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1. HYDROGEN FUNDAMENTALS

1.1. INTRODUCTION

Hydrogen is the first element in the periodic table with the atomic number 1. It is the lightest and most abundant element in the universe representing 75 mass% or 90 vol% of all matter. It is mostly found in compounds with almost every other element. Hydrogen exists as a free element in the atmosphere, but only to the extent of less than 1 ppm (by volume). Free ionic hydrogen is more reactive than molecular hydrogen, the nonpolar-covalent compound of two hydrogen atoms. In 1776, by Henry Cavendish identified hydrogen as a distinct species. It was given the name “water maker” by Antoine Lavoisier seven years later, who proved that water was composed of hydrogen and oxygen.

The most common hydrogen isotope is protium (H-1, H, atomic mass 1.007822). The second isotope is the stable deuterium (H-2, D) or heavy hydrogen discovered in 1932 by H. C. Urey and coworkers. Deuterium has a natural fraction of 0.014% with physical and chemical properties slightly different from H-1. Nearly all D in natural hydrogen is in combination with hydrogen atoms, the diatomic HD with a fraction of 0.032% in natural hydrogen; the existence of molecular D is highly improbable. Third hydrogen isotope is the radioactive tritium (H-3, T) with a half life of 12.3 years, discovered in 1934 by E. Rutherford. But also the short-lived isotopes H-4, H-5, and H-7 have been synthesized in the meantime.

1.2. PHYSICAL PROPERTIES OF HYDROGEN

Hydrogen can be considered an ideal gas over a wide temperature range and even at high pressures. At standard temperature and pressure conditions, it is a colorless, odorless, tasteless, non-toxic, non-corrosive, non-metallic diatomic gas, which is in principle physiologically not dangerous. One of its most important characteristics is its low density, which makes it necessary for any practical applications to either compress the hydrogen or liquefy it. It is positively buoyant above a temperature of 22 K, i.e., over (almost) the whole temperature range of its gaseous state.
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Fig. 1-1: Phase diagram of hydrogen

Hydrogen gas exhibits a high diffusivity and a high buoyant velocity; it rapidly mixes with the ambient air upon release. The diffusion velocity is proportional to the diffusion coefficient and varies with temperature according to T3/2. Diffusion in multi-component mixtures is usually described by the Stefan-Maxwell equation. Corresponding diffusion rates of hydrogen in air are larger by about a factor of 4 compared to those of air in air. The rising velocity under the influence of (positively) buoyant forces cannot be determined directly, since they are dependent on the density difference between hydrogen and air as well as on drag and friction forces. Also shape and size of the rising gas volume as well as atmospheric turbulence have an influence on the final velocity of the rising gas. The positive buoyancy of hydrogen is a favorable safety effect in unconfined areas, but can cause a hazardous situation in (partially) confined spaces, where the hydrogen can accumulate, e.g., underneath a roof. Both diffusion and buoyant velocities determine the rate at which the gas mixes with the ambient air. The rapid mixing of hydrogen with the air is a safety concern, since it leads very soon to flammable mixtures, which on the other hand – for the same reason – also will quickly dilute to the non-flammable range. Therefore it is estimated that in a typical unconfined hydrogen explosion, only a fraction of the gas mixture cloud is involved releasing in fact not more than a few per cent of the theoretically available energy.

Because of its small size, its small molecular weight and its low viscosity, hydrogen can cause a problem with respect to the propensity of the gas to leak at a larger molecular flow rate than other gases. Diffusion in small amount is even possible through intact materials, in particular organic materials, which may lead to gas accumulation in confined spaces. This holds for the liquid state. Leakage rates are by a factor of 50 higher than for water and by a factor of 10 compared to nitrogen. The addition of an odorant or colorant would ease the detection of small leaks; however, this is not practicable in most situations, and not feasible for LH2.

Hydrogen gas dissolved in liquids will permeate into adjoining vessel materials. At elevated temperatures and pressures, hydrogen attacks mild steels severely, causing decarburization and embrittlement. This is a serious concern in any situation involving storage or transfer of hydrogen gas under pressure. Proper material selection, e.g., special alloy steels, and technology is required to prevent embrittlement.

Hydrogen coexists in two different forms, ortho and para hydrogen, whose partition is dependent on the temperature. Normal hydrogen at room temperature is 75 % ortho (nuclear spins aligned) and 25 % para (spins anti-aligned). In the lower temperature range < 80 K, para hydrogen is the more stable form. At 20 K, the thermal equilibrium concentrations are 99.821 % para and 0.179 % ortho. The transition takes place over a longer period (about 3 - 4 days), until a new equilibrium state is reached. However, magnetic impurities and also small oxygen concentrations are able to catalyze ortho-para conversions raising the rate by several orders of magnitude (very good: Fe(OH)3) to the order of hours. Any concentration of either spin state can be created at any temperature through the action of catalysts. Most physical properties are differing only slightly between the two spin states. Most important is the large energy difference between the two varieties, which results in major differences for the specific heats and thermal conductivities. The presence of a radiation field results in the generation of free hydrogen atoms and ions, which also act as catalysts before recombining. The recombination on the other hand produces excess ortho hydrogen.

Hydrogen also exhibits a positive Thompson-Joule effect at temperatures above 193 K, the inversion temperature. It means that the temperature of the hydrogen gas increases upon depressurization, which may lead to ignition. For example, the temperature change is six degrees, if a sudden pressure drop from 20 MPa to ambient pressure takes place. The chance of a spontaneous ignition just by that effect, however, is small; an explosion is more likely to occur because of electrostatic charging of dust particles during the depressurization or autoignition at high temperatures.

Liquid hydrogen (LH2) has the advantage of extreme cleanliness and the more economic type of storage, however, on the expense of a significant energy consumption of about one third of its heat of combustion. Another drawback is the unavoidable loss by boiloff which is typical to maintain the cold temperature in the tank. The evaporation rate is even enhanced when ortho hydrogen is stored. The heat liberated during the ortho-para conversion at 20 K is huge with 670 kJ/kg compared to a figure of 446 kJ/kg for the latent heat of vaporization at the same temperature. This represents a safety issue requiring a design of the hydrogen loop which is able to remove the heat of conversion in a safe manner.

For open LH2 pools, it needs to be considered that cold hydrogen gas is less volatile compared to ambient gas and thus more prone to the formation of a flammable mixture with air. Furthermore LH2 quickly contaminates itself due to condensation and solidification of air constituents, which can particularly lead to oxygen-enriched zones to form shock-explosive mixtures. In confined areas, an additional hazard is given by the fact that due to the volume increase by a factor of 845, when LH2 is heated up to ambient conditions, the local atmosphere may change drastically. In an enclosed space, final pressure may rise to 172 MPa, which certainly overpressurizes systems to bursting.

A further temperature decrease below the boiling point eventually results in mixtures of liquid and solid hydrogen or slush hydrogen, SLH2. Slush offers the advantages of a higher density and a prolongation of the storage time of the cryogen as the solid melts and absorbs heat. A safety risk is arising from the decreasing vapor pressure even below atmospheric pressure, which demands protection against air ingress into the system. In addition, the conversion of ortho to para hydrogen connected with the release of the respective heat of conversion as the solid is form, needs to be taken into account [Sonntag 1988]. The triple point finally is the temperature (13.8 K) and pressure (7.2 kPa), at which all three phases can exist in equilibrium (see Fig. 1-1).

If hydrogen (or any other fluid) is maintained above its critical temperature and pressure is applied, a single phase “supercritical fluid” forms. It is gas-like in that it is compressible, it is liquid-like in that it has a comparable density, and there is some transitory state in between characterized by strong structural fluctuations causing the unusual behavior of fluid properties near their critical point. It also exhibits higher flow rates as compared with liquids. There is a strong dependence of the thermophysical properties of cryogenic hydrogen on temperature and pressure in the supercritical state. They vary strongly especially in the near-critical region. Cp has a maximum at the then called the pseudo-critical temperature (“thermal spike phenomenon”). Supercritical hydrogen might undergo a turbulent-to-laminar transition due to the dependence of viscosity on temperature. Heat transfer coefficients are unpredictable in the transition regime, and are much lower in the laminar regime.

Hydrogen at extreme, but accessible pressures (2-3*105 MPa) and temperatures (~ 4400 K) will make a phase transition to (liquid) metallic hydrogen which may be superconducting at room temperature. This effect predicted in 1935 was eventually proven in a shock compression test in 1996. Metallic hydrogen is accepted to exist in the interior of Saturn and Jupiter, but has no practical application on Earth so far.

Hydrogen is both in the gaseous and liquid phase essentially an insulator. Only above some critical “breakdown” voltage, where ionization occurs, it becomes an electrical conductor. 

1.3. CHEMICAL PROPERTIES OF HYDROGEN

Hydrogen reacts both with non-metals (high electronegativity
) and with metals (low electro-negativity) to form either ionic or covalent hydrides (e.g. HCl, H2O). The electronegativity of hydrogen is 2.20 (Pauling scale).

Hydrogen is able to react chemically with most other elements. In connection with oxygen, hydrogen is highly flammable over a wide range of concentrations. As a fuel it represents a clean, environmentally benign energy source. The mass-related energy density of hydrogen is very high; 1 kg of hydrogen contains 132.5 MJ, which is approximately 2.5 times more energy than is contained in 1 kg of natural gas. The energy content of hydrogen is given as either lower heating value (LHV) of 242 kJ/mol or as higher heating value (HHV) of 286 kJ/mol. The difference of 15.6%, which is large compared to other gases, is due to the heat liberated upon condensation of the water vapor (which could be captured in a turbine, but not in a fuel cell).

A stoichiometric hydrogen-air mixture, where all fuel is consumed upon reaction, i.e., where maximum combustion energy is released, contains 29.5 vol% of hydrogen. The combustion product of hydrogen is water vapor. It burns in a non-luminous, almost invisible pale blue, hot flame to water vapor liberating the chemically bound energy as heat (gross heat of combustion:). The flame temperature of a burning (premixed stoichiometric) hydrogen-air mixture is max. 2403 K.

There is a wide flammability range of a hydrogen (at room temperature) between 4 and 75 vol% of concentration in air and up to 95 vol% in oxygen. The lower flammability limit (LFL) as the minimum amount of fuel that supports combustion, is usually the “more important” limit, since it will be reached first in a continuous leakage. The flammability range widens with higher temperatures. The influence of the temperature is expressed in the modified Burgess-Wheeler equation for the LFL, which is for hydrogen (at ambient pressure) [Zabetakis 1967]:
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where ΔHc is the net heat of combustion and T given in [K]. The LFL is, e.g., 7.7 % at the boiling point and 2.3 vol% at 723 K. The respective equation for the upper flammability limit (UFL) is [Eichert 1992]:
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valid for he temperature range 150-300 K. There is still no experimental data available on the influence of moisture on the flammability limits. For the determination of LFL and UFL of mixtures of fuels, the Le Chatelier rule is the most commonly applied method:
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where yi are the volume fraction and Li the flammability limit of fuel i. Le Chatelier’s rule was found to be in accurate agreement with experimental data for the system H2-CO, but shows deviations up to 35% for the systems methane-propane or methane-ethane [Choudhuri, 2005]. The GEXCON handbook states that “the formula does not work properly for H2”.

The potential for an explosion of a flammable hydrogen-air mixture is very high. The auto-ignition temperature, which is the minimum temperature of a hot surface that can ignite a flammable mixture, is for hydrogen 858 K. It is relatively high, but can be lowered by catalytic surfaces. Hydrogen gas does not have a flash point as it is already a gas at ambient conditions. It means that cryogenic hydrogen will flash at all temperatures above its boiling point of 20 K.

The minimum ignition energy, i.e., the spark energy required to ignite the “most easily ignitable hydrogen concentration in air” (which is usually not the stoichiometric mixture), is with 0.02 mJ very low, much lower than for hydrocarbon-air mixtures. A weak spark or the electrostatic discharge by a flow of pressurized H2 gas or by a person (~ 10 mJ) would suffice for an ignition; this is, however, no different from other burnable gases. The minimum ignition energy is further decreasing with increasing temperature, pressure, or oxygen contents. The hot air jet ignition temperature is lowest for hydrogen compared to all hydrocarbons decreasing further with increasing jet diameter. It is also dependent on jet velocity and mixture composition.

The “maximum experimental safe gap” (MESG) is the maximum distance (between two flat plates) which still allows flame propagation through the gap; it is for hydrogen 0.08 mm. The “quenching gap” in air is the distance (between two flat plates) at which ignition of a flammable mixture is suppressed. It corresponds to the smallest diameter of a tube through which a flame can propagate. Faster burning gases have smaller quenching gaps. Hydrogen has a quenching gap of 0.64 mm. Because of the high explosion pressures, the MESG is always smaller than the quenching gap.

The burning velocity in a flammable gas mixture, different from the flame speed, is indicating the speed with which a smooth plane combustion wave advances into a stationary flammable mixture and is a pertinent property of the gas depending on temperature, pressure, and concentration. The burning velocity of hydrogen in air at stoichiometric ambient conditions is 2.55 m/s reaching a maximum of 3.2 m/s at a concentration of 40.1%, which would even increase to 11.75 m/s in pure oxygen. Compared to other hydrocarbon fuel-air mixtures, it is highest for hydrogen because of its fast chemical kinetics and high diffusivity. The higher the burning velocity, the greater is the chance for a transition from deflagration to detonation (DDT). In contrast, the flame speed, which is related to a fixed observer, is much greater than the burning velocity due to the expansion of the combustion products, instabilities, and turbulent deformation of the flame. The maximum possible speed of a deflagrative burning flame is given by the speed of sound in the unburnt gas mixture, which is 975 m/s for a stoichiometric H2-air mixture.
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Fig. 1-2: Burning velocities in hydrogen-air mixtures, from [Kroener 2002]

The detonability range is usually given to be 18 - 59 vol% of hydrogen concentration, however, the range was found to be depending on the system size. In the Russian detonation test facility RUT, the largest of its kind, a lower detonability limit of as low as 12.5 vol% has been observed. In pure oxygen, the detonation range is extended to 15-90% [Zabetakis 1967]. The detonation velocity in air reaches supersonic values in the range of 2000 m/s; in pure oxygen, it is up to 3500 m/s.

The size of the detonation cell is a measure of the reactivity; the smaller the cell, the more reactive is the mixture (Fig. 1-3). It serves to some extent as an indicator for DDT and can be measured experimentally. Hydrogen with a cell size of 15 mm is highly reactive, whereas methane with a cell size measured of approx. 330 mm is the least sensitive of the common fuels. Cell sizes increase with increasing deviation from stoichiometry. It was in the late 1970s, when the usefulness of measurements of the detonation cell size, (, was well acknowledged. First step was finding a correlation between cell size and critical tube diameter (d=13*(). This empirical law was the basis to develop a simple surface energy model which allows the derivation of a critical initiation charge weight for various hydrocarbon-air mixtures in pretty good agreement with experimental data.
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Fig. 1-3: Detonation cell size

The critical tube diameter is the minimum diameter required for a detonation wave to emerge from a tube and become a detonation in an unconfined cloud. It is a measure of minimum dimensions of an unconfined detonable cloud and is usually in the range of 10 - 30 detonation cell widths. The detonation initiation energy is the minimum energy necessary to initiate a spherical detonation wave; the energy content of tetryl corresponds to 4.3 MJ/kg.

