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Development of a practical, integrated guideline for industrial safety studies in hydrogen production, transport and delivery projects Développement d'une approche pratique et intégrée pour les études de sécurité des projets de production, transport et distribution d'hydrogène
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I. INTRODUCTION

The last few years have witnessed an important evolution of society and of the expectations of citizens, in particular on the topics of climatic urgency and the more direct consequences of pollution on the health of people. Energy production and transport are often mentioned as important contributors. The increasing awareness on these issues has led to the deploymentand subsequent democratization -of renewable energy sources such as hydropower, solar and wind. In this context of energy transition, a promising technology is the storage of energy in the form of hydrogen.

Using only water and electricity, hydrogen can be produced, stored, transported and converted back into electricity, producing only water. This makes hydrogen the ideal companion to renewable energies such as solar or wind, which are intermittent sources of energy, with peaks of production but also times with zero or low production. Hydrogen can be produced using excess electricity generated during the peaks, and can be used as electricity source later on when the demand exceeds the renewable production.

There is, however, a significant drawback: hydrogen is known to be difficult to contain, and to be significantly more hazardous than most conventional gases, as it presents greater risks of fire and explosion. In order to expand hydrogen technologies at a large scale and in densely populated areas, it is crucial to demonstrate that it can be mastered with a very high level of safety. Furthermore, safety is key to ensure acceptance by the general public and by regulators.

ENGIE is developing an increasing number of large scale renewable-based hydrogen facilities. Tractebel (TE) is the engineering company of the ENGIE Group and takes part in these projects. The most commonly performed activities are feasibility studies, including preliminary design and safety studies. The health & safety activities are performed by the Industrial Risk & Safety Management (IRSM) department of TE.

For such a development to be successful, it has been acknowledged that safety must be integrated at the earliest stage of any project. Therefore, a strategy has been developed in order to integrate safety in a consistent and systematic way. This approach mentions which safety studies and H&S activities must be performed over the course of a project. It also provides practical guidance on how to perform these studies, considering the properties and hazards associated with hydrogen (Chapter II), return of experience from past accidents (Chapter III), requirements from legislation (Chapter IV), and guidance from standards as well as industry's best practices (Chapter V). Some of the safety studies are described in Chapter VI.

II. PROPERTIES & HAZARDS OF HYDROGEN

A. Chemical properties

Hydrogen atoms are the smallest and lightest atoms on earth. At ambient pressure and temperature, and in the majority of the working conditions, hydrogen is in gaseous form, consisting of two atoms. Due to the small size of the hydrogen molecules, leaks are challenging to prevent. In addition to leaking through very small openings or gaps (e.g. flange connections), hydrogen can also rapidly diffuse through materials which are not usually considered as porous. It can also have a negative interaction with materials in certain conditions (e.g. hydrogen embrittlement, blistering, stress cracking or attack).

At atmospheric pressure, gaseous hydrogen has a density of 0,08988 kg/m³, which represents about 7% of air density. However, the density increases significantly with the pressure. For instance, at 20°C, gaseous hydrogen compressed to 1000 bar has a density of about 50 kg/m³. For this reason, most hydrogen applications are done at high pressure.

An even higher density (70,8 kg/m³, i.e. 7% of water density) can be achieved by decreasing the temperature below the boiling point (20,3 K). Such low temperatures present risks of cryogenic burns, insulation challenges, condensation of gaseous impurities or release of vapors heavier than air. This underlines the importance of thermal expansion, in case liquid (or cryo-compressed gaseous) hydrogen heats up. The coefficient of thermal expansion is 23 times larger than for water. For a given volume, the phase change and expansion from liquid to gaseous hydrogen would result in a pressure of 1770 bar (from ISO 15916).

Hydrogen has a low viscosity, which is due to the size of the molecule. It will cause a relatively higher flow rate in case of leak. On the other hand, it also has a high diffusivity in air, and will consequently quickly disperse in air.

In the Joule-Thomson effect, each gas has a specific 'inversion temperature'. Below this temperature, an isenthalpic expansion leads to a temperature drop. Above the inversion temperature, an isenthalpic expansion leads to a temperature rise. Contrarily to most other gases, the inversion temperature of hydrogen is low (around 200 K): at room temperature, an expansion is accompanied by a temperature rise, which explains the need for pre-cooling hydrogen before fueling operations.

