6 [45] 

9 -  Operator fails to act at level L1  1.0∙10
-3

 2.0 [39], [43] 

10 -  Operator fails to act at level L2  1.0∙10
-3

 2.0 [39], [43] 

11 SV-1 ch   
Pressure safety is chosen to 

operate  
5.0∙10

-1
 2.0 

[43]Guess 

estimate, 50% 

12 SV-1  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

13 SV-2 ch   
Pressure safety is chosen to 

operate  
5.0∙10

-1
 2.0 

[43]Guess 

estimate, 50% 

14 SV-2 
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

15 SV-4 
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

16 PCV-40   
Plant valve fails to close 

(emergency shutdown valve)  
4.4∙10

-6
 2.8 [45], ESD valve 

17 LSH  
Very high level switch fails to 

actuate (low)  
2.8∙10

-5
 15.1 [41] 

18 V-9  
Full trycock fails close by 

mistake  
1.0∙10

-3
 2.0 [39], [43] 

19 V-11  Three-way valve fails blockage  3.3∙10
-6

 4.7 [42] 

20 V-8  
Hand operated valve close by 

mistake  
1.0∙10

-3
 2.0 [39], [43] 

21  -   Filling take place  8.7∙10
-3

 5 
76 times/yr, 

operat. data 

22 PCV-1 Control valve fails stuck open  2.5∙10
-7

 27.7 [44] 

23 PIC-1  
Pressure controller fails to 

operate  
1.1∙10

-5
 14.9 [29] 

24 PCV-1  Control valve fails stuck close  6.1∙10
-7

 8.4 [44] 

25 -  Operator fails to act  1.0∙10
-3

 2.0 [39], [43] 

26 V-4  
Hand operated (isolation) 

valve fails stuck open  
8.4∙10

-8
 6.0 

[41], manual 

valve 

27 PSHL  Very low pressure switch fails 5.6∙10
-6

 49.0 [41], p.160 
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to actuate (high)  

28 PCV-3   
Control (isolation) valve fails 

stuck open  
2.5∙10

-7
 27.7 

[44], process 

control valve 

29 -   
Refrigeration plant failure (e.g. 

resulting GH2)  
2.0∙10

-7
 3.3 [39],  

30 -  
Loss of vacuum in the annular 

space  
1.4∙10

-8
 2.9 Guess estimate 

31 -   
Withdrawal too rapid (excess 

withdrawal rates)  
2.3∙10

-8
 10 Guess estimate 

32 -    
Significant volume of 

subcooled LH2 added  
8.7∙10

-8
 5 Guess estimate 

33 D   
Pressure building coil fails to 

operate  
6.7∙10

-11
 30 [40] 

34 -  
External events (e.g. 

Earthquake)  
1.1∙10

-12
 10 [46], Table A8.3 

35 -  
Spontaneous events (e.g. H2 

embrittlement)  
1.0∙10

-11
 10 [46] 

 

Table F- 38: Expected frequencies of the considered initiating events for instantaneous release 

(LH2 storage-large scale). 

Initiating 

Event No. 
Description 

Frequency 

(/yr) 
Unavailability 

Frequency of the 

Undesired event (/yr) 

21 Tank overfilling 1.210
2
 2.5∙10

-8
 3.0∙10

-6
 

22 
Pressure building circuit 

overheating  
1.710

-2
 6.9∙10

-5
 1.2∙10

-6
 

29 Refrigeration plant failure 2.3 10
-3

 6.9∙10
-5

 1.6∙10
-7

 

30 
Loss of vacuum on the 

annular space 
1.5 10

-4
 6.9∙10

-5
 1.0∙10

-8
 

31 Excess withdrawal rates 5.4 10
-4

 1.1∙10
-4

 5.9∙10
-8

 

32 
Significant volume of 

subcooled LH2 added 
1.2 10

-3
 1.1∙10

-4
 1.3∙10

-7
 

34 External events 2.6 10
-8

 1 2.6∙10
-8

 

35 Spontaneous events 2.6 10
-7

 1 2.6∙10
-7

 

Top Event Expected frequency 4.9∙10-6 
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Figure F- 7: FTA of continuous release of hydrogen in liquid phase(LH2 large scale) [3], [16]. 
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Table F- 39: Estimates of basic event frequencies for continuous release in liquid phase 

storage (Large scale). 

Basic 

Event 

No. 

Component 

symbol 
Description of the failure mode 

Frequency 

(/hr) 

Uncertianty 

factor,  

K-95 

Source of 

justification 

1 -   Liquid thermal expansion  1.1∙10
-7

 10 

[43]Guess 

estimate, likely 

incident 

2 SV-5  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

3 -  Truck drives away  1.1∙10
-6

 10 

[46]Guess 

estimate, 1 per 

100 years 

4 -   Drive away protection failure  1.1∙10
-8

 10 

[46]Guess 

estimate, unlikely 

incident 

5   Weld rupture 3.0∙10
-10

 31.6 
[46] , Table 

A14.4 

6  
Pipe rupture due to tank 

overpressure  
2.1∙10

-10
 38.2 FTA 

7 C-2  Connector fails to connect  1.5∙10
-7

 14.9 [29], page. 184 

8 -  
Flexible hose to dispenser 

ruptures  
1.5∙10

-7
 14.9 [29], hoses 

9 PCV-3    
Remote operated (isolation) 

valve fails stuck open  
1.8∙10

-5
 2.2 

[39], pneu. 

shutoff valve 

10 -  Operator fails to act  1.0∙10
-3

 2.0 [39], [43] 

11 SV-6  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

12 -  
Mechanical impact (e.g. 

cranes etc)  
1.1∙10

-11
 10 [46], Table IX.2 

13 V-4  
Hand operated (isolation) 

valves leak to environment  
1.1∙10

-6
 13.8 [44] 

14 PCV-4    
Remote operated (isolation) 

valve fails stuck open  
1.8∙10

-5
 2.2 

[39], pneu. 

shutoff valve 

15 -  
Filling lines from the plant 

ruptures  
6.9∙10

-10
 15.0 

[29],  p. 183, 

metal pipe 

16 C-3  Connector fails to connect  1.5∙10
-7

 14.9 [29], page. 184 

17  

Dispenser valve fails stuck 

open or LH2 pumpu fails to 

stop 

3.8∙10
-5

 10 [46], Table A8.2 

18  Withdrawal takes place 2.3∙10
-2

 10 200/year 

19 PCV-3   
Remote operated (isolation) 

valve leaks to environment  
1.0∙10

-7
 10 [47] 

20 V-3 
Hand operated (isolation) 

valves leak to environment  
1.1∙10

-6
 13.8 [44] 

21 V-7 
Hand operated (isolation) 

valves leak to environment  
1.1∙10

-6
 13.8 [44] 

22 PCV-4   
Remote (control) operated 

valve leaks to environment  
3.8∙10

-7
 5.5 [44] 

23  Serious leakage from inner 2.3∙10
-9

 10 [46], Table A8.2 
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tank (refrigerated, double wall)  

 

 

Table F- 40: Expected frequencies of the considered initiating events for continuous release in 

liquid phase(LH2 storage-large scale). 

Initiating 

Event No. 
Description 

Frequency 

(/yr) 
Unavailability 

Frequency of the 

Undesired event (/yr) 

1 
Pipe rupture due to liquid 

thermal expansion 
2.6∙10

-4
 2.1∙10

-2
 5.5∙10

-6
 

5 
Pipe rupture due to 

mechanical impacts 
2.4∙10

-5
 1 2.4∙10

-5
 

6 
Pipe rupture due to tank 

overpressure 
2.1∙10

-5
 1 2.1∙10

-5
 

8 
Flexible hose to 

dispenser failure 
5.1∙10

-3
 6∙10

-3
 3.1∙10

-5
 

15 Filling lines rupture 2.3∙10
-5

 8.3∙10
-2

 1.9∙10
-6

 

18 
Release during 

unloading to a LH2 truck 
5.4∙10

2
 2.1∙10

-10
 1.1∙10

-7
 

Top Event Expected frequency 8.3∙10-5 
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Figure F- 8: FTA of continuous release in vapor phase (large scale) [3], [16]. 
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Table F- 41: Estimates of basic events frequencies for continuous release in vapour 

phase(large scale). 

Basic 

Event 

No. 

Component 

symbol 
Description of the failure mode 

Frequency 

(/hr) 

Uncertianty 

factor,  

K-95 

Source of 

justification 

1   SV-1   
Pressure safety valve fails 

open prematurely  
4.0∙10

-7
 3.9 

[44], PSV-

conventional 

2   SV-2  
Pressure safety valve fails 

open prematurely  
4.0∙10

-7
 3.9 

[44], PSV-

conventional 

3 PIC-2  
Pressure controller fails to 

operate  
1.1∙10

-5
 14.9 [29] 

4   PCV-2   Control valve fails stuck open  2.5∙10
-7

 27.7 
[44], process 

control valve 

5  PT  
Pressure transmitter fails to 

obtain signal  
5.9∙10

-7
 2.4 [40] 

6 PIC-1  
Pressure controller fails to 

operate  
1.1∙10

-5
 14.9 [29] 

7   PCV-1   Control valve fails stuck open  2.5∙10
-7

 27.7 
[44], process 

control valve 

8    
Pipe rupture due to tank 

overpressure 
2.1∙10

-10
 38.2 FTA 

9  
Mechanical impact (e.g. 

cranes etc)  
1.1∙10

-11
 10.0 [46], Table IX.2 

10 V-11 
Three-way valve is directd to 

one safety valve  
5.0∙10

-1
 2.0  

11   SV-4  
Pressure safety valve fails 

open prematurely  
4.0∙10

-7
 3.9 

[44], PSV-

conventional 

12 PCV-2   
Control valve leaks to 

environment  
4.4∙10

-7
 5.5 

[44], process 

control valve 

13 V-8  
Hand operated (isolation) 

valves leak to environment  
1.1∙10

-6
 13.8 [44] 

14 V-10 
Hand valve leaks in close 

position (internal leakage)  
7.3∙10

-8
 11.5 [44], p. 608   

15  
Upstream line of the PCV-1 

(pipe) ruptures  
6.9∙10

-9
 15.0 [29],   

16 D   Pressure building coil ruptures  9.7∙10
-10

 2.5 

[46], Table 

A14.6, [48] Table 

3.11 

17  
Downstream line of the PCV-1 

ruptures  
6.9∙10

-9
 15.0 [29],   

18 C-1  Connector fails to connect  1.5∙10
-7

 14.9 [29],  page. 184 

19 V-6 
Hand valve leaks in close 

position (internal leakage)  
7.3∙10

-8
 11.5 [44]   

20 V-11  
Three-way valve leaks to 

environment  
1.1∙10

-6
 13.8 [44] 

21 C-4  Connector fails to connect  1.5∙10
-7

 14.9 [29],  page. 184 

22 V-2  
Hand operated (isolation) 

valves leak to environment  
1.1∙10

-6
 13.8 [44] 

23 PCV-1  
Control valve leaks to 

environment )  
4.4∙10

-7
 5.5 

[44], process 

control valve 
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24  
Release at instrumentation 

system  
1.0∙10

-9
 10.0 

[44]Guess 

estimate 

 

 

Table F- 42: Expected frequencies of the considered initiating events for continuous release in 

vapour phase(LH2 storage-large scale). 

Initiating 

Event No. 
Description 

Frequency 

(/yr) 
Unavailability 

Frequency of the 

Undesired event (/yr) 

8 
Vapor lines rupture due 

to tank overpressure 
2.1∙10

-5
 1 2.1∙10

-5
 

9 
Vapor lines rupture due 

to mechanical impacts 
2.6∙10

-7
 1 2.6∙10

-7
 

16 
Pressure building coil 

ruptures 
9.9∙10

-6
 1 9.9∙10

-6
 

17 PBC outlet lines rupture 2.3∙10
-5

 1.3∙10
-1

 3.0∙10
-6

 

Top Event Expected frequency 3.5∙10-5 
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Figure F- 9: FTA of instantaneous release at fueling station [3], [16]. 
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Table F- 43: Estimates of basic events frequencies for instantaneous release at fueling station. 

Basic 

Event 

No. 

Component 

symbol 
Description of the failure mode 

Frequency 

(/hr) 

Uncertianty 

factor,  

K-95 

Source of 

justification 

1   V-49  
Truck filling valve (nozzle) fails 

stuck open  
8.4∙10

-8
 6.0 

[29],  manual 

valve 

2 PCV-5  
Remote operated (isolation) 

valve fails stuck open  
1.8∙10

-5
 2.2 

[39], pneu. 

shutoff valve 

3 V-2  
Hand operated (isolation) 

valve fails stuck open  
8.4∙10

-8
 6.0 

[29],  manual 

valve 

4   LSHL  
Level switch of high level fails 

to actuate (low)  
2.8∙10

-5
 13.8 [29] 

5  
Alarm unit (annunciator) fails 

to sound  
2.8∙10

-7
 10.3 

[29], 

annunciators 

6 PIC 1-8   
Pressure controller fails to 

operate  
1.1∙10

-5
 14.9 [29] 

7 PT 1-6   
Pressure transmitter fails to 

obtain signal  
5.8∙10

-7
 32.0 [44] 

8  PCV-2 Control valve fails stuck open  2.5∙10
-7

 27.7 [44] 

9 LI  
Level indicator fails to display 

true level  
7.7∙10

-7
 5.6 [44] 

10 
 

 

Operator fails to act at level L1 

(respond to indicators)  
1.0∙10

-3
 2.0 [39], [43] 

11 
 

 

Operator fails to act at level L2 

(respond to indicators)  
1.0∙10

-3
 2.0 [39], [43] 

12 SV1 ch   
Pressure safety is chosen to 

operate  
5.0∙10

-1
 2.0 

[43]Guess 

estimate, 50% 

13 SV1 
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

14 SV2 ch   
Pressure safety is chosen to 

operate  
5.0∙10

-1
 2.0 

[43]Guess 

estimate, 50% 

15 SV2 
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

16 SV3 
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

17 PCV-3  
Self-pressure operated control 

valve (fails to change position)  
9.3∙10

-6
 5.0 [45] 

18 LSH  
Very high level switch fails to 

actuate (low)  
2.8∙10

-5
 15.1 [29] 

19 PCV-47   
Truck valve fails stuck open 

(emergency shutdown valve)  
4.4∙10

-6
 2.8 [44], ESD valve 

20 V-22  
Trycock (hand operated) valve 

close by mistake  
1.0∙10

-3
 2.0 [39], [43] 

21 V-5  Operator fails to act  1.0∙10
-3

 2.0 [39], [43] 

22 V-5  
Hand operated (isolation) 

valve fails stuck open  
8.4∙10

-8
 6.0 

[29],  manual 

valve 
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23  PCV-6 Control valve fails stuck open  2.5∙10
-7

 27.7 [44] 

24 PSHL   
Very low pressure switch fails 

to actuate (high)  
5.6∙10

-6
 49.0 [29],  p.160 

25 V-49  
Hand operated (isolation) 

valve fails stuck open  
8.4∙10

-8
 6.0 

[29],  manual 

valve 

26  PCV-4 Control valve fails stuck open  2.5∙10
-7

 27.7 [44] 

27 V-25  
Three-ways valve fails 

blockage  
3.3∙10

-6
 4.7 [42] 

28 V-11  
Manual operated valve close 

by mistake  
1.0∙10

-3
 2.0 [39], [43] 

29 PIC 1-7   
Pressure controller fails to 

operate  
1.1∙10

-5
 14.9 [29] 

30  PCV-1 Control valve fails stuck open  2.5∙10
-7

 27.7 [44] 

31  Filling takes place  2.7∙10
-3

 5 
24 times/yr, 

operat. data 

32  
LH2 Significant volume of 

subcooled LH2 added  
8.7∙10

-8
 5 

[44]Guess 

estimate 

33  
Withdrawal too rapid (excess 

withdrawal)  
2.3∙10

-8
 10 

[44]Guess 

estimate 

34 PCV-1 Control valve fails stuck close  6.1∙10
-7

 8.4 [44] 

35 D   
Pressure building coil fails to 

operate  
6.7∙10

-11
 30 [40] 

36  
Loss of vacuum in the annular 

space  
1.4∙10

-8
 2.9 

fault tree, guess 

estimate 

37   
External events (e.g. 

earthquake)  
1.1∙10

-12
 10 [46], Table A8.3 

38  
Spontaneous events (e.g. H2 

embrittlement)  
1.0∙10

-11
 10 [46] 

 

  

Table F- 44: Expected frequencies of the considered initiating events for instantaneous release 

at fueling station. 