The distance in which the flame front at the ignition point develops to a detonation depends on many parameters such as temperature, pressure, mixture composition, geometry (obstacles), and ignition source strength. For a stoichiometric hydrogen-air mixture, a typical figure of tube length over diameter ratio is approximately 100.

It is known from the experience that a hydrogen-air gas cloud evolving from the inadvertent release of hydrogen upon the failure of a storage tank or pipeline liberates only a small portion of its thermal energy contents in case of an explosion, which is in the range of 0.1-10 %, in most cases < 1 % [Lind 1975].

The explosion of a hydrogen-air mixture cloud results in the formation of a pressure wave, which is different dependent on the combustion mode. In the deflagration of a free hydrogen-air gas cloud, the maximum overpressure is in the order of 10 kPa. An overpressure of 7 kPa is still deemed not dangerous; at 7 kPa, people would fall down to the ground; at 35 kPa, damage of ear drums is expected; 240 kPa is considered a threshold value above which fatalities must be taken into account.
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Fig. 1-4: Pressure signals from different hydrogen combustion modes, from [Lelyakin 2005]

The thermal energy radiated from a flame corresponds to the higher heating value. It can be reduced due to absorption by moisture in the atmosphere. The radiation emitted from a hydrogen flame is very low due to a strong absorption by the ambient water vapor (emissivity ε < 0.1) unlike hydrocarbon flames (ε ~ 1) [ADL 1960]. Therefore, despite its high flame temperature, the burning hazard is comparatively small. The major problem is given in the non-visibility even in a dark room (unless impurities in the air are present), and therefore difficult to recognize and localize. An advantage of hydrogen-air fires is the fact that there is no smoke generation (assuming no other material be ignited), which is important for confined areas.

Main characteristic data of hydrogen are summarized in Table 1-1 taken, e.g., from [McCarty 1981], [Peschka 1984], [ISO 1991], and various other (internet) sources.

Table 1-1: Physical and chemical parameters of hydrogen
from [1] and other sources 

Parameter
Hydrogen

Molecular weight [g/mol]
2.01594

Stoichiometric fraction in air [vol%]
29.53

Boiling point (BP) [K]
20.268

Melting point (MP) [K]
14.01

Triple point:     Temperature [K]
                          Pressure [kPa]
13.8
7.2

Critical point:   Temperature [K]
                          Pressure [MPa]
                          Density [kg/m3]
33.25
1.297
31.4

Electronegativity [Pauling scale]
2.20

Density of  gas @ NTP (2) [kg/m3]

                  gas @ STP (1) [kg/m3]

                  gas @ BP [kg/m3]

                  liquid @ BP [kg/m3]

                  solid @ 4 K [kg/m3]
0.08345

0.08990

1.338

70.78

88.0

Expansion ratio liquid/ambient
845

Diffusion coefficient @ NTP (2) [m2/s]
0.61*10-4

Diffusion velocity @ NTP (2) [m/s]
< 0.02

Buoyant velocity [m/s]
1.2 - 9

Specific heat (constant p) of gas @ NTP (2) [kJ/(kg K)]

                                              gas @ STP (1) [kJ/(kg K)]

                                              gas @ BP [kJ/(kg K)]

                                              liquid @ BP [kJ/(kg K)]
14.85

14.304

12.15

9.66

Thermal conductivity of gas @ NTP (2) [W/m K]

                                        gas @ BP [W/m K]

                                        liquid @ BP [W/m K]
0.187

0.01694

0.09892

Viscosity of gas @ NTP (2) [μPoise]
                    gas @ BP [μPoise]

                    liquid @ BP [μPoise]
89.48

11.28

132.0

Surface tension @ BP [N/m]
1.93*10-3

Vapor pressure @ [Pa]


Heat of conversion from para to ortho [kJ/kg]
708.8

Heat of melting (fusion) @ MP [kJ/kg]
58.8

Heat of vaporization @ BP [kJ/kg]
445.6

Vaporization index (3) [K cm3/J]
8.9

Vaporization rate of LH2 pool [mm/s]
4.2 - 8.3

Heat of sublimation [kJ/kg]
379.6

Speed of sound in gas @ NTP (2) [m/s]

                              gas @ BP [m/s]

                              liquid @ BP [m/s]

                              in stoichiometric H2-air mixture [m/s]
1294

355

1093

975

Inversion temperature [K]
193

Flammability limits in air [vol%]
4.0 - 75.0 (4)

Detonability limits in air [vol%]
18.3 - 59.0 (5)

Minimum ignition energy [J]

                   for detonation
1.9*10-5
~ 10,000

Auto-ignition temperature in air [K]
793 – 1023 (858)

Hot air jet ignition temperature [K]
943

Gross heat of combustion or HHV [kJ/mol] @ 15 °C
286.1

Net heat of combustion or LHV [kJ/mol] @ 15 °C
241.7

Flame temperature [K]
2318

Burning rate of LH2 pool [mm/s]
0.5 – 1.1

Laminar burning velocity in air [m/s]
2.65 - 3.25

Flame speed [m/s]
18.6

Deflagration pressure ratio
8.15

Quenching distance @ NTP (2) [mm]
0.64

Maximum experimental safe gap @ NTP (2) [mm]
0.08

Adiabatic flame temperature [K]
2318

Detonation velocity [m/s]
1480 - 2150

CJ velocity [m/s]
1968

CJ detonation pressure ratio
15.6

Energy release [MJ/kg mixture]
2.82

Detonation cell size [mm]
15

Critical tube diameter [m]
0.2

Detonation initiation energy [g tetryl]
1.1

Detonation induction distance @ NTP (2)
Length/Diameter ~ 100

Critical explosion diameter [m]
0.16

TNT equivalent [g TNT/g]
26.5

(1)  STP (Standard temperature and pressure): 273 K, 101325 Pa.

(2)  NTP (Normal temperature and pressure): 293 K, 101325 Pa.

(3)  Indicates the relative ease of a substance to vaporize.

(4)  LFL is valid for upward propagation of flame. For downward propagation, LFL values is 5.3 vol%.
(5)  Valid for weak ignition. For a high-energy igniter, a range of 11.6 - 74.9 was quoted.
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2. ENGINEERING

2.1 Hydrogen Today

(DNV – not yet finished)

Hydrogen is today widely used as a chemical feedstock in various industries (petrochemical, food, electronics, metallurgical processing etc.). So far, the only significant energy application has been space programs. Hydrogen is however emerging as a major component for a future sustainable energy economy, as it offers a unique method of reducing the fossil fuel dependency while increasing the usage of renewable energy sources. 

Concerns over environmental impacts of continued fossil fuel use are leading to development of decarbonisation technologies
. In the short term, it is believed that such technologies will be a source for low-cost hydrogen production. Currently about 90 percent of the world’s hydrogen production is based on fossil fuels and mainly natural gas
.

Urban vehicles running on hydrogen are one important application that can contribute to reduced emissions in city centres. But this will require that national authorities, industry and research institutes work closely together to facilitate a hydrogen refuelling infrastructure and a regulatory framework allowing safe introduction of commercial hydrogen vehicles and refuelling stations. The development of an improved understanding and knowledge of safety aspects related to hydrogen will be very important for the success of such a process. The same aspects are valid for stationary hydrogen applications, e.g. stationary use of hydrogen fuel cells.

In the long term, the vision is the “hydrogen society” with sustainable production and utilisation of the energy carrier hydrogen based on renewable non-emitting energy sources. Hydrogen production paths will include solar, and water (tidal energy, currents), biological and more, in theory leading to nearly inexhaustible supplies of hydrogen. 

Hydrogen can then be utilised in combined heat/power generation, in industry, and in every form of transport in ships, cars, trains and aeroplanes
. The preferred method to use hydrogen will be fuel cells where it is efficient and intrinsically clean for all end-use applications
. The use of hydrogen as an energy carrier will benefit renewable energy sources e.g. baseload (geothermal), seasonal (hydroelectric) and intermittent (solar and wind) sources. Coupling these resources with hydrogen storage will reduce the impact of low/variable capacity factors and enable energy to be supplied when and where needed. Efficient and cost-effective hydrogen storage is therefore a key to the provision of renewable power on demand.

All these new aspects of using hydrogen raise important issues associated to how to assure the safe introduction of a new energy system in the public domain. 

2.2 Introduction to hydrogen production techniques (written by FZJ)

2.2.1. Introduction
Almost all hydrogen on earth is found in compounds, mainly in combination with oxygen as water or in combination with carbon as organic substances. Contemporary hydrogen production is primarily based on the extraction from fossil resources. It is in first place the reforming of natural gas (48% of the world’s production), but also processes like partial oxidation of oil (30%) or the gasification of coal (18%). Another major source is the chlor-alkaline electrolysis (2%), where hydrogen is generated as a side product, or in the chemical industries the off-gas from refinery processes. Still on a minor scale and in the demonstration phase is biomass gasification to produce a hydrogen and/or methane rich fuel gas. On the other hand, there is hydrogen production through the splitting of water. The employment of the secondary energy carrier “electricity” allows hydrogen production by water splitting via electrolysis, which accounts for approximately 4% of the world’s production. This method, however, strongly depends on the availability of cheap electricity. Largest near-term market for hydrogen will be the petrochemical industries requiring massive amounts of H2 for the conversion of heavy oils, tar sands, and other low-grade hydrocarbons. H2 consumption in US refineries is currently growing at a rate of 10%/yr or 48 GW(th) consuming 5% of the natural gas usage. For the foreseeable future, most H2 will be made from non-renewable resources.
2.2.2. Hydrogen Production Methods
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Fig. 2-1: Routes of hydrogen production

2.2.2.1. Decomposition of Fossil Fuels

Steam/CO2 Reforming of Natural Gas
The steam reforming process is the catalytic decomposition of light hydrocarbons (e.g., methane, natural gas, naphtha) to react with steam and resulting in a hydrogen rich gas mixture. The reforming reactions are endothermal running at high temperatures > 500°C. Steam methane reforming (SMR) takes place at typically 850°C, and at pressures > 2.5 up to 5 MPa in the presence of an iron or nickel catalyst. The feed gas is desulfurized to protect the catalyst inside the reformer tubes. The reformer tubes in the furnace are heated from the outside by burning a part of the gas. The main processes of heat transfer are radiation and convection. Flue gas with temperatures above 1300°C passes the furnace and is used in a waste heat utilization step to produce steam and to preheat the feed gas. The equilibrium composition of the reformer gas, which is a mixture of H2, CO, CO2, residual steam, and still unreformed feedstock, is strongly depending on the fuel characteristics, the steam-to-carbon ratio, outlet temperature and pressure, which are chosen according to the desired products. High reforming temperatures, low pressures and high steam to methane ratio favor a high methane conversion. A minimum H2O/CH4 ratio of around 2 is necessary to avoid carbon deposition on the catalyst which would make it inactive. If excess steam is injected, typically 300% away from the stoichiometric mixture, the equilibrium is shifted towards more more CO2 (water-gas shift reaction, exothermal) at temperatures of 300 - 400°C increasing the H2 yield and reducing the undesired production of carbon (Boudouard reaction). 
The hydrogen gas needs to pass further purification steps to realize a purity of > 99% before being used, e.g., in fuel cells. The unwanted constituents CO2 and others are removed from the gas mixture by pressure swing adsorption (PSA) or membrane separation. The residual gas can still be used as fuel gas for the reformer. Other tail gases may be used for heat requirements. Overall, the different process steps need considerable amount of energy. The total balance for such a plant is that 1 Nm3 of methane allows the production of 2.5 Nm3 of hydrogen, which corresponds to an overall efficiency of the process of around 65 %. It is rather difficult to get much higher efficiencies in practise. 

If the steam is completely or partially replaced by CO2, the composition of the synthesis gas is shifted towards a larger CO fraction. The CO2 can be either imported or taken from the reformer outlet. The catalytic reforming of methane with CO2 offers an environmental advantage, because two greenhouse gases are combined resulting in a product gas mixture which might be more favorable for certain applications like the synthesis of oxygenated chemicals. Major drawbacks are the rapid deactivation of conventional catalysts and the relatively high soot formation (methane cracking).  

Partial Oxidation and Autothermal Reforming of Hydrocarbons
The partial oxidation (POX) of carbonaceous feedstock at the presence of water is also a conversion process at high temperatures which produces synthesis gas (hydrogen plus carbon monoxide) and maximizes H2 yield, if followed by the water-gas shift reaction. The H2 mainly originates from the water, while the carbon in the feedstock provides the energy to split the water. By adding oxygen, a part of the feedstock is burnt in an exothermal reaction. Its combination with endothermal steam reforming may lead to reactions without heat input from the outside (autothermal reforming - ATR) achieving higher efficiencies. Non-catalytic POX takes place at temperatures of 1200-1450°C and pressures of 3-7.5 MPa (Texaco process), the catalytic POX at around 1000°C. 
The POX process accepts all kinds of heavy hydrocarbon feed such as oil, residues, coal, or biomass, also coal is principally possible. The resulting synthesis gas with a H2/CO ratio of ~2 (compared to > 3 for SMR) makes methanol synthesis an ideal follow-on process. Efficiencies of about 50% are somewhat less compared to SMR. Disadvantages are the need of large amounts of oxygen, catalyst deactivation due to carbon deposition, the byproduct CO which requires the shift reaction, the need for gas purification stages, and, if methane is used as feed, the possibility of runaway reactions due to hot spot formation.
Gasification of Coal
The conversion of coal into a gas is realized by means of a gasification medium which reacts with the coal at temperatures > 800°C. All organic constituents will be converted at long enough residence times. The gasification medium is either steam (steam-coal gasification) or hydrogen (hydro gasification). If air or oxyden is injected into the gasifier, a part of the coal is directly burnt allowing for an autothermal reaction.

In the steam-coal gasification process, two consecutive processes take place, the pyrolysis reaction, where all volatile constituents of the coal are rapidly expelled, and the much slower, heterogeneous water gas reaction, where the residual organic solids are converted to synthesis gas, with a further increase of the H2 fraction in the shift reaction. Synthesis gas output is optimal at high temperatures and low pressures. Its heat must be quickly withdrawn to avoid reverse chemical reactions. Various types of gasification processes on a large scale exist such as Lurgi, Winkler, Koppers-Totzek, Texaco,

which differ by the type of reactor, temperature and pressure range, grain size of the coal, and its residence time. Partial oxidation of pulverized coal by oxygen and steam in a fluidized bed takes place at about atmospheric pressure, where 30-40% of the coal are transformed to CO2 to supply splitting energy of water. The reaction rate strongly increases with temperature; typically temperatures up to 2000°C and pressures up to 3 MPa are selected. Main disadvantages of coal gasification are the handling of solid material streams and the large amounts of CO2, SO2, and ash requiring a complex cleaning system.

In the hydro-gasification process, hydrogen is added to convert the coal to (synthetic) natural gas, before in parallel steam reforming and water-gas shift reactions the synthesis gas is produced. A high gasification degree can be obtained already with relatively short residence times of 9-80 min. In order to obtain a high conversion rate of coal, the CH4 fraction should not be higher than 5%, which requires a low-temperature separation step. The advantage of hydro-gasification compared with steam-coal gasification is its 200 K lower pre-heating temperatuire which reduces potential corrosive attack. A major drawback, however, is the large amount of residual coke of up to 40%. 

The Integrated Gasification Combined Cycle (IGCC) is presently considered the cleanest and most efficient coal-fueled technique. With its gas turbine step prior to the oxygen/steam process and its intermediate stage of synthesis gas, it allows the removal of most carbon components before combustion.  The separated CO2 stream is of high purity and therefore suited for disposal. Another advanced method is the HYDROCARB coal cracking process. The coal is decomposed in a thermal cracker to carbon black as a clean fuel and hydrogen as a byproduct fuel. The commodity carbon black outweighs the poor efficiency of 17% for this method.

