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Abstract 

The scope of this paper is the development and implementation of a safety risk assessment 

methodology to highlight hazards potentially prevailing during autothermal reforming of natural 

gas for hydrogen production in a membrane reactor, as well as to reveal potential accidents 

related to hydrogen under certain conditions. The newly developed methodology is able to cover 

all possible risk scenarios. The methodology was applied to a novel autothermal membrane 

fluidized bed reactor integrated within a micro-CHP system of 5 kWel with a PEM fuel cell. The 

system modelled is based on a prototype developed within the European ReforCELL project. A 

thorough safety risk assessment methodology was applied examining and evaluating the final 

outcomes of hydrogen release accident scenarios. The main conclusion of this analysis is that 

hydrogen may lead to a series of accident types that may pose a threat to the public safety, 

however, all considered scenarios fall well within the standard criteria, which indicates the 

adequate safety of this novel technology.  
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1. INTRODUCTION 

In recent years a great effort has been dedicated to the gradual substitution of ordinary fossil 

fuels by new energy carriers, primarily because of the simultaneous depletion of natural 

resources, rapid increase in the worldwide energy demand and impact of anthropogenic CO2 

emissions on climate change. Hydrogen is emerging as a future alternative for mobile and 

stationary energy conversion systems in addition to its use in chemical and petrochemical 

applications, mainly because it is an energy-efficient and low-polluting fuel. Alternatively, aiming 

at environmental benefits, the combinatorial use of hydrogen with other gaseous fuels (i.e. 

natural gas) to increase the conversion efficiency is under consideration [1]. 

On the other hand, a full deployment of hydrogen as the preferred energy carrier will surely be 

influenced by the public acceptance of hydrogen mainly based on safety concerns for both 

production (centralized or distributed) and utilization (automotive or residential). The public 

perception is definitely influenced by past circumstances of severe accidents with significant 

economic and societal costs. While the causes of these accidents should be better evaluated, 

surely better safety measures related to hydrogen are required [2]. To this end, a better 

knowledge of potential hazards and ways to better evaluate risk zones around hydrogen 

installations are required. 

 

In this paper, a thorough safety risk assessment methodology has been developed and applied 

to the case of hydrogen production through an autothermal membrane reformer (ATR-MR) 

integrated within a micro-CHP system of 5 kWel based on a PEM fuel cell. The system under 

investigation is based on a prototype developed within the ReforCELL European project. The 

safety risk assessment analysis covers the hazard identification, frequency assessment, 

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

applied, which measures risk through risk analysis methods and relates it to established 

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

measures. 

 

First the membrane reactor concept and system design will be described, followed by the 

description of the risk identification strategy and finally the risk evaluation will be carried out. 

 

2. Autothermal reforming of NG in a fluidized bed membrane reactor concept 

Fuel cell development has seen remarkable progress in the past decade because of the 

increasing need for further improvements in energy efficiency and the possibility of clean energy 

conversion, two main pillars of the H2020 European research agenda. Because of the direct 

transformation of chemical energy into electrical energy, the fuel cells are not limited by the 

Carnot cycle efficiency, resulting in a higher energy efficiency than can be achieved with any 

other current energy conversion cycle. Small scale applications (up to 100 kW) include primary 

propulsion for light duty vehicles, auxiliary power units, and portable power for residential 

applications (combined heat and power application, CHP) [3].  

Polymer electrolyte membrane fuel cells (PEMFCs) are primarily suited for residential, 

commercial and transportation applications. While PEMFCs offer a higher power density 

compared with other fuel cell systems, they require ultrapure H2 (<10 ppm CO) because of 

extreme sensitivity of the anode catalyst towards CO poisoning. This has essentially raised the 
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need to develop reactor (and separation) technologies for the production of ultrapure H2 from 

fossil fuels with very high energy efficiency [4], especially when small scale hydrogen production 

applications are concerned. 

Indeed, on an industrial scale, most of the hydrogen is currently produced via steam reforming 

of natural gas. The conventional process involves feed gas preheating and pre-treatment (such 

as hydro-desulphurization), primary and secondary reformers (often multi-tubular fixed-bed 

reactors) and high and low temperature shift converters, CO2 removal and methanation units. 

