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1. Vision
HySafe NoE aims to acquire a leading role in Europe on hydrogen safety through the coordination of today fragmented knowledge and research as well as through the planning of future work on hydrogen safety that is critical to ensure a safe implementation of hydrogen technologies. As a large and long-term consortium, HySafe has this unique and innovative opportunity to bridge knowledge over time (living memory of projects and available information) and between partners. 

The biennial report on hydrogen safety is the corner stone towards this leading role as it is intended to make this coordinated knowledge available into an up-dated and comprehensive single document. This document should become a living memory in the field of hydrogen safety.  

Beyond spreading practical information and pointing out gaps in the existing knowledge, this report shall demonstrate the ability of the consortium to share its knowledge and therefore to work together.

This report along with technical inputs to standards as well as the editing of technical recommendations is necessary for HySafe to gain credibility through its capacity to provide hydrogen safety warnings and solutions to our society.

This capacity is a major stake for the HySafe consortium to survive beyond EC fundings.

2. Objective

This Biennial Report on Hydrogen Safety is intended to deliver periodically information on existing knowledge, gaps and progress on hydrogen safety issues. It will pull together existing scientific and technical information shared between members of the consortium and beyond when available. 

This report shall provide to interested parties comprehensive scientific information on different aspects of hydrogen safety, ranging from basic physical and chemical knowledge (dispersion, combustion) up to practical information related for instance to state of the art risk control measures or emergency response plan.

It is a living document that aims to provide technical support to people in their everyday work as it will provide up-dated and state-of-the art information.

The intended recipients will be safety engineers, designers, users, fire-brigades, public authorities and policy makers.

Information published in this report will reflect scientific and technical quality, impartiality, transparency as well as duty of prevention. 

3. Context

To date, no such document exists on hydrogen safety. A so-called “hydrogen safety report” is published monthly on line by the NHA (US National Hydrogen Association). However this short report is mostly dedicated to standardization and regulatory issues. Besides, it is more an information letter than a support document as the BRHS intends to be.  

Today, recent results on hydrogen safety could be published in:

· Journal of Loss prevention in the process industries,

· The International Journal of Hydrogen Energy,

· …

· and in the International Conference of Hydrogen Safety proceedings or conferences that are dedicated to hydrogen.

None of these publication channels above are dedicated to hydrogen safety. As such, this BRHS will be the first of its kind.
4. Interested parties
First of all, this BRHS is not targeting the general public event though it will be available to whoever is interested in its content. Specific information package for the public could be produced on the basis of this report but in the frame of another work.

Most interested people should be:

· Designers of hydrogen systems (mobile or stationary),

· Integrators of hydrogen systems,

· Users of hydrogen applications,

· Maintenance Teams 

· Certification organizations,

· Industrial and process safety engineers,

· Health & Safety at work engineers,

· Plant Emergency response services, 

· Modelers,

· Researchers,

· Decision makers,

· Policy makers,

· National and Local authorities,

· Fire-brigades,

· Students,… .

5. Release

Free editions will be available from the internet. Advertising would be done via e.mails, conference presentations and via the HySafe website. For download of this first edition, people will be asked to give information about their profiles. The second and more complete version of the report should be made available on referenced hard copies (ISBN number).

6. Link with the International Conference on Hydrogen Safety and other WPs

It is suggested to partners to combine both their contributions to this report as well as their contribution to the conference on hydrogen safety. Indeed, information presented under headings of this report could be a valuable input to the conference. 

Otherwise, proceedings of the conference will not be published in this report as such.  However, reference to papers presented in the course of the conference should be given when appropriate. Besides, minutes of the ICHS round tables could be published as part of the discussion on future research to be conducted.  Details of these links with the ICHS still have to be discussed with the organizing committee. 

No formal links exist with other technical WPs. However, it is expected WP leaders to be authors for headings related to their work package activity. It is not the aim of the report to present research capacities of its partners. Information related to experimental facilities for instance (WP2) will be available from the web site. However, it is possible to include an experimental chapter where experimental techniques and good practices are presented. This is not foreseen for the first edition.

7. General Content

The report will be divided into main safety topics (see detailed contents). 3 to 5 pages of scientific comprehensive information will be presented for each theme. Released information will be based on partners and external expertise, literature as well as any outputs from projects and research on hydrogen safety. 