Thermal Cracking, Plasma Decomposition
Since methane belongs to the most stable organic compounds, high temperatures are required for its thermal decomposition. The search for optimal catalysts to reduce the maximum temperature has led to Ni or Fe based catalysts to decompose CH4 in the range of 500-700°C (Ni) or somewhat higher (Fe). Activated carbon is seen as an interesting alternative for the 900-1000°C range, since it has a relatively high catalytic activity, low cost and would make an external catalyst unnecessary [Muradov, 2005]. Process heat can be obtained either from an outside source like direct solar heating or from burning a part of the H2 produced. 

In the plasma-arc process, methane splitting takes place at temperatures in the order of 2500°C yielding solid carbon separated from the gas stream. The efficiency was reported to be about 45%, but is expected to improve. In the Kvaerner method, a plasma torch is being generated in a reactor to provide the decomposition energy. Hydrogen purity is 98% prior to the cleaning step, if natural gas feed is used. In principle, all kinds of gaseous and liquid hydrocarbons can be used decomposing at 1600°C to hydrogen and carbon black with hardly any emissions. 

Methanol Reforming
Methanol is catalytically cracked in an endothermal process to produce synthesis gas plus traces of other gases. A two-stage membrane separation system extracts the H2 from the CO-rich fuel that fires the cracker. The decomposition of methanol by steam reforming takes place at temperatures of 250-300°C. A steam/methanol ratio of >1 results in a mixture of H2, CO2 and CO as the only significant products.
Biomass Processing
The conversion of biomass such as peat, wood, agricultural residues in a thermal process leads to a gas mixture, whose H2 contents is dependent on the fuel/feedstock, the availability of steam and oxygen, and the process temperatures. The complete process includes drying of the feedstock, pyrolysis, where the organic substance is decomposed, autothermal or allothermal (outside heat source) gasification, and finally combustion of the fuel gas. The autothermal gasification in a fluidized bed results in a synthesis gas with typically 30% of H2, 30% of CO, 30% of CO2, and 5-10% of CH4 plus some higher hydrocarbons. A shift reaction again converts CO to increase the H2 fraction. Anaerobic fermentation of wet biomass leads to a CH4 rich gas with only little H2, which could, however, be used, e.g., in higher temperature fuel cells (MCFC, SOFC). Biomass conversion efficiency is high, but H2 production is limited due to the relatively low energy content of the biomass.  

Steam Iron Process
The steam-iron process, although based on coal, is a cycle process where hydrogen is generated from the decomposition of steam by reacting with iron oxide. The cycle is not completely closed since coal is consumed and CO2 emitted. The synthesis gas produced in the coal gasification process with steam is reacted to reduce the iron oxide. In the following re-oxidation step with water, the original oxides are produced together with a hydrogen enriched gas. A continuous hydrogen production is given, if reduction and oxidation take place in separate reactors. This process has the advantage of producing H2 at a high purity and the fact that renewables sources can easily be employed. Major drawback of this process is its poor efficiency. 

Metal/Metal Oxide system
Gallium (also tungsten) oxide is reduced in the temperature range of 900-1100°C by use of methane with the gallium afterwards recycled in an oxygen-rich atmosphere and liberating the hydrogen. Major drawback of this process is the decreasing activity over repeated oxidation/reduction cycles.
2.2.2.2. Decomposition of Water

Low-Temperature Electrolysis
In an alkaline electrolysis cell containing an aqueous solution with usually 20 - 40% KOH or NaOH, electrical energy is applied to two electrodes, which are plates made of nickel or chromium-nickel steels. Water decomposes at the cathode to H2 and OH- where the latter migrates through the separating diaphragm and discharging at the anode liberating the O2. Operation temperatures are < 150°C. The ideal reversible voltage of decomposition is 1.229 V which corresponds to a theoretical dissociation energy of 237 kJ/mol or an electricity demand of 3.56 kWh/Nm3 H2. Caused by irreversible processes in the reaction mechanism to account for gas expansion at the electrodes and to maintain the operation temperature, however, typical cell voltages are 1.85 to 2.05 or an electrical energy requirement in the order of 4 to 4.5 kWh/Nm3 H2 corresponding to an efficiency of >80%.  High-pressure electrolysis working at pressures of up to 3 MPa allows the saving of compression energy, if H2 is stored or to be transported in pipelines, thus reducing the specific consumption of electricity.
The more advanced method is the solid polymer electrolyte water electrolysis (SPEWE) using a proton conducting (exchange) membrane (PEM). The SPEWE can be operated at higher pressures and at higher current densities due to volume reduction compared to cells with a KOH electrolyte. Typical operation temperatures are 200-400°C. This membrane electrolysis is simpler in its design and promises a longer lifetime and a higher efficiency. The requirement of electricity will be reduced to values below 4 kWh/Nm3 H2. 

High-Temperature Electrolysis
In a somewhat higher temperature range of 300-350°C, water electrolysis can be conducted using a molten salt as electrolyte. It has the advantages of a lower theoretical voltage required and faster electrolyte kinetics. Problems are the separation of the product gases and the corrosiveness.

Another principal variant of electrolysis considered promising for the future is the high temperature electrolysis, where a part of the required energy is provided directly as high temperature heat at 800-1000°C, thus reducing the electricity input (-35%). An operation at temperatures between 800 and 1000°C would offer the advantage of a smaller specific electricity requirement compared to conventional electrolysis. The heat for steam production to supply the cells, however, must be added. Values of 2.6-3 kWh/Nm3H2 are expected. The HOT ELLY process with the production of hot steam and cell operation at high temperatures requires especially a solid state electrolyte like ZrO2-ceramics. Instead of a liquid, a solid oxide membrane of Y2O3 stabilized ZrO2 acting as both separator and electrolyte is used, where oxygen ions start migrating when electricity is applied. Promises efficiencies around 50% at 900°C. High-temperature electrolysis only makes sense, if heat is free, needs water cleanup (recycling in stationary systems). HT electrolysis corresponds to the reverse process of the solid oxide fuel cell; respective devices could be operated in both modes.
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Fig. 2-2: Cell voltage and efficiency of electrolytical water decomposition, from [Divisek, 1991] 

Very High-Temperature Electrolysis
In analogy to the steam-iron process of coal decomposition, there are also materials which can act as effective redox pairs in a two-step water splitting process. In the first step, a metal oxide is reduced delivering the oxygen; in the second step, the reduced compound is reacted with water extracting its O2, while the H2 is liberated. Pairs of materials investigated are Fe3O4/FeO as the most representative, but also Mn3O4/MnO, ZnO/Zn, CoO3/Co-O, Ce2O3/CeO2. The water splitting is done at temperatures < 650°C, whereas the reduction step requires much higher temperatures around 2000°C. 

Thermo-Chemical (Hybrid) Cycles
A thermochemical cycle is a water dissociation process consisting of a series of thermally driven chemical reactions. All supporting chemical substances are regenerated and recycled, and remain – ideally – completely in the system. The only input is water and high temperature heat. Numerous thermochemical cycles have been proposed in the past and checked against features such as reaction kinetics, thermodynamics, separation of substances, material stability, processing scheme, and cost analysis. Some of the most promising cycles have been further analyzed in detail, among them those based on the sulfur family, which all have in common the thermal decomposition of sulfuric acid at high temperatures. One cycle considered with a high priority is the iodine-sulfur (I-S) process originally developed by the US company General Atomics and later taken up and modified by different researcher groups like the Japanese JAERI (Japan Atomic Energy Research Institute). The iodine-sulfur process as investigated by JAERI is composed of three main reactions [Kubo 2003]:
(1)
SO2 (g)  +  I2  +  2 H2O
((     2 HI    +  H2SO4
       +  165 kJ  @ 70-100°C
(2)
                             2 HI
((        H2    +  I2 

       -   173 kJ  @ 400-500°C
(3)                                H2SO4
((        H2O + SO2  +  0.5 O2         -   371 kJ  @ 850-950°C
The first reaction is the Bunsen reaction in which at the presence of the substances SO2 and I2 water is added. The products of this exothermal reaction are two acids given as HI-rich and H2SO4-rich phases. After separation, purification and further concentration, the acids are decomposed according to the other two reactions. The second reaction is the endothermal decomposition of hydrogen iodine in an ideal electrodialysis cell with production of hydrogen. The third reaction is the thermal decomposition of sulphuric acid at a high temperature level and delivers the oxygen. Analytical studies anticipate efficiencies of 40-50%. Severest problem to solve is the extreme corrosiveness of the materials in contact with the high-temperature acids.
The Westinghouse process of 1975 is a two-step, sulfuric acid hybrid cycle [Brecher 1977]. The low-temperature step runs in an electrolysis cell, where sulfurous acid and water are reacted to produce H2 and sulfuric acid. The latter is vaporized to produce SO3, which is then reduced in a high-temperature step to SO2 and O2. It is simpler in its design, because the use of corrosive halides is not required. Optimum efficiency was observed at a 65% concentration of sulfuric acid in water. 

Gen-IV paper

Promising is also the Calcium-Iron-Bromine or UT-3 cycle, which was developed at Tokyo University. It consists of four gas-solid reactions in four separate reactor furnaces containing the solid reactants CaBr2, CaO, Fe2O3, and FeBr2, which are present as spherical pellets. Only gases are passed through the reactors which eases material flow control. Maximum heat input required is up to 750°C. A drawback are the still low reactivities [Teo 2005]. 
Another interesting thermochemical hybrid cycle, the methane-methanol-methanal-process (MMM-process) uses hydrocarbons (C, H and O) plus water only to produce hydrogen. The four major steps are steam-methane reforming, methanol synthesis, methanal synthesis, and methanal-electrolysis. The first reaction is well known and developed as well as the second reaction. The third reaction contains methanal (formaldehyd) and is also known and technically feasible. Only the fourth reaction of methanol electrolysis needs further development. The demand of electrical energy in this process step is thought to be only a third of the normal water electrolysis. An overall efficiency of nearly 50 % is expected. The advantage of this process scheme is that all reactants are in the liquid or gaseous state and that the process does not contain any exotic or poisonous substances. 

The direct splitting of water can be done by heating the water in an plasma arc to 5000°C by means of an electric field. Cracking products are H, H2, O, O2, OH, HO2, H2O, where up to 50 can be H and H2. Very rapid cooling of the products is needed to avoid recombination. This process is highly energy intensive and appears to be impracticable beyond laboratory scale.

2.2.2.3. Photolytical Production

Photolysis (electro-chemical, biological)
In a photolytical process, solar energy as the only energy input is used for the thermal splitting of water in a one-step process. In photoelectrochemical systems, photosensitive semiconductors and catalysts are suspended in an electrolytical solution, which absorb the solar energy creating localized electric fields. The water splitting process is based on the band gap absorption of photons, by which electrons are elevated from the valence band to be conducting band creating electron-hole pairs. Following this charge separation, the excitation energy is utilized for the splitting of water molecules. The band gap must be greater than the water decomposition potential to enable the necessary charge transfer. Solar energy conversion rates of up to 16% have been demonstrated, 18-24% are expected to be reached in future. R&D for this principally simple concept is concentrating on finding durable and stable, efficient materials and systems.
Photobiological methods are using the natural photosynthetic activity of bacteria and green algae under solar insolation. The hydrogen is resulting either from the decomposition of water molecules (photo-synthesis) catalyzed by enzymes, or from extraction from biomass which serves as nutrition for the micro-organisms (photo-fermentation). Competent hydrogen producers are cultured cyanobacteria and purple bacteria with efficiencies up to 10% under ideal conditions. In contrast, the direct water decomposition has only a very low hydrogen yield (efficiency ~ 0.1%) and hydrogen extraction is difficult.

2.2.3. Hydrogen Production Technologies

2.2.3.1. Production Technology Based on Fossil Fuels

Steam reforming of natural gas is a technically and commercially well established technology on industrial scale and currently the most economical route. Reforming technology is mainly used in the petrochemical and fertilizer industries for the production of so-called “on-purpose” hydrogen. The conventional process requires the stages of desulfurization, synthesis gas production, CO shift conversion, and purification by pressure swing adsorption. Optimum pressure range is 2.5-3 MPa resulting in a hydrogen yield of 86-90% [Uhde 2003]. Large steam reformer units with up to about 1000 splitting tubes have a production capacity of around 130,000 Nm3/h. At the Fortum refinery in Porvoo, Finland, a hydrogen plant with a capacity of 153,500 Nm3/h or 13.8 t/h of H2, corresponding to a stored power of 550 MW (based on HHV) will start operation in 2006. Future reformer plants are designed to produce 237,000 Nm3/h. There is even an announcement by Praxair to construct a plant with 354,000 Nm3/h capacity [Forsberg, 2005]. Modern steam-methane reformers often use more than one catalyst at different temperatures to optimize the H2 output. Heat losses and thermodynamic (Carnot) limitation lead to an overall efficiency of about 80%. Catalytic autothermal reforming is ideal for fuel cell systems due to its simple design, low operation temperatures, flexible load, and high efficiency. Advanced reforming techniques will operate at reduced reaction temperatures by means of micro-porous ceramic membranes. 
If light hydrocarbons are used as fuel, sometimes a pre-reformation is helpful to operate the tubes under the same conditions as methane as feed gas. Naphtha-based plants are applying a pre-reforming step at a lower temperature and using a more active catalyst, partially converting the hydrocarbons to methane, hydrogen, and carbon oxides. This allows alternate feed operation and makes better use of heat in the overall process. Feed and fuel consumption savings are approx. 5% [Uhde 2003]. Steam reforming of heavier hydrocarbons is possible, but requires a more complex process equipment and is therefore only little applied. 
Catalytic partial oxidation of heavy oil and other hydrocarbons is a large-scale H2 production method which is generally applied when generating synthesis gas from heavy oil fractions, coal, or coke. It may become competitive, when cheap oxygen is available. It can be conducted in both monolith reactors and in fluidized bed reactors, but also in fixed bed micro-reactors. Plants usually include also air decomposition, unit size also in the order of 100,000 Nm3/h. Commercial technologies available are the gasification processes of Texaco and Shell. Capacities of combined autothermal reformers are typically between 4000-35,000 Nm3/h, a range where “normal” steam reforming exhibits high specific investment. Small-sized units of POX reforming for mobile applications are presently under development.