Often a PSA (Pressure Swing Adsorption) unit is used to achieve the desired hydrogen purity. In 

view of thermodynamic limitations and the high endothermicity of steam reforming, heat transfer 

at high temperatures (850-950 °C) is required, whereas excess of steam is used to avoid carbon 

deposition (typical feed H2O/CH4 molar ratios are 2-5) [5,6]. 

For the production of ultra-pure hydrogen for small scale applications, this route is not attractive 

because of the large number of process units required, which makes downscaling 

uneconomical, especially because of the difficulties in heat integration. A high degree of process 

integration and process intensification can be accomplished by integrating hydrogen perm-

selective membranes in the steam reformer [7,8]. Via the integration of hydrogen perm-selective 

membranes, the number of process units can be drastically reduced while the total required 

reactor volume can be largely reduced. At the same time higher methane conversions and 

hydrogen yields beyond thermodynamic equilibrium limitations can be achieved, at lower 

temperatures and with higher overall energy efficiencies [9–13]. 

Autothermal operation without external or internal heat exchange can be accomplished through 

a combination of steam reforming and oxidation, which together with the membrane integration 

inside a fluidized bed reactor allows to combine the benefits of both separation and purification 

via the membranes and benefits derived from fluidization, viz. good heat and mass transfer, 

uniform temperature and low pressure drop. [14]. 

 

3. System description 

In order to assess the hydrogen production process through an ATR-MR system, a fluidized bed 

membrane reactor was considered, as designed by the Chemical Process Intensification group 

at the Eindhoven University of Technology which was used as a base case for a prototype 

developed within the European ReforCELL project.  
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Figure 1: Process flow diagram of the ATR Membrane Reactor set-up. 

 

The process flow diagram (Figure 1) shows that the setup consists of six sections: a feed 

section, a steam feed section, a reactor section, a permeate side, a retentate side and an 

analysis section.  

The feed section consists of the feed gases supply from gas cylinders (mainly CH4, Air/O2 and 

N2) and mass flow controllers to set the desired flow rate and gas composition. All gas supply 

lines are additionally protected with pneumatically operated shut-off valves to cut-off gas supply 

in case of an emergency shutdown. For the steam feed section, a Controlled Evaporator Mixer 

(CEM) system is used to generate steam. The steam supply lines (connected to the reactor 

exhaust lines) are insulated and covered with electrical tracing to keep the temperature 

sufficiently high (~200 ℃) to avoid water condensation and pressure fluctuations in the reactor 

due to droplet formation. 

The reaction section consists of the fluidized bed membrane reactor which is heated by three 

electrical furnaces in order to overcome unavoidable heat losses. The reforming catalyst is a Ni-

based catalyst with an average particle size of approximately 160 μm. 

The reactor feed (using a three-way valve to bypass the reactor), reactor exhaust (retentate 

section), product H2 (permeate section) streams are sampled and their composition analysed 

using an IR analyser, with which the H2, CO, CO2 and CH4 content is measured. 
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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 fuel feed with air (3-6). 

The intake of air is below stoichiometric, and regulated in order to control the 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 the reforming reactions, the higher hydrocarbons (C2-C4) and 

some of the methane are oxidized.  

𝐶𝐻4 + 𝐻2𝑂 <=> 𝐶𝑂 + 3𝐻2 𝛥𝐻298𝐾
𝑜 = 206 𝑘𝐽 𝑚𝑜𝑙⁄  (1) 

𝐶𝑂 + 𝐻2𝑂  <=> 𝐶𝑂2 + 𝐻2 𝛥𝐻298𝐾
𝑜 = −41 𝑘𝐽 𝑚𝑜𝑙⁄  (2) 

𝐶𝐻4 + 2𝑂2   ⟹ 𝐶𝑂2 + 2𝐻2𝑂 𝛥𝐻298𝐾
𝑜 = −802 𝑘𝐽 𝑚𝑜𝑙⁄  (3) 

