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EXECUTIVE SUMMARY

This report describes a method for determination of hazardous zones for hydrogen installations.  The methodology is based on the Italian Methodology outlined in Guide 31 – 35 and Guide 31-35/A.  Hazardous zones for a so-called “generic hydrogen refuelling station” (HRS) are presented, based on the proposed methodology.  Recommendations/guidelines are given for the type and the extension of the hazardous zones at the generic stations.

This methodology is consistent with the EU directive1999/92/EC “Safety and Health Protection of Workers potentially at risk from explosive atmospheres” which is the basis for determination of hazardous zones in Europe.  This regulation is focused on protection of workers, and it will be relevant for hydrogen installations, such as refuelling stations, repair shops and other stationary installations where some type of work operations will be involved.     

The methodology is also based on the IEC standard and European norm IEC/EN60079-10 “Electrical apparatus for explosive gas atmospheres.  Part 10 Classification of hazardous areas”.  This is a widely acknowledged international standard/norm and is accepted/approved by Fire and Safety Authorities in Europe and internationally.     

The methodology has been revised to take into account results from HySafe and other references relevant for hydrogen and hydrogen installations.  Sensitivity studies have been carried out to examine the effect of varying equipment failure frequencies and leak sizes.  Discharge and gas dispersion calculations are in the Italian methodology based on mathematical formulas.  In this report also CFD (Computational Fluid Dynamics) and other more simple numerical tools have also been used to quantitatively estimate the effect of ventilation and different locations.

Usually, to be on the conservative side and to take into account uncertainties in numerical tools, the distance to ½ LFL (for hydrogen ½ LFL = 2 vol.%) is commonly used as basis for decision of the extension of the hazardous zones, when the zones are based on dispersion calculations.  It has been found experimentally by some researchers that this might be overly conservative for hydrogen, and that the minimum ignitable hydrogen concentration of a diffusion jet is around 8% vol.   Thus, it might be reasonable to use the LFL concentration for hydrogen (4 vol.%) as a basis for the size of the zones instead of  ½ LFL.  This has also been considered and compared to the common approach in the examples in this report. 

More to be included….
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Introduction (Sandra)

This report describes a method for determination of hazardous zones for hydrogen installations.  The methodology is based on the Italian Methodology outlined in Guide 31 – 35 and Guide 31-35/A.  Hazardous zones for a so-called “generic hydrogen refuelling station” (HRS) are presented, based on the proposed methodology.  Recommendations/guidelines are given for the type and the extension of the hazardous zones at the generic stations.

This methodology is consistent with the EU directive1999/92/EC “Safety and Health Protection of Workers potentially at risk from explosive atmospheres” which is the basis for determination of hazardous zones in Europe.  This regulation is focused on protection of workers, and it will be relevant for hydrogen installations, such as refuelling stations, repair shops and other stationary installations where some type of work operations will be involved.     

The methodology is also based on the IEC standard and European norm IEC/EN60079-10 “Electrical apparatus for explosive gas atmospheres.  Part 10 Classification of hazardous areas”.  This is a widely acknowledged international standard/norm and is accepted/approved by Fire and Safety Authorities in Europe and internationally.     

A short description of the method is given in chapter 4 and details are given in appendix 1.  The methodology has been revised to take into account results from HySafe and other references relevant for hydrogen and hydrogen installations.  Sensitivity studies have been carried out to examine the effect of varying equipment failure frequencies and leak sizes.  Discharge and gas dispersion calculations are in the Italian methodology based on mathematical formulas.  In this report also CFD (Computational Fluid Dynamics) and other more simple numerical tools have been used to quantitatively estimate the effect of ventilation and different release locations.  

Usually, to be on the conservative side and to take into account uncertainties in numerical tools, the distance to ½ LFL (for hydrogen ½ LFL = 2 vol.%) is commonly used as basis for decision of the extension of the hazardous zones, when the zones are based on dispersion calculations.  However, as it has been found experimentally by M. Swain and other researchers, ref. 
, 
 and 
, that this might be overly conservative for hydrogen, and that the minimum ignitable hydrogen concentration of a diffusion jet is around 8 vol. %.   Thus, it might be reasonable to use the LFL concentration for hydrogen (4 vol.%) as a basis for the size of the zones instead of ½ LFL.  This has also been considered and compared to the common approach in the examples in this report.

1 Background (Sandra)

The aim of zone classification is to decide the extension of hazardous zones where explosive atmospheres might be present continuously or infrequently at installations processing flammable substances (gases, dusts).  The decision of the type and extension of the zones are dependent on the probability of occurrence and extent of explosive atmospheres.  The selection of proper equipment (electric al and mechanical) within these zones depends on the type of zone.   Working and emergency procedures are also highly influenced by the zones since specific precautions/restrictions have to be taken to reduce the probability of introducing ignition sources when entering the hazardous zones. 

The report is a continuation of the work presented in HySafe D26, ref. 
.  In this report a survey of available methods and guidelines, known to the WP12 partners, for determination of hazardous zones were presented.  The survey included both risk based and deterministic methods.  There were several guidelines in these risk-based methods proposing risk acceptance criteria, frequency data and giving calculation examples, also for hydrogen.  However, there did not seem to be any guidelines for domestic installations.  The examples given were mainly focused on industrial installations.

The conclusion from D26 was that the methodology to be developed will be based on IEC/EN60070-10 “Electrical apparatus for explosive gas atmospheres, Part 10 Classification of hazardous areas”, since many central aspects are handled here and this is a widely acknowledged and used standard internationally.  

2 Regulations and standards  (Sandra)

2.1 Legal framework in Europe - Directive 1999/92/EC

The general safety requirements to evaluation of explosion risk and determination of hazardous zones are outlined in the European directive 1999/92/EC “Minimum requirements for improving the safety and health protection of workers potentially at risk from explosive atmospheres”.  