ATR technology was developed since the late 1970s with the goal to have the reforming step in a single adiabatic reactor. Preheated feedstock is gradually mixed and burnt in the combustion chamber at the top, where partial oxidation takes place. Steam is added to the feed to allow premixing of CH4 and O2. The steam reforming step is done in the lower part of the reactor. ATR requires 10-15% less energy and 25-30% less capital investment [Bharadwaj 1995].
Smaller units for local H2 production have a capacity around 150 Nm3/h. Research in reforming technologies is concentrating on finding the right balance of fuel, air, and water flows for optimal processing. For on-board reforming, methanol appears to be the more attractive fuel, because it operates at lower temperatures and is more tolerant to intermittent demand. Gasoline or LPG reforming would even be more practical, since this infrastructure is already existing and could allow the introduction of respective vehicles even at a lower number. Types of reactor applicable to small reformers are fluidized bed reactor, membrane reactor, short-contact reactor, heat exchange reactor, micro-reactor. Reformer unit in the very low power range like for mobile/portable fuel cell applications are presently developed and tested. The Center for Fuel Cell Technology (ZBT) in Duisburg, Germany, for instance, presents a 1 kW reformer for LPG or natural gas with 75% efficiency. This unit with a 1.5 l volume employs an integrated catalytic monolith replacing the conventional catalyst pellets. The PSI, Switzerland, has operated smaller reformer units based on solar energy as the primary heat input. The facilities were a 480 kW(th) high-pressure (0.8-1 MPa) tubular reactor and a 280 kW(th) low-pressure (0.1-0.3 MPa) volumetric reactor, both operated at ~800°C with Rh catalyst for CO2 reforming.
Gasification of coal is the oldest hydrogen production technology. Because of its abundant resources on earth, the conversion of coal to liquid or gaseous fuels has been worldwide commercially applied. A hundred years ago, the coke furnace process was the principal method of hydrogen production. Despite its comparatively low H2 contents (H2/C ratio of 0.8) and thus higher cost, steam-coal gasification is currently used to produce 18% of the world’s H2 demand. At present, 20,000 MW of syngas (H2 + CO) are being produced by coal, mainly for chemicals and power generation [Gas Conference 2003]. However, its importance for H2 production is decreasing, and rather its use for ammonia synthesis in the fertilizer industry or for methanol synthesis with large-scale production facilities particularly in the developing countries is enhanced. Main criteria for applicability and economy of coal gasification are the characteristics of the coal to be gasified. The (geologically) older the coal, the smaller is its reactivity and the higher is the temperature required.

The advanced technology of IGCC was demonstrated in the 1980s with partial oxidation where the oxygen was distilled from air. Other facilities on a pilot plant scale have been realized in Germany and the United States. Clean coal technology with removal of contaminants during gasification could largely eliminate the emissions of SOX, NOX, and particulates. Thermal efficiency is expected to improve by 10% over conventional coal-fired steam turbine. The world’s largest IGCC plant with 300 MW(e) in Spain is almost completed with an expected efficiency of 45%. Partial oxidation of coal is economic for coal countries (South Africa, China), only pilot plants in Germany. Under “normal” conditions, IGCC is not competitive with SMR. 
Present methanol reformers are of fixed-bed type. Drawbacks are hot and cold spots and slow response due to slow heat transfer. Improvement has been achieved by using washcoated heat exchangers. A reasonable choice for portable FC applications is the employment of microreactors for methanol reforming. Micro-reactor means channel sizes with a cross section of 1000 micron x 230 micron plus a 33 nm thick Cu layer as the catalyst.

The gasification of biomass or the microbial H2 production by converting organic wastes is attractive for decentralized applications. Facilities for wood treatment are on the verge of getting commercial. Demonstration pilot plants in the power range of 1 MW are being operated in various countries. Some apply an autothermal process and use air instead of oxygen. The product gas, at a certain quality, may be routed to a fuel cell power plant. Still biomass conversion appears to be less convenient for H2 production and is rather employed for heat and electricity production. Furthermore, biomass can easily be converted to a variety of liquid fuels like methanol.
H2 production by catalytic methane decomposition was demonstrated already in the 1960s in a pilot plant with a capacity of 7 Nm3/h. The carbon was burnt to provide for the process heat at 815-1093°C (emitting large amounts of CO2). SINTEF in Norway is using a 150 kW laboratory plasma torch with coaxial graphite electrodes, but without CO2 or NOX emissions. In cooperation with Kvaerner, a 3 MW industrial-scale plant was constructed in Canada working since 1992, an input of 1000 Nm3/h of natural gas plus 2100 kW of electric energy results in the production of 2000 Nm3/h of hydrogen plus 500 kg of pure carbon and hot steam as a side product [Bakken, 1998; HYWEB]. In 1999, the Kvaerner group has finally started the commercial operation of its first carbon black plant in Canada which runs on oil or natural gas and is designed for an initial annual capacity of 20,000 t of carbon black plus 50 million Nm3 of H2. The hydrogen is considered here a byproduct and is recirculated to the plasma burner and used as process gas. The energy demand for the plant is said to be 1.25 kWh/m3 H2 [Bellona 1999]. But also solar furnaces are under development using sunlight to provide the dissociation temperatures. Research efforts are concentrating on optimized concepts for gas injection, heat transfer, protection against undesired carbon deposition [Palumbo 2004].
2.2.3.2. Production Technology Based on Electrolysis

The oldest and world wide well established technology of water electrolysis is the alkaline electrolysis. The chloralkali water electrolysis is the only commercial large-scale technological method, where the H2 is actually a byproduct of the chlorine production. During the annual production of 35 Mt of chlorine worldwide, approx. 20 billion Nm3 of H2 are being generated, often just vented to the atmosphere. Capacities of electrolyzer units are ranging between 20-5000 Nm3/h [Gas Conference 2003], the largest integrated installation is currently in Assuan, Egypt, with a production capacity of around 35,000 Nm3/h. First alkaline electrolyzers for hydrogen production were developed by Norsk Hydro in Norway, where cheap electricity from hydro power could form the basis for this process. Largest hydro electrolyzer units have a capacity of 485 Nm3/h at an availability of > 98% and with an energy consumption of 4.1 kW/Nm3 [Norsk Hydro, 2002]. Electrolysis has become a mature technology at both large (125 MW) and small scale (1 kW). Additional components like purification of water and products, rectifier and reprocessing of alkaline solution are necessary. Pressurized systems operating at 3 MPa help many customers to save compression energy. Plant operation is simple, highly flexible and appropriate for off-peak electricity use. System efficiencies of commercial low-pressure electrolyzers range from 60-73%, can go up to 80-85% with improvements made in the development of better electrodes and diaphragms. Furthermore electrolyzers have also been made appropriate for intermitting operation like for solar energy. Purities directly achieved are > 99.9% for hydrogen and > 99.8 for the oxygen [Norsk Hydro, 2002].
PEM electrolyzers on small scale of 8-260 Nm3/h exhibit somewhat lower efficiencies around 50%. High-pressure systems are established in the smaller power range with pressures of 3 MPa achieved and efficiencies up to 80%. Main disadvantage is the still high cost of membrane manufacture. In the development are plants for pressures up to 5 MPa. 

High-temperature electrolysis of steam was investigated in the 1980s by the German Dornier company in the process called “HOT ELLY”. An electrolysis tube consisting of 10 solid oxide cells (10mm length each) in series with porous thin layers as electrodes was used to produce H2 at a rate of 6.8 Nl/h at 1000°C and achieving an efficiency of 92% [Doenitz 1982]. Still total production costs (80% of which for electricity) were too high, so that the project was eventually discontinued. HTE was later also tested by JAERI in a bench-scale facility with the main aim to derive design data on the process characteristics. The experiments were conducted in a serial arrangement of 12 tubular cells. Hydrogen yield at a temperature of 850°C was 4 Nl/h, which was increased to 7.6 Nl/h for a temperature of 950°C. Tests were also started with planar electrolysis cells. Efficiencies achieved were still on a very low level., e.g., from a solar furnace or a high-temperature nuclear reactor [Hino 2004]. The INL in the USA is presently conducting an experimental program to test solid oxide electrolysis cell stacks combined with materials research and detailed CFD modeling [O’Brien 2005].

Thermochemical cycles are being investigated mainly with respect to primary heat input from solar or nuclear power. The above I-S process could be successfully demonstrated by JAERI in a closed cycle in continuous operation over one week. The facility consisted of more than 10 process units primarily made of glass and quartz with a hydrogen production rate achieved of 30 Nl/h. The next step starting in 2005 is the design and construction of a pilot plant with a production rate of 30 Nm3/h of H2 under the simulated conditions of a nuclear reactor, i.e., system pressure of 3 MPa and helium of 880°C as process heat source [Kubo 2004].
The theoretical limit of efficiency for the total process is assessed to be 51% assuming ideal reversible chemical reactions. A best estimate was found to be around 33-36% [Goldstein, IJHE 30, 619], but it is hoped that 40-50% be achievable. It was found that the decomposition of H2 SO4  and HI causes severe corrosion problems. The material candidates for the sulphuric acid decomposition, as an example, are Alloy 800 and Hastelloy. For the concentration and evaporation of sulphuric acid, SiSiC, SiC and SX (Fe-Cr-Si) are considered; for the hydrogen iodide decomposition, Hastelloy is foreseen and for the Bunsen reaction, Zr, Ta, glass lining are favourites. The cycle in JAERI-experiments has a capacity of 10-3 Nm3H2/h in laboratory scale.

For the sulfuric acid hybrid cycle, Westinghouse demonstrated a 120 Nl/h production on a laboratory scale. FZJ in cooperation with JRC Ispra successfully realized the operation of a three-compartment electrolysis cell at 80°C and 1.5 MPa in a 600 h run. The H2 production rate was 10 Nl/h. FZJ also verified the heat consuming step of sulfuric acid splitting on bench-scale under HTGR conditions at 4 MPa and with 950°C heat from an electrical furnace.

The UT-3 cycle was tested in the pilot plant MASKOT (Model Apparatus for the Study of Cyclic Operation in Tokyo). An efficiency of 49.5% (based on HHV) is theoretically feasible assuming complete conversion in all four reactors and using nuclear or solar energy input.
2.2.3.3. Large Scale vs. Small Scale and Centralized vs. Decentralized Production

At present, most hydrogen is produced on-site in commercial, large-scale SMR units according to the needs of the chemical and petrochemical industries. On-site production means on-purpose production with low transportation cost. For future applications of hydrogen as part of the energy economy, the installation of a network of small-scale H2 production units appears to be a good approach for the introduction phase. 

Markets prospects for stationary and mobile fuel cell applications have already led to the development of small-scale H2 units on the prototype level to either be part of the required infrastructure for FCV or feed local grids for residential stationary FC systems. Advantages of this distributive generation of H2 is the ability to take benefit of the existing and widely available grids for electricity and natural gas. Small SMR or electrolyzer units require less capital investment and no transport and delivery infrastructure. On the other hand, it is less advantageous in terms of H2 cost (both production and primary energy) and of limited efficiency. Smaller-scale reformers, either down-sized conventional units or specially designed units, are in the development and demonstration phase and are becoming increasingly powerful and efficient. In areas with lack of natural gas, reforming of methanol as easily transportable and storable fuel may represent an economic way of localized H2 production.

In future, if fossil primary energy (natural gas, coal) is to be used, in the long run only a centralization of the H2 production would be an acceptable platform because only on a large scale, CO2 capture methods will be practicable. Also the use of nuclear primary energy as well as hydro power only makes sense for H2 production on a large scale. Centralization allows for a secure and stable supply. Renewable energy sources (except for hydro) with their low-density energy and typically intermittent operation mode will be preferable for a dispersed system of H2 generation plants.

2.2.4. Liquefaction of Hydrogen
2.2.4.1. Liquid Hydrogen Production in the World

A major program of hydrogen liquefaction was started in the USA within their Apollo space project leading to the design and construction of large-scale liquefaction plants. The today’s purpose of liquefaction has become to a great deal the cost reduction of H2 distribution. The liquefaction of hydrogen is a highly energy intensive process. The minimum work required for the liquefaction of hydrogen (at ortho-para equilibrium) is 3.92 kWh of electricity /kg of H2 or 0.12 kWh /kWh of H2. Typical values for the whole process, however, are in the range of 12.5-15 kWh/kg, meaning that the liquefaction consumes about 30% of the total energy content of the hydrogen. The energy requirement is strongly related to the liquefaction plant size. The above figures refer to capacities of 2-3 t/d and larger. The energy requirement goes up to ~30 kWh/kg for an LH2 production of 0.2 t/d and even to 56 kWh/kg for a plant size of as small as 20 kg/d.

The world’s hydrogen liquefaction capacity amounts to an estimated total of approximately 300 t/d. Most plants (10) are located in the United States with capacities of 5.4 t/d upwards and a total of 252 t/d (as of 1997). In Europe, three plants in France, the Netherlands, and Germany) are operated with a total capacity of 19 t/d. Largest plant size is currently 68 t/d (New Orleans, USA), but sizes of 750 t/d are expected to be feasible. The present limitation at approx. 60 t/d is given by the compression step and could represent a convenient modular size.  
2.2.4.3. SLH2 Production Processes

Slush hydrogen (SLH2) is a mixture of liquid and solid H2 with the advantages of higher density and heat capacity compared with LH2, which makes it more convenient in air or spacecraft applications. Due to its tremendous generation cost, however, it is not (yet) considered an economically feasible fuel at present.

Freeze-Thaw Process
Most SLH2 has been produced so far by means of the freeze-thaw technique. In this method, the gaseous phase above liquid hydrogen is pumped off to pull a vacuum until the liquid is cooled down below the freezing point and a film of solid hydrogen forms on the surface. The pumping is interrupted which allows the solid to settle into the liquid. After decreasing the pressure again, the formation of a new solid layer is initiated. The higher the pumping rate, the smaller the particle size easing the creation of a homogeneous mixture.    

Auger Process
In the Auger process, a hollow cylinder is placed in LH2. An annular interior in the cylinder is cooled with liquid helium. The hydrogen freezes on the heat exchange surface and is scraped off by a rotating auger. This method provides a stable continuous and contamination free slush production.    

2.2.5. Nuclear Hydrogen Production
In principal all methods of hydrogen production, apart from the photolytical ones, can be coupled with a nuclear reactor to provide electricity and process heat, respectively. While conventional light-water reactor can be employed to deliver electricity for the electrolysis process, high-temperature gas-cooled reactors (HTGR) with their helium coolant outlet temperature of up to 950°C would allow the direct utilization of the hot gas, which transfers its heat to the chemical process. Nuclear reactor and hydrogen plant will be separated from each other by employing an intermediate heat exchanger (IHX) between the primary helium circuit of the reactor and the steam reformer/steam generator system.The intermediate circuit serves the safety related purpose of preventing primary coolant to flow through the (conventionally designed) hydrogen production plant and, on the other hand, product gas to access the nuclear reactor building.
The steam-methane reforming process as the most applied H2 production method was subjected to a long-term R&D program in Germany with the goal to utilize HTGR process heat required as energy input for the methane splitting. The necessary heat exchanger components (IHX, reformer, steam generator), with respect to their dimensions of the 125 MW(th) power class, were successfully tested in terms of reliability and availability in a 10 MW test loop over 18,400 h, 38% of which above 900°C. The steam reforming of methane was experimentally investigated under nuclear conditions, first in a single splitting tube (EVA), later in reformer tube bundles (EVA-II) with dimensions typical for industrial plants (15 m length, 130 mm inner diameter). Also EVA’s counterpart, ADAM, a facility for the re-methanation of the synthesis gas generated in EVA, was constructed and operated, thus demonstrating successfully the closed-cycle energy transportation system based on the energy carrier hydrogen. A corresponding experimental program on nuclear steam reforming was conducted and recently completed by JAERI, Japan. 
Also coal gasification processes for hydrogen production were investigated in Germany in the long-term project PNP (prototype nuclear process heat), which has eventually resulted in the construction and operation of pilot plants for the gasification of brown coal (lignite) and stone coal, respectively, under nuclear conditions. Catalytic and non-catalytic steam-coal gasification of hard coal was verified in the 1.2 MW WKV facility with helium heated up to 950°C as the energy source. The plant was operated for about 23,000 h with a maximum throughput of 230 kg/h. The hydro-gasification process was verified in the so-called HKV facility operated for about 27,000 h. The throughput was 320 kg/h of lignite corresponsing to a power of 1.5 MW. The total amount of lignite gasified was 1800 t.
The Generation IV International Forum“ (GIF) is a joint initiative by several countries including the EURATOM to develop the next (forth) generation of nuclear reactor by 2030, which is apart from being safer, more reliable, more economic, more proliferation-resistant, also expected to penetrate non-electrical markets like the supply of heat or hydrogen on a large scale. One of the most promising “Gen-IV” nuclear reactor concepts is the VHTR (Very High Temperature Reactor) with its characteristic features of direct cycle gas turbine plant for high efficiency and coolant outlet temperatures of > 1000°C for hydrogen production. Top candidate production method is the iodine-sulfur thermochemical cycle, considered presently by various countries. Most advanced in this respect is the Japanese JAERI (Japan Atomic Energy Research Institute), which demonstrated the I-S process on a bench scale. The next step, a pilot plant, is currently under construction designed to produced hydrogen at a capacity of 30 Nm3/h under nuclear conditions. The final step of connecting an I-S process plant to their HTTR (High-Temperature Engineering Test Reactor) and demonstrating for the first time nuclear hydrogen production is at the moment foreseen to be in 2010. The United States are currently designing a “Next Generation Nuclear Plant” (NGNP). This government-sponsored demo program is based on a 400-600 MW(th) full-scale prototype gas-cooled reactor to provide electricity and process heat at 900-1000°C. 100 MW are planned to be consumed for hydrogen production using the I-S process as reference method, alternatively high-temperature electrolysis.