𝐶2𝐻6 + 3.5𝑂2   ⟹ 2𝐶𝑂2 + 3𝐻2𝑂 𝛥𝐻298𝐾
𝑜 = −1428 𝑘𝐽 𝑚𝑜𝑙⁄  (4) 

𝐶3𝐻8 + 5𝑂2   ⟹ 3𝐶𝑂2 + 4𝐻2𝑂 𝛥𝐻298𝐾
𝑜 = −2044 𝑘𝐽 𝑚𝑜𝑙⁄  (5) 

𝐶4𝐻10 + 6.5𝑂2   ⟹ 4𝐶𝑂2 + 5𝐻2𝑂 𝛥𝐻298𝐾
𝑜 = −2657 𝑘𝐽 𝑚𝑜𝑙⁄  (6) 

 

The reaction takes place over a bed of fine catalyst fluidized either in the bubbling or turbulent 

fluidization regime operated at 600 ℃ and 8 bar. The 13 membranes (40 cm) do not extend all 

the way to the gas distributor, i.e. the bottom part of the reactor is filled only with catalyst so that 

total oxidation and reforming reactions take place and the mixture reaching the membranes 

already contain produced hydrogen in order to maximize the membrane permeation flux.  

 

4. Safety Risk Assessment Methodology 

The Safety Risk Assessment methodology 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 in 

more detail in the following sections. 

 

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 examined system. 

 

4.2 Hazard identification analysis 

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

hazard identification is of paramount importance to the quality of the risk assessment. Overall, 

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

mishaps that these hazards may create. 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 are used in order to 

ensure that possible hazards have not been ignored or overlooked. 
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In this work, taking into consideration the advantages and disadvantages of each hazard 

identification method, a combination of the HAZID analysis with the Fault tree (FTA) and the 

Event tree (ETA) analysis was selected as the most appropriate methodological approach 

providing complete data for each case. Indeed, starting with the HAZID most of the accident 

scenarios can be identified. The following FTA and ETA help in identifying accident scenarios 

possibly missing in the preceding HAZID. This procedure was used and verified within the EU 

project H2Trust (the interested reader is referred to the open deliverables and reports of 

H2Trust). 

 

4.3 Accident scenario selection 

 

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

(reactor) and piping systems. Each of them, of course, may break or rupture in a large 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 as large as 

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

whether the release is instantaneous or continuous. Based on the above assumptions, the 

following representative set of events (“Top Events”) was considered in this study: 

 

A) Instantaneous release of hydrogen due to breakage of the membrane inside the reactor. 

B) Continuous release of hydrogen in the vapor phase due to a relief valve fails open. 

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

vapor lines (permeate side) 

 

4.4 Risk estimation 

The risk of each accident scenario is 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 assessment 

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

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

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 the hazardous events and the corresponding contributory 

events are conveniently represented as a ‘Fault Tree” (FTA) (see Figure 1 and 2 in the 

supplementary material). The frequency of each accident scenario is calculated based on an 

analytical method using Boolean algebra operations in order to transform a FTA into minimal cut 

sets where the frequency is eventually determined. 
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Table 1: Expected frequencies of the membrane reactor. 

Release Type Frequency (/yr) 

Instantaneous 9.8∙10-8 

Continuous 5.07∙10-6 

Total 5.2∙10-6 

 

The expected frequencies calculated based on the FTA consider both an instantaneous and 

continuous hydrogen release and are presented in Table 1. Once the frequency estimation of 

each accident scenario has been completed, each event is classified in terms of its frequency 

according to the Table 2. This table gives a detailed description of the frequency assessment 

categories “A” to “E”. 

 

Table 2: Description of Frequency assessment levels[16].  

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 

the possible outcomes of a single initiating event are described. Figures 2 illustrates the event 

tree diagram to develop incident outcomes from a hydrogen release in the gaseous phase. 

 

 

 



8 
 

 

 
Figure 2: Event tree diagram of GH2 release [17]. 

 

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 dispersed for a certain amount at time or it 

may not ignite at all. For a given release of hydrogen an early explosion, fireball, or jet fire 

outcomes may occur, if it is followed by immediate ignition. 