Initiating 

Event No. 
Description 

Frequency 

(/yr) 
Unavailability 

Frequency of the 

Undesired event (/yr) 

30 PBC overheating 1.7∙10
-2

 2.0∙10
-4

 3.4∙10
-6

 

31 Tank overfilling 3.8 1.6∙10
-8

 6.1∙10
-8

 

32 
Significant volume of 

dub-cooled LH2 added 
1.2∙10

-3
 3.0∙10

-4
 3.6∙10

-7
 

33 Excess withdrawal rates 5.4∙10
-4

 3.0∙10
-4

 1.6∙10
-7

 

36 
Loss of vacuum in the 

annular space 
1.5∙10

-4
 2.0∙10

-4
 3.0∙10

-8
 

37 External events 2.6∙10
-8

 1 2.6∙10
-8

 

38 Spontaneous events 2.6∙10
-7

 1 2.6∙10
-7

 

Top Event Expected frequency 4.3∙10-6 
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Figure F- 10: FTA of continuous release of hydrogen in liquid phase (Fueling station) [3], [16]. 
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Table F- 45: Estimates of basic events frequencies for the continuous release of hydrogen in 

liquid phase (Fuellig station) 

Basic 

Event 

No. 

Component 

symbol 
Description of the failure mode 

Frequency 

(/hr) 

Uncertianty 

factor,  

K-95 

Source of 

justification 

1   
Liquid thermal expansion in 

the pipe  
1.1∙10

-7
 10.0 

[44]Guess 

estimate, likely 

incident   

2 SV-8  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

3 PCV-5   
Remote operated (isolation) 

valve fails stuck open  
1.8∙10

-5
 2.2 

[39], pneu. 

shutoff valve 

4    Operator fails to act  1.0∙10
-3

 2.0 [39], [43] 

5   Truck drives away  1.1∙10
-6

 10.0 
Guess estimate, 

1 per 100 years 

6  Drive away protection failure  1.1∙10
-8

 10.0 

[46]Guess 

estimate, unlikely 

incident 

7 SV-9  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

8   
Mechanical impact (e.g. 

cranes etc)  
1.1∙10

-11
 10.0 [46], Table IX.2 

9 PCV-5  
Remote (control) operated 

valve leaks to environment  
3.8∙10

-7
 5.5 [44] 

10 SV-5  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

11 C/1 
Filling connector fails to 

connect  
1.5∙10

-7
 14.9 [29], page. 184 

12 V-2  
Hand operated valve open by 

mistake  
1.0∙10

-3
 2.0 [39], [43] 

13 PCV-4   
Remote operated (isolation) 

valve fails stuck open  
2.5∙10

-7
 27.7 [44] 

14  
Pipe rupture due to tank 

overpressure  
1.3∙10

-10
 42.0 FTA 

15 PCV-6   
Remote operated (isolation) 

valve fails stuck open  
1.8∙10

-5
 2.2 

[39], pneu. 

shutoff valve 

16  
Flexible hose to dispenser 

ruptures  
1.5∙10

-7
 14.9 [29] 

17 L/11-2   
Liquid withdrawal connector 

fails to connect  
1.5∙10

-8
 14,9 

[29], metal 

connector 

18 SV-7  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

19    Weld rupture  3.0∙10
-10

 31.6 [46], Table A14.4 

20  Filling takes place  2.7∙10
-3

 5 
24 times/yr, 

operat. data 

21 V-2  
Hand operated valve leaks to 

environment  
1.1∙10

-6
 13.8 [44] 

22 L/11- 1  Connector fails to connect  1.5∙10
-7

 14,9 [29], page. 184 

23  V-8  
Hand operated valve leaks to 

environment  
1.1∙10

-6
 13.8 [44] 
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24  V-4  
Hand operated valve leaks to 

environment  
1.1∙10

-6
 13.8 [44] 

25  V-5 
Hand operated valve leaks to 

environment  
1.1∙10

-6
 13.8 [44] 

26   
Serious leakage from inner 

tank (refrigerated, double wall)  
2.3∙10

-9
 10.0 [46], Table A8.2 

 

 

Table F- 46: Expected frequencies of the considered initiating events for cotinuous release in 

liquid phase at fueling station. 

Initiating 

Event No. 
Description 

Frequency 

(/yr) 
Unavailability 

Frequency of the 

Undesired event (/yr) 

1 
Line rupture due to liquid 

thermal expansion 
2.6∙10

-4
 2.1∙10

-2
 5.5∙10

-6
 

14 
Line rupture due to tank 

overpressure 
2.1∙10

-5
 1 2.1∙10

-5
 

16 
Flexible hose to LH2 

dispenser rupture 
5.1∙10

-3
 8.8∙10

-2
 4.5∙10

-4
 

19 
Line rupture due to 

mechanical defects 
2.4∙10

-5
 1 2.4∙10

-5
 

20 
Release from tank during 

filling from  truck 
3.8 1.7∙10

-5
 6.5∙10

-5
 

8 
Lines rupture due to 

mechanical impacts 
2.6∙10

-7
 1 2.6∙10

-7
 

26 
Serious leakage of the 

tank 
5.4∙10

-5
 1 5.4∙10

-5
 

Top Event Expected frequency 6.2∙10-4 
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Figure F- 11: FTA of continuous release in vapor phase (fuelling station) [3], [16]. 
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Table F- 47: Estimates of basic event frequencies for continuous release in vapour phase 

(fuelling station). 

Basic 

Event 

No. 

Component 

symbol 
Description of the failure mode 

Frequency 

(/hr) 

Uncertianty 

factor,  

K-95 

Source of 

justification 

1 PIC 1-7  
Pressure controller fails to 

operate  
1.1∙10

-5
 14.9 [29] 

2 PCV-1  
Control operated valve fails 

stuck open  
2.5∙10

-7
 27.7 [44] 

3 PT 1-6  
Pressure transmitter fails to 

obtain signal  
5.8∙10

-7
 32.0 [44] 

4    Liquid thermal expansion  1.1∙10
-7

 10.0 
Guess estimate, 

likely incident 

5 SV-9  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

6 PIC 1-8  
Pressure controller fails to 

operate  
1.1∙10

-5
 14.9 [29] 

7 PCV-2  
Control operated valve fails 

stuck open  
2.5∙10

-7
 27.7 [44] 

8   
Pipe rupture due to tank 

overpressure  
1.3∙10

-10
 42.0 FTA 

9  
Pipe rupture due to weld 

rupture  
3.0∙10

-9
 31.6 [46], Table A14.4 

10 SV-1   
Pressure safety valve fails 

open prematurely  
4.0∙10

-7
 3.9 

[44], PSV-

conventional 

11 SV-2   
Pressure safety valve fails 

open prematurely  
4.0∙10

-7
 3.9 

[44], PSV-

conventional 

12 SV-6  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

13   
Downstream line PCV-1 

rupture  
6.9∙10

-9
 15.0 [29] 

14 V-1  
Hand operated valve fails 

open by mistake  
1.0∙10

-3
 2.0 [39], [43] 

15 SV-3   
Pressure safety valve fails 

open prematurely  
4.0∙10

-7
 3.9 

[44], PSV-

conventional 

16 V-21   
Hand valve leaks in close 

position (internal leakage)  
7.3∙10

-8
 11.5 [44], p. 608 

17 V-11  
Hand operated valve leaks to 

environment  
1.1∙10

-6
 13.8 [44] 

18 V-25  
Three-ways valve chosen to 

one safety valve  
5.0∙10

-1
 2.0 [39] 

19   D  Pressure building coil ruptures  9.7∙10
-10

 2.5 

[46], Table 

A14.6, [48]  

Table 3.11 

20 PCV-2  
Control valve leaks to 

environment  
4.4∙10

-7
 5.5 

[44], process 

control valve 

21    
Mechanical impact (e.g. 

cranes etc)  
1.1∙10

-11
 10.0 [46], Table IX.2 

22 V-1 Hand operated valve leaks to 1.1∙10
-6

 13.8 [44] 
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environment  

23 PCV-1  
Control valve leaks to 

environment  
4.4∙10

-7
 5.5 

[44], process 

control valve 

24 
 C/13-3   

 
Connector fails to connect  1.5∙10

-7
 14.9 [29], page. 184 

25 V-3 
Hand operated valve leaks to 

environment  
1.1∙10

-6
 13.8 [44] 

26  Release at instrumentation  1.0∙10
-9

 10.0 Guess estimate 

 

 

Table F- 48: Expected frequencies of the considered initiating events for cotinuous release in 

vapour phase at fueling station. 

Initiating 

Event No. 
Description 

Frequency 

(/yr) 
Unavailability 

Frequency of the 

Undesired event (/yr) 

4 
Line rupture due to liquid 

thermal expansion 
2.6∙10

-4
 1.1∙10

-2
 2.9∙10

-6
 

8 
Line rupture due to tank 

overpressure 
2.1∙10

-5
 1 2.1∙10-5 

9 
Line rupture due to 

mechanical defects 
2.4∙10

-5
 1 2.4∙10

-5
 

13 
Outlet liens of the PBC 

rupture 
2.3∙10

-4
 1.3∙10-1 3.0∙10

-5
 

19 
Pressure bulding coil 

rupture 
9.9∙10

-6
 1 9.9∙10

-6
 

21 
Vapour line rupture due 

to mechanical impacts 
2.6∙10

-7
 1 2.6∙10

-7
 

Top Event Expected frequency 9.0∙10-5 
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Figure F- 12: FTA of instantaneous release of LH2 for household uses [3], [16]. 
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Table F- 49: Estimates of basic event frequencies for instantaneous release in LH2 storage for 

households uses. 

Basic 

Event 

No. 

Component 

symbol 
Description of the failure mode 

Frequency 

(/hr) 

Uncertianty 

factor,  

K-95 

Source of 

justification 

1 V-29  
Truck nozzle valve fails stuck 

open  
8.4∙10

-8
 6.0 

[29], manual 

valve 

2 V-2  
Hand operated (isolation) 

valve fails stuck open  
8.4∙10

-8
 6.0 

[29], manual 

valve 

3   
Alarm unit (annunciator) fails 

to sound  
2.8∙10

-7
 10.3 

[29], 

annunciators 

4 LSHL   
Level switch of high level fails 

to actuate (low)  
2.8∙10

-5
 13.8 [29] 

5 RD-1  
Rupture disk does not rupture 

(fails blockage)  
2.0∙10

-5
 10.0 [4] 

6 RD-2  
Rupture disk does not rupture 

(fails blockage)  
2.0∙10

-5
 10.0 [4] 

7 SV-1  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

8 SV-2  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

9   
Operator fails to act at level L1 

(erespond to indicators)  
1.0∙10

-3
 2.0 [39], [43] 

10 LI   
Level indicator fails to display 

true level 
7.7∙10

-7
 5.6 [44] 

11   
Operator fails to act at level L2 

(erespond to indicators)  
1.0∙10

-3
 2.0 [39], [43] 

12  
Common cause failure of RD-1 

and RD-2  
2.0∙10

-6
 10.0 0.1*RD 

13  
Common cause failure of SV-1 

and SV-2  
1.1∙10

-7
 8.4 0.1*SV 

14 V-19  
Hand operated (isolation) 

valve fails stuck open  
8.4∙10

-8
 6.0 

[29], manual 

valve 

15  Operator fails to act   1.0∙10
-3

 2.0 [39], [43] 

16 PCV-30   
Truck valve fails stuck open 

(emergency shutdown valve)  
4.4∙10

-6
 2.8 [44], ESD valve 

17 LSH  
Very high level switch fails to 

actuate (low)  
7.8∙10

-7
 2.1 

[29], switch-

electric- flow 

18 V-6  
Trycock (hand operated) valve 

close by mistake  
1.0∙10

-3
 2.0 [39], [43] 

19  PCV-3    
Self-pressure operated control 

valve (fails to change position) 
9.3∙10

-6
 5.0 [45] 

20 
  

 
Filling takes place  2.7∙10

-3
 5.0 24/yr 

21  
Significant volume of 

subcooled LH2 added  
8.7∙10

-8
 5.0 Guess estimate   

22  
Withdrawal is too rapid 

(excessive withdrawal rates)  
2.3∙10

-8
 10 Guess estimate   

23 D  Pressure building coil defects  6.7∙10
-11

 30 [40] 
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24  PCV-3   
Self-pressure operated control 

valve (fails to change position)  
9.3∙10

-6
 5.0 [45] 

25 V-19  
Hand operated valve close by 

mistake  
3.0∙10

-3
 7.1 [43] 

26 PCV-2   Control valve fails stuck open  2.5∙10
-7

 27.7 [44] 

27 TSL  
Temperature switch low fails to 

actuate (high)  
2.5∙10

-5
 14.9 [44] 

28 V-7  
Hand operated (isolation) 

valve fails stuck open  
8.4∙10

-8
 6.0 

[29], manual 

valve 

29 V-12  Three-way valve fails blockage  3.3∙10
-7

 4.7 [42] 

30  
Loss of vacuum in the annular 

space  
1.4∙10

-8
 2.9 

fault tree, guess 

estimate 

31  External events  1.1∙10
-12

 10.0 [46],  Table A8.3 

32  Spontaneous events 1.0∙10
-11

 10.0 [46] 

 

 

Table F- 50: Expected frequencies of the considered initiating events for instantaneous release 

in for households uses. 

Initiating 

Event No. 
Description 

Frequency 

(/yr) 
Unavailability 

Frequency of the 

Undesired event (/yr) 

19 
Pressure building circuit 

overheating 
1.3∙10

-1
 4.4∙10

-5
 5.7∙10

-6
 

20 Tank overfilling 3.8 1.1∙10
-7

 4.2∙10
-7

 

21 
Significant volume sub-

cooled LH2 added 
1.2∙10

-2
 1.3∙10

-5
 1.6∙10

-7
 

22 Excess withdrawal rates 2.6∙10
-3

 1.3∙10
-5

 3.4∙10
-8

 

30 
Loss of vacuum in the 

annular space 
1.5∙10

-4
 2.3∙10

-3
 3.5∙10

-7
 

31 External events 2.6∙10
-8

 1 2.6∙10
-8

 

32 Spontaneous events 2.6∙10
-7

 1 2.6∙10
-7

 

Top Event Expected frequency 6.9∙10-6 
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Figure F- 13: FTA of continuous release f hydrogen in liquid phase for household uses [3], [16]. 
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Table F- 51: Estimates of basic event frequencies for continuous release in liquid phase for 

households uses. 

Basic 

Event 

No. 