In China, Japan, Korea, and the USA, ambitious programs have been started with the goal to bring nuclear hydrogen production to the energy market. In the European Union, the respective engagement by research, industry, and policy is mainly given by the participation in activities within the current 6th Framework Programme of the EU. With CHRISGAS, SOLREF, HYTHEC, and HI2H2, projects have started dedicated to the hydrogen production by biomass gasification, steam reforming, thermochemical cycles, high-temperature electrolysis. On the nuclear side, there is the RAPHAEL project, acronym for „Reactor for Process Heat Hydrogen and Electricity Generation“, starting in April 2005. This EU Integrated Project will treat the pertinent aspects of material development, HTGR fuel technology, nuclear waste management, coupling to hydrogen production technologies.
2.2.6. Future Pathways
If hydrogen is to play a major role in a future energy economy, the whole spectrum of primary energies (fossil, nuclear, renewable) for its production must be considered. The question of which energy source to be utilized, will be finally decided by the respective country with respect to its domestic resources, and methods on how to guarantee energy security.

In the near and medium term, fossil fuels are expected to remain the principal source for hydrogen. Natural gas as the “cleanest” fuel among the hydrocarbons is expected to have a couples of advantages as a starting point for the initial hydrogen market (transition phase) as a source of hydrogen in terms of environmental impact (highest H/C ratio), availability, and economy. Also transportation and distribution is very convenient. Mitigation methods for the use of fossils are (i) CO2 sequestration; (ii) nuclear steam-methane reforming; (iii) hydrocarbon cracking.
Coal countries like China, the USA, or Australia with abundant deposits may use in future their coal, which is to them a reliable long-term resource for H2 production. low cost plus sequestration, but not sustainable. Collecting and sequestering CO2 by injection into oil reservoir is costly and energy-intensive, on deep ocean floor is energy-intensive and also risk to environment. There are efforts ongoing to develop advanced processes to integrate CO2 sequestration with the well established H2 production technologies based on carbon fuels. Such a technique, however, can be applied only to large-scale plants and is not feasible for decentralized systems. The sequestration of CO2 is an energy intensive (estimated 5 MJ/kg of CO2) and costly process with limited sites and still ecological uncertainties. From a long-term perspective, the consumption of fossils for large-scale H2 production will not be a viable process. 
Nuclear steam reforming is an important near-term option for both the industrial and the transportation sector, since principal technologies were developed, with a saving potential of up to 30% of methane feedstock. Nuclear with its virtually no air-borne pollutants emissions appears to be the natural option for large centralized H2 production. Technical and economical feasibility, however, remains to be demonstrated; since production processes have not yet been tested beyond pilot plant scale. A new, perhaps revolutionary nuclear reactor concept of the next generation will offer the chance to deliver besides the classical electricity also non-electrical products such as hydrogen or other fuels. In a future energy economy, hydrogen as a storable medium could adjust a variable demand for electricity by means of fuel cell power plants (“hydricity”) and also serve as spinning reserve. Prerequisites for such systems, however, would be competitive nuclear hydrogen production, a large-scale (underground) storage at low cost as well as economic fuel cell plants [Forsberg 2005].
Solar, wind, geothermal are typically providing low-intensity energy and are not yet the serious competitor for mainstream base-load power supply with few exceptions. Renewable energies are increasing in all countries. A new industry is being created with numerous opportunities [World Gas Conf. 2003]. Low-density energy technologies are more valuable for electricity production and they are unlikely to provide an excess supply, which could be used for H2 production. Biomass is more a thermal source than H2 supplier. Renewables will contribute to local power needs and fill niche opportunities, initiate electrification of developing countries. Direct use of electricity or the production of liquid biofuels (methanol, ethanol, biodiesel, pyrolysis oil) will be much more effective. 
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2.3 Introduction to hydrogen transport and distribution techniques

In the future, when Hydrogen has grown to be an integrated part of the energy distribution, it will be necessary to transport and distribute Hydrogen in large scale from a centralized production site to the consumer. In the long run, the best and safest way may be by Hydrogen pipelines, which have been operated for many years in e.g. Germany, France and the US. This would need the establishment of a European wide grid, which is very costly and not a real option in the short term perspective.

Another future option for Hydrogen would be a decentralized production by renewable energy sources and /or small local natural gas conversion plants. The former way of producing Hydrogen would apply water electrolysis. Here the energy needed to produce Hydrogen could be transported through the electrical grid even from remote facilities. The latter case would require the availability of e.g. natural gas to be converted. Thus in both scenarios no physical transport of Hydrogen  over longer distances would be needed. 

Besides by pipelines Hydrogen can be transported in pressurized and/or liquid form using ships, railways or road tankers. This is most likely the short term solution. Here the low energy density per volume of Hydrogen is a problem making the transport and distribution ineffectively and costly. Therefore, it is likely that Hydrogen is transported under cryogenic conditions or at very high pressures above 700 bar. Finally, hydrogen may be transported by using the technique of bonded hydrogen. Bridging compounds like ammonia or methanol are one mean. Other means are metal and liquid (complex) hydrides and adsorbed on carbon compounds. They seem to be safer methods to applicate, presently.

As with the natural gas distribution, it will also be necessary for the Hydrogen system to establish central storage systems for different reasons. This could be in certain geological underground formations or in man made storages using different means (pressure, cryogenic and others). By that except for the pipeline system a number of  loading and unloading from e.g. the ship to a storage, the storage to a road tanker etc. are needed that are generally regarded critical from the safety point of view.

Transport of hydrogen using pipelines

Even though hydrogen distributed in pipelines have higher demand of tightness for the pipe material itself and for seals and fittings, the procedure is well known and has been safely in use for many years in industrial areas
 for local distribution, which mean lengths of up to about 290 km. However, this is still modest as compared to a complete national or even international network delivering energy for fuelling stations, house warming, and industrial needs, especially related to a financial comparison with the current electrical, natural gas or propane system.

Transport of gaseous hydrogen

Road transport of gaseous hydrogen is presently carried out using trucks with steel bottles of up to 50 litres at 200 – 250 bar pressure. For transport in larger scale pressure of up to 500-600 bars or even higher may be employed. A 40 tons truck deliver about 26 tons gasoline to a conventional gasoline filling station. One delivery is sufficient for a busy station. A 40 ton truck carrying compressed hydrogen can deliver only 400kilograms
 , because of the weight of the 200 bar pressure vessels. 

Compression of hydrogen is carried out in the same way as for natural gas. It is sometimes even possible to use the same compressors, as long as the appropriate gaskets (e.g. Teflon) are used and provided the compressed gas can be guaranteed to be oil free.

Today, there is a clear consensus among the car manufacturers on the use of direct hydrogen fuel cells. Depending on the desired use, hydrogen must be either compressed or liquefied. In most cases, however, high-pressure gaseous hydrogen is preferred over liquid hydrogen. 
Transport of liquid hydrogen

In order to reduce the volume required to store a useful amount of hydrogen - particularly for vehicles - liquefaction may be employed. Since hydrogen does not liquefy until it reaches -253°C (20 degrees above absolute zero), the process is both long and energy intensive. Up to 40% of the energy content in the hydrogen can be lost. The advantage of liquid hydrogen is its high energy/mass ratio, three times that of gasoline. It is the most energy dense fuel in use (excluding nuclear reactions), which is why it is employed in all space programmes. However, it is difficult to store, and the insulated tank required may be large and bulky.

Liquid hydrogen is presently dealt with predominantly in small quantities. In this respect road transport is carried out using trucks with 5000 l capacity iii. Delivery is achieved either in vacuum insulated bottles or by refilling of stationary depending on the required quantities. In the USA there are several pipelines for liquid hydrogen with lengths of up to 40 km iii.

The intercontinental transport of hydrogen will probably be carried out in liquid form using ships. For this purpose, specialized ships with appropriate tanks and port facilities are being designed. A realization of these ideas will however not take place until the trade in hydrogen reaches an appropriately large scale.

Transport of hydrogen in compound materials

One of the most exciting advances recently has been the announcement of carbon nanofibre technology. This may have the capacity to store up to 70%
 of hydrogen by weight - an astonishing amount. Typically a metal hydride can store between 2% and 4% by weight - in a heavy structure, but if the new carbon results actually prove to be true then it may be possible for a hydrogen fuel cell vehicle to travel for 5,000 km between refuelling stops. This would render any necessity for a distributed hydrogen infrastructure obsolete as the refuelling could be done either by depot stops, or potentially even through the postal service. Everyone in the hydrogen community is eagerly awaiting the announcement of further news.

A problem related to the use of metals in the form of complex hydrides for storage of hydrogen for transport is the demand of the speed in which the hydrogen may be absorbed and released from the metal.

However, the low volumetric energy content of hydrogen, and the lack of infrastructure for hydrogen refueling, has encouraged car manufacturers to study the use of more conventional liquid fuels that can be converted to hydrogen-rich gas mixtures by a “fuel processor” in the vehicle. Gasoline and methanol are two obvious choices.

2.4 Introduction to H2 applications ( written by Hydro)

2.4.1 Introduction

This section is to a large degree based on reports from the Hynet Network/project http://www.hynet.info/ , where a main task was to develop a first European Hydrogen Energy roadmap.  

Hydrogen applications, or end-use technologies can be grouped by sectors:

· Transport

· Stationary (industrial and residental)

· Portable

Transport applications, especially cars and buses, seem to be of highest priority.  Stationary applications are not believed to play a relevant role for the hydrogen energy consumption in Europe before 2020, and portable applications may be first to market, however with marginal impact on the total energy use.

2.4.2 Transport applications

2.4.2.1 Cars and light trucks

From 1967 to 2003 about 110 FC (fuel cell) operated prototypes of cars and light trucks have been developed world-wide as well as some 36 ICE (Internal Combustion Engine) cars. Counting the vehicles of which more than example has been built, a total of 230 FC and 66 ICE hydrogen vehicle prototypes have been put on wheels.  Most of these vehicles were built after 1995 

For the propulsion of passenger cars and light trucks hydrogen may be used in internal combustion engines as well as in fuel cells. Whereas in cars driving on urban cycle patterns the FC seems to be the preferred drive system, ICE with hydrogen could be advantageous for long-distance motorway-type driving modes for efficiency reasons and in the transition phase to a wider use of hydrogen as a vehicle fuel.

The complexity of hydrogen drive-systems is viewed as medium for the technologies both for the FC and ICE. If on-board reforming from hydrogen containing carbon based fuels is preferred, the system complexity rises due to the complex process hardware involved which is required for the highly dynamic operating conditions.

The technical maturity of both ICE and FC (without on-board reforming) for cars is judged as medium by the car industry as prototype vehicles are on the roads and field tests in the hundreds are imminent. 

A small series production of „hand-made“ ICE hydrogen vehicles has been built based on bi-fuel hydrogen-gasoline sedans by BMW.  BMW has announced that they expect a wide market entry not before 2010. The development of FC powered cars by other manufacturers such as DaimlerChrysler, Ford, GM/Opel, Toyota, Honda and Nissan has also led to a number of prototype vehicles on the road in Europe, Japan and the U.S.

Technical and economic challenges remain to be solved. For FC drive systems these are cost reduction by e.g. minimization of catalyst demand, material development towards e.g. high temperature membranes, extended driving range, storage system integration and further improvement of the onboard fuel reforming technology. For ICE vehicles improved fuel injection systems utilizing the refrigeration energy of liquid hydrogen and the hydrogen-mono-fuel performance have to be optimized.

2.4.2.2 Buses
The market of city buses is highly prioritized for the following reasons:

· Short daily driving distances (relatively simple high-pressure compressed hydrogen onboard storage, probably in the range of 20-35 MPa)

· Fleet operation and centralized refueling provides low investment costs and easy fuel accessibility 

· Local emission reduction (pollutants, noise) has high impact in inner city traffic

· Good public visibility

These arguments foster the use of hydrogen and specifically fuel cell operated city buses even though improvement potentials for high efficiency conventional diesel-engines are within reach. A number of prototype ICE and FC powered buses have been built and demonstrated in field tests throughout Europe.
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Figure 2.4X1 “CUTE” bus in Madrid  http://www.fuel-cell-bus-club.com/index.php?module=pagesetter&func=viewpub&tid=1&pid=2  

The technical maturity is judged as medium with field tests in the hundreds in discussion such that – in combination with the simple and cost efficient refueling – a market entry is possible even before 2010. In a large European demonstration project 30 hydrogen operated fuel cell buses are test-driven in 9 European cities (CUTE project).

2.4.2.3 Other transport applications

Other transport applications are

· Heavy trucks - Industry puts less priority on the early development of drive systems for heavy trucks using hydrogen as an alternative fuel. Main reasons are the high efficiency and the achievable driving range of current diesel trucks at low costs
· Construction vehicles – so far very limited development  

· Trains – several potential applications foreseen

· Leisure boats – several demonstration projects on the use of FC on-board suggested

· Small ships and ferries – high interest for transport tasks close to shore due to the high pollutants of diesel.  Potential European markets are Scandinavia.  Iceland and Norway have developed  some initiatives

· Aircraft – feasibility studies carried out in the EQHHPP project.  Development depends on price development of kerosene.  Extensive R&D is necessary

2.4.3 Stationary applications

Stationary applications can be divided in 

· Industrial applications (>= 50 kWel) – power generation

· Small residential (<= 5 kWel l) and large (<250 kWel ) applications – power generation -> heating, cooking, illumination

Most of the technologies (electrolysers, fuel cells, instrumentation, storage, compressors) are currently available or developed for commercialization for operation with i.e. natural gas. Although several hydrogen specific end-use technologies such as gas turbines, internal combustion engines and also Stirling engines exist, fuel cells are believed to have the best chance for widespread commercialization in stationary hydrogen energy systems as they provide highest efficiencies and a number of other structural advantages. However, the future use of hydrogen entering the stationary market as a viable fuel will be dictated by infrastructure. For specific tasks such as compression for pipeline transport, gas turbines or during the transition phase towards a wide hydrogen use, gas internal combustion engines can become viable options. 