Frequencies of the event outcomes (such as explosion, fireball, etc.) for a given scenario are 

calculated by multiplying the initial frequency with the associated branch probabilities of the 

event tree diagram. Several references [18–20] 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 [18–20], it can 

be considered that the probability is 0.2 for explosion, and 0.8 for fire. Table 3 gives a summary 

of the incident outcome probabilities used in this study.   

 

Table 3: Accident outcome frequencies of GH2 production with the membrane reactor. 

Release Type 
Conditional Probability 

on Release 
Outcome Probability 

Outcomme 

Frequency (/yr) 

Instantaneous Early explosion 0.008 4.1∙10-8 

Fireball 0.030 1.6∙10-7 

Initiating  
Event 

Instantaneous 
release 

Immediate 
ignition 

Delayed  
ignition 

Explosion  
or fire 

Incident 
Outcome 

      
   YES 

 Explosion 
 YES   

    NO 
Fireball/Jet fire 

     
      
 YES     

    YES 
VCE 

   YES  

    NO 
Flash fire 

  NO   

      
   NO  

Gas release 
(Harmless) Hydrogen 

Release 
    

(Leakage /Rupture)      
      
  YES   

Jet fire 
     
      
      
 NO     

    YES 
VCE 

   YES  

    NO 
Flash fire 

  NO   

      
   NO  Gas release 

(Harmless)      
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Late explosion 0.000 8.8∙10-10 

Flash fire 0.001 5.2∙10-9 

Continuous Jet fire 0.475 2.4∙10-6 

Late explosion 0.043 2.2∙10-7 

Flash fire 0.171 8.8∙10-7 

No effect 0.273 1.4∙10-6 

Overall 1.000 5.2∙10-6 

 

 

Once the initiating event has been 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 discharged (or total time of discharge) and the state of the 

discharge (liquid, vapor or a combination). A dispersion model is subsequently used to describe 

how the material is transported downwind and dispersed to certain 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). In this way, these effect models rely on the 

general principle that severity of the outcome is a function of the distance from the source of the 

release, called effect distance. Therefore, each of the incident outcomes was modelled for 

different shapes and sizes, as this is required for proper risk calculations. 

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

be very serious, serious, irreversible or (where appropriate) indirect was classified and is 

shown in Table 4. 

Table 4: Threshold values for delimiting the consequences [22]. 

Consequence description Heat radiation 
Overpressure 

(mbar) 

Limit for very serious hazard to 

human life 

Greatest distance to: 

8 kW/m2 or 1800 

[(kW/m2)4/3].s 

200 

Limit for serious hazard to human 

life 

Greatest distance to: 

5 kW/m2 or 1000 

[(kW/m2)4/3].s 

140 

Limit for significant  hazard to 

human life (irreversible damage) 

Greatest distance to: 

3 kW/m2 or 600 [(kW/m2)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 2 in the supplementary material. 
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In the following sections the procedure to calculate the fatalities associated to each event is 

reported in detail. First we will calculate the discharge rate of hydrogen. The higher the 

discharge rate the higher the possibility of fatalities. Based on the material discharged, we will 

apply different models to evaluate the dispersion of the hydrogen and the consequences to the 

population to finally calculate the number of fatalities.  

 

4.4.2.1. Source models - Discharge model 

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 a 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 [23]: 

 

�̇� = 𝐶𝐷𝐴𝑃1√
2𝑔𝑐

𝑅𝑔

𝑀

𝑇1

𝑘

𝑘 − 1
[(

𝑃2

𝑃1
)

2 𝑘⁄

− (
𝑃2

𝑃1
)

𝑘+1 𝑘⁄

]                     (𝐸𝑞 − 1) 

where: 

�̇�: mass flow rate of gas through the hole (mass/time) 

𝐶𝐷: discharge coefficient (dimensionless) 

𝐴 ∶ area of the hole (m2) 

𝑃1: pressure upstream of the hole (N/m2) 

𝑃2: downstream pressure (= 101325 N/m2) 