Component 

symbol 
Description of the failure mode 

Frequency 

(/hr) 

Uncertianty 

factor,  

K-95 

Source of 

justification 

1  Truck drive away  1.1∙10
-6

 10 
Guess estimate, 

1 per 100 years 

2  Drive away protection failure  1.1∙10
-8

 10 
Guess estimate, 
unlikely incident 

3   Liquid thermal expansion   1.1∙10
-7

 10 
Guess estimate, 

likely incident 

4   SV-3  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

5 Car1   Non-return valve fails to check  8.3∙10
-6

 2.5 [39], check valve 

6 
   

 

Filling connector (end caps) 

fails open  
1.5∙10

-7
 14.9 [29], page. 184 

7  
Mechanical impact (e.g. 

cranes etc)  
1.1∙10

-11
 10 [46],  Table IX.2 

8  
Pipe rupture due to tank 

overpressure  
7.1∙10

-10
 28.9 FTA 

9  
Pipe rupture due to weld 

rupture 
3.0∙10

-9
 3.6 

[46],  Table 

A14.4 

10 PCV-1  Control valve fails stuck open  2.5∙10
-7

 27.7 [45] 

11  PS   
Pressure switch low fails to 

actuate  
2.8∙10

-7
 5.4 [29], p. 171 

12  
Filling connector (Nozzle) fails 

to connect 
1.5∙10

-7
 14.9 [29], page. 184 

13 V-2  
Trycock (hand operated) valve 

close by mistake  
1.0∙10

-3
 2.0 [39], [43] 

14 V-7  
Hand operated valve leaks to 

environment  
1.1∙10

-6
 13.8 [44] 

15  
Downstream line of PCV-1 

ruptures 
1.1∙10

-9
 5.8 

[46],  Table A8.2, 

2 meters 

16 
  

 
Filling takes place  2.7∙10

-3
 5.0 24/yr 

17 V-2  
Hand operated valve leaks to 

environment  
1.1∙10

-6
 13.8 [44] 

18 PCV-1    
Control valve leaks to 

environment 
4.4∙10

-7
 2.0 

[44], process 

control valve 

19 V-15  
Hand operated valve leaks to 

environment  
1.1∙10

-6
 13.8 [44] 

20 
  

V-14   

Hand operated valve leaks in 

close position (internal 

leakage)  

7.3∙10
-8

 11.5 [44], p. 608 

21  

Tank Serious leakage from 

inner tank (refrigerated, double 

wall)  

2.3∙10
-9

 20.8 [46],  Table A8.2 
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Table F- 52: Expected frequencies of the considered initiating events for continuous release in 

liquid phase for households uses. 

Initiating 

Event No. 
Description 

Frequency 

(/yr) 
Unavailability 

Frequency of the 

Undesired event (/yr) 

3 
Pressure building circuit 

overheating 
2.6∙10

-4
 1.3∙10

-5
 3.4∙10

-9
 

6 Tank overfilling 3.7∙10
-3

 4.8∙10
-6

 1.8∙10
-8

 

8 
Significant volume sub-

cooled LH2 added 
5.0∙10

-5
 1 5.0∙10

-5
 

15 Excess withdrawal rates 1.7∙10
-5

 7.3∙10
-3

 1.2∙10
-7

 

16 
Loss of vacuum in the 

annular space 
3.8 8.9∙10-6 3.4∙10

-5
 

Top Event Expected frequency 8.4∙10-5 
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Figure F- 14: FTA of continuous release in vapor phase for households uses [3], [16]. 
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Table F- 53: Estimates of basic events frequencies for continuous release in vapor phase for 

households uses. 

Basic 

Event 

No. 

Component 

symbol 
Description of the failure mode 

Frequency 

(/hr) 

Uncertianty 

factor,  

K-95 

Source of 

justification 

1  Liquid thermal expansion 1.1∙10
-7

 10 
Guess estimate, 

likely incident 

2   SV-3  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

3  RD-1   
Rupture disk rupture 

prematurely  
1.1∙10

-8
 31.6 [38] 

4   SV-1   
Pressure safety valve open 

prematurely  
4.0∙10

-7
 3.9 

[44], PSV-

conventional 

5  RD-2   
Rupture disk rupture 

prematurely  
1.1∙10

-8
 31.6 [38] 

6   SV-2   
Pressure safety valve open 

prematurely  
4.0∙10

-7
 3.9 

[44], PSV-

conventional 

7   SV-5  
Spring loaded pressure safety 

valve fails blockage  
1.1∙10

-6
 8.4 [39] 

8 PCV-3  
Self-pressure operated control 

valve (fails to change position)  
9.3∙10

-6
 5.0 [45] 

9  
Downstream line of PCV-3 

ruptures 
7.1∙10

-7
 2.5 

[46],  Table 

A14.6 

10 PCV-4 
Control valve leaks to 

environment  
4.4∙10

-7
 5.5 

[44], PSV-

conventional 

11 V-20  

Hand operated valve leaks in 

close position (internal 

leakage)  

7.3∙10
-8

 11.5 [44], p. 608 

12 V-1   
Hand operated valve fails 

open by mistake 
1.0∙10

-3
 2.0 [39], [43] 

13 V-12  
Three-way valve is directed to 

PRD1s 
5.0∙10

-1
 2.0 

Guess estimate, 

50% 

14 V-12  
Three-way valve is directed to 

PRD2s 
5.0∙10

-1
 2.0 

Guess estimate, 

50% 

15  
Pipe rupture due to tank 

overpressure 
7.1∙10

-10
 28.9 FTA 

16   

Pipe rupture due to 

mechanical defects (e.g. Weld 

rupture) 

3.0∙10
-9

 31.6 
[46],  Table 

A14.4 

17 D  Pressure building coil ruptures  7.1∙10
-7

 2.5 
[46],  Table 

A14.6 

18 PCV-3  
Self-pressure operated control 

valve (fails to change position)  
9.3∙10

-6
 5.0 [45] 

19 PCV-1 Control valve fails stuck open  2.5∙10
-7

 27.7 [44] 

20  PS  
Pressure switch low fails to 

actuate (high)  
2.8∙10

-7
 5.4 [29], p. 171 

21 V  Evaporator ruptures  9.7∙10
-10

 2.5 

[46],  Table 

A14.6,  [48], 

Table 3.11 
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22  Gas consumption lines rupture  7.1∙10
-7

 2.5 
[46],  Table 

A14.6 

23 V-1  
Hand operated valve leaks to 

environment  
1.1∙10

-6
 13.8 [44] 

24 V-12  
Three-way valve leaks to 

environment  
1.1∙10

-6
 13.8 [44] 

25 
PCV-3   

 

Control valve leaks to 

environment  
4.4∙10

-7
 5.5 

[44], PSV-

conventiona 

26 V-19  
Hand operated valve leaks to 

environment  
1.1∙10

-6
 13.8 [44] 

27  Release at instrumentation   1.0∙10
-9

 10.0 Guess estimate 

 

 

Table F- 54: Expected frequencies of the considered initiating events for continuous release in 

vapor phase for households uses. 

Initiating 

Event No. 
Description 

Frequency 

(/yr) 
Unavailability 

Frequency of the 

Undesired event (/yr) 

1 Filling top lines rupture 2.6∙10
-4

 6.2∙10
-4

 1.6∙10
-7

 

9 
Outlet lines of the  PBC 

rupture 
1.7∙10

-5
 6.1∙10

-2
 1.0∙10-6 

15 
Lines rupture due to tank 

overpressure 
5.0∙10

-5
 1 5.0∙10

-5
 

21 Evaporator ruptures 9.9∙10
-6

 7.6∙10
-3

 7.5∙10
-8

 

22 
Gas lines connected to 

the fuel cells rupture. 
1.7∙10

-5
 7.6∙10

-3
 1.3∙10

-7
 

Top Event Expected frequency 5.2∙10-5 
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Figure F- 15: Fault tree analysis of instantaneous  release of hydrogen for ATR-MR system [3], 

[16]. 
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Table F- 55: Estimates of basic event frequencies for instantaneous release of hydrogen in 

ATR-MR system. 

Basic 

Event 

No. 

Component 

symbol 
Description of the failure mode 

Frequency 

(/hr) 

Uncertianty 

factor,  

K-95 

Source of 

justification 

1 FC-102 Instrumentation malfunction  1.0∙10
-9

 10.0 [49] 

2 FC-104 Instrumentation malfunction  1.0∙10
-9

 10.0 [49] 

3 FC-121 Instrumentation malfunction  1.0∙10
-9

 10.0 [49] 

4 SV-102 
Pressure safety valve fails 

blockage  
1.1∙10

-6
 8.4 [39] 

5 SV-104 
Pressure safety valve fails 

blockage  
1.1∙10

-6
 8.4 [39] 

6 SV-120,121 
Pressure safety valve fails 

blockage  
1.1∙10

-6
 8.4 [39] 

7 RD 
Rupture disk fails break 

prematurely 
1.1∙10

-6
 10.0 [47] 

8 PSV Pressure safety valve fails 1.1∙10
-6

 8.4 [39] 

9 PC-N2  Pressure controller failure 5.9∙10
-7

 2.4 
[50], Pressure 

transmitter 

10 - Blockage of filter at the outlet - - - 

11 SV-222 
Pressure safety valve fails at 

the outlet 
1.1∙10

-6
 8.4 [39] 

12 - 
External heat or major fire 

around reactor 
1.1∙10

-9
 10.0 [46] 

13 - Fire protection system failure 2.5∙10
-6

 14.9 [29], p. 207 

14  
Reactor rupture due to 

external events 
1.1∙10

-12
 10.0 [41], Table A8.3 

15  
Reactor rupture due to 

spontaneous events 
1.0∙10

-11
 10.0 [46] 

 

 

 

 

 

 

 

 

 



  D4.2 – Safety Risk Assessment   

Project no: 325357 F- 62/64 01.09.2013     

Table F- 56: Expected frequencies of the considered initiating events for instantaneous release 

of hydrogen in ATR-MR system. 

Initiating 

Event No. 
Description 

Frequency 

(/yr) 
Unavailability 

Frequency of the 

Undesired event (/yr) 

8 
Break of the membrane 

due to PSV failure 
9.3∙10

-3
 6.3∙10

-9
 5.9∙10

-11
 

12 
External heat or fire 

around reactor 
7.9∙10

-5
 2.2∙10

-5
 1.7∙10

-9
 

14 
Reactor rupture due to 

external events 
9.6∙10

-9
 1 9.6∙10

-9
 

15 
Reactor rupture due to 

spontaneous events 
8.7∙10

-8
 1 8.7∙10

-8
 

Top Event Expected frequency 9.8∙10-8 
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Figure F- 16 : Fault tree analysis of continuous release of hydrogen in ATR-MR system [3], [16]. 
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Table F- 57: Estimates of basic events frequencies for continuous release of hydrogen in ATR-

MR system. 

Basic 

Event 

No. 

Component 

symbol 
Description of the failure mode 

Frequency 

(/hr) 

Uncertianty 

factor,  

K-95 

Source of 

justification 

1 SV-307 
Pressure safety valve fails 

blockage  
1.1∙10

-6
 8.4 [39] 

2 P-304 Failure/blockage of pump 1.1∙10
-6

 8.4 [39] 

3 PT-221  Pressure transmitter failure 5.9∙10
-7

 2.4 
[50], Pressure 

transmitter 

4 - Blockage of filter - - - 

5 SV-222 
Pressure safety valve fails 

blockage 
1.1∙10

-6
 8.4 [39] 

6 PC-322  Pressure controller failure 5.9∙10
-7

 2.4 
[50], Pressure 

transmitter 

7 -  
Rupture of feed line before 

bypass valve 
3.6∙10

-10
 10.0 [41], [4] 

8 -  
Rupture of CH4 feed line to 

the reactor 
3.6∙10

-10
 10.0 [41], [4] 

9 -  
Rupture due to mechanical 

defects 
3.6∙10

-10
 10.0 [41], [4] 

10 -  
Rupture due to mechanical 

defects 
3.6∙10

-10
 10.0 [41], [4] 

11 RD 
Rupture disk fails break 

prematurely 
1.0∙10

-6
 10.0 [47] 

12 PSV Pressure safety valve fails 1.1∙10
-6

 8.4 [39] 

13 SV-220 Bypass valve blockage 5.0∙10
-1

 2.0 [51] 

14 - Hole in membrane reactor 2.1∙10
-10

 20.8 
[41], [46], [48], 

pressure vessel 

 
 
Table F- 58: Expected frequencies of the considered initiating events for continuous release of 

hydrogen in ATR-MR system. 

Initiating 

Event No. 
Description 

Frequency 

(/yr) 
Unavailability 

Frequency of the 

Undesired event (/yr) 

2 

Rupture of H2 line at 

permeate side due to 

overpressure 

3.2∙10
-6

 1.1∙10
-2

 3.5∙10
-8

 

5 
Line rupture due to 

mechanical impacts 
3.2∙10

-6
 1 3.2∙10

-6
 

7 
Rupture of feed line 

before bypass valve 
3.2∙10

-6
 1.1∙10

-2
 3.5∙10

-8
 

14 
Hole in membrane 

reactor 
1.8∙10

-6
 1 1.8∙10

-6
 

Top Event Expected frequency 5.07∙10-6
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APPENDIX G: Consequence Estimation methodology 

All processes have a risk potential. In order to manage risks effectively, they must be 

estimated. Since the risk is a combination of frequency and consequence, consequence (or 

impact) analysis is necessary step in the risk assessment process. 

This section provides an overview of consequence and effect models investigated in the 

present study. Accidents begin with an incident, which usually results in the loss of 

containment of material from the process. The material has hazardous properties, which 

might include toxic properties and energy content. Typical incidents might include the rupture 

or break of a pipeline, a hole in a tank or pipe, runaway reaction, fire external to the vessel, 

etc.  

Once the incident is defined, source models are selected to describe how materials are 

discharged from the process. The source model provides a description of the rate of 

discharge, that can be liquid, vapor or a combination. A dispersion model is subsequently 

used to describe how the material is transported downwind and dispersed to some 

concentration levels. For flammable releases, fire and explosion models convert the source 

model information on the release into energy hazard potentials such as thermal radiation and 

explosion overpressures. Effect models convert these incident-specific results into effects on 

people (injury or death). Structural and environmental impacts could also be considered, but 

are not considered in the present study. 

G.1.  Source models 

This section presents a variety of results for the accident outcomes of the hydrogen release 

(loss of containment). These include results of dispersion, fire and explosion models. 

Dispersion models involves dispersed hydrogen vapour cloud concentrations. Meanwhile, 

fire and explosion models are expressed as thermal radiation flux and shock wave 

overpressure impacts, respectively. These models rely on the general principle that severity 

of the outcome is a function of the distance from the source of release, called “Effect 

distance”, z.  

The effect distance from the fire and explosion models are presented for different fatality 

levels (e.g. 1%, 10% and 100%). These fatality levels are set based on the probit equation 

for thermal impact and overpressure impact given below. At the same time, the study 

considers three weather conditions recommended by TNO [48] that is weather category of 

2/F, 2/D and 5/D. These weather categories represent the wind speed and Parsquill stability, 

respectively.  
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In all models, the maximum effect distance “z” of the outcomes is calculated as the sum of 

the downwind radius “a” and downwind distance (the distance of the circle centre from the 

release centre) “x”, that is: 

 

The downwind distance “x” is equal to downwind radius “a” multiplied with the offset ratio “d”, 

that is : 

 

The effect zone centred at the release point (d=0), results in x equal to zero. Therefore, the 

maximum effect distance in this case , is equal to its downwind radius,  

 

In the following section a detailed description of the source model is presented. 

G.1.1. Discharge Models 

Discharge rate models require a careful consideration of the phase of the released material. 

The phase of the discharge is dependent on the release process and can be determined by 

using thermodynamic diagrams or data, or vapour-liquid equilibrium model and the 

thermodynamic path during the release. 

Most of the incidents and hazards associated with escaping hydrogen such as fire, 

explosion, and even formation of a flammable vapour cloud usually involve the escape of 

liquid or gaseous hydrogen from the containment owing to either the failure of the 

containment or an abnormal discharge from an engineered outlet such as a relief valve, 

followed by vaporization and dispersion. In particular, a large quantity of liquid hydrogen 

and/or vapour may be released by failure of the tank, line or valve. 