Collection of references will be made available for each topic as well as for past and on going research projects that tackle presented issues.

Articles presenting this information will be written in the style of an encyclopaedia avoiding to give extensive information that can be found in referenced papers.

8. BRHS Content

8.1 Main Chapters

	Main Headings
	Overall content
	Current number of page foreseen

	Introduction
	Introduction to recall objectives of this report and to indicate its main headings
	2

	1. Hydrogen fundamentals
	This chapter aims at providing physical and chemical properties of hydrogen including safety characteristics
	3

	2. Engineering
	A quick introduction to current and foreseen hydrogen application will be proposed. Then, key components of hydrogen systems (compressors, valves, liquefiers,…) will be presented. 

Finally, hydrogen production technologies will be addressed.
	16

	3. Accidental phenomenon and consequences
	This chapter aims at giving information on hydrogen behavior in case of accidental release in different environment. It also recalls basic knowledge on dispersion, ignition and explosion mechanisms. Both liquid and gaseous hydrogen will be considered. Distinction will be made between massive (catastrophic rupture of pipes) and moderate leaks (leak of fittings). Besides, embrittlement of materials will be considered. 

Effects of accidental phenomena on people and structure (mainly overpressures and thermal effects) will be presented and related to quantities of product involved. A range of modeling tools will be presented as well as quantitative information to provide hard data to readers (2D graphs…).
	83,5

	4. Risk assessment
	Principles of risk assessment, risk assessment criteria, ALARP principles, and commonly used risk assessment methodologies will be presented. Necessity to consider past experience will be highlighted. Impact of human behavior on the overall safety of systems will also be discussed. Residual risk, risk communication and social perception will also be discussed. Requirements to risk assessment in central regulations will be presented.  Use of risk assessment results, examples from practical applications will be described (basis for emergency planning, implementation of safety barriers, risk based inspection procedures, etc., safety integrity level)   

	21

	5. Safety measures
	Safety principle hierarchy will first be presented.. Key prevention, detection, and mitigation measures will be described (sensors, vents, recombiners,…). Then performances of safety equipment will be discussed Emergency response will also be worked out. Finally, general safety principles for key applications will be listed.  Reliability of risk reducing measures will be included.
	73.5

	6. Regulations and standards
	As an introduction, this chapter will define usual vocabulary in this field. Most important European regulations will be presented (for operators: SEVESO II, ATEX  1999/92/EC, etc.) (for manufacturers PED, EMC, ATEX 1994/9/EC, Machinery, etc.  ), RID/ADR, IMDG, TPED. Standardization panorama and progress will then be described.
	24

	7. Hydrogen safety projects
	This chapter aims to give an overview of past and on-going projects and their safety outputs. European, US and Japanese activities will be presented. 
	14

	8. Conclusion
	In the light of the technical information presented in the report, this conclusion will come back on recent progress critical gaps and finally research to be conducted. Conclusions from ICHS will be included. 

In the frame of these future safety priorities related to the hydrogen technologies implementation roadmap, the next HySafe program will be presented.
	2

	9. Contacts
	List of physical and internet contact will be made available.
	2


Table 1: General content of BRHS
8.2 Full content

This detailed content already shows some of the authors. A number of pages have been proposed for each chapter.

	Ref
	Chapters titles
	Detailed content / to be amended by authors
	Proposed Authors
	Proposed contributions
	Proposed Reviewers
	Proposed number of pages + references

	
	Introduction
	
	EC ?
	
	
	2


LEAD AUTHOR: 

	1
	Hydrogen fundamentals
	Atomic structure, physical and chemical properties, thermodynamic and safety characteristics, effect of temperature and pressure on these characteristics
	Karl Verfondern FZJ


	
Andrzej Teodorczyk (WUT)
	
	3


LEAD AUTHOR: 

	2
	Engineering
	
	
	Sandra Nilsen
	
	16

	2.1
	Hydrogen today
	Hydrogen usage, hydrogen 
onsummati and 
onsummation figures versus other energy conveyors and souces
	
	
	
	1

	2.1
	Introduction to H2 applications
	
	
	