𝑀𝑤: molecular weight of the gas (kg/kmol) 

𝑅𝑔: universal gas constant (= 8314 J/kmol/K) 

𝑇1: initial upstream temperature of the gas (K) 

𝑘: heat capacity ratio, 𝐶𝑝 𝐶𝑣⁄  (= 1.41 for H2) 

𝑔𝑐: gravitational acceleration (= 9.80 m/s2) 

 

The velocity of the gas is given by: 

𝑢 = 2𝐶𝐷

𝑘

𝑘 − 1

𝑃1

𝜌𝑜
[1 − (

𝑃2

𝑃1
)

𝑘+1 𝑘⁄

]          (𝐸𝑞 − 2)     

4.4.2.2. Dispersion models 

Typically, the dispersion calculations provide an estimate of the affected area and the expected 

average vapor concentrations. The simplest calculations require an estimate of the release rate 
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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. 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 3 in the supplementary material. 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. The present study considers 

three weather conditions recommended by TNO [21], weather type of 2/F, 2/D and 5/D. 

Continuous release 

The continuous release profile extends from the source downwind. 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 concentration profile for continuous release (plume) is given by [24,25]: 

𝑐(𝑥, 𝑦, 𝜁) = 𝑐𝑜(𝑥)𝐹𝑣(𝜁)𝐹ℎ(𝑦)            (𝐸𝑞 − 3) 

where 

𝑐𝑜(𝑥) =
�̇�

𝜋𝑢𝜎𝑦𝜎𝑧
;   𝐹ℎ(𝑦) = 𝑒𝑥𝑝 [− (

𝑦

√2𝜎𝑦

)

𝑚

] ;   𝐹𝑣(𝑦) = 𝑒𝑥𝑝 [− (
𝜁

√2𝜎𝑧

)

𝑚

]         (𝐸𝑞 − 4) 

and 

𝑚 ∶̇  mass emission rate (kg/s) 

𝑢 ∶ wind speed (m/s) 

𝜎𝑦 ∶ standard deviation of horizontal profile of cloud concentration (dispersion coefficient) (m) 

𝜎𝑧 ∶ standard deviation of vertical profile of cloud concentration (dispersion coefficient) (m) 

𝑦 ∶ the crosswind distance from the cloud axis (m) 

𝜁 ∶ the distance from the plume centre line (m) 

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 

center-line and z = 0 to ground-level. In addition to these Cartesian co-ordinates use is made of 

the ‘cloud’ coordinates s and ζ, where the co-ordinate ζ indicates the direction perpendicular to 

the plume centre-line and perpendicular to the y-direction.  

Instantaneous release 
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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 for instantaneous release is 

given by the following equation with an exponential decay in x, y, ζ described by means of 

(‘passive’) dispersion coefficients σx = σy, σz, and with a near field top-hat profile (e.g. sharp-

edge jet) developing into a Gaussian profile in the far field. 

𝑐(𝑥, 𝑦, 𝜁, 𝑡) = 𝑐𝑜(𝑥)𝐹𝑣(𝜁)𝐹ℎ(𝑥, 𝑦)             (𝐸𝑞 − 5) 

where 

𝑐𝑜(𝑥) =
�̇�(𝑡)

𝜋3 2⁄ √2𝜎𝑥𝜎𝑦𝜎𝑧

;   𝐹𝑣(𝑦) = 𝑒𝑥𝑝 [− (
𝑦

√2𝜎𝑦

)

𝑚

] ;  

 𝐹𝑣(𝑥, 𝑦) = 𝑒𝑥𝑝 {− [(
𝑥 − 𝑥𝑐𝑙𝑑(𝑡)

√2𝜎𝑥

) + (
𝑦

√2𝜎𝑦

)]

𝑚

}           (𝐸𝑞 − 6) 

The co-ordinate ζ indicates the vertical distance above the plume centre-line and perpendicular 

to the y-direction. Furthermore, xcld(t) is the downwind distance of the centre of the cloud at time 

t, and �̇� is the mass (kg) in released at time t.  