B. Combustion properties

Hydrogen has a broad flammability range: between 4 vol% and 77 vol% in air, and between 4,6vol% and 94vol% in oxygen [START_REF]Service for inspection of Seveso sites[END_REF], which does not provide much margin against oxygen ingress. It is easily ignited, with a minimum ignition energy (MIE) of 0,02 mJ. Furthermore, it has a small maximum experimental safe gap (MESG), which indicates the minimum gap needed by a flame to propagate. This highlights the need for selecting perfectly tight electrical equipment.

Another hazardous property of hydrogen is the invisibility of its flame in daylight, which makes it harder to detect by humans.

Hydrogen fires have a higher heating value and higher burning velocities than conventional gases. This is explained by hydrogen's high thermal conductivity, itself related to the small size of the molecules.

In case of delayed ignition and confinement (e.g. between walls or inside pipes), ignition of hydrogen may give rise to an explosion. If the maximum explosion pressure of hydrogen is on par with that of other gases, its maximum rate of pressure rise, which determines how fast the overpressure is reached and is translated into the non-dimensional factor KG, is one order of magnitude above that of methane.

III. ANALYSIS OF INCIDENTS

A. General discussion

History has witnessed a significant number of incidents involving hydrogen. Even recently, losses of containment and explosions have occurred in different countries, most notably in South Korea (05/2019) where a hydrogen storage tank at a government research facility exploded. It "destroyed a complex about half the size of a soccer field, killing two and injuring six. A preliminary investigation found the blast was caused by a spark after oxygen found its way into the tank" [START_REF] Jin | Hydrogen hurdles: a deadly blast hampers South Korea's big fuel cell car bet[END_REF]. One month later, another explosion occurred in Norway (06/2019) at a hydrogen refueling station. The investigation showed that an insufficient torque was applied during placing of a plug on the high pressure system after maintenance. Subsequently, water could ingress and caused corrosion, which damaged the material and allowed hydrogen to escape and mix with air [START_REF] Tom Van Wingerden | The energy transition and the role of hydrogen in a decarbonized energy mix[END_REF].

A history of hydrogen incidents can be found in several databases available to the public. They allow compiling data and drawing recommendations and best practices to avoid reoccurrence of similar events. They also illustrate the benefits of taking safety into account from the start of any project, and the tremendous risks of neglecting it. Such examples are especially useful to safety engineers and H&S managers, who have to inspire and convince projects stakeholders

B. European database HIAD 2.0

The Hydrogen Incident and Accident Database (HIAD 2.0), sponsored by the EU Commission, is available in reference [START_REF]HIAD Database[END_REF]. Its main goal is to share experience between stakeholders involved in hydrogen projects development.

Incidents reported in this database highlight how easily and quickly hydrogen leaks are ignited. They also underline the importance of emergency shutdown systems and procedures, which can limit and mitigate the consequences of single failures. These systems must be compatible with hydrogen and process conditions (e.g. material choice), and designed according to potential consequences (e.g. a shut-off valve located too close to the source of hazard, which renders the functioning of the valve impossible in case the hazard occurs).

Minimization of the quantities is crucial to limit the extent of the effects of a hazard. In several cases, single failures (materials weaknesses or human errors) allowed large consequences to occur. Most of the accidents occurred outdoor, which is a mitigating factor. Timely intervention of fire brigade allows mitigating the consequences, by controlling the events and blocking roads, evacuating neighboring offices, schools, etc. This highlights the importance of emergency planning and communication.

The database also describes abnormal events with no consequence, highlighting the importance of fail-safe designs which continuously monitor important parameters and shut down the system in abnormal situations. An important point of attention is the risk of traffic accidents which can cause important shocks, against which the hydrogen systems must be protected. The possibility to perform periodic inspections is also important, as it allowed discovering a contamination issue before it became hazardous.

C. H2Tools -Lessons learned

This database is developed by the US Department of Energy, and is available in [START_REF]H2Tools Database -Lessons Learned[END_REF]. It states that "when incidents or near-misses occur, an institution should share any lessons learned so that future incidents or near-misses can be prevented".

Events in this database are sorted by probable causes. This allows highlighting the most important (reported) causes behind the accidents. It must be noted that several causes are often identified for the same incident, e.g. a wrong material selection can be identified as a 'material incompatibility', an 'equipment failure', a 'design flaw' and a 'human error' altogether. This, perhaps, explains why 'equipment failure' and 'human error' are so frequently listed as causes.