The responsibility in relation to this directive is on employers and owners of installations where explosive atmosphere may arise. 
The directive outlines requirements for: 

· Prevention of and protection against explosions

· Assessment of explosion risks (probability of occurrence of explosive atmosphere, ignition sources, consequences of ignition)

· Establishment of a so called “Explosion protection document”, based on the risk assessment

· Special requirements for work equipment and workplace

· Classification of places where explosive atmospheres may occur

According to the requirements in the directive the employer shall ensure that a document – the ”explosion protection document”, is drawn up and kept up to date.  The explosion protection document shall demonstrate, in particular:

· That the explosion risks have been determined and assessed

· That adequate measures will be taken to attain the aims of the Directive,

· Places which have been classified into zones in accordance with Annex I

· Those places where the minimum requirements set out in Annex II will apply

· That workplace and work equipment, including warning devices, are designed, operated and maintained with due regard for safety

· That arrangements have been made for the safe use of work equipment (concordance with Council Directive 89/655/EEC)

The European Commission has also prepared a document with title “Non-binding Guide of Good Practice for implementing of the European Parliament and Council Directive 1999/92/EC on minimum requirements for improving the safety and health protection of workers potentially at risk from explosive atmospheres.”

2.2 IEC/EN60079-10 

This is an IEC/EN standard (not harmonised standard) used for decision of hazardous zones. The type of zones is estimated by assessing the likelihood of an explosive atmosphere to occur (likely frequency and duration), and its extension by assessing the area/volume of the explosive atmosphere.  Ventilation can be used to reduce the extension of the zone or to avoid persistence of an explosive atmosphere. This is a central standard implemented in several national standards and referred to in many guidelines and methods for zone classification. Some examples for installations are given suggesting hazardous zones, one for a hydrogen compressor inside a building.

2.3 Guide 31 – 35 and Guide 31-35/A (Italian Standards) 

The Italian Guidelines give specific figures for the application of the EU norm IEC/EN 60079-10. The principles for the determination of the Zones are the same as that of the EU norm. The additional feature of these Guidelines is the mathematical approach for the evaluation of the type and extension of the zones that is based on statistical data of emission rates and emission holes (varying as a function of the component type and involved flammable/combustible substances). So the main contents of the documents are the principles of area classification methodology, the relative application procedure, some indications about the type and the emission rates of the various source of emission. Moreover, other features are presented in the annexes giving a detailed list of flammable or combustible substances with their physical and chemical properties, the principles for the definition of hazardous zone extent, and the statistical data of the Italian territory concerning the wind frequency in order to assess a reliable natural ventilation, as well as examples of hazardous area classification (several examples for natural gas, including transport and refueling stations and one example for hydrogen used as generator’s coolant  in confined spaces). 

3 Definitions and abbreviations

3.1 Definitions from 1999/92/EC AND from the standard IEC/EN60079-10

Definitions from 2 references are included.  These definitions are taken from the EU directive 1999/92/EC AND from the standard IEC/EN60079-10.  The definitions are quite similar, but not identical, and it was therefore decided to include both documents.

3.1.1 Definitions from 1999/92/EC
Explosive atmosphere:  A mixture with air, under atmospheric conditions, of flammable substances in the form of gases, vapours, mists or dusts in which, after ignition has occurred, combustion spreads to the entire unburned mixture. 
The definition of hazardous zones is given in directive 1999/92/EC ANNEX I, as follows:

ANNEX I: Classification of places where explosive atmospheres may occur
· Zone 0: A place in which an explosive atmosphere consisting of a mixture with air of flammable substances in the form of gas, vapour or mist is present continuously or for long periods or frequently

· Zone 1: A place in which an explosive atmosphere consisting of a mixture with air of flammable substances in the form of gas, vapour or mist is likely to occur in normal operation occasionally

· Zone 2: A place in which an explosive atmosphere consisting of a mixture with air of flammable substances in the form of gas, vapour or mist is not likely to occur in normal operation, if it does occur, will persist for a short period only. 

3.1.2 Definitions from IEC/EN60079-10

Explosive gas atmosphere: A mixture with air, under atmospheric conditions, of a flammable material in the form of gas or vapour in which, after ignition, combustion spreads throughout the unconsumed mixture.

NOTE: Although a mixture which has a concentration above the upper explosive limit (UEL) is not an explosive gas atmosphere, it can readily become so and, in certain cases for area classification purposes, it is advisable to consider it as an explosive gas atmosphere. 

Hazardous area: An area in which an explosive gas atmosphere is present, or may be expected to be present, in quantities such as to require special precautions for the construction, installation and use of apparatus.

Non-hazardous area: An area in which an explosive gas atmosphere is not expected to be present in quantities such as to require special precautions for the construction, installation and use of apparatus

 Zones:  Hazardous areas are classified into zones based upon the frequency of the occurrence and duration of an explosive gas atmosphere, as follows:

Zone 0: An area in which an explosive gas atmosphere is present continuously or for long periods

Zone 1: An area in which an explosive gas atmosphere is likely to occur in normal operation.

Zone 2: An area in which an explosive gas atmosphere is not likely to occur in normal operation and, if it does occur, is likely to do so only infrequently and will exist for a short period only

NOTE – Indications of the frequency of the occurrence and duration may be taken from codes relating to specific industries or applications

Some other important definitions from IEC/EN600079-10 are also included: 

Continuous grade of release: A release which is continuous or is expected to occur for long periods

Primary grade of release: A release which can be expected to occur periodically or occasionally during normal operation

Secondary grade of release: A release which is not expected to occur in normal operation and if it does occur, is likely to  do so infrequently and for short periods. 