For gas discharges through holes, the mass discharge rate through an orifice is governed 

initially by the equation of isentropic (constant entropy) flow, by solving the conservation of 

energy and mass. This equation assumes an ideal gas, no heat transfer and no external 

shaft work [47]: 
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Where: 

the mass flow rate of gas through the hole (mass/time) 

the discharge coefficient (dimensionless) 

the area of the hole (m2) 

 the pressure upstream of the hole (N/m2) 

 the downstream pressure (=101325 N/m2) 

the molecular weight of the gas ( kg/kmol) 

the universal gas constant (=8314 J/kmol/K) 

 the initial upstream temperature of the gas (K) 

: the heat capacity ratio,  (=1.41 for H2) 

 the acceleration of gravitation constant (=9.80 m/s2) 

 

The velocity of the gas is given by : 

 

In most cases, the pressure outside the throat of the orifice is atmospheric, so that for 

upstream pressures greater than about 2 bar absolute, the flow will be critical , or supersonic. 

For these conditions, the mass flow is given by: 

 

 

and                             
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Meanwhile for liquid hydrogen, the release may be gas, liquid, or a two-phase mixture, 

depending on certain conditions. For example, if the release is from a container holding liquid 

under pressure, it will normally be liquid if the aperture is below the liquid level, and vapor or 

vapor-liquid mixture if it is above the liquid level. For a given pressure difference, the mass 

rate of release is much greater for a liquid or vapor-liquid mixture than for a gas. To calculate 

the rate of release given the size of the aperture using thermodynamic and physical 

properties of escaping liquid hydrogen the Bernoulli equation can be used [36]: 

 

Where: 

the release rate (kg/s) 

the discharge coefficient (dimensionless) 

the area of the hole (m2) 

 the vapour pressure of LH2 (N/m2) 

 the ambient pressure (=101325 N/m2) 

the density of LH2 ( =71 kg/m3) 

the height of liquid tank (m) 

 the acceleration of gravitation constant (=9.80 m/s2) 

Two-phase flows are classified as either reactive or non-reactive [3]. The reactive case is 

typical of emergency relief of exothermic chemical reactions, while the non-reactive case 

involves the flashing of liquids as they are discharged from containment. Two special 

considerations are required. If the liquid is sub-cooled, the discharge flow will choke at its 

saturation vapor pressure at ambient temperature. If the liquid is stored under its own vapour 

pressure, a more detailed analysis is required. Both of these situations are accounted for by 

the following expression: 
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Where: 

the two-phase mass discharge rate (kg/s) 

the area of the discharge (m2) 

 the sub-cooled mass flux (kg/m2s) 

 the equilibrium mass flux (kg/m2s) 

the non-equilibrium parameter (-) 

 

The mass flux for the sub-cooled and equilibrium is given by: 

 

 

Where: 

the discharge coefficient (dimensionless) 

the density of LH2 (kg/m3) 

 the storage pressure (Pa) 

 the saturation vapour pressure of the liquid at ambient temperature (Pa)  

the enthalpy change on vaporization (J/kg) 

the change in specific volume between liquid and vapor (m3/kg) 

 the storage temperature (K) 

the liquid heat capacity (J/kgK) 
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G.1.2. Pool spreading and Vaporization 

Of great importance is the case of a failure of a vessel or tank that results in the formation of 

a liquid pool. Because of the obvious combustion danger of large liquefied hydrogen spills, a 

considerable amount of effort has been spent on modelling the spreading and evaporation of 

cryogenic liquid pools. The subject of gaseous emissions due to evaporation of nonboiling 

liquid pools is also important, where the evaporative emission rate may be lower than for 

cryogenic spills but the toxicity of the emitted compounds may be significant. 

Unconfined spills on land, will generally increase in area with time; this increase in pool area 

is caused primarily by gravity spreading. Because the total evaporative emission rate from 

liquid pools (in kg s"1) increases approximately linearly with the area of the liquid surface, 

calculation of pool spreading with time can be an important factor in estimating the total 

amount of evaporative emissions released to the atmosphere. 

When a liquid is released from the process equipment, several things may happen, as shown 

in Figure G-1. If the liquid is stored under pressure at a temperature above its normal boiling  

point (superheated), it will flash partially to vapor when released to atmospheric pressure. 

The vapor produced may entrain a significant quantity of liquid as droplets. Some of this 

liquid may rainout onto the ground, and some may remain suspended as an aerosol with 

subsequent possible evaporation. The liquid remaining behind is likely to form a boiling pool 

which will continue to evaporate, resulting in additional vapor loading into the air [3]. 

If the liquid is not superheated, but has a high vapor pressure (volatile), then vapor emissions 

will arise from surface evaporation from the resulting pools. 
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Figure G- 1: Two common liquid-release situations dependent on the normal boiling point of 

the liquid [3]. 

Models were derived for Pool spreading model regarding instantaneous and continuous spills 

on land. The pool spreading equations can be summarized as: 

 

 

 

Where: 

 max radius of the spread/pool radius (in m) 

 time to max radius spread (s) 

 total volume of liquid spilled (m3) 

 rate of liquid pool without burning (=0.00194 m/s) 
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 the acceleration of gravitation constant (=9.80 m/s2) 

For a continuous radial spill at a fixed location used the equation: 

 

 

If hydrogen is released from its containment as a liquid, vaporization must occur before a 

vapor cloud is formed. The rate at which vaporization takes place determines the formation 

of a vapor cloud. Immediately after release the heat boil-off is taken from the ground. The 

model given by TNO [52] gives the evaporation rate as: 

 

Where: 

 evaporation rate from the ground (kg/s) 

 the time (s) 

 the surface coefficient of heat conduction (W/Mk) 

 the ambient temperature (K) 

 the heat of evaporation of LH2 (J/kg) 

 the saturation temperature of LH2 (K) 

the surface thermal diffusity (m2/s) 

Both  and  are properties of the surface and typical values as shown in the Table G-1: 
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Table G- 1: Values for soil heat conductivity and thermal diffusivity [47] 

Substance 
   

Average ground 0.9 4.3∙10-7 0.464 

Dry sand 0.3 2.3 6.68∙10-5 

Sandy ground 
(dry) 

0.3 2 7.16∙10-5 

Sandy ground 
(damp) 

0.6 3.3 1.12∙10-4 

Gravel 2.5 11 2.54∙10-4 

Carbon steel 45 127 1.35∙10-3 

Concrete 0.42 13∙10-7 0.124 

 

G.2. Dispersion Models 

In this section, atmospheric dispersion of hydrogen vapors is approached. Typically, the 

dispersion calculations provide an estimate of the area affected and the average vapor 

concentrations expected. The simplest calculations require an estimate of the release rate of 

the gas (or the total quantity released), the atmospheric conditions (wind speed, time of day, 

cloud cover), surface roughness, temperature, pressure and perhaps release diameter.  

In this study, two different release-time modes are investigated concerning the duration of 

the release: 

  Instantaneous release (Puff model) 

 Continuous release (Plume model) 

Among others, weather conditions (atmospheric stability) at the time of the release have a 

major influence on the extent of the dispersion. Some of these effects are shown in Figure G-

2. The primary factors are the wind speed and the atmospheric stability.  Atmospheric 

stability is an estimate of the turbulent mixing; stable atmospheric conditions lead to the least 

amount of mixing and unstable conditions to the most.  

The atmospheric conditions are normally classified according to six Pasquill stability classes, 

as shown in Table G-2. The stability classes are correlated to wind speed and the quantity of 

sunlight. During the day, increased wind speed results in greater atmospheric stability, 

while at night the reverse is true. Within stability classes, “A” represents the least stable 

conditions, while “F” represents the most stable [3]. 
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Figure G- 2: Effect of atmospheric stability on plume dispersion [3]. 
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Table G- 2: Metereological conditions defining the Parquill-Gifford stability classes [3]. 

 
A: Extremely unstable conditions                        D: Neutral conditions 

B: Moderately unstable conditions                      E: Slightly stable conditions 

C: Slightly unstable conditions                            F: Moderately stable conditions 

 

 

G.2.1. Continuous release 

The continuous release profile extends from the source downwind (Figure G-3 and G-4). An 

elevated, heavy vapor/aerosol release starts out with a circular cross section. Upon touching 

down, the cross section becomes a truncated ellipse, and the cloud levels off as the vertical 

component of momentum is converted into downwind and cross-wind momentum. Aerosol 

droplets may rain out shortly after touchdown. Rain-out produces a pool which spreads and 

vaporizes. If spilled onto water, part of the material may also dissolve. The vapor from the 

pool is added back to the plume, as a function of time. The plume can become buoyant after 

evaporating all aerosol droplets and picking up heat by ground conduction, or by condensing 

water picked up over a wet surface. A buoyant plume lifts off and rises until constrained by 

the mixing layer. 

The Cartesian co-ordinates x, y, z correspond to the downwind, cross-wind (lateral 

horizontal) and vertical directions, respectively; x=0 corresponds to the point of release, y = 0 

to the plume centre-line and z = 0 to ground-level. In addition to these cartesian co-ordinates 

use is made of the ‘cloud’ coordinates s and ζ. Here is the arc length measured along the 

plume center, with s=0 corresponding to the point of release. The concentration profile for 

continuous release (Plume) is given by [3]: 

 



  D4.2 – Safety Risk Assessment   

Project no: 325357 G- 12/40 01.09.2013     

 

Figure G- 3: Effect release of height on the downwind concentrations [3]. 

 

 

 

Figure G- 4: Cloud geometry for continuous release [53]. 
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Figure G- 5: Three-dimensional view of Gaussian dispersion form an elevated continuous 

emission source [3]. 

 

 

Where: 

 

And 

 mass emission rate (kg/s) 

 wind speed (m/s) 

 standard deviation of horizontal profile of cloud concentration (dispersion 

coefficient) (m) 

∶ standard deviation of vertical profile of cloud concentration (dispersion coefficient) 

(m) 

the crosswind distance from the cloud axis (m) 

the distance from the Plume centre line (m) 
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The co-ordinate ζ indicates the direction perpendicular to the plume centre-line and 

perpendicular to the y-direction. The angle between the plume centre-line and the horizontal 

is denoted by θ = θ(s), and the vertical plume height above the ground by zo = zcld(s). Thus z 

and ζ are related to each other by z = zcld + ζ cos(θ). 

 

G.2.2. Instantaneous release 

The instantaneous release model is described by the Puff model. The solution depends on 

the total quantity of material released, the atmospheric conditions, the height of the release 

above the ground and the distance from the release. The concentration profile (see Figure G-

6) for instantaneous release is given in the following equation with exponential decay in x,y,ζ 

described by means of (‘passive’) dispersion coefficients σx =σy, σz, and with near field top-

hat profile (e.g. sharp-edge jet) developing into a Gaussian profile in the far field. 

 

 

 

Figure G- 6: Geometry for instantaneous release [53]. 
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Where: 

 

 

The co-ordinate ζ indicates the vertical distance above the Plume centre-line and 

perpendicular to the y-direction. The angle between the plume centre line and the horizontal 

is denoted by θ, and the vertical plume height above the ground by zcld. Thus z and ζ are 

related to each other by z = zcld + ζ. Furthermore, xcld(t) is the downwind distance of the 

centre of the cloud at time t, and  is the mass (kg) in the initial instantaneous at time t. At 

the core averaging time the along wind dispersion is assumed to be identical to the cross-

wind dispersion, i.e. = Rx = Ry.  

The dispersion coefficients for both continuous and instantaneous release have been 

developed according to the predictive formulas given in Table G-3 and G-4 

respectively, and are related to the weather stability. 
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Table G-3: Recommended equations for Pasquill-Giffford dispersion coeffcients for continuous 

dispersion [3]. 

Parsquill-Gifford 
stability class 

σy (m) σz (m) 

Rural Conditions 

A 
0.22x(1+0.0001x)-

1/2 0.20x 

B 
0.16x(1+0.0001x)-

1/2 
0.12x 

C 
0.11x(1+0.0001x)-

1/2 
0.08x(1+0.0002x)-

1/2 

D 
0.08x(1+0.0001x)-

1/2 
0.06x(1+0.0015x)-

1/2 

E 
0.06x(1+0.0001x)-

1/2 
0.03x(1+0.0003x)-1 

F 
0.04x(1+0.0001x)-

1/2 
0.016x(1+0.0003x)-

1 

Urban Conditions 

A-B 
0.32x(1+0.0004x)-

1/2 
0.24x(1+0.001x)+1/2 

C 
0.22x(1+0.0004x)-

1/2 
0.20x 

D 
0.16x(1+0.0004x)-

1/2 
0.14x(1+0.0003x)-

1/2 

E-F 
0.11x(1+0.0004x)-

1/2 
0.08x(1+0.0015x)-

1/2 

 

Table G-4: Recommended equations for Pasquill-Gifford dispersion coefficients for 

instantaneous dispersion [3]. 

Parsquill-Gifford 
stability class 

σy or σx (m) σz (m) 

A 0.18x0.92 0.60x0.75 

B 0.14x0.92 0.53x0.73 

C 0.10x0.92 0.34x0.71 

D 0.06x0.92 0.15x0.70 

E 0.04x0.92 0.10x0.65 

F 0.02x0.89 0.05x0.61 
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G.2.3. Fire and explosion models 

There are several fire and explosion models which are also investigated in the present study 

for the case of hydrogen infrastructures. Each of them shows a different type of fire and 

explosion results. The following section is presented the description of the types of the 

models available for estimation of the consequences (effects) of accidental explosions and 

fire accident outcomes. 

The surface emissive (SEP) is the heat flux due to heat radiation at surface area. It can be 

calculated with the Stefan-Bolzmann-equation [54].: 

 

Where: 

 the surface emissive power, [W/m2] 

 the emittance factor (emissivity) 

 the constant of Stefan-Bolzmann (=5.6703x10-8 W/m2K4) 

 the radiator surface temperature of the flame (K) 

 the ambient temperature (K) 

The heat flux q at certain distance from the fire, which is experienced by the receiver per unit 

area, can be calculated by: 

 

Where: 

 the heat flux at a certain distance, [W/m2] 

 the view factor (emissivity) 

 the atmospheric transmissivity 

 

G.2.4. BLEVE and Fireball 

A BLEVE (Boiling Liquid Vapor Explosion) is a sudden release of a large mass of 

pressurized superheated liquid to the atmosphere. The primary cause is usually an external 

flame impinging on the shell of a vessel above the liquid level, weakening the container and 
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leading to sudden shell rupture. A pressure relief valve does not protect against this mode of 

failure, since the shell failure is likely to occur at a pressure below the set pressure of the 

relief system.  

It should be noted, however, that  a BLEVE can occur due to any mechanism that results in 

the sudden failure of containment, including impact by an object, corrosion, manufacturing 

effects, etc. The sudden containment failure allows the superheated liquid to flash, typically 

increasing its volume over 200 times. This is sufficient to generate a pressure wave and 

fragments. If the released liquid is flammable, a fireball may result. 

Blast or pressure effects from BLEVEs are usually small, although they might be important in 

the near field. These effects are of primary interest for the prediction of domino effects on 

adjacent vessels. However, the present study elaborated only fireball effects resulting from a 

BLEVE [3]. 

For flammable materials, important parameters that should be considered for all BLEVE 

incidents are BLEVE-Fireball diameter, duration, fireball height and thermal radiation 

intensity. 

Empirical Equations: 

Useful formulas for BLEVE physical parameters are [3]: 

Maximum fireball diameter [m]:   

The flame radius [m]:                   

 

Fireball combustion duration [s]:  

 

 

Centre height of fireball [m]:   

Where: 

 the flammable mass involved in the fireball. 
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In reality the radiative emission from fireball varies over its surface, but in most literature a 

uniform heat radiation is assumed. In this study, the flame is considered as spheres (circles) 

(Figure G-7). Each circle is defined by the downwind co-ordinate x and elevation z of the 

center of the circle, by the radius r, and by the inclination of the circle from the horizontal, as 

shown in the illustration below [3].  