To offer another interpretation of this ranking, this paper suggests to group the reported causes into 4 main categories: design issues, management system deficiencies, human errors and external hazards. Grouping the causes into main categories provides a significantly different ranking. Design issues remain the largest contributor, which reflects the major technical challenges posed by hydrogen. However, the second largest contributor is now a deficiency in the management system.

D. Other databases

The ARIA database incidents are analyzed in [START_REF] Aria | Accidentologie de l'Hydrogène[END_REF]. Its main conclusions are that 70% of the events have a human or organizational cause; nearly half of the lethal accidents occurred during maintenance; and a number of events occurred during handling, unloading or filling of tubes/tanks. The other major causes are material degradation, leaks and failure of instruments.

The NASA incidents are analyzed in [START_REF] Ordin | Review of Hydrogen Accidents and Incidents in NASA Operations[END_REF], which provides four main causes: operational and work area deficiencies; procedural deficiencies, design deficiencies and planning deficiencies which induced insufficient testing or safety studies.

These statistics clearly indicate that the majority of causes are of human This emphasizes the importance of designing hydrogen systems in such a way that the potential for human error is minimized, and a human error cannot render a system unsafe.

E. Conclusions

This analysis showed that a significant number of incidents involving hydrogen have occurred in the last decades, despite hydrogen beingat the momentmostly used in industries. Once these technologies will reach the general market, through hydrogen powered cars, bikes, energy storages, etc., increased safety measures (organizational and technical) will become absolutely vital in order to avoid a severe increase in number of incidents.

IV. LEGISLATION

Internationally, hydrogen has mostly been considered as a dangerous substance, not a fuel. From [START_REF] Molkov | Fundamentals of Hydrogen Safety Engineering[END_REF], "it will take time to update regulations for the emerging hydrogen and fuel cell systems and infrastructure". Most of the legislation is indeed rather general, with safety concerns on high pressure equipment (European directive 2014/68/EU), hazardous substances (Seveso directive, CLP and ADR regulations) or protection of workers from explosions (European directive 1999/92/EU). One exception is the European directive 2014/94/EU, which explicitly tackles the development of "alternative fuels infrastructure".

In the Netherlands, specific guidelines have been developed (PGS35). Another exception is found in Japan, where a national regulation has been developed to cover fuel cell cars using hydrogen [START_REF] Molkov | Fundamentals of Hydrogen Safety Engineering[END_REF].

V. STANDARDS & BEST PRACTICES ON HYDROGEN APPLICATIONS

A. Overview

As stated in [START_REF] Molkov | Fundamentals of Hydrogen Safety Engineering[END_REF], the major standards on hydrogen safety are developed by four technical committees of ISO, mainly TC 197 'Hydrogen Technologies', which focuses on general safety considerations, product specification, hydrogen production systems and fueling stations and connection devices.

They work in collaboration with IEC, which focuses on the electric and electronic aspects, most notably the fuel cells used in the vehicles.

Another major standardization body is the NFPA, whose standards and codes are internationally accepted.

Other organizations, such as EIGA/IGC or CGA have published sets of documents. Notably, the Belgian service for inspection of Seveso sites has issued a checklist addressing hydrogen-related risks (available in [START_REF]Service for inspection of Seveso sites[END_REF]).

The table below proposes a selection of standards to be advised when supporting hydrogen projects, in function of the project scope. These standards are believed to be the most useful and comprehensive documents in each of the considered scopes. 

B. Comparison

ISO standards are generally less specific in their requirements. For instance ISO 15916 contains only expressions such as 'should' or 'if applicable', leaving it up to the user to decide whether or not requirements are to be followed in his specific application (N.B.: a notable exception is ISO 22734, which has requirements expressed with verbs such as 'shall'). Many of the requirements are safety objectives, safety topics to be covered or risks to be addressed, but how to do this in practice is not always specified. The notion of risk assessment is embedded in this approach, as it provides tools to assess the necessary/applicable requirements. ISO 19880 provides some prescriptive recommendations (e.g. flow rates, sizes of the evacuation path, etc.), but also mentions that a risk assessment should be performed, to "flexibly define stationspecific mitigations that achieve an equal or better level of safety to those of prescriptive recommendations". As such, these documents have a similar philosophy as the European directives. Overall, ISO standards (mainly the ones written by Technical Committee 197 'Hydrogen Technologies') are leading documents in the field of hydrogen, and are the ones to follow in Europe.