It is expected that the introduction of fuel cells will have a definitive impact on stationary energy markets, mostly for electricity and natural gas, as these applications will require large amounts of hydrogen fuel. The infrastructure required for these fuel cells can be envisaged as being very decentralized. It is expected that in the transition phase to a long-term renewable supply of hydrogen that the current natural gas transport and distribution grid will be employed, with hydrogen being produced by small on-site reformers at the user location. Often, these reformers will form an integral part of the fuel cell system.

For economic reasons, a wide hydrogen supply infrastructure for industrial or residential applications is not expected to be in place in the foreseeable future. Until a suitable hydrogen supply infrastructure is developed, fuel cells for industrial and residential use will typically be fuelled by natural gas, LPG or methanol. According to the Hynet report this technology has an expected market entry of between 2006 and 2008. 

It is expected that in the longer term, i.e. after 2020, a hydrogen infrastructure for stationary applications could develop. The success of this will depend on a number of factors including the degree of decentralization in stationary energy markets, energy demand reduction, the need for load leveling capabilities for renewable energy and the success of competing technologies such as combining a hydrogen admixture to the natural gas in the existing grid. Additionally carbon capture schemes for large-scale centralized power generation could be based in the future on natural gas reforming or fossil fuel gasification technologies, with large scale production of hydrogen and its consumption in efficient combined cycle gas turbine (CCGT) schemes.

These different options will have to be tested, with lighthouse demonstration projects being a viable way of achieving this. A current limiting step in these demonstration projects is the lack of small reformers for fuel cells in the 1 - 10 kWel class. A possible means of bridging this technology gap could be to use local hydrogen distribution grids fed with hydrogen from either commercially available central reformers, electrolysers or from by-product hydrogen. In this way, a hydrogen infrastructure for stationary supply would evolve from local clusters.

It is not expected that the direct use of hydrogen to provide power for industrial or residential use will play an important role in the short-medium term. However, longer term, an increasing amount of hydrogen for use as an energy buffer may be required. The development of the necessary infrastructure will have to be adapted to the changing needs of the evolving decentralized energy markets. It will likely start with local and virtual hydrogen supply islands.

2.4.4 Portable applications

Portable applications are small mobile systems for generating electricity without utilizing the heat. In general it is distinguished between battery replacement systems (<= 500 Wel) and small mobile or remote power supply systems (> 500 Wel). Hydrogen has been discussed as a potential efficient storable energy carrier extending the range by typically replacing battery powered systems or avoiding the exhaust and noise emissions of small internal combustion engines.

Examples of miniature fuel cells (<=500 Wel) portable applications are use in laptops, toys, robotics, bicycles and cameras.  
Another group of possibly new hydrogen applications is Auxiliary Power Units (APUs), which comprises larger portable battery or small ICE replacement systems and so called auxiliary power units.  These follow the idea to provide remote power without utilising the low temperature heat.  Potential applications are mobile cleaning equipment, stand-alone power supply or backup power for remote applications in combination with renewable energies, recreational equipment and power supply for e.g. sailing boats and mobile homes, equipment of handicraft vehicles with on-board power supply, small vehicles such as bicycles or scooters, lawn mowers, etc.

Japanese announcements [FCDIC – Fuel Cell Development Information Centre of Japan, regular information letter] suggest that portable fuel cells and fuel cell-powered auxiliary power units (APUs) could be market-ready by as early as 2004/2005. However, due to the low power nature of these offerings, they will not have a large impact on local and global energy markets.  In the area of portable applications there is a need for technological breakthroughs involving hydrogen storage. These breakthroughs may also come from defense applications where there is a drive towards battery alternatives.

2.4.5 Exploiting Synergies between End-use Sectors

When developing an infrastructure to support these applications, it would make sense to exploit any synergies between the sectors - transport, stationary and portable.

One such example is the concept of an energy station, combining power generation and hydrogen refueling at the same location. This could provide the means to manage the utilization rate of refueling sites, particularly in the early stages of vehicle introduction when demand will be limited. Such an energy station could help to establish local stationary hydrogen energy clusters for small industrial or residential use.

Hydrogen can also play a role in managing the intermittence of renewable power generation from technologies such as wind and PV (both in grid connected and off-grid schemes).  One example is the demonstration project at the Norwegian Iceland Utsira, where 10 households receives electricity solely from wind turbines and hydrogen.  This is conceptually similar to energy storage schemes for managing peak and off-peak supply/demand imbalances, using compressed air plants or pumped-hydro-storage. However, these current installations are insufficient for load-managing large amounts of future renewable generation. It has therefore been proposed to use the surplus electricity to generate hydrogen via electrolysis and use the hydrogen as daily and/or seasonal

storage. In addition, this hydrogen could also be employed as a vehicle fuel.

One can also envisage that hydrogen fuel cell vehicles could be used to supply electricity (and heat) to residential or office buildings, while parked during working hours. Another option could be the establishment of cylinder-filling points at refuelling stations. Such filling points would serve as an infrastructure for portable fuel cell applications in industrial, household and recreational use.

The convergence of the sectors to a common fuel provides the opportunity to improve the economics of hydrogen distribution and supply by developing such innovative approaches to optimise the use of these novel energy conversion devices.

2.4.6 Conclusions

Regarding future development related to hydrogen applications the Hynet report makes the following conclusions: 

· Small portable applications are expected to enter the market in the next 2-3 years and will help introduce the benefits of fuel cells and hydrogen to the general public.

· Stationary fuel cells are expected to be commercialized in the latter half of this decade, but these are expected to consume predominantly fossil fuels such as natural gas.

· Transport applications will be the main driver for hydrogen demand but mass production of passenger vehicles will not take place before the period 2010 to 2015. Experience from the build-up of other alternatively fuelled vehicle populations (e.g CNG-cars in Argentina) should be investigated more closely.

· There is significant uncertainty in future hydrogen demand forecasts, while fuel cell and other enabling technologies such as hydrogen internal combustion engines or their system environments are still not ready for mass market introduction.

References and sources

B. Drolet, (Coordonnateur R-D, Secteur de l’énergie, Ministère des Ressources naturelles, Gouvernement du Québec, 5 700, 4e Avenue Ouest, Charlesbourg (Québec) G1H 6R1) J.Gretz Wasserstoff-Gesellschaft Hamburg e.V., 9 Via Leonardo Da Vinci, I-21018 Osmate (Va), Italia:

“THE EURO-QUÉBEC HYDRO-HYDROGEN PILOT PROJECT. The beginning of the industrialization of hydrogen. Part 2: The view from North America”.

CUTE project: http://www.fuel-cell-bus-club.com/index.php?module=pagesetter&func=viewpub&tid=1&pid=2 

HyNet partners: “Towards a European Hydrogen Energy Roadmap” Executive Report, May 2004. http://www.hynet.info 

Hynet partners :”On the Way Towards a European Hydrogen Energy Roadmap Data Source Book Chapter 4 Hydrogen Applications http://www.hynet.info/hyactiv/docs/Chapter-4.pdf 
Bård Meek-Hansen, MARINTEK Fuel cell technology for ferries. MARINTEK paper at the IMTA conference Gold Coast, Australia, October 2002. http://www.sintef.no/upload/MARINTEK/PDF-filer/Publications/Fuel%20cell%20technology%20for%20ferries_BMH.pdf 

Norsk Hydro Utsira Project information: http://www.hydro.com/en/our_business/oil_energy/new_energy/hydrogen/winds_change.html 

2.5 Hydrogen systems main components

When the hydrogen has been produced, several steps are usually necessary to transport and/or liquefy/compress the gas before it can be sent to the end-user for storage or use.  Below a short description of main components, which are often needed in this process.   

2.5.1 Compressors 

(Written by AL)

Raising the hydrogen gas pressure for its storage (150 bar to 300 bar in industrial applications, currently up to 700 for vehicle applications) or transportation in pipelines (typically 100 bars) is achieved with volumetric compressors.

Either piston or diaphragm compressors are used. The latter type is often preferred because it fully preserves the products purity and requires little maintenance.

Multi-stage piston compressors are more effective when the ratio between outlet and inlet pressure is large. This is typically the case when the inlet pressure is very low (a few bars or less). If the piston is oil lubricated, an oil removal system is necessary.

For small and intermittent hydrogen flows such as those encountered at the end of a vehicle tank refuelling cycle (when pressure is maximum), compressed air driven reciprocating compressor are sometimes chosen for reasons of simplicity and compactness.

In fuelling station applications, a combination of compression technologies may be used to perform the various compression steps necessary, taking into account operating time and duty cycle in order to minimize total ownerships costs.

Design safety considerations specific to hydrogen service in addition to those generally considered for gas compressing systems are indicated below :

Materials

The compressor must be designed with particular reference to hydrogen service. In particular all metallic material wetted by pressurized hydrogen must be suitable for hydrogen, i.e. not susceptible to hydrogen embrittlement unless used at low enough stress or without consequence on safety in case of failure.

Prevention of ingress of air at inlet 

To avoid a vacuum in the inlet line and consequent ingress of air in the event hydrogen feed is closed off , the inlet pressure needs to be monitored with automatic compressor shut-down before this pressure drops below ambient pressure.

Monitoring of oxygen content at inlet

Where the hydrogen comes from a low-pressure source, or where there is a possibility of oxygen contamination, the oxygen content needs to be monitored with automatic compressor shut-down if the oxygen content exceeds 1%. 

Discharge temperature control

As they may put at risk vital functions of process equipment, situations of excessive compressor discharge temperature, must be detected with immediate corrective actions such as compressor shut-down.

Prevention of hydrogen-air mixtures in internal volumes

Absence of air in internal volumes to which hydrogen may leak, such as the crank-case, needs to be ensured, for instance by pressurisation (with hydrogen or nitrogen).

Over-pressure relief from internal hydrogen leaks

The vents of pressure relief devices protecting secondary circuits such as a closed water cooling circuit or the crank case against overpressure arising from a leak from the hydrogen side need to be arranged so that their discharge will not generate a dangerous situation.

Regarding compressed H2 purity, contamination risks originating from the compressor need to be considered.

With oil lubricated piston compressors, oil contamination can result from malfunction of the oil removal system. With diaphragm compressors there is the potential of product contamination by hydraulic oil in case of diaphragm failure. This is typically prevented by using double or multi-layer diaphragm constructions with a leak detection system.

The compressor’s cooling water circuit is another potential source of contamination which needs to be considered closely especially for vehicle fuelling application, considering that such water contamination may have adverse effects on the vehicle’s on-board storage if its liner is made of a material sensitive to stress corrosion. This is often the case for the grades of aluminium typically used in such applications.

2.5.2 Liquefication

No author identified / no response from Linde

LH2 Production Processes (Cut and Paste from FZJ)

Linde-Hampson Process
The Linde-Hampson method is a thermodynamic process, where isothermal compreesion and subsequent isobaric cooling is done in a heat exchanger. Joule-Thompson expansion connected with an irreversible change in entropy is used as the refrigeration process. Despite its simplicity and reliability, this method has become less attractive compared to modern ones, where cooling is carried out in reversible processes (expander) at reduced energy consumption.
Claude Process
A commonly applied method in large-scale liquefaction plants is the Claude process, where the necessary refrigeration is provided in four main steps
1. Compression of hydrogen gas, removal of compression heat;
2. Precooling with liquid nitrogen (80 K);    

3. Cooling of a part of the hydrogen in an expander (30 K)
4. Expanding of the residual hydrogen in a Joule-Thompson valve (20 K)
Joule-Thompson expansion is applied for the final step to avoid two-phase flow in the expander. Further improvement in efficiency is expected with the development of new materials and new compression/expansion technology.
Magnetic Refrigeration Process
A qualitatively new approach is the magnetic refrigeration process takes advantage of the entropy difference and the adiabatic temperature change upon application or removal of magnetic fields in the working material. It uses isentropic demagnetization of a ferromagnetic material as cooling process. It is expected that 15 separate cooling stages are necessary for hydrogen o get down to the boiling point. This method is still on an R&D level, but it appears promising because of its compact cooling device with long lifetime, low capital investment, and higher efficiency with an estimated liquefaction work of 7.3 kWh/kg.    

2.5.3 Piping systems (written by INASMET)

Hydrogen growing importance and the requirement of serving mass will lead to a hydrogen network of pipelines in order to connect new large scale production sites with end users and applications. In the long run hydrogen will be directly delivered via pipelines to filling centres, fuelling stations, to fuel cells used in small-scale distributed power generation etc. Prior to this situation, decentralized hydrogen production will take advantage of the existing natural gas infrastructure. The pipeline grid will make use of the existing natural gas infrastructure which will be adapted to hydrogen. 

It must be pointed out that piping hydrogen is problematic due to the energy required for pumping and the low volumetric energy density of hydrogen, demanding higher flow rates which in turn lead to greater flow resistance. Consequently about 4.6 times more energy is required to move hydrogen through a pipeline than for natural gas and 10% of the energy is lost every 1000Km (O.Sylvester-Bradley, 2003).
The capacity of a given pipeline configuration to carry energy is somewhat lower when it carries hydrogen than when it carries natural gas. In a pipe of a given size and pressure, hydrogen flows about three times faster, but since it also contains about three times less energy per cubic foot, a comparable amount of energy gets through the pipe. 

The additional problem that hydrogen is not compatible with the current piping infrastructure due to brittleness of material, seals and the incompatibility of pump lubrication poses further problems.

If the use of hydrogen pipelines were to be expanded, possible embrittlement problems would have to be considered. Pipes and fittings can become brittle and crack as hydrogen diffuses into the metal of which they are made. The severity of this problem depends on the type of steel and weld used and the pressure in the pipeline. The technology is available to prevent embrittlement, but depending on the configuration being considered, distribution costs may be affected.

Smaller piping can be used for hydrogen than those used for natural gas, due to the higher pressure requirements, smaller molecule etc. For example, the 3/8” tube that is appropriate for fuelling a bus with hydrogen would only be big enough to fuel a car with natural gas (J.Cohen, 2002). However, if considering utilizing a single design for both hydrogen and natural gas, natural gas provides the limiting diameter, but the pressures and material compatibility for hydrogen must be met. Compressors would generally have to be refitted with new seals and valves.
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2.5.4 Storage (written by INASMET)

Storage is a challenging issue that cuts across production, delivery and end-use applications of hydrogen as energy carrier. It constitutes a key enabling technology for the hydrogen economy. 

2.5.4.1 Storage in gaseous form (E. Tzimas, C. Filiou, S.D. Peteves and J.-B.Veyret, 2003)

High-pressure hydrogen is stored in thick-walled tanks (mainly of cylindrical or quasi-conformable shape) made of high strength materials to ensure durability. The storage tank design is not yet optimised: the tanks are actually over-sized and there is inefficient use of material as well as a rather poor assessment of the pressure vessel lifetime.

According to the European Integrated Hydrogen Project EIHP [reference:www.eihp.org] compressed gas hydrogen storage vessels can be classified in four types as it is showed in the following figure:
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Fig. 1: Hydrogen storage vessels classification (United States Department of Energy, 2002)

2.5.4.2 Storage in liquid forms or media (E. Tzimas, C. Filiou, S.D. Peteves and J.-B.Veyret, 2003)

Hydrogen in liquid form has a considerably higher energy density than in its gaseous form, making it an attractive storage medium. 

This hydrogen storage technology is rather effective but has disadvantages, mainly the energy required to liquefy the gas and the strict control needed on the container temperature stability to avoid any risk of overpressure. It also requires cryogenic vessels and suffers from hydrogen losses through evaporation from the containers.