 

4.4.2.3. 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 (e.g. jet fire, VCE, flash fire, fireball, etc.) 

shows a different type of fire and explosion results.  

The surface emissive power (SEP) is the heat flux due to heat radiation from a surface area. It 

can be calculated with the following equation [26]:  

𝑆𝐸𝑃 =
𝐹𝑟𝑎𝑑�̇�𝛥𝛨𝑐

𝐴
            (𝐸𝑞 − 7) 

Where: 

𝑆𝐸𝑃 ∶ surface emissive power, [W/m2] 

𝐹𝑟𝑎𝑑 ∶ fraction of heat radiated (= 0.15 for hydrogen) [-] 

m ∶̇  mass emission rate [kg/s] 

𝛥𝛨𝑐 ∶ heat of combustion [J/kg] 

𝐴 ∶ surface area of the flame [m2] 

 

The heat flux q at a certain distance from the fire, which is experienced by the receiver per unit 

area, can be calculated by: 

𝑞 = 𝑆𝐸𝑃 ⋅ 𝐹𝑣𝑖𝑒𝑤 ⋅ 𝜏𝑎            (𝐸𝑞 − 8) 

Where: 

𝑞 ∶ the heat flux at a certain distance, [W/m2] 

𝐹𝑣𝑖𝑒𝑤 ∶ the view factor (emissivity) 

𝜏𝑎 ∶ the atmospheric transmissivity 

 

4.4.2.4. 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 
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fire models predict the radiant flux generated from the outcomes. These models rely on the 

general principle that the severity of the outcome is a function of the distance from the source of 

release. The next step in the risk assessment methodology 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 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 [27]: 

𝑝 =
1

√2𝜋
∫ 𝑒𝑥𝑝 (−

𝑢2

2
) 𝑑𝑢 

𝑌−5

−∞

        (𝐸𝑞 − 9) 

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: 

𝑝 = 50 [1 +
𝑌 − 5

|𝑌 − 5|
𝑒𝑟𝑓 (

|𝑌 − 5|

√2
)]         (𝐸𝑞 − 10) 

where: 

erf(𝑥) =
2

√𝜋
∫ 𝑒−𝑡2

𝑑𝑡

𝑥

0

           (𝐸𝑞 − 11) 

For thermal radiation 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 [28]. 

Eisenberg et al. (1975) developed a probit model to estimate fatality levels for a given thermal 

dose [17] as given below: 

𝑌 = −14.9 + 2.56𝑙𝑛 (
𝑡 ⋅ 𝐼4 3⁄

104 )            (𝐸𝑞 − 12) 

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 overpressure impacts, the purpose of the explosion impact models is to predict the impact 

of blast overpressure and projectiles on people. 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. A study performed by [29] 

shows that the effects due to building collapse and impact by missiles produced as a result of 

the explosion are the dominant causes of fatalities. 
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A probit equation was developed by the HSE [30], based on peak overpressure: 

𝑌 = 1.47 + 1.37𝑙𝑛(𝑝)           (𝐸𝑞 − 13) 

where Y is the probit, and p is the peak overpressure (Pa). 

The accident consequences of hydrogen (i.e. fire and explosion outcomes) were calculated in 

terms of their effect zones (distances) and the results are presented in Table 11. Finally, 

superimposing them on the population the risk for fatalities in the surrounding area is calculated. 

The results are presented as F-N curves for societal risk and individual risk profiles.  

The number of people (N) affected by each accident outcome is given by: 

𝑁𝑖 = ∑(𝐴 ⋅ 𝐷)𝑥,𝑦 ⋅ 𝑝𝑓,𝑖

𝑥,𝑦

                    (𝐸𝑞 − 14) 

where, A is fatal effect area [m2] of the outcomes, D is the population density [Pop./m2], and pf,i 

is the probability that the incident outcome case i will result in a fatality at location x, y (fatality 

level) as calculated above. 

 

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 in the supplementary material, to 

determine whether risk mitigation measures are required or whether safety has been achieved. 

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 10 in the supplementary material. 