NFPA codes, on the contrary, are prescriptive and widely used in the United States. They contain fixed values (often given in a tabular form) for separation distances, specific criteria on storages and fire-load classifications, electrical area classification, etc. For instance, the extent of hazardous zones in NFPA 2 and NFPA 497 is given regardless of the pressure and the quantities involved. It is assumed that if all these requirements are strictly followed, the best practicable level of safety will be ensured. Nevertheless, it is noted that NFPA 2 now allows developers to opt for a 'performancebased approach', in which they can use different techniques and principles, but must demonstrate that in the end, they achieve the same level of safety. This tendency is more in line with the European approach of the ISO standards.

SAE standards aim at the uniformization of technologies for fueling vehicles, ensuring compatibility between fueling stations and vehicles.

IGC/EIGA documents are not 'standards' in the strict meaning of the term. These documents are aimed as userguides providing recommendations, illustrations and practical applications which are in line with the ISO standards and European directives. As such, they are useful tools to be used in complement to the standards.

CGA documents have a similar aim as the IGC/EIGA documents, except they are more oriented towards the US market. Nevertheless, they contain useful advice for the design of hydrogen installations, such as drawings for the design of suitable vents. Despite the differences in terms of objectives, scope or implementation, it has been noticed that many of the highlevel safety requirements are recurrent in most standards, e.g. regarding systems, safety systems, safety devices and advice regarding material choice, explosion prevention, operations or emergency.

These standards mention a wide array of safety studies and risk assessments such as HAZID, machinery risk assessment, HAZOP, Quantitative Risk Assessment (QRA), and Safety distances calculation. However, it is noted that they rarely provide detailed and comprehensive requirements on the contents of these assessments. Furthermore, they often imply that the user is free to select any suitable technique.

Other useful standards are those addressing general safety considerations. They include ISO 31000, ISO 31010, ISO 12100 and ISO 17776 on risk management and safety studies; IEC 61508 and IEC 61511 on safety instrumented systems; ISO 61882 on HAZOP; the Dutch 'Purple Book' [START_REF] Gevaarlijke | PGS3: Guidelines for quantitative risk assessment (Purple Book)[END_REF] and the Flemish 'Handboek Risicoberekening' [START_REF]Handboek Risicoberekening versie[END_REF] on Quantitative Risk Assessment. They provide guidance on how to perform risk assessments. However, they are generic and often oriented towards the oil & gas industry. Given the specificities of hydrogen, there is a need to develop a dedicated approach, which follows the principles of existing methods, while updating some of their technical aspects (e.g. leak frequencies, leak sizes, accidental scenarios).

VI. SAFETY STUDIES

In order to completely integrate Health and Safety and Process Safety into project management, from the earliest stage of all projects, a systematic H&S approach has been developed, indicating the safety studies and H&S activities to be performed at each phase of project development.

This chapter presents some of the safety studies selected in this approach. Additionally, it provides practical guidance on how to perform them for hydrogen-specific applications.

A. Risk Matrix

A useful tool for performing a risk analysis is a risk matrix. It allows evaluating risks based on the likelihood of their causes, and the severity of their consequences, in a qualitative way. Therefore, it is particularly suitable for an efficient risk evaluation in workshops involving experts from different backgrounds (e.g. HAZID, HAZOP). The main goal of a risk matrix is to make a distinction between unacceptable risks that need to be decreased as far as reasonably practicable, and risks which are readily acceptable and need no further treatment. Subsequently, risks can be prioritized and the resources can be focused on the essential risks.

For hydrogen projects, TE has created a 5x5 matrix calibrated to hydrogen installations, both in terms of consequences evaluation, and in terms of likelihood evaluation.

It is proposed to consider consequences in terms of safety & health, which are the main expected consequences of hydrogen risks, and also consequences in terms of economic losses, environmental impact and reputation, as given the desired major deployment of hydrogen technologies in cities on the short-term, public and political acceptance is critical.

The likelihoods are expressed in a qualitative way, rather than on a quantitative way. This approach is in contradiction with guidance on how to calibrate a risk matrix based on legally acceptable risk levels (such as the guidance proposed in [START_REF] Baybutt | Calibration of risk matrices for process safety[END_REF]). This is justified by the context in which this matrix will be used: it is aimed workshops where participants usually have a difficult time grasping the practical difference between frequencies such as 10-3/y or 10-5/y, which are both very rare events, compared to the lifetime of a typical installation. This aims at simplifying the discussion and focusing on the most important topics. Furthermore, quantitative methods such as QRA are more suitable to address very low probability events, with a level of precision not achievable in a workshop

B. Safety distances calculation / fire & explosion modelling

Calculation of safety distances or effect distances should be performed several times over the course of the project, under different assumptions and pursuing different objectives.