 

Figure G- 7: Shape of Fireball [3]. 

 

 the flammable mass involved in the fireball. 

The emissive power, E, is calculated as: 

 

Where:   the fraction of the heat radiated from the surface given by: 

 

 

Where:  

the saturation vapour pressure of the substance (substance properties). 

As described above, the dimension used to define a fireball/BLEVE is the radius to the 

radiation impact of concern. This is defined in terms of ‘Thermal Dose Units’ ((kW/m2)Ns). 

The exponent, N, depends on the N constant defined for flammable probit calculations. This 
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measure takes fireball duration into account in calculating the potential fatality effects. The 

duration calculated by the fireball/BLEVE model used in this calculation is limited to a 

maximum exposure time parameter. Additional fatality effects due to BLEVE overpressure or 

vessel fragments are not considered in the study. The zone is centred at the release point. 

Figure G-8 illustrates the approach. The effect distance (z) of the fireball is equal to its 

downwind radius (x). The fatal effect zone is calculated as the effect zone area  [in 

m2] multiplied with its vulnerability level (fatal level)[%]. 

 

Figure G- 8: The fatal effect zone for a fireball or BLEVE [55]. 

 

 

G.2.5. Pool fire 

Pool fires tend to be localized in effect and are mainly of concern in establishing the potential 

for domino effects and employee safety zones, rather than for community risk. The primary 

effects of such fires are due to thermal radiation from the flame source. Issues of intertank 

and interplant spacing, thermal insulation fire wall specification etc. can be addressed on the 

basis of specific consequences analyses for a range of possible pool fire scenarios. 

A pool fire may result via a number of scenarios. It begins typically with the release of 

flammable material from process equipment. If the material is liquid, stored at a temperature 

below its normal boiling point, the liquid will collect in a pool. If the liquid is stored under 

pressure above boiling point, then a fraction of the liquid will flash into vapour, with unflashed 

liquid remaining to form a pool in the vicinity of the release. 

Once a liquid pool has formed, an ignition source is required. The ignition can occur via the 

vapour cloud (for flashing liquids), with the flame traveling upwind via the vapour to ignite the 

liquid pool. For liquid stored below the normal boiling point  
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without flashing, the ignition can still occur via flammable vapor from the evaporating liquid. 

Once an ignition has occurred, a pool fire results and the dominant mechanism for damage is 

via thermal effects, primarily via radiative heat transfer from the resulting flame. 

The determination of the thermal effects depends on the geometry of the pool, the duration of 

the fire, the location of the radiation receiver with respect to the fire and the thermal 

behaviour of the receiver, to name  a few. 

The flame shape of the pool fire can be modelled as a cylinder sheared (Figure G-9) in the 

direction of the wind with diameter D, height H and tilt angle q (measured from the vertical). 

The flame is described by three circles (c1, c2, c3) arranged along the center line of the flame, 

each defined by the downwind co-ordinate x and elevation z of the center of the circle, and 

by the radius r. These flame-circle co-ordinates are the main input to the radiation 

calculations [3]. 

 

Figure G- 9: Shape of pool fire flame [3]. 

 

If the release is bunded, the diameter D is given by size of the bund. Otherwise, if it release 

volume and the thickness of the pool can be determined, the circular pool diameter can be 

calculated with: 

 

Where:  

the volume of the released liquid [m3] 

 : the thickness of the pool [m] 
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The maximum burn rate,  [kg/s/m2], is given by: 

 

Where:  

the modified heat of combustion [m3] 

 

Where:  

the liquefied specific heat  

the boiling point temperature 

the atmospheric temperature 

The actual pool fire burn rate is then given by: 

 

Where:  

the burn rate characteristic scale length (taken from the material property data)  

The flame length, H,  is given by: 

 

Where:  

the density of air  

the acceleration due to the gravity 

The tilt angle  can be approximated with the standard quadratic formula, taking only the 

positive root: 
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Where:  

, 

, 

 , 

 the wind velocity 

 the kinetic viscosity of the air 

the acceleration due to the gravity 

 

If the flame dimension have been determined as well as the heat generated in the flame due 

to combustion, the surface emissive power can be calculated. The maximum surface 

emissive power, E (in W/m2) for a tilted cylindrical flame according to approach of the 

Yellowbook [54]: 

 

Where:  

the fraction of the generated heat radiated from flame surface  

the burning rate (kg/m2s) 

: heat of combustion 

the emissive power characteristic scale length. 

The fatal effect-zone of pool fire is modelled as an ellipse. Three dimensions describe the 

ellipse as illustrated in Figure G-10. Axes a and b are the major and minor axes of the 

ellipse, and d is relative offset of the ellipse centre from the release point defined as the ratio 

x/a where x is the distance from the release point to the ellipse centre.  
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Figure G- 10: The fatal effect zone for a pool fire [54]. 

The effect distance (x) from the release location, or z =a+ x, where x=d*a. The fatal effect 

zone area (Afatal) is calculated as the effect zone area (Az = *a*b) [in m2] multiplied with its 

vulnerability level [in %]. 

G.2.6. Jet fire 

Jet fire typically result from the combustion of a material as it is being released from a 

pressurized process unit. The main concern, similar to pool fires, is in local radiation effects. 

Jet fire modelling is not as well developed as for pool fires, but several reviews have been 

published. Three approaches have been dominated, however, the API method has been 

elaborated in the present report. This method is based on the radiant fraction of the total 

combustion energy, which is assumed to arise from a point source along the jet flame path. 

This method correlates flame length versus flame heat. The radiant fraction is given as 0.15 

for hydrogen. 

The jet fire model studied here  is presented  in Figure G-11: 
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Figure G- 11: Shape of Jet fire model [56]. 

 

The flame length, L, is calculated by (according to API model): 

 

Where:  

the mass discharge rate (kg/s)  

: heat of combustion (=119.9 MJ/kg for H2) 

The flame length can be also calculated according to the empirical relation [57], [58]: 

 

Where       

                : the equivalent diameter of the release source (orifice) (m) and is given by: 

 

 

and Y is the solution of the following equation: 
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and                             

In the above equations,  

uw: the wind speed (m/s) 

uj: the jet velocity (m/s) 

the mass discharge rate (kg/s) 

Wg: the molecular weight of the fuel (kg/mol) 

Θjv: the angle between the axis of the release point and the horizontal axis in the wind 

direction. 

 

The maximum radius of the flame is given by: 

 

Where:  

the flame length (m)  

 

For a vertical flame, the velocity ratio, , is calculated as a measure of the power of the 

wind to deflect the jet: 

 

Where:  

uw: the wind speed (m/s) 

uj: the jet velocity (m/s) 
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The jet velocity, , is given by: 

 

Where:  

the mass discharge rate 

: the vapor density at one atmosphere 

  the expanded radius  

 

The expanded radius is calculated as: 

 

If the velocity ratio is less than 0.05, then the flame is treated as being perfectly vertical [3]. 

For larger values of the velocity ratio, the angle α (as shown in Figure G-11) is largely 

affected, so that: 

For                      

For                  

Where the Richardson number is given by: 

 

The elevation, b, of the frustum can be calculated by (according to the scheme in Figure G-

11): 

 

Where K is given by the empirical equation of Chamberlain [56]  and it is dimensionless: 

 

The length of the frustum can be calculated, related to the Figure G-11, by : 
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The diameter of the base of frustum, W1 is calculated by: 

 

 

 Where                  C=1000  

and                         

The diameter of the top of frustum, W2 is calculated by: 

 

 

The total surface area of the flame is given by: 

 

The emissive power is calculated as described below. The calculations involve several 

stages. The fraction, Fs, is: 

 

 

Where: 

   

 

 is the jet velocity and MW is the molecular weight of the substance released. If the value 

calculated is greater than the maximum allowed (set as 0.5), then Fs is set to 0.5. The 

surface emissive power of the flame, Em, is calculated as: 

 

Where,  the fraction of heat radiated,  is the mass discharge rate,  is the heat of 

combustion, and  is the total surface area of the flame.  
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Figure G- 12: The fatal effect zone for a jet fire [56]. 

The fatal effect-zone of jet fire is modelled as an ellipse. Three dimensions describe the 

ellipse as illustrated in Figure G-12. Axes “a” and “b” are the major and minor axes of the 

ellipse, and “d” is relative offset of the ellipse centre from the release point defined as the 

ratio d=x/a where “x” is the distance from the release point to the ellipse centre. Thus for an 

ellipse centred at the release point d=0. For an ellipse with the effect zone starting at the 

same point as the release d=1. Jet fires can be displaced from the release point according to 

the wind speed and the rainout position, because of the effect of wind speed and also 

elevation of the flame. “d>1” if the effect zone is displaced from the release point. The effect 

distance (z) is calculated as the sum of downwind radius (a) and the downwind distance (x) 

from the release location, or z =a+ x, where x=d*a. The fatal effect zone area (Afatal) is 

calculated as the effect zone area (Az = *a*b) [in m2] multiplied with its vulnerability level [in 

%]. 

 

G.2.7. Flash fire 

A flash fire is the nonexplosive combustion of a vapour cloud resulting from e release of 

flammable material into the open air. Vapour clouds only explode in areas where intensely 

turbulent combustion develops and only if certain condition are met. Major hazards from flash 

fire are from thermal radiation and direct flame contact. 

The literature provides little information on the effects of thermal radiation from flash fires, 

probably because thermal radiation hazards from burning vapour clouds are considered less 

significant than possible blast effects. Furthermore, flash combustion of a vapor cloud 

normally lasts no ore that a few tenths of a second. Therefore, the total intercepted radiation 

by an object near the flash fire is substantially lower than in the case of a pool fire. 

Typically, the burning zone is estimated by first performing a dispersion model and defining 

the burning zone from the ½ LFL limit back to the release point, even though the vapour 
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concentration might be above the UFL.  Turbulence induced combustion mixes this material 

with air and burns it. 

In order to compute the thermal radiation effects produced by a burning vapour cloud, it is 

necessary to know the flame’s temperature, size and dynamics during its propagation 

through the cloud. Thermal radiation intercepted by an object in the vicinity is determined by 

the emissive power of the flame (determined by the flame temperature), the flame’s 

emissivity, the view factor and an atmospheric factor. 

Flash fires are treated in different ways depending on the type of release. A flash fire 

resulting from instantaneous releases is presented as a circular cloud indicating the radius of 

the LFL fraction (2%) to finish. The circle starts centred at the release point and then 

proceeds to drift downwind as shown in Figure G-13. The flash fire description therefore 

gives the size and downwind position of the cloud at several time-steps during the time when 

it is developing to its fullest extent. The full description for each time-step includes: the 

distance the centre of the cloud has travelled downwind, the radius to the cloud-limit, and the 

flammable mass of the cloud. 

 

Figure G- 13: The flammable zone of flash fire from instantaneous release [56]. 

 

For continuous releases the flash fire effect zone is taken to be the cloud boundary to the 

LFL fraction represented as an ellipse. There is also the possibility that the ellipse is defined 

as a ‘half-ellipse’ rather than the full shape. This approximation is made to economise on 

storage space and processor time.  

Two parameters are used to define the dispersion cloud shape; the downwind cloud length 

(LLFL) and the cloud area (ALFL) within the boundary defined by the LFL fraction. In a full 

approximate ‘semi-ellipse’ approximation is applied, where the horizontal and vertical ellipse 
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semi-axis lengths A, B are set using: (i) same flammable length so that A = LLFL and (ii) same 

flammable area ALFL =0.5*π*A*B, again so that B is defined directly. 

G.2.8. Explosion (Delayed or Early) 

When a large amount of hydrogen (liquid or gas) is rapidly released, a vapour cloud forms 

and disperses in the surrounding air. The release can occur from a storage tank, transport 

vessel, or pipeline. Event tree diagrams (Figure F-2 and F-3) describe the various failure 

pathways under which this scenario can occur. If this cloud is ignited before the cloud is 

diluted below its lower flammability limit (LFL), a vapour cloud explosion (VCE) or flash fire 

will occur. The main consequence of a VCE is an overpressure that results while the main 

consequence of a flash fire is a flame contact accompanied by thermal radiation. 

There are various methods available for calculating the effects of explosions, and the one 

must be selected to generate an explosion model. This study uses the TNT model to 

calculate explosion effects from the hydrogen system.  

The explosion may occur either early or delayed (late) explosion (vapour cloud explosion, 

VCE). Both early explosion and VCE are modelled as two concentric circles with radius R1 

and R2 (as shown in Figure G-14). However, they have different location of the explosion 

centre. Explosion centre of the early explosion is on the release point. Meanwhile, for the 

delayed VCE it is displaced from the release point [53], as shown in Figure G-14. The centre 

of the explosion is taken as the centre of the explosive cloud. The two effect zones 

correspond to two different explosion damage levels. The lethality is constant with one value 

inside the central zone and constant with another value in the annulus formed by the inner 

and outer circles. The lethality in each zone is set according to the vulnerability parameter 

settings for explosions. There is one outcome representing all weathers and directions. The 

analytic solution to the number of lethality (N) for this outcome is the sum of the products of 

the area of each zone, its lethality and the population density. 

 

Figure G- 14: The effect zone for a vapor cloud explosion [56]. 

Fatal effect zone of the explosion (Afatal) is calculated as the sum of the inner effect zone area 

(A1) multiplied by its vulnerability (f1) and the outer effect zone area (A2) multiplied by its  
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vulnerability (f2): 

 

Where: 

 : circle area of inner ( )             [m2] 

 : circle area of inner ( )     [m2] 

 vulnerability in inner and outer zone areas [ %] 

Early explosion: 

An early explosion may be generated from any instantaneous release. It occurs at the 

beginning of the release, before the cloud has started to disperse. The main consequence of 

the explosion is overpressure (bar). Effect zones of the explosion are presented as a 

circle or ellipse centred at the release point, and independent of the weather conditions.  

 

Late explosion (VCE): 

Late explosion or vapour cloud explosion (VCE) may occur if the vapour cloud is ignited 

before it is diluted bellow its LFL (4%). The centre of the explosion of the VCE is the cloud 

centre at the point downwind from the release centre at the moment of ignition.  

Effect zones of the late explosion (VCE) are calculated similar to the early explosion, except 

that the explosion centre is not at the centre of the release point. It is modelled as two  

concentric circles displaced from the release point.  

 

G.2.9. TNT model 

The study uses TNT method to calculate explosion impacts from the hydrogen system. 

The mass of TNT that is equivalent to the effective flammable mass in the cloud [3] : 

  and   

where  = 4.7 x 106 J kg-1 is the heat of combustion of TNT using up its own oxygen, 

i.e. without additional oxygen from the atmosphere, = 191.93 MJ/kg (for hydrogen), m is 

the mass in the cloud at the time of the explosion,  is the explosion efficiency, and  is the 

ground reflection factor, set to 1 for an air burst, and 2 for a ground burst. 
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The explosion radius, R', is the distance from the explosion center to the distance of 

interest: 

 

If  is less than 103 J then the overpressure is set to zero. Otherwise, the 

overpressure Po is calculated using an approximation of the Kingery and Bulmash curves as 

published in [46]: 

 

Where    and  

 

The explosion radius  is calculated from: 

 

Where   

 

And      

 

G.3. Impact models 

The source models generate a variety of outcomes that are caused by release of hazardous 

material or energy. The dispersion models estimate concentrations and/or doses of 

dispersed vapour. The explosion models estimate shock wave overpressures and fragment 

velocities, and fire models predict radiant flux generated from the outcomes. These models 

rely on the general principle that the severity of the outcome is a function of distance from the 

source of release. The next step in the risk assessment is to assess the consequences of 

these outcomes on human beings, expressed as deaths or injuries. 