Lower explosive limit (LEL):  The concentration of flammable gas or vapour in air, below which the gas atmosphere is not explosive

Upper explosive limit (UEL):  The concentration of flammable gas or vapour in air, above which the gas is not explosive

NOTE – For the purpose of this standard, the terms “explosive” and “flammable” should be considered synonymous

3.2 Abbreviations

ACH – Air Changes per Hour

CEN - European Committee for Standardization

CENELEC - European Committee for Electrotechnical Standardization

EN – European standard developed by CEN or CENELEC 

IEC - International Electrotechnical Commission
HRS – Hydrogen Refuelling Station

LFL – lower flammability level (for hydrogen in air 4 vol %)

UFL – upper flammability level (for hydrogen in air 75 vol %)

4 Italian methodology – Guide 31–35 and Guide 31-35/A  (Alessia)

In Italy two guides for the classification of hazardous areas for the presence of flammable gases have been published to help in the application of the requirements of the ATEX Directives:

· Guide  DOCPROPERTY "bd_Greeting2"  \* MERGEFORMAT CEI 31-35, “Electrical apparatus for explosive atmospheres. Guide for the application of the Norm CEI EN 60079-10 (CEI 31-30)”;
· Guide CEI 31-35/A, “Electrical apparatus for explosive atmospheres – Guide for the application of the Norm CEI EN 60079-10 (CEI 31-30) Classification of hazardous zones, Examples of application”.
These two guides give special features for the determination of the type of the zone and for the evaluation of its extension.
As highlighted in the EU Norm 60079-10, the type of the hazardous area depends upon the probability of the formation of certain volumes of explosive atmospheres. While the European Norm EN 60079-10 does not have any indications on which values of frequency should be taken as reference in the decisional process of classification, the Italian Guide CEI 31-35has some indications on how to proceed. Once the type of the zone has been determined, the Italian methodology involves the verification that the likelihood of presence of the explosive atmosphere in one year and the total duration of the presence of the explosive atmosphere in one year (release duration plus time of persistence after the release has been stopped) are under some critical values. This verification introduces a probabilistic risk-based approach (see Table 1).

Table 1 – Reference values for the determination of hazardous areas (Italian methodology)

	Zone
	Likelihood of presence of the explosive atmosphere in 365 days (1 year)
	Total duration of the release (explosive atmosphere) in 365 days (1 year)

	Zone 0
	P > 10 -1
	More than 1000 hours

	Zone 1
	10 -1 ( P > 10 -3
	More than 10 hours up to 1000 hours

	Zone 2 (2)
	10 -3 ( P > 10 -5
	More than 0.1 hours up to 10 hours (1)

	(1)  In the case of total duration of the release (explosive atmosphere) in 365 days (1 year) less than 0.1 hours, the area is generally non hazardous, in particular when the emission are more than one in 365 days. However, to be sure than the area is really non hazardous, it is better case by case to perform a risk assessment analysis.

(2)  In the case that reliable fault rates are not available, it can be assumed that at least one event is likely to occur in one year.


In brief the Italian approach, introduced by the the two Guides, is a sequential process for the classification of the hazardous areas that gives both the type of the Zone and its extension in the end.

The guidelines contain indications on the:

· most suitable size of leakage to apply as a function of the type of component (pump/compressor; piping connections; valve; etc.);

· flow rates for structural / continuous emission as a function of the component’s type (pump/compressor; piping connections; valve; etc.) on the basis of statistical data;

· flow rates for primary and secondary grade of emissions evaluated/calculated on the basis of specific reference formulas;
· evaluation of the extension of the hazardous areas as a function of the release flow rate, ventilation and flammable substance under examination.
Moreover the Guides give also a list of flammable and/or combustible substances with the principal physical and chemical properties and a table with the statistical data of the Italian territory, concerning the wind frequency, in order to assess a reliable natural ventilation. Examples of hazardous area classification are given in the Annexes (several examples for natural gas, including transport and refueling stations and one example for hydrogen used as generator’s coolant in confined spaces).

The detailed presentation of the Italian methodology with all its steps of application is reproduced in Appendix 1.

Besides the well-defined methodology and the well-defined steps of application (reference parameters and reference formulas), the Italian methodology also contains some gaps:

· The available leak frequency data are usually based on large-scale hydrocarbon installations located at a certain distance from a public environment.  For gaseous hydrogen refuelling stations there will be significantly higher storage pressures, smaller equipment dimensions, likely smaller production capacity, unmanned installations, and moreover the technology is young.  So far there are no indications that the hydrogen installations are expected to leak more seldom than the large-scale industrial installations, but the release holes and rates, as well as the consequences might be different.   

· The European Norm IEC/EN60079-10, “Electrical apparatus for explosive gas atmospheres. Part 10: Classification of hazardous areas”, to which the Italian guidelines refers, does not apply to catastrophic failures, intended as, for example, “the rupture of a process vessel or pipeline, and such events that are not predictable” (Note 3, Par 1.1 “Scope”). So there is a need to define which failures are predictable and where is the limit for characterizing a failure as “catastrophic”.

5 Example Generic hydrogen refuelling station – compressed hydrogen

5.1 Description of generic station (Sandra)

A short description of a “generic” hydrogen refuelling station based on gaseous hydrogen is given below.  The description does not include the production or supply unit, but assumes that gas is delivered to the station, at an inlet pressure of 15 barg.  Purification/drying of the gas is assumed to take place in the station area.  The main principles can be considered to be representative for today’s demonstration projects, even if there might be slightly different solutions and processes.  Future stations will probably have a larger capacity (supply or storage capacity).

Today’s hydrogen gaseous stations (demo stations) are usually based on the following main components:

· Hydrogen production or supply (not included in the present description)

· Drying/cleaning 

· Compression

· Storage and gas distribution

· Hydrogen dispenser, including station/vehicle interface

A layout drawing of the generic hydrogen station is given in figure 1.
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Figure 1 Assumed layout for the generic station – horizontal view.  The 8 storage vessels are assumed to be located in two racks (1 above the other) 

A detailed description of the generic HRS is given in appendix 2.

5.2 Selection of scenarios as basis for hazardous zones

The selection of scenarios is based on the methodology in Guide 31 – 35 and Guide 31-35/A.   

5.2.1 Leak sizes

Presently the relevant statistics coupling leak size and frequency are not available for the type of hydrogen station discussed in this example.  Available guidance in Guide 31 – 35 and Guide 31-35/A are for natural gas systems with typical equipment dimensions of piping and valves < 150 mm and a leak area of 0,25 mm2 for valves is proposed for a secondary grade of release
.  This might not be relevant for the generic HRS since typical equipment dimensions (piping and valves) for this type of installations are 6 – 15 mm, and the pressure is also significantly higher than for natural gas stations (450 bar versus 200 bar).  The natural gas data are probably based on industrial installations with larger equipment dimensions and lower process pressure than for the current HRS technology (as described in the previous section).  The leak size, process pressure and duration of the leak are very important for the extension of hazardous zones.  A leak size area of 0.25 mm2 for the generic HRS might lead to very large hazardous zones and/or zone 1 instead of zone 2, and might be a challenge for HRS in dense urban settings where the available areas for siting are limited.  