1) Separation distances for layout

At the Feasibility Study stage, safety distances are needed in order to determine the layout of the future installations. The aim of these distances is to provide enough separation between hazard sources and other targets (e.g. combustible materials, workers, site boundaries…) to reduce the risks for people, as well as the risk of escalation following a release. These safety distances can be either directly taken from a table in a standard (prescriptive distances), or calculated through a preliminary consequence modelling.

According to ISO 15916, the plant layout should take into account the safety distances calculated for the most probable accidental event that could occur. Furthermore, ISO 19880 mentions that these distances are "risk-informed separation distances", which are "not intended to provide complete protection against catastrophic events", as "protection against such events is fundamentally provided by other requirements". TE recommends following the riskinformed approach which was used for the calculation of safety distances in NFPA 2. This method only considers one scenario: a medium leak on a storage tank, with a cross section area equal to 1% of the internal area of the largest pipe connected to the vessel. Following this leak, a jet fire and a flash fire are considered. According to NFPA 2, this leak area captures 95% of all the leaks. This means that only 5% of the expected leaks will have a larger area, and larger effect distances. This induces a residual risk, which is typically to be addressed in a QRA further in the project. Implementing large separation distances in the layout will reduce the residual risk in the QRA; having smaller separation distances in the layout will increase the residual risk in the QRA 2) Worst-case effect distances Also at the Feasibility Study stage, a preliminary consequence modelling of various worst-case scenarios would be a useful to provide an understanding of the possible extent of the consequences in case safety measures are not sufficient or not operational. It would also help the participants of risk workshops (e.g. HAZID, HAZOP) to qualitatively evaluate the severity of the consequences of major events.

3) Refined effect distances

At further stages (e.g. detailed design), a refined consequence modelling must be performed, taking into account actual process parameters, prevention measures and mitigation measures, in order to give a precise estimation of the extent of the consequences of major events. The major events to be considered in this calculation are the main credible scenarios identified in other H&S studies (e.g. HAZID, HAZOP) and in return of experience. The effect distances calculated in this refined consequence modelling allow validating the design, and will subsequently be used as an input to the emergency response plan.

C. Hazard identification: HAZID

Hazard identification (HAZID) is the first step of any risk analysis, as described in ISO 31000. Therefore, it is also the most important one, as hazards which have not been identified cannot be addressed and mitigated.

It is typically performed as a 'structured brainstorming' workshop involving experts from various disciplines and fields of activity: project management, operations, maintenance, design, H&S, etc. The discussion is guided by 'guidewords', which are general categories of risks and aim at triggering ideas and creativity in risk identification. This is also the role of the session 'leader' or 'facilitator', typically an experienced H&S engineer.

For each (relevant) guideword, the team must identify the likely causes or scenarios, the credible/worst-case consequences; the prevention/mitigation measures already foreseen; additional necessary prevention/mitigation measures; reasonable human barriers against the prevention/mitigation measures; recommendations. During the session, the risk may be evaluated using a predefined risk matrix (section 6.1).

Although no dedicated standard exists for a HAZID study, ISO 17776 proposes a list of categories of hazards to be used for risk identification in the oil & gas industry. Among these categories, TE has selected the relevant ones for hydrogen applications, and has complemented them with hazards and risks compiled in the analysis of Chapters II, III and V of this paper.

D. Process safety assessment: HAZOP

The Hazard & Operability (HAZOP) assessment is one of the most commonly used Risk Assessment techniques in the process industry. As shown in section 5.2, it is referenced by several hydrogen-specific standards and industry guidance documents.

The aim of the HAZOP study is to review the process by analyzing all potential process deviations from normal operation (e.g. flow decreases, pressure increases, etc.), and the prevention and mitigation means put in place to ensure safety. It allows uncovering design weaknesses, latent faults and hazardous interactions, identifying where improvements to safety and operability are necessary.

Similarly to the HAZID, it is typically performed as a 'structured brainstorming' workshop involving experts from various disciplines and fields of activity.