One method of assessing the consequence of an outcome is the direct effect model, which 

predicts effects on people or structures based on predetermined criteria (e.g., death is 

assumed to result if an individual is exposed to a certain thermal radiation level). In reality, 

the consequences may not take the form of discrete functions (i.e., a fixed input yields a 

singular output) but may instead conform to probability distribution functions. Therefore, a 

statistical method of assessing a consequence (called dose-response method) may be  
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appropriate. This method is coupled with a probit equation to linearize the response. The 

probit (probability unit) method described by Finney (1971) reflects a generalized time-

dependent relationship for any variable that has a probabilistic outcome that can be defined 

by a normal distribution. 

The probit variable Y is related to the probability P by [48]: 

 

where P is the probability or percentage, Y is the probit variable, and u is an integration 

variable. The probit variable is normally distributed and has a mean value of 5 and a 

standard deviation of 1. For spreadsheet computations, a more useful expression for 

performing the conversion from probit to percentage is given by: 

 

Where: 

 

 

 

G.3.1. Thermal impacts 

The purpose of the thermal impact models is to estimate the likely injury or damage to people 

and objects from the thermal radiation of incidents. Thermal impacts of fire on humans 

depend on the rate at which heat is transferred from the fire to the person, and the time the 

person is exposed to the fire [59]. Even short-term exposure to high heat flux levels may be 

fatal. This situation could occur to persons wearing ordinary clothes who are inside a 

flammable vapour cloud (defined by the lower flammability limit) when it is ignited. In the 

study, it is assumed that all persons inside a flammable cloud at the time of ignition are killed 

and those outside the flammable zone are not.  

The thermal radiation impacts suggested by World Bank (1985) are shown in Table G-3. 

Furthermore, Mudan (1984) summarized the data of Eisenberg et al. (1975) for a range of 

burn injuries, including fatalities, and of Mixter (1954) for second degree burns (Figure G-15). 
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Figure G- 15: Effect of thermal radiation on people [3]. 

 

Eisenberg et al. (1975) develop a probit model to estimate fatality levels for a given thermal 

dose from pool and flash fires, based on nuclear explosion data [3]and shown in Figure G-

15: 

 

where Y is the probit, t is the duration of exposure (sec), and I is the thermal radiation 

intensity (W/m2). 

Lethality levels (%) of the thermal radiation impacts (such as pool fire, jet fire and fireball) to 

people can be calculated from the above equation. For example, thermal radiation impact 

from jet fires with exposure time of 20s (flammable) is shown in Table G-3.. It should be 

noted that the time exposure (ts) in fireball is equal to the fireball duration, while in jet fire and 

pool fire is set to 18.7s (flammable). 

 

Table G- 5: Thermal radiation impact from jet fires (duration 20s). 

Intensity level 
(kW/m2) 

Time (s) 
Probit 
value 

Lethality 
level (%) 

18.2 20 2.7 1 

24.7 20 3.7 10 

37.5 20 5.1 56 

125.6 20 9.3 100 
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G.3.2. Overpressure impacts 

The purpose of the explosion impact models is to predict the impact of blast overpressure 

and projectiles on people and objects. Explosion effects have been studied for many years, 

primarily with respect to the layout and sitting of military munitions stockpiles. Explosion 

effects are classified according to effects on structures and people [3]. 

The purpose of the model is to determine the fatality probability of the occupants of buildings 

subject to blast loading. This is dependent on the level of blast loading, the type and 

construction of the building. In general, three categories of blast induced injury are identified: 

(1)Primary injury is due directly to blast wave overpressure and duration (Table G-4). The 

location of most severe injuries is where the density differences between adjacent body 

tissues are greatest, i.e. the lungs, the ears, the abdominal cavity, the larynx and trachea. 

(2)Secondary injury is due to building collapse and impact by missiles produced as results of 

the explosion. This give rise to laceration, penetration and blunt trauma. 

(3)Tertiary injury is due to displacement of the entire body followed by high decelerative 

impact loading which is when broken or fractured limbs can occur. 

A study performed by [60] shows that the secondary effects are the dominant cause of 

fatalities. Primary and tertiary are less important at the overpressure levels considered, 

although impairment of hearing or lung damage may effects the ability of people to escape 

from collapsed buildings. 

 

Figure G- 16: Peak overpressure of hydrogen explosion on people [3]. 
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Eisenberg et al. (1975) provide a probit model to estimate fatality as a result of lung 

haemorrhage due to the direct effect of overpressure: 

 

where Y is the probit, and p is the peak overpressure (Pa) 

The probit equation also shows that it requires relatively high blast overpressures (>1 hPa) to 

produce fatality (primarily due to lung haemorrhage). Another probit equation was developed 

by the HSE [92], based on peak overpressure: 

 

Quest [61] used the explosion/lethality relationship for the Canvey study as shown in Table 

G-4. 

 

Table G- 6: Hazardous explosion overpressure level. 

HSE 
Probit 

Peak 
overpressure 

(bar) 

Lethality 
level (%) 

1 0.2 1 

5 0.9 50 

7 3.0 95 

 

 

The accident consequences of hydrogen (i.e. fire and explosion outcomes) in terms of their 

effect zones (distances), were calculated and the result is presented in Appendix H. Since 

the model is concerned with risk it also needs frequencies for each possible event and 

outcome. Within the model the frequency of each outcome is calculated from the frequency 

of the event itself and the probabilities defined on each branch of the event tree. The event 

frequencies of the system were calculated using the Fault Tree Analysis developed as well 

as by using historical statistical data. The estimated frequencies are presented in Appendix 

F. Finally, superimposes them on the population to calculate the risk for fatalities in the 

surrounding area. The results are presented as F-N curve for societal risk and individual risk 

profiles.  

The number of people (N) affected by each accident outcome is given by: 
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where, A is fatal effect area [m2] of the outcomes, D is the population density [Pop./m2], and 

pf,i is probability that incident outcome case i will result in a fatality at location x, y (fatality 

level). 

G.4. Drawing Risk Profile 

Once risks have been calculated, the risks can be defined in terms of the complete set of 

triplet of numbers (si,fi,ci) [62]: 

 

si describes an accident scenario, fi is its expected frequency of occurrence, and ci 

represents the consequences, i.e. category and magnitude of damage. “n” is the number of 

scenarios taken into account in determining the risk. Theoretically, n would be arbitrarily 

large, since many scenarios are conceivable. In practice, however, the scenarios are not 

taken into account if they are unlikely. 

 

Table G- 7: Triplet sorted in order of increasing consequence. 

si fi ci Cumulative fi 

s1 f1 c1 

 

s2 f2 c2 

 

 

… 

 

… … … 

sn-1 fn-1 cn-1 

 

 

sn 

 

fn cn 0 
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In order to presents the estimated risks as individual and societal risk (F-N curve), the triplet 

can be transformed into the risk profiles by means of so-called “complementary cumulative 

distribution function (CCDF)”. To create a risk profile, the triplets must be ordered in 

increasing order of consequence, i.e. so that ci < ci+1, as described in the Table G-5. The 

risk profile can be plotted as a step function as in Figure G-17. 

 

Figure G- 17: F-N or F-C curve complementary probability distribution [3]. 

 

 

The individual risk (IR) profile is a two-dimensional (risk vs distance) graph, and is plot of IR 

as a function of distance from the risk source (i.e. effect distance, z). The IR is plotted as a 

logarithmic plot. Meanwhile, the societal risk (SR) is known as an F-N curve. The F-N curve 

is a plot of cumulative frequency vs consequences (expressed as number of fatalities). A 

logarithmic plot (“log-log”) is used because the frequency and number of fatalities range over 

several orders of magnitude. 
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APPENDIX H: Summary of Consequence Results 

This appendix presents summary of risk calculation results for the studied application area of 

hydrogen. The risks are presented in the following tables, based on the methodology 

discussed in the previous session.  

The overall risks presented in the appendix include seven hydrogen application areas, as 

follows: 

1) GH2 production (ATR with a membrane reactor)  

2) GH2 storage system  

3) LH2 large scale storage system  

4) LH2 storage system at fuelling station 

5) LH2 transportation (Road truck)  

6) GH2  distribution (Pipelines)  

7) LH2 mobility (private car)  

8) LH2 storage (Household uses)  
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Table H- 1: Overall risk of GH2 production with ATR membrane reactor. 

LOCs Accident 

outcome 

Weather Fatality 

Level 

Frequency 

(/yr) 

Effect Distance 

(m) 

Fatality 

(N) 

A: Membrane 

break 

Late 

explosion 

(VCE) 

2/F 
1% 

10% 

8.8∙10-10 

8.8∙10-10 

32.2 

24.5 

0 

1 

2/D 
1% 

10% 

8.8∙10-10 

8.8∙10-10 

32.2 

24.5 

0 

1 

5/D 
1% 

10% 

8.8∙10-10 

8.8∙10-10 

35.5 

26.3 

0 

1 

Early 

explosion - 
1% 

10% 

4.1 10-08 

4.1 10-08 

31.2 

20.5 

0 

0 

Fireball - 

1% 

10% 

60% 

1.6 10-07 

1.6 10-07 

1.6 10-07 

28.3 

24.6 

21 

0 

0 

1 

Flash fire 2/F 60% 5.2∙10-9 35.4 3 

2/D 60% 5.2∙10-9 31 2 

5/D 60% 5.2∙10-9 40 6 

B: Relief 

valve 

Late 

explosion 

(VCE) 

2/F 1% 

10% 

2.2∙10-7 

2.2∙10-7 

11.2 

9.2 

0 

0 

2/D 1% 

10% 

2.2∙10-7 

2.2∙10-7 

11.2 

9.2 

0 

0 

5/D 1% 

10% 

2.2∙10-7 

2.2∙10-7 

9.4 

7.8 

0 

0 

Jet fire 

2/F 1% 

10% 

2.4∙10-6  

2.4∙10-6  

13.2 

8 

0 

0 

2/D 1% 

10% 

2.4∙10-6  

2.4∙10-6  

13.2 

8 

0 

 

5/D 1% 

10% 

2.4∙10-6  

2.4∙10-6  

11.4 

7.6 

0 

0 

Flash fire 2/F 60% 8.8∙10-7   11 1 

2/D 60% 8.8∙10-7   7.5 0 
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5/D 60% 8.8∙10-7   13 1 

C: Vapor line       

rupture 

Late 

explosion 

(VCE) 

2/F 1% 

10% 

2.2∙10-7 

2.2∙10-7 

16.2 

13.5 

0 

0 

2/D 1% 

10% 

2.2∙10-7 

2.2∙10-7 

16.2 

13.5 

0 

0 

5/D 1% 

10% 

2.2∙10-7 

2.2∙10-7 

20.2 

18 

0 

0 

Jet fire 

2/F 1% 

10% 

2.4∙10-6 

2.4∙10-6 

19.1 

16.4 

0 

1 

2/D 1% 

10% 

2.4∙10-6 

2.4∙10-6 

19.1 

16.4 

0 

1 

5/D 1% 

10% 

2.4∙10-6 

2.4∙10-6 

17.3 

13.4 

0 

1 

Flash fire 2/F 60% 8.8∙10-7   14.6 0 

2/D 60% 8.8∙10-7   11.2 0 

5/D 60% 8.8∙10-7   16.3 1 

Overall Risk    5.17∙10-5   

 

 

Table H- 2:Overall risk of GH2 storage system. 

LOCs Accident 
outcome 

Weather Fatality 
Level 

Frequency 
(/yr) 

Effect Distance 
(m) 

Fatality 
(N) 

A: Tank rupture 

Late 
explosion 

2/F 1% 

10% 

8.1∙10-9 

8.1∙10-9 

110.2 

92.1 

0 

1 

2/D 1% 

10% 

8.1∙10-9 

8.1∙10-9 

110.1 

92 

0 

1 

5/D 1% 

10% 

8.1∙10-9 

8.1∙10-9 

112.3 

96 

0 

1 

Early 
explosion - 

1% 

10% 

2.7∙10-7 

2.7∙10-7 

89.7 

69.4 

0 

1 

Fireball - 1% 3.92∙10-6 42.9 0 
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10% 

60% 

3.92∙10-6 

3.92∙10-6 

35.4 

26.3 

0 

1 

Flash fire 2/F 60% 1.08∙10-6 60.5 1 

2/D 60% 1.08∙10-6 57.2 1 

5/D 60% 1.08∙10-6 136.3 2 

B: Tank leak 

Late 
explosion 

2/F 1% 

10% 

4.95∙10-6 

4.95∙10-6 

88.1 

81.8 

0 

0 

2/D 1% 

10% 

4.95∙10-6 

4.95∙10-6 

88 

82 

0 

0 

5/D 1% 

10% 

4.95∙10-6 

4.95∙10-6 

77 

68 

0 

0 

Jet fire 

2/F 1% 

10% 

56% 

1.7∙10-5 

1.7∙10-5 

1.7∙10-5 

54.3 

52.4 

49.9 

0 

0 

0 

2/D 1% 

10% 

56% 

1.7∙10-5 

1.7∙10-5 

1.7∙10-5 

56 

54.2 

52 

0 

0 

0 

5/D 1% 

10% 

56% 

1.7∙10-5 

1.7∙10-5 

1.7∙10-5 

46 

43.2 

41.4 

0 

0 

0 

Flash fire 2/F 60% 6.12∙10-6 60.8 1 

2/D 60% 6.12∙10-6 60.7 1 

5/D 60% 6.12∙10-6 57 1 

E: Liquid line         
rupture 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

1.53∙10-6 

1.53∙10-6 

29.6 

25.1 

0 

0 

2/D 1% 

10% 

1.53∙10-6 

1.53∙10-6 

29.6 

25 

0 

0 

5/D 1% 

10% 

1.53∙10-6 

1.53∙10-6 

37 

34 

0 

0 

Flash fire 2/F 60% 6.12∙10-6 17.9 0 

2/D 60% 6.12∙10-6 16 0 

5/D 60% 6.12∙10-6 24.6 0 

Overall Risk    2.3∙10-4   
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Table H- 3: Overall risk of LH2 storage at large scale. 

LOCs Accident 
outcome 

Weather Fatality 
Level 

Frequency 
(/yr) 

Effect Distance 
(m) 

Fatality 
(N) 

A: Tank rupture 

Late 
explosion 

2/F 1% 

10% 

2.8∙10-10 

2.8∙10-10 

586.3 

580 

0 

0 

2/D 1% 

10% 

2.8∙10-10 

2.8∙10-10 

390 

340.7 

0 

9 

5/D 1% 

10% 

2.8∙10-10 

2.8∙10-10 

609.6 

573.9 

0 

3 

Early 
explosion - 

1% 

10% 

8.8∙10-7 

8.8∙10-7 

297 

230.3 

0 

2 

Fireball - 

1% 

10% 

60% 

3.5∙10-6 

3.5∙10-6 

3.5∙10-6 

217 

185.3 

61.1 

1 

4 

2 

Flash fire 2/F 60% 1.1∙10-9 4374 2150 

2/D 60% 1.1∙10-9 487 22 

5/D 60% 1.1∙10-9 1258.3 143 

B: Tank leak 

Late 
explosion 

2/F 1% 

10% 

2.1∙10-7 

2.1∙10-7 

596 

563 

0 

5 

2/D 1% 

10% 

2.1∙10-7 

2.1∙10-7 

507 

474.9 

0 

5 

5/D 1% 

10% 

2.1∙10-7 

2.1∙10-7 

498.9 

469 

0 

4 

Jet fire 

2/F 1% 

10% 

56% 

5.9∙10-5 

5.9∙10-5 

5.9∙10-5 

232.6 

224.3 

213.9 

0 

1 

2 

2/D 1% 

10% 

56% 

5.9∙10-5 

5.9∙10-5 

5.9∙10-5 

232.6 

224.3 

213.9 

0 

1 

2 

5/D 1% 

10% 

5.9∙10-5 

5.9∙10-5 

186 

177.9 

0 

1 
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56% 5.9∙10-5 168.2 2 

Flash fire 2/F 60% 8.5∙10-7 460 74 

2/D 60% 8.5∙10-7 360.8 45 

5/D 60% 8.5∙10-7 378.1 49 

 

E: Vapor line         
rupture 

Late 
explosion 

2/F 1% 

10% 

2.1∙10-7 

2.1∙10-7 

68.6 

62.1 

0 

0 

2/D 1% 

10% 

2.1∙10-7 

2.1∙10-7 

59.3 

52.7 

0 

0 

5/D 1% 

10% 

2.1∙10-7 

2.1∙10-7 

62.5 

58.4 

0 

0 

Flash fire 2/F 60% 8.5∙10-7 41.9 1 

2/D 60% 8.5∙10-7 33 1 

5/D 60% 8.5∙10-7 41.5 1 

F: Liquid line         
rupture 

Late 
explosion 

2/F 1% 

10% 

2.1∙10-7 

2.1∙10-7 

178 

163.3 

0 

1 

2/D 1% 

10% 

2.1∙10-7 

2.1∙10-7 

154.2 

137.4 

0 

1 

5/D 1% 

10% 

2.1∙10-7 

2.1∙10-7 

168.1 

155 

0 

1 

Flash fire 2/F 60% 8.5∙10-7 112 4 

2/D 60% 8.5∙10-7 83.4 2 

5/D 60% 8.5∙10-7 114.8 5 

Overall Risk    5.5∙10-4   

 

Table H- 4: Overall risk of LH2 storage at fuelling station. 