Some other data sources showing leak frequencies and corresponding leak sizes are 

1) EIGA document (IC Doc 75/01/E/rev Determination of safety distances, available from the internet, http://www.eiga.org/ ) 

2) IP
 “Model Code of safe practice. Part 15 Area classification code for installations handling flammable fluids” 3rd Edition July 2005, ISBN 0 85293 418 1 

3) IP “A risk based approach to hazardous area classification”, Nov. 1998, ISBN 0 85293 238 3 

In the last two of these sources a release size diameter of 0.1 mm (corresponding to a failure frequency of 10-2 per valve yr) for valves is proposed for calculations as basis for extension of zone 2.  

To examine the effect of reduced, and probably more realistic release sizes it has been decided that for all scenarios a leak size with leak diameter 0.1 mm and 0.2 mm will be considered for secondary grade of releases.  This corresponds to release areas of 0.008 and 0.03 m2, respectively.
5.2.2 Scenarios for hazardous zones coupled to leaks at the HRS

Table 2 presents the scenarios for hazardous zones coupled to outdoor leaks for the generic station, together with assumptions to be used as a basis for the calculations using the Italian Methodology. 

The following atmospheric conditions are assumed for all of these scenarios:  10 oC, wind velocity 0.5 m/s (conservative assumptions, but recommended in the Italian methodology)

Table 2:  Scenarios for hazardous zones coupled to leaks at the generic HRS
	Nr.
	Scenario
	Location/Height above ground
	Ventilation efficiency
	Release diameter (mm2)/release rate (kg/s)
	Pressure

(barg)
	Max amount of gas that can be released
	Comments

	1
	Valve leak  inside dispenser enclosure
	Inside dispenser enclosure, see figure 1
	f=2 or 3 (valves and piping will be located inside dispenser)
	0.25/0.03/0.008 mm2 (d=0.56/0.2/0.1mm)
	460 
	Beyond refuelling: 50 g  (amount of  H2 inside refuelling line and hose)
	Dispenser geometry:

L x w x h= 1 x 0.6 x 2 m3
Natural ventilation, 2 ventilation areas, each with dimensions  0.08 x 2  m2  at the walls and 2 openings in the roof 0.03 x 0.03 m2.    

Needs to be verified 

	2
	Opening of safety valve - vent line for the safety valves
	Location 4 m above ground, see figure 3
	f=1
	150 g/s, sonic release
	
	Short duration, 5 s (should be verified)
	

	3
	Outdoor valves at storage vessels
	1 m above ground, see figure 1
	f=1 or 2
	0.25/0.03/0.008 mm2 (d=0.56/0.2/0.1mm)
	460
	Worst case: the contents of one pressure bank  is emptied (200 kg/3= 67 kg)
	

	4
	Refuelling nozzle
	1 m above ground, see figure 1
	f =1, 2
	0.25/0.03/0.008 mm2 (d=0.56/0.2/0.1mm)
	460
	50 g
	

	5
	Valve at buffer tank
	1 m above ground, see figure 1
	f=1, 2
	0.25/0.03/0.008 mm2 (d=0.56/0.2/0.1mm)
	15
	300 g H2 (amount of H2 inside gas processing building) 
	

	6
	Shutoff valve outside gas processing building 
	1 m above ground, see figure 1 (about the same location as for scenario 2)
	f=1, 2
	0.25/0.03/0.008 mm2 (d=0.56/0.2/0.1mm)
	460
	300 g if non return valve towards buffer storage is installed
	If non return valve is not installed or fails, the amount of hydrogen gas available will be 200 kg (complete buffer storage)

	7
	Release inside the gas processing building
	Inside the gas processing building (see figure 2)
	f = 2 or 3

(valves, piping, and others gas processing components will be located inside the building)
	0.25/0.03/0.008 mm2 (d=0.56/0.2/0.1mm)
	15 at the inlet of the  compressor 460 at the outlet 


	300 g 

There is a non-return valve between the storage units and the compressor skid.
	Enclosure free volume: 32,5 m3 (about the 80% of the geometric volume) 

Forced and natural ventilation
Forced ventilation with 150/ 300 / 800 air changes per hour. 

2 ventilation designs:

1)  Louvre at one of the short sides as air inlet and a fan that sucks out the gas/air in the ceiling)

2)Fan location in the middle of the roof, and 2 louvres at the lower part of the long walls, l x h = 6 x 0.5 m


* Leak size from the refuelling nozzle is difficult to assess.  For simplicity 0.25/0.03/0.008 mm2 leak size are assumed.  Assume no reverse flow from the vehicle due to non-return valves in the vehicle system.  The duration of such a release depends on the detection system and shutdown system.  There will be an ESD button that can shut down the refuelling process during refuelling.  Beyond refuelling only the amount of gas inside the dispenser equipment and refuelling line will contribute (<50 g) to the release since it is assumed that the buffer storage vessels will be isolated from the refuelling line/dispenser system.  

The location of the leaks are illustrated in figure 2.
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Figure 2 Location of scenarios for outdoor leaks at the generic HRS

5.2.3 Special considerations for scenario 7 - the gas processing building:

The gas processing building is a confined area with mechanical ventilation.  An illustration of the gas processing building is shown in figure 3.
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a) From outside




b) Inside

Figure 3 Illustration of the gas processing building

Potential continuous grades of release from the compressor have been considered to be negligible.  Continuous grades of release form valves and flanges have been considered for the calculations using the Italian Methodology.  The other sources are secondary sources, and valves leaks are considered to be representative.  

Secondary grades of releases:  Valve leak, release area 0.25 mm2, 0.03 mm2 and 0.008 mm2  (corresponding to leak diameters of 0.56, 0.2 and 0.1 mm) 

Ventilation:  Mechanical ventilation
, varying capacity 10, 150, 300 and 800 ACH.  