	
	1

	2.2
	Hydrogen systems main components
	
	
	Sandra Nilsen
	
	

	2.2.1
	Compressor
	
	
	
	
	2

	2.2.2
	Gates
	
	
	
	
	0.5

	2.2.3
	Check valves
	
	
	
	
	0.5

	2.2.4
	Piping
	
	
	
	
	0.5

	2.2.5
	Storage
	
	
	
	
	2

	2.2.6
	Liquefier / evaporator
	
	
	
	
	1

	2.2.6
	Fuel cells
	
	
	
	
	3

	
	
	
	
	
	
	

	2.4
	Introduction to hydrogen production techniques
	Main production patways and techniques. Future pathways
	
	Karl Verondern (FZJ)

Sandra Nilsen
	
	5


	3
	Accidental Phenomena and consequences
	
	
	
	
	83.5


	3.1
	Accidental Phenomena
	
	
	
	
	55.5


LEAD AUTHOR: 
	3.1.1
	Release and Dispersion of Hydrogen
	
	
	
	
	19

	3.1.1.1
	Release Mechanisms for Hydrogen
	 Gaseous, liquid and two phase flow
	
	
	
	

	3.1.1.1.1
	Small-Scale Moderate Release
	Permeability, Fittings leaks, Boil Off
	
	
	
	

	3.1.1.1.2
	LH2 Pool Vaporization
	
	
	
	
	

	3.1.1.1.3
	Jet Release
	
	
	
	
	

	3.1.1.1.4
	Large-Scale Instantaneous Release
	
	
	
	
	

	3.1.1.2
	Dispersion of Hydrogen
	
	
	
	
	

	3.1.1.2.1
	Dispersion in the Open Atmosphere
	Free jets (sonic and subsonic jets / dispersion plume / dispersion phenomena /example of leaking rates and explosive volume for a set of pressure and leaking diameter / More sophisticated tools available / turbulence induced by the high speed release / auto ignition / known experiments / references / influence of atmospheric conditions)
	
	
	
	

	3.1.1.2.2
	Dispersion in a Partially Confined Environment / congested area
	Impinged jets (effect of obstacles on cloud size / effect on turbulence / rule of thumbs? /experiments / references)
	
	
	
	

	3.1.1.2.3
	Dispersion in a Confined Environment
	hydrogen behaviour / potential for accumulation depending on leaking source / usual natural ventilation of structures / modelling tools / known experiments / references
	
	
	
	


LEAD AUTHOR: 
	3.1.2
	Hydrogen ignition
	
	
	
	
	17

	3.1.1.1
	Introduction
	Introduction (Ignition sources, MIE, ignition as safety principle, likelihood of ignition in case of release, split down of most likely ignition source, ignition of a jet versus ignition of a cloud …)
	
	
	
	3

	3.1.1.2
	Static electricity
	phenomena description and related energy release – mechanisms generating static electricity- basic recommendations – investigation tools – projects and references – case accidents / wide subject, probably more than 5 pages
	
	
	
	3

	3.1.1.3
	Electrical spark
	
	Teodorczyk (WUT)
	
	
	2

	3.1.1.4
	Auto-ignition
	Auto-ignition temperature, jet release auto-ignition
	Teodorczyk (WUT)
	
	
	2

	3.1.1.5
	Mechanical friction and impact
	
	
	
	
	2

	3.1.1.6
	Ignition by explosive
	
	
	
	
	0.5

	3.1.1.7
	Ignition by compression
	Schock waves, explosive mixture compression
	Teodorczyk (WUT)
	
	
	0.5

	3.1.1.8
	Ignition by open flame and hot surfaces
	
	
	
	
	0.5

	3.1.1.9
	Miscellaneous
	Micro-waves, lightning, chemical incompatibility/exothermic reaction, see ISO
	
	
	
	0.5

	3.1.1.10
	Ignition of Liquid hydrogen and solid oxygen mixtures
	
	
	
	
	3


LEAD AUTHOR: 
	3.1.3
	Combustion of hydrogen
	
	Teodorczyk (WUT)
	Olav Roald Hansen

(GexCon)
	