LOCs Accident 
outcome 

Weather Fatality 
Level 

Frequency 
(/yr) 

Effect Distance 
(m) 

Fatality 
(N) 

A: Tank rupture 

Late 
explosion 

2/F 1% 

10% 

3.7∙10-11 

3.7∙10-11 

149.2 

131.1 

0 

1 

2/D 1% 

10% 

3.7∙10-11 

3.7∙10-11 

145 

126.3 

0 

1 

5/D 1% 

10% 

3.7∙10-11 

3.7∙10-11 

230 

220 

0 

1 
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Early 
explosion - 

1% 

10% 

7.7∙10-7 

7.7∙10-7 

109.0 

84.4 

0 

0 

Fireball - 

1% 

10% 

60% 

3.1∙10-6 

3.1∙10-6 

3.1∙10-6 

56.3 

46.7 

35.4 

0 

0 

1 

Flash fire 2/F 60% 1.5∙10-10 263 6 

2/D 60% 1.5∙10-10 220 5 

5/D 60% 1.5∙10-10 560.2 32 

B: Tank leak 

Late 
explosion 

2/F 1% 

10% 

1.3∙10-6 

1.3∙10-6 

234.1 

222.0 

0 

1 

2/D 1% 

10% 

1.3∙10-6 

1.3∙10-6 

340 

314 

0 

1 

5/D 1% 

10% 

1.3∙10-6 

1.3∙10-6 

331.6 

313.2 

0 

1 

Jet fire 

2/F 1% 

10% 

56% 

3.6∙10-4 

3.6∙10-4 

3.6∙10-4 

150.4 

146.2 

139.5 

0 

0 

1 

2/D 1% 

10% 

56% 

3.6∙10-4 

3.6∙10-4 

3.6∙10-4 

150.4 

146.2 

139.5 

0 

0 

1 

5/D 1% 

10% 

56% 

3.6∙10-4 

3.6∙10-4 

3.6∙10-4 

118.6 

114 

108.2 

0 

0 

1 

Flash fire 2/F 60% 5.1∙10-6 

 

255.4 23 

2/D 60% 5.1∙10-6 265 25 

5/D 60% 5.1∙10-6 240 21 

C: Relief valve 

Late 
explosion 

2/F 1% 

10% 

1.3∙10-6 

1.3∙10-6 

54.4 

21.5 

0 

0 

2/D 1% 

10% 

1.3∙10-6 

1.3∙10-6 

54 

21.3 

0 

0 

5/D 1% 

10% 

1.3∙10-6 

1.3∙10-6 

44 

20 

0 

0 

Flash fire 2/F 60% 5.1∙10-6 14.4 0 
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2/D 60% 5.1∙10-6 14.2 0 

5/D 60% 5.1∙10-6 17 0 

D: Rupture disk 

Late 
explosion 

2/F 1% 

10% 

1.3∙10-6 

1.3∙10-6 

56.4 

50.4 

0 

0 

2/D 1% 

10% 

1.3∙10-6 

1.3∙10-6 

57 

51.3 

0 

0 

5/D 1% 

10% 

1.3∙10-6 

1.3∙10-6 

51 

47.2 

0 

0 

Flash fire 2/F 60% 5.1∙10-6 37.6 1 

2/D 60% 5.1∙10-6 32.3 0 

5/D 60% 5.1∙10-6 40 1 

 

E: Vapor line         
rupture 

Late 
explosion 

2/F 1% 

10% 

1.3∙10-6 

1.3∙10-6 

68.6 

62.1 

0 

0 

2/D 1% 

10% 

1.3∙10-6 

1.3∙10-6 

70 

63.1 

0 

0 

5/D 1% 

10% 

1.3∙10-6 

1.3∙10-6 

62.9 

58.4 

0 

0 

Flash fire 2/F 60% 5.1∙10-6 43.0 1 

2/D 60% 5.1∙10-6 57 2 

5/D 60% 5.1∙10-6 28 1 

F: Liquid line         
rupture 

Late 
explosion 

2/F 1% 

10% 

1.3∙10-6 

1.3∙10-6 

100.6 

91.4 

0 

0 

2/D 1% 

10% 

1.3∙10-6 

1.3∙10-6 

104 

95 

0 

0 

5/D 1% 

10% 

1.3∙10-6 

1.3∙10-6 

95 

87.2 

0 

0 

Flash fire 2/F 60% 5.1∙10-6 61 1 

2/D 60% 5.1∙10-6 50 1 

5/D 60% 5.1∙10-6 66 1 

Overall Risk    3.4∙10-3   
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Table H- 5:: Overall risks of the LH2 road truck at segment route I. 

LOCs 
Accident 
outcome 

Weather Fatality 
Level 

Frequency 
(/yr) 

Effect Distance 
(m) 

Fatality 
(N) 

A: Tank rupture 

Late 
explosion 

2/F 1% 

10% 

1.8∙10-9 

1.8∙10-9 

260.0 

230.0 

0 

2 

2/D 1% 

10% 

1.8∙10-9 

1.8∙10-9 

245 

215 

0 

2 

5/D 1% 

10% 

1.8∙10-9 

1.8∙10-9 

372 

350 

0 

1 

Early 
explosion - 

1% 

10% 

2.3∙10-6 

2.3∙10-6 

186.5 

144.3 

0 

3 

Fireball - 

1% 

10% 

60% 

9.2∙10-6 

9.2∙10-6 

9.2∙10-6 

116.5 

98.8 

24.9 

0 

2 

1 

Flash fire 2/F 60% 7.4∙10-9 263.1 27 

B: Tank leak 

Late 
explosion 

2/F 1% 

10% 

9.2∙10-8 

9.2∙10-8 

344.0 

322.0 

0 

1 

2/D 1% 

10% 

9.2∙10-8 

9.2∙10-8 

333 

312 

0 

1 

5/D 1% 

10% 

9.2∙10-8 

9.2∙10-8 

311 

294 

0 

1 

Flash fire 2/F 60% 3.7∙10-7 184.4 30 

2/D 60% 3.7∙10-7 187 28 

5/D 60% 3.7∙10-7 181 27 

E: Vapor line         
rupture 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

9.2∙10-8 

9.2∙10-8 

68.6 

62.0 

0 

0 

2/D 1% 

10% 

9.2∙10-8 

9.2∙10-8 

59 

53 

0 

0 

5/D 1% 

10% 

9.2∙10-8 

9.2∙10-8 

62 

57 

0 

0 

Jet fire 2/F 1% 

10% 

2.6∙10-5 

2.6∙10-5 

148.4 

143.1 

0 

0 

2/D 1% 

10% 

2.6∙10-5 

2.6∙10-5 

136 

148 

1 

0 
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5/D 1% 

10% 

2.6∙10-5 

2.6∙10-5 

143 

136.5 

0 

1 

Flash fire 2/F 60% 3.7∙10-7 257.6 1 

2/D 60% 3.7∙10-7 246 1 

5/D 60% 3.7∙10-7 250 1 

F: Liquid line         
rupture 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

9.2∙10-8 

9.2∙10-8 

220.5 

206.6 

0 

0 

2/D 1% 

10% 

9.2∙10-8 

9.2∙10-8 

219 

206 

0 

0 

5/D 1% 

10% 

9.2∙10-8 

9.2∙10-8 

212 

200 

0 

0 

Jet fire 2/F 1% 

10% 

2.6∙10-5 

2.6∙10-5 

148.4 

143.1 

0 

0 

 2/D 1% 

10% 

2.6∙10-5 

2.6∙10-5 

136 

148 

1 

0 

 5/D 1% 

10% 

2.6∙10-5 

2.6∙10-5 

143 

137 

0 

1 

 Flash fire 2/F 60% 3.7∙10-7 120.3 13 

2/D 60% 3.7∙10-7 122 12 

5/D 60% 3.7∙10-7 119 12 

Overall Risk    3.49∙10-4   

 

 

Table H- 6: Overall risks for LH2 road truck at segment route II. 

LOCs 
Accident 
outcome 

Weather Fatality 
Level 

Frequency 
(/yr) 

Effect Distance 
(m) 

Fatality 
(N) 

A: Tank rupture 

Late 
explosion 

2/F 1% 

10% 

1.4∙10-10 

1.4∙10-10 

260.0 

230.0 

0 

3 

2/D 1% 

10% 

1.4∙10-10 

1.4∙10-10 

244 

214 

0 

3 

5/D 1% 

10% 

1.4∙10-10 

1.4∙10-10 

372 

350 

0 

2 
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Early 
explosion - 

1% 

10% 

1.7∙10-7 

1.7∙10-7 

186.5 

144.3 

0 

7 

Fireball - 

1% 

10% 

60% 

6.9∙10-7 

6.9∙10-7 

6.9∙10-7 

116.5 

98.8 

24.9 

0 

3 

2 

Flash fire 2/F 60% 5.5∙10-10 263.1 27 

B: Tank leak 

Late 
explosion 

2/F 1% 

10% 

6.9∙10-9 

6.9∙10-9 

344.0 

322.0 

0 

2 

2/D 1% 

10% 

6.9∙10-9 

6.9∙10-9 

333 

312 

0 

2 

5/D 1% 

10% 

6.9∙10-9 

6.9∙10-9 

311 

294 

0 

1 

Flash fire 2/F 60% 2.8∙10-8 184.4 30 

2/D 60% 2.8∙10-8 186 28 

5/D 60% 2.8∙10-8 182 27 

E: Vapor line         
rupture 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

6.9∙10-9 

6.9∙10-9 

68.6 

62.0 

0 

0 

2/D 1% 

10% 

6.9∙10-9 

6.9∙10-9 

59 

53 

0 

0 

5/D 1% 

10% 

6.9∙10-9 

6.9∙10-9 

62 

57 

0 

0 

Jet fire 2/F 1% 

10% 

1.9∙10-6 

1.9∙10-6 

148.4 

143.1 

0 

1 

2/D 1% 

10% 

1.9∙10-6 

1.9∙10-6 

136.5 

148 

2 

0 

5/D 1% 

10% 

1.9∙10-6 

1.9∙10-6 

143 

137 

1 

2 

Flash fire 2/F 60% 2.8∙10-8 257.6 1 

2/D 60% 2.8∙10-8 245 1 

5/D 60% 2.8∙10-8 249 1 

F: Liquid line         
rupture 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

6.9∙10-9 

6.9∙10-9 

220.5 

206.6 

0 

1 

2/D 1% 6.9∙10-9 219 0 
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10% 6.9∙10-9 206 1 

5/D 1% 

10% 

6.9∙10-9 

6.9∙10-9 

212 

200 

0 

1 

Jet fire 2/F 1% 

10% 

1.9∙10-6 

1.9∙10-6 

95.2 

91.9 

0 

0 

 2/D 1% 

10% 

1.9∙10-6 

1.9∙10-6 

87.5 

95.3 

1 

0 

 5/D 1% 

10% 

1.9∙10-6 

1.9∙10-6 

91.9 

87.5 

0 

1 

 Flash fire 2/F 60% 2.8∙10-8 120.3 27 

2/D 60% 2.8∙10-8 122.4 24 

5/D 60% 2.8∙10-8 119 25 

Overall Risk    2.56∙10-5   

 

 

Table H- 7: Overall risks for the GH2 pipeline 

Route LOCs 
Accident 
outcome 

Weather Fatality 
Level 

Frequency 
(/yr) 

Effect 
Distance 

(m) 

Fatality 
(N) 

City A 

Rupture 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

8.4∙10-8 

8.4∙10-8 

28.5 

24.3 

0 

0 

2/D 1% 

10% 

8.4∙10-8 

8.4∙10-8 

28.5 

24.3 

0 

0 

5/D 1% 

10% 

8.4∙10-8 

8.4∙10-8 

34.5 

31.1 

0 

0 

Flash fire 2/F 60% 3.4∙10-7 17.4 1 

2/D 60% 3.4∙10-7 15 0 

5/D 60% 3.4∙10-7 21.5 1 

Leak 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

9.9∙10-6 

9.9∙10-6 

27.5 

33.6 

0 

0 

2/D 1% 

10% 

9.9∙10-6 

9.9∙10-6 

27.6 

33.6 

0 

0 

5/D 1% 9.9∙10-6 24 0 
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10% 9.9∙10-6 30.6 0 

Flash fire 2/F 60% 4.0∙10-5 16.6 1 

2/D 60% 4.0∙10-5 14.3 0 

5/D 60% 4.0∙10-5 20.3 1 

City B 

Rupture 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

8.4∙10-8 

8.4∙10-8 

28.5 

24.3 

0 

0 

2/D 1% 

10% 

8.4∙10-8 

8.4∙10-8 

28.5 

24.3 

0 

0 

5/D 1% 

10% 

8.4∙10-8 

8.4∙10-8 

34.5 

31.1 

0 

0 

Flash fire 2/F 60% 3.4∙10-7 17.4 1 

2/D 60% 3.4∙10-7 15 1 

5/D 60% 3.4∙10-7 21.5 1 

Leak 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

9.9∙10-6 

9.9∙10-6 

27.5 

33.6 

0 

0 

2/D 1% 

10% 

9.9∙10-6 

9.9∙10-6 

27.5 

33.6 

0 

0 

5/D 1% 

10% 

9.9∙10-6 

9.9∙10-6 

24 

30.4 

0 

0 

Flash fire 2/F 60% 4.0∙10-5 16.6 1 

2/D 60% 4.0∙10-5 14.3 1 

5/D 60% 4.0∙10-5 20.3 1 

Village X 

Rupture 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

8.4∙10-8 

8.4∙10-8 

28.5 

24.3 

0 

0 

2/D 1% 

10% 

8.4∙10-8 

8.4∙10-8 

28.5 

24.3 

0 

0 

5/D 1% 

10% 

8.4∙10-8 

8.4∙10-8 

34.5 

31.1 

0 

0 

Flash fire 2/F 60% 3.4∙10-7 17.4 0 

2/D 60% 3.4∙10-7 15 0 

5/D 60% 3.4∙10-7 21.5 0 

Leak 
Late 
explosion 

2/F 1% 

10% 

1.9∙10-6 

1.9∙10-6 

27.5 

33.6 

0 

0 



  D4.2 – Safety Risk Assessment   

Project no: 325357 H- 14/17 01.09.2013     

(VCE) 2/D 1% 

10% 

1.9∙10-6 

1.9∙10-6 

27.5 

33.6 

0 

0 

5/D 1% 

10% 

1.9∙10-6 

1.9∙10-6 

24 

30.6 

0 

0 

Flash fire 2/F 60% 3.4∙10-7 16.6 0 

2/D 60% 3.4∙10-7 14.3 0 

5/D 60% 3.4∙10-7 20.3 0 

Village Y 

Rupture 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

8.4∙10-8 

8.4∙10-8 

28.5 

24.3 

0 

0 

2/D 1% 

10% 

8.4∙10-8 

8.4∙10-8 

28.5 

24.3 

0 

0 

5/D 1% 

10% 

8.4∙10-8 

8.4∙10-8 

34.5 

31.1 

0 

0 

Flash fire 2/F 60% 3.4∙10-7 17.4 0 

2/D 60% 3.4∙10-7 15 0 

5/D 60% 3.4∙10-7 21.5 0 

Leak 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

6.2∙10-6 

6.2∙10-6 

27.5 

33.6 

0 

0 

2/D 1% 

10% 

6.2∙10-6 

6.2∙10-6 

27.5 

33.6 

0 

0 

5/D 1% 

10% 

6.2∙10-6 

6.2∙10-6 

24 

30.6 

0 

0 

Flash fire 2/F 60% 3.4∙10-7 16.6 0 

2/D 60% 3.4∙10-7 14.3 0 

5/D 60% 3.4∙10-7 20.3 0 

Overall Risk    4.16∙10-4   
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Table H- 8: Overall risks of LH2 storage at private car. 