The cryogenic vessels used to store liquid hydrogen, sometimes also called cryostats, are metallic double-walled vessels with insulation, sandwiched between the walls.

2.5.4.3 Storage in metal hydrides (E. Tzimas, C. Filiou, S.D. Peteves and J.-B.Veyret, 2003)

Metal hydrides are based on metallic alloys and they act like a sponge absorbing gaseous hydrogen. Through a chemical reaction, solid metal hydrogen compounds are formed, under hydrogen pressure, and heat is released. Conversely hydrogen is released when heat is applied to the materials, through, for instance, heating of the tank and by reducing the pressure. The hydrogen molecule is first absorbed on the surface and then dissociated as strongly bound, individual hydrogen atoms. The metals are alloyed to optimise both the system weight and the temperature at which the hydrogen can be recovered. When the hydrogen needs to be used, it is released from the hydride under certain temperature and pressure conditions. This process can be repeated many times without loss of storage capacity.

Metal hydrides can be classified in:

· Interstitial metal hydrides;

· Activated magnesium rich powders;

· Complex light-metal hydrides (alanates and their isostructure counterparts).

2.5.4.4 Storage in porous systems (E. Tzimas, C. Filiou, S.D. Peteves and J.-B.Veyret, 2003)

Porous systems compared to gaseous and liquid media offer the advantage of lower pressure hydrogen storage, increased safety, design flexibility and reasonable volumetric storage efficiency. However, the technology is not yet mature. Also, there are no imminent solutions for avoiding weight/cost penalties, and tackling thermal management issues associated with this option. The materials included in this category

are:

· Carbon based materials, nanotubes, nanofibres, activated carbons, activated fibres, carbons from templates, powders, doped carbons and cubic boron nitride alloys;

· Organics, polymers, zeolites, silicas (aerogels), porous silicon.

2.5.4.5 Storage in other media (E. Tzimas, C. Filiou, S.D. Peteves and J.-B.Veyret, 2003)

There are also other hydrogen storage methods such as the following ones:

· Glass microspheres

Tiny hollow glass spheres can be used for safely storing hydrogen. These glass spheres are warmed, and their walls permeability is increasing. Then, they are filled by immersion in high-pressure hydrogen gas. Following this, the spheres are cooled down to room temperature and the hydrogen is trapped inside the glass balls. Subsequent increase in temperature releases the hydrogen locked in these spheres. 

· Hydride slurries

These are a pumpable mixture of fine, solid metal hydride particles and a liquid (usually a mineral oil). Hydrogen is stored as a metal hydride in slurry with an organic carrier. It can be released from the metal complex through chemical reactions.

· Boron Nitride Nanotubes

These are roughly equivalent to carbon nanotubes in terms of advantages, but are based on boron nitride rather than carbon. 

· Bulk Amorphous Materials (BAMs) 

These are promising metallic materials based on multicomponent alloy systems, e.g. Ti-Al-Fe based BAM (maximum 6wt.%). They are loosely packed with porous defects (interstitial holes for hydrogen storage) of controlled size and distribution, in super cooled liquid phase. 

· Hydrogenated amorphous carbon

These are composed of stressed graphitic “cages”/nanotube sponges able to store 6-7wt.% hydrogen, are rather stable at 300ºC with a potential for high hydrogen content and alleged potential to rapidly release hydrogen between 200-300ºC. 

· Chemical storage media (methanol, ammonia etc)

The hydrogen is often found in stable chemical compounds and it can then be released by a reaction the exact nature of which depends on the type of storage compound. 

· Hybrids

The option of combining storage solutions to create systems is known as ‘hybrids’ (for example:hydrides/high pressure, porous/hydrides hybrid systems). 
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2.5.5 Fuel cell (written by INASMET)

A fuel cell is an electrochemical device that combines hydrogen, which comes from any hydrocarbon fuel such as natural gas, gasoline, diesel, or methanol, and oxygen, which comes from air around the fuel cell, to produce electricity; heat, and water, without generation of combustion emissions. The chemical reactions that take place inside the fuel cell are the following ones:

Anode Reaction: H2 —> 2 H+ + 2 e-
Cathode Reaction: ½ O2 + 2 H+ + 2 e- —> H2O

The design of fuel cell systems is complex and can vary significantly depending upon fuel cell type and application. However, most fuel cell systems consist of the following basic components:

· Fuel Processor/Reformer;

· Electrodes;

· Electrolyte;

· Oxidant;

· Fuel Cell Snack;

· Power-Conditioning Equipment;

· Heat Recovery System.

Fuel cells are generally categorized by their electrolyte. This material's characteristics determine the optimal operating temperature and the fuel used to generate electricity, and as a result, the applications for which these cells are most suitable (transport, stationary power and portable power). Each comes with its particular set of benefits and shortcomings.

The main types of fuel cells are the following ones:

· Molten Carbonate Fuel Cells (MCFCs)

· Phosphoric Acid Fuel Cells (PAFCs)

· Proton Exchange Membrane Fuel Cells (PEMFCs)

· Solid Oxide Fuel Cells (SOFCs)

· Alkaline Fuel Cells (AFCs)

Table I shows the comparison of the main fuel cell technologies:

Concerning fuel cells’s technology challenges, cost, durability and reliability are the major challenges to their commercialization. However, and according to the application, system size, weight, and thermal and water management are also additional barriers to the commercialization of fuel cell technologies.
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Table I: Comparison of fuel cell technologies (United States Department of Energy, January 2004).
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2.5.6 Monitoring and control components (written by Hydro)

Chemical and physical processes involving hydrogen – like for all hazardous materials -  must be monitored to ensure that they are within specific control limits.  Hydrogen production units and applications often require a rather complex control system, due to varying conditions and operation modes including significant dynamic operation.  Examples of such conditions are given below 

· Variation in pressure and temperature between process sections

· Variation in energy or raw materials supply

· Varying power consumption/needs at application

· Refuelling of vehicles 

i. very high temperature and pressure variation  in short time 

ii. many cycles

· Atmospheric temperature variation

Hydrogen systems usually involve a considerable number of components, such as valves, pressure relief devices, pressure and temperature regulators, check valves, filters, pumps and instrumentation.   These components are crucial for the safety of the system.  The components in a hydrogen system must be fabricated of materials, including soft goods such as seats and seals, that are compatible with the operating conditions, and with each other if more than one material is involved.  

The control system consist of measuring instrumentation  - monitoring equipment such as flow meters, pressure and temperature transmitters, which in case of unacceptable process deviations will give a signal.  This signal might give alarms in control room, or may initiate the control system e.g. to close or open valves dependent on the situation.  Instrumentation provides a means to communicate with physical processes to obtain quantitative measurements of the behaviour or the state of the process.  Controls provide a means to maintain or change the behaviour or state of a process.  These are essential elements of a hydrogen system both for operation and safety of the system.  It is of outmost importance that adequate instrumentation is designed so that the operation is within safe and acceptable limits

Usually, when designing a hydrogen system a systematic analysis
 is carried out, to check out possible deviations from normal operating conditions.  These deviations are identified by using keywords (high/low/no/reverse  flow/pressure/temperature/ignition sources etc.).   Causes and consequences of these deviations are identified, and in case a hazardous or otherwise unwanted consequence, systems for detection and control of the hazardous deviation are included in design of the system.  Usually redundant systems are included for deviations that might lead to a hazardous situation.   

Below some examples are given related to control components and situations when they are necessary.  It must be underlined that this is just a very limited number of examples, and are not at all representative for the whole number of components or situations.  

Examples of control components:

· Regulation valves - for flow regulation and control.  

· Check valves -  e.g. for prevention of reverse flow from a high pressure side to low pressure side.  

· Emergency shutdown (ESD) valves - to be close in specific situations.  These valves can be closed manually, by a push button at the site, from a remote control unit or automatically, for example by gas or fire detection signals.  The activation is dependent on the control system and varies from installation to installation.  ESD valves can for example be used to close the connection to a storage tank in case of a gas leak.   They can also be used to isolate systems from each other.  For example in case of gas detection inside a confined area, it might be recommended to have installed an ESD valve between storage and enclosure, to prevent the stored hydrogen go flow into the confined area. 

· Pressure relief devices - installed in process section/volumes in which hydrogen (liquid or gas) could be trapped.  If the pressure reaches above a specific limit, these systems will open and ventilate the hydrogen to a safe location .

Remote control of unmanned installations located in a public environment set high requirements to the control system – to material properties and safe and reliable functioning

These examples represent situations coupled to control of the “internal ” process operation.  In case of a hydrogen leak to atmosphere, additional systems might be necessary to lead the system to a safe condition.  Examples of components and measures are gas detection, fire detection, emergency ventilation, deluge and sprinkling, explosion venting etc.  These measures are described in chapter  .(mitigation)… Also in such situations a well designed process control system will bring the process to a so-called “fail-safe” condition, for example emergency shutdown of process, ventilation of hydrogen under pressure to a non-hazardous location and purging of process components with inert gas.


 -Iskov, H.; Dansk Gasteknisk Center, Projektrapport Aug. 2000, J.nr. 1763/98-0019 ”Sikkerhedsforhold og myndighedsgodkendelse ved brintanvendelse til køretøjer” (Safety aspects and authority approval of the use of hydrogen in vehicles, in Danish)

  -Zalosh, R.G.; Short, T.P.; Compilation and Analysis of Hydrogen Accident Reports, COO-4442-4 “Factory Mutual Research Study, MA 1978) 
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3. ACCIDENTAL PHENOMENA AND CONSEQUENCES 

3.1 Accidental phenomena
3.1.1 Release of hydrogen

3.1.1.1 Sonic and subsonic gaseous Jets

6:  To be completed by E. Ruffin INERIS by mid September 05

3.1.1.2 LH2 Pool vaporisation

Liquefied gases are characterized by a boiling point well below the ambient temperature. If released from a pressure vessel, the pressure relief from system to atmospheric pressure results in spontaneous (flash) vaporization of a certain fraction of the liquid. Depending on leak location and thermodynamic state of the cryogen (pressure expelling the cryogen through the leak is equal to the saturation vapor pressure), a two-phase flow will develop, significantly reducing the mass released. It is connected with the formation of aerosols, which vaporize in the air without touching the ground. Conditions and configuration of the source determine features of the evolving vapor cloud such as cloud composition, release height, initial plume distribution, time-dependent dimensions, or energy balance. The phenomena that may occur after a cryogen release into the environment are shown in Fig. 3-x1.
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Figure 3-x1: Physical phenomena occurring upon the release of a cryogenic liquid

LH2 Vaporization
The release as a liquefied gas usually results in the accumulation and formation of a liquid pool on the ground, which expands, depending on the volume spilled and the release rate, radially away from the releasing point, and which also immediately starts to vaporize. The equilibrium state of the pool is determined by the heat input from the outside like from the ground, the ambient atmosphere (wind, insolation from the sun), and in case of a burning pool, radiation heat from the flame. The respective shares of heat input from outside into the pool are depending on the cryogen considered. Most dominant heat source is heat transport from the ground. This is particularly true for LH2, where a neglection of all other heat sources would result in an estimated error of 10-20%. For a burning pool, also the radiation heat from the flame provides a significant contribution. This is particularly true for a burning LNG pool due to its much larger emissivity resulting from soot formation [Dienhart 1995].

Upon contact with the ground, the cryogen will in a short initial phase slide on a vapor cushion (film boiling) due to the large temperature difference between liquid and ground. The vaporization rate is comparatively low and if the ground is initially water, no ice will be formed. With increasing coverage of the surface, the difference in temperatures is decreasing until – at the Leidenfrost point – the vapor film collapses resulting in enhanced heat transfer via direct contact (nucleate boiling). On water, there is the chance of ice formation which, however, depending on the amount of mass released, will be hindered due to the violent boiling of the cryogen, particularly if the momentum with which the cryogen hits the water surface is large. Unlike lab-scale testing (confined), ice formation was not often observed in field trials (unconfined).

The vaporization behavior is principally different for liquid and solid grounds. On liquid grounds, the vaporization rate remains approximately constant due to natural convection processes initiated in the liquid resulting in an (almost) constant, large temperature difference between surface and cryogen indicating stable film boiling. On solid grounds, the vaporization rate decreases due to cooling of the ground. The heat flux into the pool can be approximated as being proportional to t-1/2. The vaporization time is significantly reduced, if moisture is present in the ground due to a change of the ice/water properties and the liberation of the solidification enthalpy during ice formation representing an additional heat source in the ground. 

LH2 Pool Spreading
Above a certain amount of cryogen released, a pool on the ground is formed, whose diameter and thickness is increasing with time until reaching an equilibrium state. After termination of the release phase, the pool is decaying from its boundaries and breaking up in floe-like islands, when the thickness becomes lower than a certain minimum which is determined by the surface tension of the cryogen (in the range of 1 to 2 mm). The development of a hydraulic gradient results in a decreasing thickness towards the outside.

The spreading of a cryogenic pool is influenced by the type of ground, solid or liquid, and by the release mode, instantaneous or continuous. In an instantaneous release, the release time is theoretically zero (or release rate is infinite), but practically short compared to the vaporization time. Spreading on a water surface penetrates the water to a certain degree, thus reducing the effective height responsible for the spreading and also requiring additional displacement energy at the leading edge of the pool below the water surface. The reduction factor is given by the density ratio of both liquids telling that only 7% of the LH2 will be below the water surface level compared to, e.g., more than 40% of LNG or even 81% of LN2.

During the initial release phase, the surface area of the pool is growing, which implies an enhanced vaporization rate. Eventually a state is reached which is characterized by the incoming mass to equal the vaporized mass. This equilibrium state, however, does not necessarily mean a constant surface. For a solid ground, the cooling results in a decrease of the heat input which, for a constant spill rate, will lead to a gradually increasing pool size. In contrast, for a water surface, pool area and vaporization rate are maximal and remain principally constant as was concluded from lab-scale testing despite ice formation. A cutoff of the mass input finally results in a breakup of the pool from the central release point creating an inner pool front. The ring-shaped pool then recedes from both sides, although still in a forward movement, until it has completely died away.

A special effect was identified for a continuous release particularly on a water surface. The equilibrium state is not being reached in a gradually increasing pool size. Just prior to reaching the equilibrium state, the pool is sometimes rather forming a detaching annular-shaped region, propagates outwards ahead of the main pool [Brandeis 1983]. This phenomenon, for which there is hardly experimental evidence because of its short lifetime, can be explained by the fact that in the first seconds more of the the high-momentum liquid is released than can vaporize from the actual pool surface; it becomes thicker like a shock wave at its leading edge while displacing the ground liquid. It results in a stretching of the pool behind the leading edge and thus a very small thickness, until the leading edge wavelet eventually separates. Realistically the ring pool will most likely soon break up in smaller single pools drifting away as has been often observed in release tests. Whether the ring pool indeed separates or only shortly enlarges the main pool radius, is depending on the cryogen properties of density and vaporization enthalpy and on the source rate.

Also so-called rapid phase transitions (RPT) could be observed for a water surface RPTs are physical (“thermal”) vapor explosions resulting from a spontaneous and violent phase change of the fragmented liquid gas at such a high rate that shock waves may be formed. Although the energy release is small compared with a chemical explosion, it was observed for LNG that RPT with observed overpressures of up to 5 kPa were able to cause some damage to test facilities.