Two different designs of the ventilation systems are assumed:

1) The one shown at the pictures and file below (louvre at one of the short sides as air inlet and a fan that sucks out the gas/air in the ceiling)

2) Fan location in the middle of the roof, and 2 louvres at the lower part of the long walls, l x h = 6 x 0.5 m

The location of the release is assumed to be in the middle of the gas processing building (direction downwards) for simplicity. 

5.3 Results 

5.3.1 Results based on mathematical equations from the Italian Guides 31 – 35 and 31-35/A

Assumptions for all the calculations based on the Italian Guides 31 – 35 and 31-35/A:

· F stability (stable night with moderate clouds and light/moderate wind)

· Atmospheric conditions (20 °C and 1 atm)

· Wind velocity: 0.5 m/s (the Guide suggests to use this value for the wind velocity as the most conservative with regards to the dispersion of the released hydrogen)

5.3.1.1 Scenario 1– Valve leak inside the dispenser enclosure

For the evaluation of this scenario several release diameter of emission have been taken into account (release form connections / valves, safety devices, etc.) 

Release diameter of 0.25 mm2 and ventilation efficiency f=2.

Hz Zone suggestion

All the internal volume of the dispenser Zone 1.

Moreover outside all the openings of the enclosure: Zone 1 - hemisphere of 0,5 m radius for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.03 mm2 and ventilation efficiency f=2 / 3.

Hz Zone suggestion

All the internal volume of the dispenser Zone 1.

Moreover outside all the openings of the enclosure: Zone 1 - hemisphere of 0,2 m radius for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.008 mm2 and ventilation efficiency f=2 / 3.

Hz Zone suggestion

All the internal volume of the dispenser Zone 1.

Moreover outside all the openings of the enclosure: Zone 1 - hemisphere of 0,10 m radius for the safety level of 2 %vol. Hydrogen in air.

5.3.1.2 Scenario 2– Opening of safety valve – release from relief point

Hz Zone suggestion

Zone 2 with the shape of a cone with the vertex in the discharge point of the valve. Height of the cone 7,5 m and base radius of 5,0 m for the safety level of 2 %vol. Hydrogen in air.

5.3.1.3 Scenario 3– outdoor valves at storage vessels

Release diameter of 0.25 mm2 and ventilation efficiency f=1 / 2.

Hz Zone suggestion

Zone 2 with radius of 5,0 m for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.03 mm2 and ventilation efficiency f=1 / 2.

Hz Zone suggestion

Zone 2 with radius of 1,7 m for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.008 mm2 and ventilation efficiency f=1 / 2.

Hz Zone suggestion

Zone 2 with radius of 1,0 m for the safety level of 2 %vol. Hydrogen in air.

5.3.1.4 Scenario 4– Refuelling nozzle
Release diameter of 0.25 mm2 and ventilation efficiency f=1 / 2.

Hz Zone suggestion

Zone 2 with radius of 5,0 m for the safety level of 2 %vol. Hydrogen in air.
Release diameter of 0.03 mm2 and ventilation efficiency f=1 / 2.

Hz Zone suggestion

Zone 2 with radius of 1,7 m for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.008 mm2 and ventilation efficiency f=1 / 2.

Hz Zone suggestion

Zone 2 with radius of 1,0 m for the safety level of 2 %vol. Hydrogen in air.

5.3.1.5 Scenario 5– Valve at buffer tank
Release diameter of 0.25 mm2 and ventilation efficiency f=1 / 2.

Hz Zone suggestion

Zone 2 with radius of 0,90 m for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.03 mm2 and ventilation efficiency f=1 / 2.

Hz Zone suggestion

Zone 2 with radius of 0,35 m for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.008 mm2 and ventilation efficiency f=1 / 2.

Hz Zone suggestion

Zone 2 with radius of 0,20 m for the safety level of 2 %vol. Hydrogen in air.

5.3.1.6 Scenario 6– Shutoff valve outside gas processing building
Release diameter of 0.25 mm2 and ventilation efficiency f=1 / 2.

Hz Zone suggestion

Zone 2 with radius of 5,0 m for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.03 mm2 and ventilation efficiency f=1 / 2.

Hz Zone suggestion

Zone 2 with radius of 1,7 m for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.008 mm2 and ventilation efficiency f=1 / 2.

Hz Zone suggestion

Zone 2 with radius of 1,0 m for the safety level of 2 %vol. Hydrogen in air.

5.3.1.7 Scenario 7– Release inside the gas processing building

Release diameter of 0.25 mm2, ventilation efficiency f=2 / 3, natural ventilation.

Hz Zone suggestion

All the internal volume of the gas processing house is Zone 0.

NOTE: this is due to the continuous emissions (all contemporary) and to the fact that the opening in the ceiling is to small (0,09 m2 see figure 2) and so the natural air circulation within the building is not so effective.
Moreover outside all the openings of the building: Zone 0 - hemisphere of 0,5 m radius for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.25 mm2, ventilation efficiency f=2 / 3, forced ventilation characterized by 150 air changes per hour.

Hz Zone suggestion

All the internal volume of the gas processing house is Zone 1.

Moreover outside all the openings of the building: Zone 1 - hemisphere of 1,2 m radius for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.25 mm2, ventilation efficiency f=2 / 3, forced ventilation characterized by 300 air changes per hour.

Hz Zone suggestion

All the internal volume of the gas processing house is Zone 2.

Moreover outside all the openings of the building: Zone 2 - hemisphere of 0,8 m radius for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.25 mm2, ventilation efficiency f=2 / 3, forced ventilation characterized by 800 air changes per hour.

Hz Zone suggestion

All the internal volume of the gas processing house is Zone 2.

Moreover outside all the openings of the building: Zone 2 - hemisphere of 0,6 m radius for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.03 mm2, ventilation efficiency f=2 / 3, natural ventilation.

Hz Zone suggestion

All the internal volume of the gas processing house is Zone 0.