LOCs 
Accident 
outcome 

Weather Fatality 
Level 

Frequency 
(/yr) 

Effect Distance 
(m) 

Fatality 
(N) 

A: Tank rupture 

Late 
explosion 

2/F 1% 

10% 

2.0∙10-8 

2.0∙10-8 

27 

23.2 

0 

1 

2/D 1% 

10% 

2.0∙10-8 

2.0∙10-8 

27 

23 

0 

1 

5/D 1% 

10% 

2.0∙10-8 

2.0∙10-8 

52 

49 

0 

0 

Early 
explosion - 

1% 

10% 

2.6∙10-5 

2.6∙10-5 

21.4 

82.5 

0 

0 

Fireball - 

1% 

10% 

60% 

1.0∙10-4 

1.0∙10-4 

1.0∙10-4 

5 

3.4 

- 

0 

0 

- 

Flash fire 2/F 60% 8.2∙10-8 45.8 2 

2/D 60% 8.2∙10-8 55 3 

5/D 60% 8.2∙10-8 284.2 180 

B: Tank leak 

Late 
explosion 

2/F 1% 

10% 

1.0∙10-6 

1.0∙10-6 

77.9 

76.1 

0 

0 

2/D 1% 

10% 

1.0∙10-6 

1.0∙10-6 

79.6 

78 

0 

0 

5/D 1% 

10% 

1.0∙10-6 

1.0∙10-6 

86 

85 

0 

0 

Jet fire 

2/F 1% 

10% 

56% 

2.8∙10-4 

2.8∙10-4 

2.8∙10-4 

56 

54 

51.4 

0 

0 

1 

2/D 1% 

10% 

56% 

2.8∙10-4 

2.8∙10-4 

2.8∙10-4 

56 

54 

51.4 

0 

0 

1 

5/D 1% 

10% 

56% 

2.8∙10-4 

2.8∙10-4 

2.8∙10-4 

45 

43 

40.3 

0 

0 

1 

Flash fire 2/F 60% 4.1∙10-6 84.8 25 

2/D 60% 4.1∙10-6 94 31 
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5/D 60% 4.1∙10-6 99 34 

E: Vapor line         
rupture 

Flash fire 2/F 60% 4.1∙10-6 7.3 0 

2/D 60% 4.1∙10-6 7.6 0 

5/D 60% 4.1∙10-6 8.4 0 

F: Liquid line         
rupture 

Flash fire 2/F 60% 4.1∙10-6 8.1 0 

2/D 60% 4.1∙10-6 8.3 0 

5/D 60% 4.1∙10-6 9.4 0 

Overall Risk    2.92∙10-3   

 

Table H- 9: Overall risks of LH2 storage for households applications. 

LOCs 
Accident 
outcome 

Weather Fatality 
Level 

Frequency 
(/yr) 

Effect Distance 
(m) 

Fatality 
(N) 

A: Tank rupture 

Late 
explosion 

2/F 1% 

10% 

4.8∙10-10 

4.8∙10-10 

264.9 

234.4 

0 

4 

2/D 1% 

10% 

4.8∙10-10 

4.8∙10-10 

250.2 

230.5 

0 

4 

5/D 1% 

10% 

4.8∙10-10 

4.8∙10-10 

380.4 

363.7 

0 

2 

Early 
explosion - 

1% 

10% 

1.2∙10-6 

1.2∙10-6 

189.6 

146.7 

0 

3 

Fireball - 

1% 

10% 

60% 

5.0∙10-6 

5.0∙10-6 

5.0∙10-6 

119.1 

101.0 

25.8 

0 

1 

1 

Flash fire 2/F 60% 1.9∙10-9 1525.7 475 

2/D 60% 1.9∙10-9 345.3 11 

5/D 60% 1.9∙10-9 825.7 64 

B: Tank leak 

Late 
explosion 

2/F 1% 

10% 

2.4∙10-7 

2.4∙10-7 

344.0 

322.8 

0 

2 

2/D 1% 

10% 

2.4∙10-7 

2.4∙10-7 

335 

320 

0 

2 

5/D 1% 

10% 

2.4∙10-7 

2.4∙10-7 

313 

312.6 

0 

1 
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Jet fire 

2/F 1% 

10% 

56% 

6.8∙10-5 

6.8∙10-5 

6.8∙10-5 

148.4 

143.1 

136.4 

0 

0 

1 

2/D 1% 

10% 

56% 

6.8∙10-5 

6.8∙10-5 

6.8∙10-5 

148.2 

143.1 

136.1 

0 

0 

1 

5/D 1% 

10% 

56% 

6.8∙10-5 

6.8∙10-5 

6.8∙10-5 

120 

114 

108 

0 

0 

1 

Flash fire 2/F 60% 9.8∙10-7 184.5 12 

2/D 60% 9.8∙10-7 187 12 

5/D 60% 9.8∙10-7 183 12 

E: Vapor line         
rupture 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

2.4∙10-7 

2.4∙10-7 

68.6 

62.1 

0 

0 

2/D 1% 

10% 

2.4∙10-7 

2.4∙10-7 

60 

53 

0 

0 

5/D 1% 

10% 

2.4∙10-7 

2.4∙10-7 

63 

58 

0 

0 

Flash fire 2/F 60% 9.8∙10-7 17.6 0 

2/D 60% 9.8∙10-7 15 0 

5/D 60% 9.8∙10-7 20 0 

F: Liquid line         
rupture 

Late 
explosion 

(VCE) 

2/F 1% 

10% 

2.4∙10-7 

2.4∙10-7 

103.4 

93.6 

0 

0 

2/D 1% 

10% 

2.4∙10-7 

2.4∙10-7 

86 

76 

0 

0 

5/D 1% 

10% 

2.4∙10-7 

2.4∙10-7 

96 

88 

0 

0 

Flash fire 2/F 60% 9.8∙10-7 27.9 0 

2/D 60% 9.8∙10-7 24 0 

5/D 60% 9.8∙10-7 33 0 

Overall Risk    6.4∙10-4   

 

 



  D4.2 – Safety Risk Assessment   

Project no: 325357 H- 18/8 01.09.2013     

APPENDIX I: Safety distance determination 

In order to facilitate the introduction of a new technology, as it is the utilization of hydrogen as 

an energy carrier, development of safety codes and standards, becomes a very important 

action to be realized. 

Useful tools of work could be the existing gaseous fuel codes (natural gas and propane) 

regulating the stationary and automotive applications. 

Some safety codes have been updated to include hydrogen, but they have been based on 

criteria and data applicable for large industrial facilities making the realization of public 

hydrogen infrastructures prohibitive in terms of space. 

In order to solve the above mentioned problems, others questions come out: How these 

safety distance have been defined? Which hazard events have been taken as reference for 

calculation? Is it possible to reduce the safety distances through an appropriate design of 

systems and components or through the predisposition of adequate mitigation measures? 

Safety distances are always defined to have some space from the hazardous installation to 

different types of targets, so they are generally predisposed to keep a hydrogen facility or 

system far enough away from people and other facilities to minimize the effects of an 

accidental event such as fire and explosions. Moreovern safety distances prevent the 

propagation of those events to other installations or components avoiding the happening of 

the so-called “domino effect”. At distances superior to the defined safety distances it is 

generally assumed that no consequences can be caused by an accidental event related to 

the hazardous installation. 

The targets to which refer the safety distances can be tied up to activity conducted inside the 

hazardous installation or to activity and in general to the social life, conducted outside. 

Typical targets, to which refer the safety distances are sources of ignition, other hazardous 

installations or components, storages of flammable or explosive substances as well as 

oxidizing ones, area where people are likely to congregate (school hospital etc.) street of 

high communication or railways and so on. 

The provision of adequate distance or separation zones around equipment is a fundamental 

consideration for safe layout. By understanding the protection afforded by increasing the 

safety distance, one can ptimize the safety protection ofa piece of equipment. In most cases, 

the safety distance to provide protection from all possible event sis not practicable. 

Therefore, an assessment of the frequency of the event and the potential consequence is 

necessary to understand which risks can be reasonably mitigated by a safety distance. If the 



  D4.2 – Safety Risk Assessment   

Project no: 325357 H- 19/8 01.09.2013     

safety distance is too large, additional mitigating og prevention measures should be 

considered and the safety distance re-calculated [8]. 

Figure I-1 shows a typical relationship of cumulative frequencies of different leak diameters 

and safety distances to protect people, equipment or structures from a specifies level of 

harm. 

 

Figure I- 1: Risk approach for establishing safety distances [9]. 

 

I.1. Methodology for the evaluation of the safety distances  

Figure I-2 shows the necessary steps for the evaluation of the safety distances required on a 

given equipment on which hazard sources and sensitive objects have been identifies. This 

methodology is an iterative process. According to this, the screening of the foreseeable 

hazard events called “deviations” associated with the hazard sources shall be based firstly 

on probabilities and frequencies, then on harm criteria as described below. 
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Figure I- 2: Event tree for safety distance evaluation [8]. 

For a given object, the successive questions to be answered concerning a possible hazard 

event or deviation are:  

1. *What is the frequency Fd of the concerned deviation?  

(e.g., frequency of a specific pipe or valve leakage, modified by prevention device)  

Fd may increase/decrease as a function of the potential source population (e.g., the number 

of valves on a given panel or the probability of delayed or immediate ignition).  

2. *Is this frequency less than fixed individual harm exposure threshold frequency Ft?  

If the answer is YES, the considered deviation is low enough to be excluded from the 

calculation of the safety distance, so examine another deviation.  

 If the answer is NO, the next question is:  

 

3. *Is there a geometric risk reduction to take into account, that is to say a probability 

Pg<1 that the object would be exposed to the hazard source?  

(e.g., the probability that a jet fire would point toward a specific piece of equipment is 

generally less than 1)  

If no geometric risk reduction is identified, Pg=1.  



  D4.2 – Safety Risk Assessment   

Project no: 325357 H- 21/8 01.09.2013     

Missiles case: the probability Fd*Pg that a missile would reach a specific object is generally 

very low; consequently, a safety distance for the protection against missiles is not considered 

in this Technical Note. 

4. *Is Fd*Pg less that Ft?  

If the answer is YES, the risk of reaching the object is low enough to eliminate the 

considered deviation from the calculation of the safety distance, so go through another 

deviation (this can mean consider the same object but another source).  

 If the answer is NO, the next questions is:  

5. *Is there any mitigating measure, whose probability of failure Pm<1 is known?  

(e.g., a deluge system can protect a piece of equipment from a damaging heat flux. See 

section 5)  

If there is no mitigating measure likely to eliminate the damage caused by the considered 

deviation or if it is inoperative Pm=1.  

6. *Is Fd*Pg*Pm less than Ft?   

If the answer is YES, the considered deviation is associated with a sufficient mitigation to be 

excluded from the calculation of a safety distance, so examine another deviation.  

If the answer is NO, the next question is:  

7. *Is Fd*Pg*Pm less than 100*Ft?  

If the answer is YES, taking into account geometric risk reduction and reliability of mitigating 

measure(s), the considered deviation is rather unlikely to cause the feared damage. This 

allows to choose distance the calculated distance Xd related to effects defined as "harm 

criteria".  

 

If the answer is NO, in spite of geometric risk reduction and mitigation, the feared damage 

frequency remains too high compared to the fixed threshold frequency Ft. Therefore, the 

recommended safety distance shall be the calculated distance Xd related to “no harm”.  

In both cases, the last question is:  

8. *Is this distance Xd acceptable as a safety distance linked to the considered object?  

If the answer is YES, go through another deviation iteratively until all the identified deviations 

have  been examined and the corresponding safety distances determined. The largest  

distance will be the  safety distance linked to the considered object.  

Then, repeat the process with another object and the associated possible deviations to find 

another safety distance linked to this other object. Carry on the process with other identified 

sources....and so on until all the identified objects have been examined and the linked safety 

distances determined.  

The largest distance will be the FINAL safety distance.  

If the answer is NO, the feared damage frequency has to be reduced. This can be done 

using:  

• an alternative prevention, thus reducing the considered deviation frequency (Fd)  
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• or the alternative mitigation, thus reducing the probability of mitigation inefficient (Pm)  

With the process complete, there will be a list of safety distances related to types of objects.  

Such methodology however, was not possible to be implemented for hydrogen application 

area in the present study, since a quite detailed description of the studied processes should 

be provided from the beginning (e.g. to calculate the geometric risk reduction factor ,etc.) 

Additionally, besides the above mentioned methodology for the setting of a safety distance, 

in the majority of cases the numerical value come out from the know-out collected during 

years of industrial application’s exercise. This means that often, when the numerical value of 

a safety distance is fixed on the basis of the experience  

acquired during the exercise of industrial plant, the derives value might be too high to be 

applied to hydrogen installations. That is actually the case of the existing codes and 

standards that refers to NFPA 50A (see Table I-1), which is for hydrogen storage and not for 

hydrogen filling stations or other hydrogen applications. In this way, the results are prohibitive 

[8]. 
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Table I- 1: Numerical values of some proposed safety distances for hydrogen systems located 

outdoor [8], [63]. 

Vulnerable target 
NPFA 

50A1
 

IGC 

15/96/E 

Italian 

Guideline for 

hydrogen filling 

stations 

Open flames and 

other source of 

ignition 

7.5m 5m 10m 

Wall openings 3 or 7m (2) 5m 10m 

Air compressor 

intakes or inlets to 

ventilating or air-

conditioning 

equipment 

15m  20m (6) 

Concentration of 

people 

7.5 or 

15m (3) 
8m 20m 

Flammable liquids 

above gound 
3-15m (4) 8m 10m 

Flammable liquids 

below gound 
3-7m(4) 

3-5 m 

(5) 
10m 

Flammable gas 

storage, either 

high pressure or 

low pressure, 

other than 

hydrogen 

3-15m (4) 5m 8-10m 

Gaseous oxygen 

storage 

(cylinders) 

 5m 10m 

Fast burning 

solids such as 

ordinary lumber, 

excelsior or paper 

15m  10m 

Slow burning 

solids such as 

heavy timber or 

coal 

7.5m 8m 10m 

(1) 
all the values have been converted in SI units 
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(2) 3.1 m if they are above the system; 7.6m in the other case 

(3) depending on hydrogen inventory 

(4) depending on flammable liquid, hydrogen inventories and on specific vulnerable target 

(tank or vent and connections) 

(5) depending of the vulnerable target is the tank or vent and connections 

(6) the value can be 50% reduced if there is a protective wall between the hydrogen 

component and the vulnerable target. 
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