It is evident that if the risk evaluation results in a risk level of “H”, the risk is intolerably high and 

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

acceptable and no further mitigation measures are required. Risk levels “M” indicate the 

intermediate level where some form of mitigation measures are required 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. 

 

4.6 Acceptance criteria 

 

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

criteria. Acceptance criteria are 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 [31]. This study uses the 

risk acceptance criteria called “ALARP” (as shown in Figure 3) proposed by the European 

Integrated Hydrogen project phase 2 (EIHP2) [16,31]. 

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 so low, that 
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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 3) represents the risk acceptance curve. The region 

between this line and the lower line denotes the ALARP area. For scenarios with a 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. 

 

 
Figure 3: Societal risk curve, F-N 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. 

 

 

 

4.7 Mitigation measures 
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After the risk levels are evaluated using the Risk Matrix for each failure scenario, the 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 analyzed 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 3  in the 

supplementary material shows a typical example for establishing safety distances [32]. 

According to Figure 3 in the supplementary material, 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. 

 

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. 

 

 

5. Risk results presentation 

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

shown in Figure 4 in the supplementary material, illustrating the relationship between the risk 

calculation model and its input and output. 

 

 

As indicated in Figure 4 in the supplementary material, the model combines the 

consequences of hydrogen related accidents to the population and their frequencies. The 
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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 Table 5. 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. The event frequencies of the system 

were calculated by using the FTA as well as by using historical statistical data. Finally, taking 

into consideration the population data, the calculation of the risk for fatalities in the surrounding 

area was achieved. The results are presented as F-N curves for the individual risk and the 

societal risk profiles (see Figure 5 in the supplementary material).  

 

In Figure 5 in the supplementary material 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 10 m for the ATR-MR system for GH2 production. 

From this figure it can also be pointed out that hydrogen events have a higher risk at a shorter 

distance than at a larger distance from the release. The overall individual risk of the hydrogen 

production via ATR-MR is in the range of 10-2 and 10-4 per year, estimated at 5.17∙10-5. Up to a 

point, the risk profile is sharply decreasing with the increase of the distance. For example, the 

risk of the system decreased from 5.17∙10-5 per year to about 10-10 per year at a distance of 

40 m approximately. 

 

All the information for the individual risk calculations, as well as information on the population 

surrounding the facility is required for the societal risk calculation. The societal  risk profiles for 

this hydrogen production system in the form of F-N curves is presented in Figure 4. As can be 

observed in this figure, failures of such systems can lead from 1 fatality up to 6 people. As 

shown in the figure, GH2 production through the membrane reactor indicates a quite low risk, 

belonging to the acceptable zone with respect to both UK and DUTCH ALARP.  

The overall risk as calculated for the case of hydrogen production via autothermal reforming of 

natural gas in a fluidized bed membrane reactor is summarized in Table 5 for each accident 

outcome. 
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Figure 4: Societal risk (F-N curves) of the ATR-MR hydrogen production system. 

 

 

Table 5: 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 ∙10-8 

4.1 ∙10-8 

31.2 

20.5 

0 

0 

Fireball - 

1% 

10% 

60% 

1.6 ∙10-7 

1.6 ∙10-7 

1.6 ∙10-7 

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% 2.2∙10-7 9.4 0 

DUTCH ALARP 

UK ALARP 
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10% 2.2∙10-7 7.8 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 

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   

 

 

6. Discussion and conclusions 

 

In this study a safety risk assessment was developed and applied for the case of autothermal 

reforming of natural gas in a fluidized bed membrane reactor based on a prototype developed 

within the European ReforCELL project. In this safety risk assessment methodology first the 

examined system was completely described including the process and instrumentation diagram 

(P&ID) with the relevant operating conditions, on the basis of which a hazard identification 

analysis was carried out by applying the HAZID methodology. The HAZID technique is 

accomplished with analytical approaches (FTA and ETA) in order to ensure that that all hazards 

involved in the system have been taken into consideration. In the hazard identification analysis, 

all hazards involved in the system should be defined. Subsequently, the appropriate accident 

scenarios were selected based on the Hazard Identification analysis results, classified 

according to the type of release (e.g. instantaneous, continuous, etc.). In order to evaluate and 

assess the system with respect to its safety aspects, the risk was estimated for each scenario 
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by conducting both a frequency and consequence assessment, where the frequency and the 

severity of each event are investigated and then classified.  