NOTE: this is due to the continuous emissions (all contemporary) and to the fact that the opening in the ceiling is to small (0,09 m2 see figure 2) and so the natural air circulation within the building is not so effective.
Moreover outside all the openings of the building: Zone 0 - hemisphere of 0,2 m radius for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.03 mm2, ventilation efficiency f=2 / 3, forced ventilation characterized by 150 air changes per hour.

Hz Zone suggestion

All the internal volume of the gas processing house is Zone 2.
Moreover outside all the openings of the building: Zone 2 - hemisphere of 0,4 m radius for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.03 mm2, ventilation efficiency f=2 / 3, forced ventilation characterized by 300 air changes per hour.

Hz Zone suggestion

All the internal volume of the gas processing house is Zone 2.

Moreover outside all the openings of the building: Zone 2 - hemisphere of 0,3 m radius for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.03 mm2, ventilation efficiency f=2 / 3, forced ventilation characterized by 800 air changes per hour.

Hz Zone suggestion

All the internal volume of the gas processing house is Zone 2.

Moreover outside all the openings of the building: Zone 2 - hemisphere of 0,2 m radius for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.008 mm2, ventilation efficiency f=2 / 3, natural ventilation.

Hz Zone suggestion

All the internal volume of the gas processing house is Zone 0.

NOTE: this is due to the continuous emissions (all contemporary) and to the fact that the opening in the ceiling is to small (0,09 m2 see figure 2) and so the natural air circulation within the building is not so effective.
Moreover outside all the openings of the building: Zone 0 - hemisphere of 0,1 m radius for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.008 mm2, ventilation efficiency f=2 / 3, forced ventilation characterized by 150 air changes per hour.

Hz Zone suggestion

All the internal volume of the gas processing house is Zone 2.

Moreover outside all the openings of the building: Zone 2 - hemisphere of 0,2 m radius for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.008 mm2, ventilation efficiency f=2 / 3, forced ventilation characterized by 300 air changes per hour.

Hz Zone suggestion

Zone 2 with radius of 1,8 m from each valve and from the compressor for the safety level of 2 %vol. Hydrogen in air.

Moreover outside all the openings of the building: Zone 2 - hemisphere of 0,15 m radius for the safety level of 2 %vol. Hydrogen in air.

Release diameter of 0.008 mm2, ventilation efficiency f=2 / 3, forced ventilation characterized by 800 air changes per hour.

Hz Zone suggestion

Zone 2 with radius of 1,8 m from each valve and from the compressor for the safety level of 2 %vol. Hydrogen in air.

Moreover outside all the openings of the building: Zone 2 - hemisphere of 0,1 m radius for the safety level of 2 %vol. Hydrogen in air.

SCENARIO 7 MAIN CONCLUSION BASED ON THE ITALIAN METHDOLOGY
1 If only natural ventilation is applied to the internal volume of the gas processing house, the continuous releases from valves and compressor generate an hazardous area that is ZONE 0 extended to the whole internal volume. This is due principally to the fact that the opening in the ceiling is to small (0,09 m2 see figure 2) and so the natural air circulation within the building is not so effective. Increasing the ceiling opening up to 0,2 m2, the continuous grade emissions don’t generate any more a Zone 0 and the suggestions for the classification of the gas processing house on the basis of the Italian methodology is: Zone 1 extended to the whole internal volume for release area of 0,25 mm2, Zone 2 for release area of 0,03 mm2 and finally Zone 2 with radius of 1,8 m from each valve and from the compressor for release area of 0,008 mm2.

2 Increasing the forced ventilation from 150 to 800 air changes per hour it can be observed a reduction in the hazard of the area (from Zone 1 extended to the whole internal volume of building to Zone 2) and/or in its extension depending on the assumed release area. Another factor affected by the increasing of the forced ventilation rate is the time of persistence of the hazardous atmosphere once the release is stopped (see the following table 3). Note that the Italian method assumes as safety level the 50% of the LEL (i.e. 2%vol of hydrogen).

Table 3 – Influence of the forced ventilation rate and emission area on the time of persistence of the hazardous atmosphere inside the gas processing house

	Release area of 0,25 mm2

	
	150 air changes per hour 
	300 air changes per hour
	800 air changes per hour

	Time of persistence (*)

[s]
	20 minutes
	9,6 minutes
	3,6 minutes

	Release area of 0,03 mm2

	Time of persistence (*)

[s]
	6,7 minutes
	3,3 minutes
	1,2 minutes

	Release area of 0,008mm2

	Time of persistence (*)

[s]
	3,5 minutes
	1,7 minutes
	0,6 minutes

	(*) time of persistence of the hazardous atmosphere once the release has been stopped


5.3.2 Results based on PHAST calculations

Assumptions for all PHAST calculations:

· F stability (stable night with moderate clouds and light/moderate wind)

· Relative humidity: 0.7

· Wind velocity: 1 m/s (PHAST do not recommend to use lower wind velocity than 1 m/s)

· Temperature 10 oC

· Solar radiation flux: 0.5 kW/m2

· Surface type: Regular large obstacles coverage (suburb, forrest)

5.3.2.1 Scenario 2 – Opening of safety valve – release from relief point

Assumptions: Modelled as “relief valve” in PHAST.  Outdoor release.  Relief pipe diameter assumed 12 mm and length 5 m, leak diameter (opening of safety valve)  assumed 2.75 mm giving a discharge of 165 g/s at 460 barg.  Relief point assumed to be 4 m above ground level.  Release angle 45 degrees from horizontal.

Sideview of flammable gas cloud:
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Suggestion hz zone:  Zone 2.  hemisphere from 4 m and upwards, radius 10 or 15 m dependent of 4% or 2 % level (zone 1 not necessary since there will be additional measures (process control measures) to prevent too high pressure)

5.3.2.2 Scenario 3 – outdoor valves at storage vessels

Modelled as “leak” in PHAST.  Outdoor release, 460 barg, height 1 m above ground level, leak direction horizontal, “horizontal impingement” .  Leak diameter assumed 0.56 mm , 0.2 mm and 0.1 mm.  