The complete methodology for performing a HAZOP study is described in standard IEC 61882.

Additionally, at the start of the HAZOP workshop, a good practice would be to present the results of the worstcase effect distances calculation (cf. 6.2). This would allow all team members to be aware of the potential consequences in case safety measures are not appropriate. This would also provide them with practical insight for evaluating the severity of the consequences during the session.

More generally, a reminder of the main properties and hazards of (cf. Chapter II) would be a valuable input at the start of the session. Furthermore, standards (cf. Chapter V) and incident databases (cf. Chapter III) provide a wide array of causes and scenarios, which should be used to trigger discussions, to give examples of known hazards, and for completeness check.

E. Safety integrity analysis of instrumented systems: SIL

The HAZOP can be directly followed by a SIL assessment, which determines the necessary risk reduction to be achieved by each safety instrumented function (SIF), in order to reach an acceptable risk level. Generally speaking, the SIL level relates to the dependability (reliability, availability and safety [START_REF] Deconinck | Safety of digital systems[END_REF]) of a safety function. To mitigate high risks, safety equipment with a high SIL level will be required.

ISO 19880 specifies a list of systems or functions for which a SIL assessment is required. Other potential SIF are typically identified during the HAZOP, for scenarios presenting a high risk.

The methodology is described in standard IEC 61508, with additional guidance provided in IEC 61511. It uses risk graphs, which qualitatively estimate the severity, the exposure, the likelihood and the possibility to escape/avoid the consequences. Similarly to a risk matrix (cf. 6.1), a risk graph must be calibrated to the specific application. TE has developed three different risk graphs in adequacy with the selected risk matrix, expressing the consequences in terms of safety, environmental impact and asset losses. For each SIF, all three risk graphs should be used. They will potentially lead to three different SIL levels, of which the highest must be selected.

F. Quantitative Risk Assessment: QRA

A Quantitative Risk Assessment (QRA) is a calculation of the risk from an activity or installation towards the public. It is typically used to demonstrate acceptance to the authorities, i.e. to demonstrate that the residual risks are sufficiently low.

In the study, different scenarios of loss of containment are modelled in order to evaluate their effects on people. The scenarios involve different leak sizes or catastrophic ruptures, followed by direct or delayed ignition, generating different sorts of consequences. Each scenario is associated with a specific frequency of occurrence.

QRA is typically required by legislation, under some conditions. For this reason, it is sometimes seen as a purely theoretical exercise, which has to be performed for legal reasons only.

However, even when it is not required by law, it can be a powerful tool to verify that the risks of the project are effectively minimized. Reference [START_REF] Zhiyong | Quantitative Risk Assessment on 2010 Expo Hydrogen Station[END_REF], which presents the application of a full QRA study on a hydrogen refueling station, mentions that "for the introduction of the new energy infrastructure in public, the potential risk exposure of people is often a critical factor to gain authority approval and public acceptance". It also states that QRA is a "valuable tool to support the communication with authorities during the permitting process". Furthermore, performing a QRA is recommended in ISO 19880, for the design of hydrogen refueling stations.

Methodologies for performing QRA vary from country to country (e.g. [START_REF] Gevaarlijke | PGS3: Guidelines for quantitative risk assessment (Purple Book)[END_REF], [START_REF]Handboek Risicoberekening versie[END_REF]), and are mostly tailored for the oil & gas industry, for which sufficient amounts of data have been collected over the years. Such comprehensive data cannot presently be found for hydrogen installations. Consequently, leak sizes and leak frequencies are overestimated, and may lead to overly conservative results.

NFPA 2 references study [START_REF] Lachance | Analyses to Support Development of Risk Informed Separation Distances for Hydrogen Codes and Standards[END_REF], which proposes a set of frequencies suitable to hydrogen installations. Hydrogenspecific leakage data was collected by CGA over 5 years, on industrial and fueling applications. Since this data was only partial, it has been augmented using other relevant publications (not hydrogen-specific). The resulting frequencies and leak sizes are consistently smaller than the generic (and prescribed) data, in some cases by several orders of magnitude.

Additionally, safety barrier systems, prevention means and mitigation means should be credited in the QRA. For instance, leakage detection on compressors, followed by an automatic shutdown of the hydrogen production, is expected to "prevent continuous hydrogen releases of (the) compressors from happening" [START_REF] Zhiyong | Quantitative Risk Assessment on 2010 Expo Hydrogen Station[END_REF]. Reachable manual ESD buttons or breakaway coupling device provides similar protection at the dispenser. This protection should be reflected by a reduction of the frequency of occurrence of the event. Other geometrical and mitigation reduction factors are also provided in IGC Doc. 75/07.