	16.5

	3.1.3.1
	Introduction to Combustion
	mechanism, deflagration, detonation, effect of concentration and confinement, flashfire versus explosion, vocabulary: fundamental flame velocity, consequences of explosion, …

Effect of temperature and pressure,…
	
	
	
	

	3.1.3.2
	Deflagration
	
	
	
	
	

	3.1.3.3
	UVCE
	
	
	
	
	

	3.1.3.4
	Transition from Deflagration to Detonation
	flame acceleration mechanism, prediction of DDT / favourable environment, influence of cloud size, detonation in open air
	
	
	
	

	3.1.3.5
	Detonation
	
	
	
	
	

	3.1.3.6
	Pool Fire
	
	
	
	Teodorczyk (WUT)
	

	3.1.3.7
	Jet Fire
	
	
	
	Teodorczyk (WUT)
	

	3.1.3.8
	BLEVE
	
	
	
	
	


LEAD AUTHOR: 
	3.1.4
	Influence of Hydrogen on Material 
	
	
	
	
	3

	3.1.4.1
	Low-Temperature Influence
	
	
	
	
	

	3.1.4.2
	Material Embrittlement
	
	Verondern (FZJ)
Dr Azkarate INASMET???
	
	
	


	2.1.4
	Material embrittlement
	
	Karl Verondern (FZJ)
Dr Azkarate INASMET???
	
	
	3


LEAD AUTHOR: 
	3.2
	Accidental Consequences
	 Includes tools for quantification of effects
	
	Olav Roald Hansen

(GexCon)
	Teodorczyk (WUT)
	28

	3.2.1
	Physiological Impact
	
	
	
	
	

	3.2.2
	Static Pressure
	(Deflagration)
	
	
	
	

	3.2.3
	Dynamic Load
	(Detonation)
	
	
	
	

	3.2.4
	Heat Radiation
	
	
	
	
	

	3.2.5
	Missile Effect
	
	
	
	
	

	3.2.6
	Effect on the Environment
	Local effects (contamination,..)and Global impact (ecosystems)
	
	
	
	


LEAD AUTHOR: 
	5
	Risk Assessment
	
	
	
	Olav Roald Hansen

(GexCon)
	21

	5.1
	Definitions and risk assessment principles
	
	
	Sandra Nilsen (NH)

FZJ
	
	2

	5.2
	Risk assessment methodologies
	Basic iterative process, safety objectives, Inductive versus deductive, probabilistic and deterministic, Barriers and bow tie, APR, HAZOP, FMEA,… ,
	
	Sandra Nilsen
	
	5

	5.3
	Accident data-base, failure rate database
	
	
	
	
	2

	5.4
	Modeling as a tool for quantitative risk assessment
	
	
	Sandra Nilsen
	
	3

	5.5
	Human factors
	
	
	
	
	3

	5.6
	Residual risk and social perception of hydrogen
	
	
	Sandra Nilsen
	
	3

	5.7
	Project safety plan
	Structured approach, transparency, learning process, third check
	
	
	
	3


	6
	Safety measures / Safety barriers
	
	
	
	
	73.5


LEAD AUTHOR: 
	
	
	
	
	
	
	10

	6.1
	Safety philosophy
	Intrinsically safe systems down to mitigation measures and emergency response
	
	Sandra Nilsen
	
	2

	6.2
	Key performance of safety barriers
	reliability, efficiency and response time
	
	Sébastien Bouchet (INERIS)
	Sandra Nilsen
	2

	6.3
	How to match safety performances and needs
	
	
	
	Sandra Nilsen
	2

	6.4
	Built-in safety principles
	Basic engineering principles, Structure reinforcement
	
	Sandra Nilsen
	
	3

	6.5
	Maintenance
	
	
	
	
	1


LEAD AUTHOR: 
	6.6
	Prevention measures
	
	
	Olav Roald Hansen

(GexCon)
	Sandra Nilsen
	19

	6.6.1
	Safety procedures and training
	
	
	
	
	2

	6.6.2
	Ventilation
	
	
	
	Sandra Nilsen
	

	6.6.2.1
	Mechanical ventilation of confined spaces
	ventilation orifices, interlinks, ventilation rates, control and back up, references
	
	
	Sandra Nilsen
	3

	6.6.2.2
	Natural ventilation of buildings / Open air
	
	
	