Sideview of flammable gas cloud:
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Scenario 3a: Release from valve at storage vessel , leak diameter 0.56 mm  - calculated release rate = 5.7 g/s.  Suggestion hz zone:  Zone 2.  Sphere radius 3,5 or 5 m dependent of 4% or 2 %.
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Scenario 3b: Release from valve at storage vessel , leak diameter 0.2 mm  - calculated release rate = 0.7 g/s.  Suggestion hz zone:  Zone 2.  Sphere radius 1.5 or 2.2 m dependent of 4% or 2 %.
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Scenario 3c: Release from valve at storage vessel , leak diameter 0.1 mm  - calculated release rate = 0.18 g/s.  Suggestion hz zone:  Zone 2.  Sphere radius 0.9 or 1.2 m dependent of 4% or 2 %.

5.3.2.3 Scenario 4 – Leak from refuelling nozzle

Scenario 4 is similar to scenario 3

5.3.2.4 Scenario 5 - Leak in valve on buffer tank
Modelled as “leak” in PHAST.  Outdoor release, 15 barg, height 1 m above ground level, leak direction horizontal, “horizontal impingement” .  Leak diameter assumed 0.56 mm , 0.2 mm and 0.1 mm.  

Sideview of flammable gas cloud:

5.3.2.5 Scenario 6 - Leak in shut-off valve outside the gas processing building
Scenario 6 is similar to scenario 3

5.3.3 Results based on FLACS calculations – scenario 7 – gas processing building
5.3.3.1 Assumptions
The following document describes CFD calculations carried using the FLACS tool to estimate the hazard zones in a generic hydrogen refuelling station (HRS). In the first step, the calculations were limited to the gas-processing house, and the danger of any leak outside was not estimated (this scenario is not described in Table 2). Most calculations were carried out for the scenarios based on the guidelines taken from the Italian Methodology, which was provided in September and October 2006, and the calculations were performed subsequently. The primary evaluation parameter used in the study was the net flammable volume (greater than 4% hydrogen and less than 75% hydrogen). This is based on the considerations described in the beginning of the document.  GexCon has developed the concept of an “equivalent stoichiometric flammable volume” based on reactivity and expansion (Q9 output in FLACS) in order to estimate the danger of a non-homogeneous gas cloud. This is defined as:
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where E = expansion by combustion and BV = Burning velocity (measure of reactivity)
The explosion pressures have been found to correlate with this gas cloud size. Therefore, this parameter is also considered for the evaluation of the hazard of any cloud resulting from a hydrogen leak in the gas-processing house. 
The geometry that is used in the calculations is described previously. However, there are some modifications that are implemented. The porosity of the air inlet was taken to be 0.5 (based on optimisation in FLACS). Therefore, three snapshots of the geometry used in the simulations taken from the FLACS pre-processor CASD (progressively showing more inside detail) are presented below.

The scenarios used initially for carrying out the calculations are described below:

· Release: 
· Release diameter: 0.5 mm (source pressure P = 460 bar)

· Sonic release

· Release rate 4.6 g/s (calculated using FLACS utility program “JET” based on the parameters prescribed above – it must be noted that this is somewhat smaller than the  release rate used in the Italian Methodology)

· Location: in the middle of the gas processing house

· Direction: downwards. 

· Duration: 100 s (time for detection and shutdown of release)
· Ventilation capacity: 10, 150, 300 and 800 ACH (air changes per hour) - The ventilation openings are made bigger to achieve the higher capacities

· Based on volume of gas processing house (approx. 40 m3)
· Ambient conditions: 10 (C, 1 atm.

· Ventilation "design" - 2 separate designs are considered:

· Louvre at one of the short sides of the gas-processing house as air inlet and a fan that sucks out the gas/air in the ceiling

· Fan location in the middle of the roof, and 2 louvres at the lower part of the long walls (l ( h = 6 ( 0.5 m)
[image: image31.png]
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Figure 1. Snapshots of the simulation geometry as represented in the FLACS pre-processor CASD

5.3.3.2 Transient development of flammable gas cloud

The development of the flammable gas cloud through the geometry for the first ventilation design (ventilation rate 10 ACH) is presented below in a set of four figures, which depict the H2 concentration contours in a YZ section of the gas-processing house at the leak location. It can be seen that the whole geometry is filled with flammable gas 50 s after the start of the leak, which can also be seen in the figure showing the variation of flammable volume with time. The size of the flammable gas cloud is maintained for a long time. Even 40 s after the end of the leak, most of the geometry is filled with flammable gas. Thus, the potential hazard is large. However, it may be concluded that the gas cloud is not very dangerous as most of the room is filled with gas that has a concentration quite close to the LFL. This is confirmed by the size of the equivalent stoichiometric volume, which is much smaller compared to the net flammable volume, thus showing that the explosion overpressures should be not very high if the gas cloud is ignited.
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10s after the start of the leak
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50s after the start of the leak
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The leak ends
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40 s after the end of the leak

Figure 2. Concentration profiles as a function of time at a YZ section of the gas-processing house in the plane of the leak for the 1st ventilation design (0.5 mm leak, 10 ACH)
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Figure 3. The variation of flammable volume as a function of time in the gas-processing house for the 1st ventilation design (0.5 mm leak, 10 ACH)

The effect of changing the ventilation design is presented in a similar set of figures below. Figure 4 presents the H2 concentration contours in a YZ section of the gas-processing house at the leak location. In this case, only a small fraction of the geometry is filled with a flammable gas cloud 50 s after the start of the leak. However, most of the gas-processing house is filled with a flammable gas as the leak ends, and much of it remains 10 s after the start of the leak. Nonetheless, the time for the persistence of the leak is much smaller in this case. Further, it is obvious that the concentration of hydrogen in this case is significantly lower than for the first design. Therefore, it may be concluded that the second ventilation design is somewhat better, as it leads to a lower actual flammable volume. Thus, it leads to a better mixing and thus a more diluted cloud. This is confirmed by the plots depicting the variation of gas cloud size in the geometry as a function of time (see Figure 5). It can be seen from this figure that the equivalent stoichiometric volume for the gas cloud is much smaller in this case (by an order of magnitude) and thus, the danger is reduced significantly. 