G. Explosion risk assessment: ATEX

The explosion risk assessment is a part of the explosion protection philosophy imposed by the ATEX directives (1999/92/EU, 2014/34/EU). This philosophy aims at protecting people by reducing the risks of explosions, by working on three pillars: prevention of the formation of a flammable atmosphere; prevention of the ignition of a flammable atmosphere; and mitigation of the effects of an explosion.

In this context, the objectives of the explosion risk assessment is to identify the locations where leaks of flammable substances may occur, as well as the extent of the flammable cloud. The resulting zones (0, 1, 2) in turn determine the category of electrical equipment allowed to be used in each of these zones, in order to limit the likelihood of ignition. The general methodology to perform the explosion risk assessment in described in IEC 60079-10.

To determine the sources of release and the zones, this methodology can be complemented with hydrogenspecific recommendations from CGA 5-5 on vent stacks, IGC Doc. 134/12 on cylinders and open air storages as well as the consideration of leakages and abnormal operations.

To determine the extent of the zones, IEC 60079-10 provides empirical graphs, but they are not application specific. Other standards, such as API 505, NFPA 2 and NFPA 497 provide prescriptive zone sizes, defined per category of equipment, but they are given independently of any other parameter (pressure, ventilation, pipe sizes, etc.). Therefore, in order to obtain installation-specific zones, TE recommends to perform calculations based on the actual process parameters. For releases outside or inside a room with adequate ventilation, TE recommends to perform calculation using a 2D modelling software. For releases inside a room with non-adequate ventilation, TE recommends to use a dedicated CFD modelling tool, alternatively to consider the whole volume of the room as a hazardous zone. IGC Doc. 134/12 provides additional guidance on the concentration and leak sizes to be considered.

H. Fire & gas risk assessment

The objective of the fire & gas risk assessment is to design the fire and gas detection & fire extinguishing systems in an appropriate way to ensure safety. Local regulations, insurance requirements and discussions with fire brigade are essential when carrying out this study. This assessment includes the inventory and characterization of the fire-loads and the sources of ignition; the definition of the fire compartments and the passive fire protection measures; the selection and dimensioning of the required detection systems (type, number of detectors, position of detectors, etc. for which IEC 60079-29-1 provides hydrogen-oriented recommendations); and the selection and dimensioning of the required fire-fighting systems (e.g. type, water demand, etc.).

I. Task analysis / Human Reliability Analysis

The safety studies reviewed above would address most of the incident causes. However, two main topics could be more thoroughly implemented in the H&S approach:

• Analysis of the likelihood and consequences of a human error: a certain numbers of incidents originated from simple human errors and failures to follow operating procedures. ISO 15916 also requires the design to be as human error-proof as possible. This highlights the need to foresee in which task and at which point human errors could occur, in order to both reduce their likelihood and minimize their potential consequences for safety.

• Risk assessment of the maintenance, cleaning and inspection procedures (incl. task analysis to identify the critical steps): section 3.4 highlighted the fact that half of the reported fatal accidents occurred during maintenance. Some events had direct consequences for the workers, e.g. performing hot works without preliminary verification that the system was cleaned. Other events could have indirect consequences for the installation, e.g. applying the wrong torque or incorrectly replacing a joint.

This calls for a dedicated task analysis, focused on normal operations as well as maintenance, cleaning and inspection activities. This analysis would ensure that each task is sufficiently well defined, to reduce the likelihood of human errors. Then, a Human Reliability Analysis (HRA) should be performed, in order to imagine where potential errors could occur, as well as their likelihood and consequences. Human errors with a high likelihood and/or severe consequences need to be addressed, preferably through design improvement (interlocks, safeguards, ergonomics, etc.). For this reason, it is recommended that such a study take place before the design is final.

VII. CONCLUSIONS

The last few years have witnessed an important societal evolution on the topics of climatic urgency and pollution. In this context of energy transition, a promising technology is the storage of energy in the form of hydrogen. There is, however, a significant drawback: hydrogen molecules being the smallest on earth, leakages and interaction with materials are more likely. Furthermore, hydrogen is extremely easily ignited, has a wide flammability range, and may lead to severe explosions.