	
	2

	6.6.3
	Automatic system shut down
	
	
	
	Sandra Nilsen
	2

	6.6.4
	Inerting
	
	Jacques Chaineaux (INERIS)
	
	
	2

	6.6.5
	Recombiners
	
	Ernir Reinecke (FZJ)
	
	
	2

	6.6.6
	Control of ignition sources
	
	
	
	Sandra Nilsen
	

	6.6.6.1
	Use of adequate electrical equipment
	Protection principles, equipment categories
	
	
	
	2

	6.6.6.2
	Hot surfaces, flames and mechanical ignition: fire permit
	
	
	
	
	1

	6.6.6.3
	Control of static electricity
	
	
	
	
	2

	6.6.6.4
	Pressurization of flammable gas free equipment
	
	
	
	
	1


LEAD AUTHOR: 
	6.7
	Detection measures
	
	
	Olav Roald Hansen

(GexCon)
	
	8.5

	6.7.1
	Detection of explosive atmosphere
	
	
	
	
	

	6.7.1.1
	Introduction
	When to use detection techniques
	Sébastien Bouchet (INERIS)
	
	
	1

	6.7.1.2
	Detection techniques
	detection velocity, efficiency range
	Sébastien Bouchet (INERIS)
	
	
	3

	6.7.1.3
	Detection layout
	
	
	
	
	1

	6.7.1.4
	Maintenance of detectors
	
	Sébastien Bouchet (INERIS)
	
	
	0.5

	6.7.2
	Detection of hydrogen flames
	
	
	
	
	3


LEAD AUTHOR: 
	6.8
	Mitigation measures
	
	
	Olav Roald Hansen

(GexCon)
	
	18

	6.8.1
	Explosion venting
	
	
	
	
	

	6.8.1.1
	Venting of equipment
	connected and non connected
	
	
	
	3

	6.8.1.2
	Venting of buildings
	
	
	
	
	2

	6.8.2
	Decoupling of installations
	
	
	
	
	

	6.8.2.1
	Flame arrestors
	Efficiency,
	Teodorczyk (WUT)
	
	
	2

	6.8.2.2
	Quick shut off valves and extinction systems
	
	
	
	
	2

	6.8.3
	Explosion suppression systems
	
	
	
	
	2

	6.8.4
	Stopping walls
	
	
	
	
	2

	6.8.5
	Safety distances
	
	FZJ
	
	
	3

	6.8.6
	Sprinkler systems
	
	Vasily Novozhilov (UU)
	
	
	2

	6.8.7
	Spray and water mists
	
	Vasily Novozhilov (UU)
	
	
	2

	6.8.8
	DDT Dampers ?
	
	Teodorczyk (WUT)
	
	
	1

	6.9
	Design and layout of plant
	
	
	Sandra Nilsen
	
	3

	6.1
	Emergency response
	Emergency response plan, Liquid spill, Gaseous release, Hydrogen fire
	
	
	
	3


LEAD AUTHOR: 
	6.11
	Safety of hydrogen technologies: examples
	
	
	Sandra Nilsen (NH)
Olav Roald Hansen

(GexCon)
	
	18

	6.11.1
	General safety principles for buildings, tunnels and underground car park
	congestion, strength, fire resistance
	
	
	
	3

	6.11.1
	Safety of hydrogen storage
	
	
	
	
	3

	6.11.1
	Safety of hydrogen transport
	Truck, rail, and pipelines, main hazards and control measurers
	
	
	Sandra Nilsen
	3

	6.11.1
	Safety of hydrogen cars and buses
	
	
	
	Teodorczyk (WUT)
	3

	6.11.1
	Safety of refueling applications
	
	
	Sandra Nilsen
	
	3

	6.11.1
	safety of stationary applications
	domestic and stationary
	
	
	
	3


LEAD AUTHOR: 
	7
	Regulations and standards
	
	
	
	
	24

	7.1
	Definitions
	
	
	Sandra Nilsen
	
	2

	7.2
	Regulations
	
	
	Sandra Nilsen
	
	

	7.2.1
	Health & Safety at work and major Hazards
	
	
	
	
	