Next, the effect of changing the ventilation rate (increasing the ACH) was studied for both ventilation designs. However, the calculations revealed only a minimal effect of increasing the ACH on the size of the flammable gas cloud for both ventilation designs, except when the ventilation rate was very large. In particular, the size of the flammable gas cloud was found to be almost independent of the ventilation rate unless the ventilation rate was increased to 800 ACH. This is presented in Figure 6 for the first ventilation design and in Figure 7 for the second ventilation design. For the 1st ventilation design, the highest ventilation rate does reduce the flammable volume somewhat. It must be noted that the highest ventilation rate is not considered for the 2nd ventilation design. 
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10s after the start of the leak
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50s after the start of the leak
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The leak ends
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10s after the end of the leak

Figure 4. Concentration profiles as a function of time at a YZ section of the gas-processing house in the plane of the leak for the 2nd ventilation design (0.5 mm nozzle, 10 ACH)
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Figure 5. The variation of flammable volume as a function of time in the gas-processing house for the 2nd ventilation design (0.5 mm nozzle, 10 ACH)
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Figure 6. The variation of flammable volume as a function of time in the gas-processing house for the 1st ventilation design for 4 different ventilation rates (0.5 mm nozzle)
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Figure 7. The variation of flammable volume as a function of time in the gas-processing house for the 2nd ventilation design for 3 different ventilation rates (0.5 mm nozzle)

Based on the discussions at the meeting in Risø, it was concluded that the nozzle size (0.5 mm) and the resulting release rate might be too high. It was proposed to use a release nozzle of 0.1 mm (and 0.2 mm), which leads to a release rate of around 0.2 g/s. The effect of this change was also studied using FLACS simulations. The calculations revealed that in this case, the resulting gas cloud was extremely small, and seemed to pose no real risk. The size of the gas cloud was of the order of 1 litre, and the equivalent stoichiometric gas cloud was even smaller. Due to the small release rate, a steady state was obtained very quickly (although a small rise is seen at the end). This result was obtained for a ventilation rate of 10 ACH and the cloud is expected to be the same size or smaller for higher ventilation rates. The results are shown in Figure 8 up to 1 minute after the start of the leak. Thus, this is seen to not pose much danger at all. If a release nozzle of size 0.2 mm is used, it results in an initial rate of 0.7 g/s. That is expected to be more dangerous than the 0.1 mm case, but still the hazard is expected to very minimal (the release rate is still more than 7 times smaller than the 0.5 mm case studied in detail above). The simulations indeed predict that to be true (see Figure 9), as the size of the flammable gas cloud is seen to be very similar in the first few seconds after the leak begins (the final results still need to be confirmed).
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Figure 8. The variation of flammable volume as a function of time in the gas-processing house for the 1st ventilation design (0.1 mm nozzle, 10 ACH)
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Figure 9. The variation of flammable volume as a function of time in the gas-processing house for the 1st ventilation design (0.2 mm nozzle, 10 ACH)

However, these results are only based on one particular leak position and direction. This might be unrealistic as the leak now occurs away from any equipment. It may be possible that a leak impinging into the equipment (thus quickly losing momentum) leads to a more dangerous gas cloud. Further work needs to be performed to study the sensitivity to the position of air outlet as well.

5.3.4 Results based on FLACS calculations – scenario 3 – leak from outdoor valves at storage vessels

FLACS was also used to simulate a leak from a storage tank (see layout for the generic station). The representation in FLACS is presented in Figure 10. The results are presented in Figure 11 (the scenario corresponds to Scenario 3 in table 2; release diameter 0.2 mm). These calculations are not complete, but it can be seen that the resulting flammable volume is not significant (around 10 litres).
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Figure 10. Schematic of the HRS as represented in FLACS
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Figure 11. The variation of flammable volume as a function of time in the refuelling station presented in Figure 10 (release from storage tanks, -Z direction, 460 barg storage)

5.3.5 Results based on Adrea HF calculations (next version)
6 Example - Another installation (another example will have to be included in next version of D64)

6.1 Description of Another Installation (author to be defined)

6.2 Hazardous zones for Another installation (author to be defined)

Present Hazardous zones for Another Installation

 Detailed calculations in appendix 

7 Discussion (sandra, all)

Will include

· Effect of ventilation

· Effect of detection and rapid safe shutdown

· Italian Methodology compared with CFD and other numerical tools

· Realistic release sizes – 

· Refer to available frequency/leak size data

· available data might not be reasonable for new H2 technologies

· Differences in definitions in ATEX and IEC70090-10 – what does this mean in practice  - 4 % contra 2 % limit (explosion expert – DNV/GexCon)

· More…?

8 Conclusion (Sandra, all)

APPENDIX 1 – Detailed presentation of the Italian methodology

APPENDIX 2 – Description of generic HRS (Sandra)

APPENDIX 3 – Description of Another Installation (Author to be defined)

APPENDIX 4 – Detailed calculations (Alessia, Sandra, Prankul, Alexander , more?)

· HRS

· Another Installation
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Air outlet: Fans


(moved towards the left wall in the simulations)





Air inlet: Louvre


(Porosity 0.5)











� From the Italian Guide CEI 31-35, 2001, for natural gas systems with piping diameters less than 150 mm


� IP – Institute of Petroleum, London


� For the Italian methodology also natural ventilation hvave been considered





� Swain M.R., Filoso P.A., Swain M.N.: “An experimental investigation into the ignition of leaking hydrogen”,  article to be presented in International Journal of Hydrogen Energy, , � HYPERLINK "http://www.elsevier.com/locate/ijhydene" ��www.elsevier.com/locate/ijhydene�


� Swain M.R., Filoso P.A., Swain M.N.:”Ignition of lean hydrogen-air mixtures”, International Journal of Hydrogen Energy, 30 (2005) 1447 – 1445, � HYPERLINK "http://www.elsevier.com/locate/ijhydene" ��www.elsevier.com/locate/ijhydene� available online 7 December 2004


� Sandia National Laboratories: “What is a Reasonable Flammability Limit”.  Powepoint presentation


� HySafe Deliverable D26: ”Risk Analysis Methodology and Acceptance Criteria Deliverable D26 (WP12)”.
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