A significant number of incidents involving hydrogen have occurred in the last decades, despite hydrogen beingat the momentmostly used in industries. In order to expand hydrogen technologies at a large scale and in densely populated areas, it is crucial to demonstrate that hydrogen can be mastered with the highest level of safety.

From the point of view of standardization, ISO Technical Committee 197 appears to be leading the way in Europe, while the more prescriptive NFPA standards are accepted worldwide. An array of industry documents (IGC, GCA, SAE, etc.) address specific topics. From a legal point of view, hydrogen has so far mostly been considered as dangerous goods, not fuel. Most of the legislation is therefore rather general. Similarly, major standards on risk assessment are often oriented towards the oil & gas industry. Given the specificities of hydrogen, a need has been identified to develop a dedicated approach.

Tractebel and its Industrial Risk & Safety Management department, being involved in an increasing number of hydrogen projects, are developing a strategy aiming at integrating safety in a consistent and systematic way: a comprehensive health & safety approach, defining which safety studies and H&S activities must be performed at each stage of the project, as well as practical guidance on how to perform these studies. This guidance is based on an analysis of the specificities of hydrogen installations and the properties and hazards associated with hydrogen (cf. Chapter II), return of experience from past accidents (cf. Chapter III), requirements from legislation (cf. Chapter IV) and guidance from standards as well as industry's best practices (cf. Chapter V). Some of the safety studies included in the guidance are described in Chapter VI, which also provides hydrogen-specific recommendations on how perform them. Among others, a risk matrix is developed for risk workshops (HAZID, HAZOP); a comprehensive list of guidewords and practical examples of hazards is gathered to help performing HAZID studies; a methodology for calculating safety distances is set up; and hydrogen specific considerations for performing Quantitative Risk Assessment are given.

The array of safety studies discussed in this document provides a comprehensive coverage of the hazards and risks, and would allow reaching the desired high level of safety.

TABLE I

 I 

	Scope	Recommended standards	
	All -hazardous area	IEC 60079-10	
	classification	Side note: NFPA 2 and NFPA 497 propose	
		fixed values for the extent of the hazardous	
		zones. While these are independent on the	
		process parameters and are therefore not	
		ideal, they can nevertheless be useful at the	
		earliest stages of a project, given the lack of	
		project-specific data.	
	Production by electrolysis	ISO 22734 for the hydrogen production unit	
		ISO 14687 for the hydrogen quality	
		insurance (mandatory standard in Europe)	
		Hydrogen Checklist from Seveso site	
		inspection service (Belgium) [1] for the	
		compressors	
	Tube trailer filling	IGC 15/06/E, in the absence of a dedicated ISO standard.	
		ISO 19880: Not directly applicable, but	
		general requirements and specific	
		requirements e.g. on the compression stage	
		should be applicable nevertheless.	
		Hydrogen Checklist from Seveso site	
		inspection service (Belgium) [1]	
	Transport by pipeline	IGC 121/14	
		Hydrogen Checklist from Seveso site	
		inspection service (Belgium) [1]	
	Transport by tube trailer	ISO 11114 or ISO 11119, depending on the tube trailer material	
		Hydrogen Checklist from Seveso site	
		inspection service (Belgium) [1]	
	Refuelling station	ISO 19880 for the whole installation (mandatory standard in Europe)	
		Hydrogen Checklist from Seveso site inspection service (Belgium) [1] for the compressors	.	SELECTION OF A SET OF STANDARDS FOR HYDROGEN PROJECTS
		ISO 17268 for the connection devices SAE J2601, J2799 and J2600 for fuelling protocols & communication with vehicles	Scope All -general	Recommended standards ISO 15916: Broadly applicable standard, with general considerations for hydrogen safety. No requirement is imposed; all
				requirements are recommendations and it is
				up to the readers to follow them if
				applicable, or discard them if not applicable
				or justified by a risk assessment.
				Side-note: NFPA 2 contains additional
				practical information which could be useful
				to consult as well. For instance at the
				earliest stages of a project, prescriptive
				separation distances can be useful, given
				the lack of project-specific data.
			All -vents	IGC 211/17, in the absence of a dedicated
				ISO standard. This document provides
				guidance for addressing a wide array of
				hazards/risks.
				CGA G-5.5, to be used as a
				complementary source of information. It
				addresses additional specific hazards/risks,
				and provides e.g. drawings on suitable vent
				designs.
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