	7.2.1.1
	Major Hazard directive
	Scope and expectations of  SEVESO II
	
	
	
	3

	7.2.1.2
	ATEX directive EC/1999/92
	Scope and expectations, Risk assessment, Zone classification
	Jacques Chaineaux (INERIS)
	Sandra Nilsen

+ FZJ
	
	3

	7.2.2
	Transport of Hazardous goods regulations
	RID, ADR…
	
	Sandra Nilsen

+ FZJ
	
	3

	7.2.3
	Rule for equipments: CE marking and most relevant directives
	Machinery directive, 1994/9/EC directive, Pressurise devices directive, Electromagnetic compatibility directive…
	
	
	
	5

	7.2.4
	UN GRPE WP29 Drafts
	
	
	
	
	3

	7.3
	Standardization
	
	
	
	
	

	7.3.1
	Standardization panorama
	
	Samira Chelhaoui (INERIS)
	
	
	2

	7.3.4
	International activity (ISO and IEC) an related applications
	
	Samira Chelhaoui (INERIS)
	
	
	3


LEAD AUTHOR: 
	8
	State of projects and works
	
	
	
	
	14

	8.1
	European Activity
	
	
	
	
	

	8.1.1
	Recall of significant past projects dealing with hydrogen safety
	EIHPII, Hynet
	
	Sandra Nilsen
	
	3

	8.1.2
	Current projects
	HYSAFE and others, CUTE, Hyapproval
	
	Sandra Nilsen
	
	5

	8.2
	US activity
	
	
	FZJ
	
	3

	8.3
	Japanese activity
	
	
	FZJ
	
	3


	9
	Conclusion and perspectives for the next two year period
	Sum up of current knowledge recent progress and future Research to be conducted (Priorities, HYSAFE JPA), ICHS roundtables minute
	
	
	
	3

	10
	Contacts
	People, websites, associations, authorities, companies 
	
	
	
	

	
	
	
	
	
	
	241


Table 2: Detailed content of BRHS
9. Implementation plan

	Deadlines
	Action

	Mid December 2004
	· Draft report structure released

	Mid January (coordination committee)
	· Report structure validated

· Authors to propose themselves to write parts of the report

· General paper structure to be made available by INERIS

· Rough paper content to be made available by INERIS

	Early February
	· Detailed content to be proposed by authors

· Identification of reviewers

	End February
	· Validation of detailed content by reviewers

· Start of writing work (All)

	Mid June 2005
	· Draft documents to be forwarded to INERIS for first review of consistency and technical comments

· List of references to be forwarded to INERIS and published on the web-site

	End September 2005
	· Final draft documents to be forwarded to INERIS for technical review by reviewers

· Identification of report recipients

	End November 2005
	· End of technical review

	End January 2005
	· Revised final documents available

· Diffusion of first electronic edition of the report


Table 3: Implementation plan
Report content will be reviewed on a biennial basis. Initial authors will be the one in charge of keeping the information up to date. 

10. Work distribution

As mentioned in the implementation plan, authors will be asked to volunteer for technical parts they master. Ideally, multiple authors from different organizations should associate themselves to contribute to the edition of a paper. Orphan topics will be settled during the next meeting of the coordination committee. As a first edition, it is envisaged not to address the complete proposed structure. Nevertheless, key topics related to hydrogen safety, risk assessment and mitigations techniques, as well as state of hydrogen safety projects should be covered.

Reviewers will also be identified for each topic. Reviewers outside the network are welcomed.

INERIS will be responsible for keeping deadlines and pulling partners input together. The coordinator will be responsible for releasing the report. 

	Date 
	Modification
	Author

	12/11/2004
	First edition
	L. PERRETTE

	22/12/2004
	Inclusion of Thomas Jordan (FZK), Alesia Marangomn (UNIPI), Karl Verfondern (FZJ), Ernie Reinecke (FZJ), Sébastien Bouchet (INERIS), Vasily Novozhilov (UU) comments
	L. PERRETTE

	13/01/2005
	Inclusion of Sandra Nilsen (NH), Andrzej Teodorczyk(WUT),  Karl Verfondern (FZJ), Iñaki Azkarate (INASMET), Olav Roald Hansen

(GexCon)
comments
	L. PERRETTE
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