The frequency of the expected accident scenarios were estimated by using the probalistic safety 

analysis-analytical approach (combination of FTA and ETA). Meanwhile, the 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 consequence assessment were 

combined to estimate the risk to the people expressed in terms of fatalities of people and 

presented graphically in individual and societal risk curves. 

 

According to the Hazard Identification analysis results (see supplementary material), the main 

important parameters to establish the safety concept are a proper temperature and pressure 

control. Variations of the feed flow rate can be linked to mechanical and electric failures of 

valves, lines and control instrumentation (MFC) and only indirectly on membrane damages due 

to an uncontrolled change of temperature and pressure or a non-efficient filtration system. 

Alterations of the temperature with respect to the set point value are exclusively attributed to the 

tracing system failure and deviations of the feed gas. Sudden uncontrolled pressure deviations 

can determine severe problems for the membrane integrity and the safety of the ambient. The 

pressure deviation is mainly caused by failures in the mass flow controller, valves or back 

pressure instruments, whereas a deviation of reaction temperature in the membrane reactor can 

be caused by failure of the temperature controller or failure of set up insulation.  

In order to mitigate such hazards, relief valves, control and alarm instrumentation with a 

systematic check and maintenance protocol can reduce significantly the risk for people and 

environment especially when hazardous species are involved in the reaction process. 

Membrane units for their simplicity need only few auxiliary units and relating instrumentation that 

introduce little complexity in the whole system. Thus, a correct analysis of the operating tasks 

allows to individuate the more frequent problems during the operation. The absence of additive 

species to perform the separation and the possibility to remove quickly a product from the 

reaction zone limit the explosion risk by means of intrinsic  control of operating temperature and 

pressure.  

 

According to the frequency analysis results, it was found that the continuous type of release 

dominates the accidents, where the overall average contribution is approximately 96%, while 

the instantaneous releases contributes with 4% to the accidents. The instantaneous type of 

release commonly  results from a catastrophic failure of a tank (e.g. tank rupture) and release of 

all inventory. However, in this study the breakage of membrane (or seals) inside the ATR 

reactor has been considered as an instantaneous release scenario causing a mixture of pure 

hydrogen with the mixture of gases inside the reactor, which could subsequently lead to an 

explosion.  

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

when ignition sources are present. The frequency analysis showed that the fire outcomes 

largely dominate accounting for 68%, while 5% of the hydrogen releases result in explosions. In 

the remaining 27% there is no incident, since the conditions were such that no explosion or fire 

could occur (such as confined area, high ignition energy and so on). The consequence analysis 
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showed that according to the existing standards (e.g. ALARP criteria), the individual risk curve is 

entirely in the acceptable zone, while the societal risk level appears slightly lower than the 

individual one. In fact, the curve relevant to hydrogen production through ATR-MR falls well in 

the acceptable region of the UK ALARP zone. Even assuming the limits proposed by Dutch 

regulations, which are different in slope and more stringent than the UK ones, the curve still 

satisfies the criteria. 

Consequently, for scenarios with risk levels below the acceptable curve no additional measures 

to reduce the risk are required, indicating that the investigated technology for hydrogen 

production demonstrates a satisfying safety technological condition according to the existing 

standard regulations, proposed by the European Integrated Hydrogen project phase 2 (EIHP2). 

However, preventing controls should always be in place to safeguard against undesired events, 

such as emergency shut off devices (ESD) both remotely and automatically operated to prevent 

possible releases. 

The hydrogen economy has enormous societal and technical appeal as a potential solution to 

the basic energy concerns of abundant energy supply with minimal environmental impact. The 

ultimate success of a hydrogen economy depends on public acceptance. The special properties 

of hydrogen, such as flammability, buoyancy, and permeability present specific challenges to its 

safe use that differ from other energy carriers.  
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