Experimental Work
Most experimental work with cryogenic liquefied gaseous fuels began in the 1970s concentrating mainly on LNG and LPG with the goal to investigate accidental spill scenarios during maritime transportation. A respective experimental program for liquid hydrogen was conducted on a much smaller scale, initially by those who considered and handled LH2 as a fuel for rockets and space ships. Main focus was on the combustion behavior of the LH2 and the atmospheric dispersion of the evolving vapor cloud after an LH2 spill. Only little work was concentrating on the cryogenic pool itself, whereby vaporization and spreading never were examined simultaneously. 

The NASA LH2 trials in 1980 [Chirivella 1986] were initiated, when trying to analyze the scenario of a bursting of the 3000 m3 of LH2 containing storage tank at the Kennedy Space Center at Cape Canaveral and study the propagation of a large-scale hydrogen gas cloud in the open atmosphere. The spill experiments consisted of a series of seven trials, in five of which a volume of 5.7 m3 of LH2 was released near-ground within a time span of 35-85 s. Pool spreading on a “compacted sand” ground was not a major objective, therefore scanty data from test 6 only are available. From the thermocouples deployed at 1, 2, and 3 m distance from the spill point, only the inner two were found to have come into contact with the cold liquid, thus indicating a maximum pool radius not exceeding 3 m.

In 1994, the first (and only up to now) spill tests with LH2, where pool spreading was investigated in further detail, were conducted in Germany. In four of these tests, the Research Center Juelich (FZJ) studied in more detail the pool behavior by measuring the LH2 pool radius in two directions as a function of time [Dienhart 1995]. The release of LH2 was made both on a water surface and on a solid ground. Thermocouples were adjusted shortly above the surface of the ground serving as indicator for presence of the spreading cryogen.

The two spill tests on water using a 3.5m diameter swimming pool were performed over a time period of 62 s each at an estimated rate of 5 l/s of LH2, a value which is already corrected by the flash-vaporized fraction of at least 30%. After contact of the LH2 with the water surface, a closed pool was formed, clearly visible and hardly covered by the white cloud of condensed water vapor. The “equilibrium” pool radius did not remain constant, but moved forward and backward within the range of 0.4 to 0.6 m away from the center. This pulsation-like behavior, which was also observed by the NASA experimenters in their tests, is probably caused by the irregular efflux due to the violent bubbling of the liquid and release-induced turbulences. Single small floes of ice escaped the pool front and moved outwards. After cutting off the source, a massive ice layer was identified where the pool was boiling. In the two tests on a solid ground given by a 2 x 2 m2 aluminum sheet, the LH2 release rate was (corrected) 6 l/s over 62 s each. The pool front was also observed to pulsate showing a maximum radius in the range between 0.3 and 0.5 m. Pieces of the cryogenic pool were observed to move even beyond the edge of the sheet. Not always all thermocouples within the pool range had permanent contact to the cold liquid indicating non-symmetrical spreading or ice floes which passed the indicator. 

Computer Modeling
Parallel to all experimental work on cryogenic pool behavior, calculation models have been developed for simulation purposes. At the very beginning, purely empirical relationships were derived to correlate the spilled volume/mass with pool size and vaporization time. Such equations, however, were according to their nature strongly case-dependent. A more physical approach is given in mechanistic models, where the pool is assumed to be of cylindrical shape with initial conditions for height and diameter, and where the conservation equations for mass and energy are applied [e.g., Fay 1978 and Briscoe 1980]. Gravitation is the driving force for the spreading of the pool transforming all potential energy into kinetic energy. Drawbacks of these models are given in that the calculation is terminated when the minimum thickness is reached, that only the leading edge of the pool is considered, and that a receding pool cannot be simulated.

State-of-the-art modeling applies the so-called shallow-layer equations, a set of non-linear differential equations based on the conservation laws of mass and momentum, which allows the description of the transient behavior of the cryogenic pool and its vaporization. Several phases are being distinguished depending on the acting forces dominating the spreading: 

· gravitational flow determined by the inertia of the cryogen and characterized by a hydraulic gradient at the front edge;

· gravitational viscous flow after pool height and spreading velocity have decreased making sheer forces at the boundary dominant;

· equilibrium between surface tension and viscous forces with gravitation being negligible.

During spreading, the pool passes all three phases, whereby its velocity is steadily decreasing. For cryogens, these models need to be modified with respect to the consideration of a continuously decreasing volume due to vaporization. Also film boiling has the effect of reducing sheer forces at the boundary layer.

Based on these principles, the UKAEA code GASP (Gas Accumulation over Spreading Pools) has been created by Webber [Webber 1991] as a further development of the Brandeis model [Brandeis 1983]. It was tested mainly against LNG and also slowly evaporating pools, but not for liquid hydrogen. Brewer also tried to establish a shallow-layer model to simulate LH2 pool spreading, however, was unsuccessful due to severe numerical instabilities except for two predictive calculations for LH2 aircraft accident scenarios with reasonable results [Brewer 1981].

At FZJ, the state-of-the-art calculation model, LAUV, has been developed, which allows the description of the transient behavior of the cryogenic pool and its vaporization [Dienhart 1995]. It addresses the relevant physical phenomena in both instantaneous and continuous (at a constant or transient rate) type releases onto either solid or liquid ground. A system of non-linear differential equations that allows for description of pool height and velocity as a function of time and location is given by the so-called “shallow-layer” equations based on the conservation of mass and momentum. Heat conduction from the ground is deemed the dominant heat source for vaporizing the cryogen, determined by solving the one-dimensional or optionally two-dimensional Fourier equation. Other heat fluxes are neglected. The friction force is chosen considering distinct contributions from laminar and from turbulent flux. Furthermore, the LAUV model includes the possibility to simulate moisture in a solid ground connected with a change of material properties when water turns to ice. For a water ground, LAUV contains, as an option, a finite-differences submodel to simulate ice layer formation and growth on the surface. Assumptions are a plane ice layer neglecting a convective flow in the water, the development of waves, and a pool acceleration due to buoyancy of the ice layer.
The code was validated against cryogen (LNG, LH2) spill tests from the literature and against own experiments. LN2 release experiments were conducted on the KIWI test facility at the Research Center Juelich, which was used for a systematic study of phenomena during cryogenic pool spreading on a water surface. The leading edge of the LN2 pool is usually well reproduced. There is, however, a higher uncertainty with respect to the trailing edge whose precise identification was usually disturbed by waves developed on the water surface and the breakup of the pool into single ice islands when reaching a certain minimum thickness. 

The post-calculations of LH2 pool spreading during the BAM spill test series have also shown a good agreement between the computer simulations and the experimental data (see Fig. 3-x2) [Dienhart 1995]. 
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Figure 3-x2: Comparison of LH2 pool measurements with respective LAUV calculations for a
continuous release over 62 s at 5 l/s on water (left) and at 6 l/s on an Al sheet (right)

During the tests on water, the pool front appears at the beginning to have shortly propagated beyond the steady state presumably indicating the phenomenon of a (nearly) detaching pool ring typical for continuous releases. The radius was then calculated to slowly increase due to the gradual temperature decrease of the ice layer formed on the water surface. Equilibrium is reached approximately after 10 s into the test, until at time 62.9, i.e., about a second after termination of the spillage, the pool has completely vaporized. Despite the given uncertainties, the calculated curve for the maximum pool radius is still well within the measurement range. The ice layer thickness could not be measured during or after the test; according to the calculation, it has grown to 7 mm at the center with the longest contact to the cryogen. The spill tests on the aluminium ground (right-hand side) conducted with a somewhat higher release rate is also characterized by a steadily increasing pool radiusThe fact that the attained pool size here is smaller than on the water surface is due to the rapid cooling of the ground leading soon to the nucleate boiling regime and enhanced vaporization, whereas in the case of water, a longer film boiling phase on the ice layer does not allow for a high heat flux into the pool. This effect was well reproduced by the LAUV calculation.   
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3.1.1.3 Other types of releases

Permeation

Fitting leaks

Boil Off (BMW)

At atmospheric pressure, liquefied hydrogen has a temperature of –253 degrees C (20.2K). In the operating range of  the tank, hydrogen pressure is higher in accordance with the vapor pressure line (Figure 1). 
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Figure 1: phase diagram of para-hydrogen, operating range for a vehicle application [1]

To maintain these cold temperatures, heat transfer must be minimized and the tank insulated respectively. Heat can penetrate the tank in three ways: heat conduction, convection and heat radiation (Figure 2).
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Figure 3: Mechanisms of Heat Transfer.

To maintain these cold temperatures, heat transfer must be minimized and the
tank insulated respectively. Heat can penetrate the tank in three ways: heat
conduction, convection and heat radiation (see Figure 3).
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Gleichgewicht. Es ist also eine siedende Flussigkeit. Deshalb verdampft trotz der aufwandigen thexisshen
Isolation eine geringe Menge flussiger Wasserstoff im Speicher. Dies fuhrt im Fahrzeugstillstand zu einem
Druckanstieq im Tank. Deshalb wird der Druck durch ein Venti (siehe Abb. 3, Venti 11) begrenzt

3 Maglichkeiten der Verwertung

1

Verdarpfter Wasserstoff wird zu einem separaten Systern, dem so genannten BoikoffManagement-
Syster (BMS) geleite. Dort wird der Wasserstoff ohne Inanspruchnahme externer Energie mit Luft
vermischt und katalytisch zu Wasser oxidiert, ohne dass dabei Schadstoffe entstehen
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Figure 2: Mechanisms of Heat transfer

Similar to a thermos flask, the tank consists of an inner and outer shell. Situated between these is a high vacuum, which decreases the heat transfer through conductivity and convection [3]. The third source of heat influx, radiation, is reduced through the so-called Multi Layer Insulation (MLI). Highly reflective sheets of foil are used here as thermal shields. These measures diminish the heat transfer between the inner tank and the atmosphere to a few watts. 

Inside the tank, the liquid hydrogen is in thermal equilibrium with the hydrogen vapor above. Despite the elaborate thermal insulation, a small amount of liquefied hydrogen evaporates in the tank. While the car is stationary, this leads to a pressure rise. The tank is not designed as a high-pressure system, therefore this pressure is limited with a valve [2]. 

There are several options to handle this boil-off hydrogen:

1. The hydrogen is disposed  to the outside, where it is diluted in the surrounding air. This involves safety considerations for confined areas and in the presence of ignition sources.

2. Vaporized hydrogen is lead to a boil-off-management system (BMS), where it is mixed with air and catalytically oxidized to water. Hereby, no harmful emissions are produced. 

3. The boil-off-hydrogen might be used to supply a small fuel cell, e.g. to recharge a vehicle battery or supply electrical power.

The release of boil-off hydrogen will continue until the pressure inside the tank falls below the pressure limit (e.g. by consumption of hydrogen from the gas phase) or all liquid hydrogen has evaporated.

Literature:

[1] Material values where determinded using the software „Gaspak“ Version 3.3 February 1999, Cryodata Inc., http://www.cryodata.com 

[2] G. Fischer, Dr. J. Schnagl, Dr. C. v. Künsberg Sarre, W. Lechner, Funktion des Flüssig-Wasserstofftanks für den neuen BMW 7er, Tanktech proceedings, Nov 2003

[2]
W. Lehmann, Thermische Isolation  in Handbuch Kryotechnik zum Seminar in Karlsruhe vom 26. bis 28.02.1997, Karlsruhe 1997

Solid H2 Storage: Metal Hydride Storage (INASMET)
Solid storage of hydrogen is possible with metal hydrides. Metal hydrides are chemical compounds of hydrogen and other material such as magnesium, nickel, copper, iron or titanium. Basically, hydrogen bonds easily with more than 80 metallic compounds, forming a weak attraction that stores hydrogen until heated. These so-called metal hydride systems can either be at low (< 150ºC) or high temperature (300ºC). 

Hydrogen can be stored in the form of hydrides at higher densities than by simple compression. However they still store little energy per unit weight. On the other hand, since heat is required to release the hydrogen, this method avoids safety concerns surrounding leakage that can be a problem with compressed hydrogen and LH2. In fact, metal hydrides are one of the safest methods for hydrogen storage. 

Metal hydrides begin as intermetallic compounds produced in much the same way as any other metal alloy. They exhibit one important difference. When metal hydrides are exposed to hydrogen at certain pressures and temperatures absorb large quantities of the gas and form metal hydride compounds. 

When molecular hydrogen from the hydrogen gas comes into contact with the surface of a hydrogen storage metal hydride material, it dissociates into atomic hydrogen and distributes compactly throughout the metal lattice. Metal hydrides literally trap hydrogen within the alloy, much like a sponge absorbs water. When heat is applied, the gas is released. 

· Absorption process. 

Hydrogen gas molecules (H2) stick to the metal surface and break down into hydrogen atoms (H). The hydrogen atoms* then penetrate into the interior of the metal crystal to form a new solid substance called a "metal hydride". The metal atoms are usually stretched apart to accomodate the hydrogen atoms. The physical arrangement (structure) of the metal atoms may also change as the hydride forms.

· Desorption process.

Hydrogen atoms* migrate to the surface of the metal hydride, combine into hydrogen molecules (H2) and flow away as hydrogen gas. The metal atoms contract to form the original metal crystal structure.

*Note: It is not exactly correct to say "hydrogen atoms migrate". A hydrogen atom consists of a proton and an electron. As metallic substances absorb and release hydrogen, protons move among the metal atoms through a "sea of electrons" that include electrons from the metal and from hydrogen. If the proton is not closely associated with any particular electron it is not, strictly speaking, a "hydrogen atom". 

Metal hydride compounds are thus formed, allowing for the absorption of hydrogen in the materials, while heat is simultaneously released in the process. Conversely, hydrogen is released (desorbed) when heat is applied to the materials. Hydrides can desorb the hydrogen at roughly the same pressure required for storage. In fact, the key to practical use of metal hydrides is their ability to both absorb and release the same quantity of hydrogen many times without deterioration.

In chemical shorthand, a typical reaction for such reversible metal hydrides can be expressed as shown below where M represents the metal, H2 is hydrogen and MH is the metal hydride. 

M + H2 ( MH + Heat Out

M + H2 ( MH + Heat In

This reaction is reversible. By changing conditions, the reaction can be made to go in either the forward or reverse direction. Its direction is determined by the pressure of the hydrogen gas. If the pressure is above a certain level (the equilibrium pressure or “plateau pressure”), the reaction proceeds to the right to form a metal hydride (the metal absorbs hydrogen to form a metal hydride); if below the equilibrium pressure, hydrogen is liberated and the metal returns to its original state. The equilibrium pressure depends upon temperature as it increases with increasing temperature.
The storage in metal hydrides requires an absorption and a desorption step, in which heat must be taken out from the material or fed to the material from the environment. The heat on the right-hand side indicates that heat or energy is released when the metal hydride is formed, and thus, heat must be put in to release hydrogen from the metal hydride phase. The heat is the enthalpy (heat of formation) of the reaction and is an indication of the strength of the metal-hydrogen bond in the metal hydride phase. 

The hydrogen sorbing behavior of metal hydride alloys is characterized using equilibrium pressure-temperature-composition (PTC) data. This data is determined by keeping an alloy sample at constant temperature while precisely measuring the quantity of hydrogen sorbed and the pressure at which sorption occurs. The quantity of hydrogen sorbed is expressed in terms of alloy composition, either as an atomic ratio of hydrogen atoms to the number of atoms in the base metal alloy, or as the capacity of hydrogen in the alloy on a weight percent basis. Hydride alloys can be engineered to operate at different temperatures and pressures by modifying alloy composition and production techniques.

Hydride absorption is accompanied by a heat of formation which is exothermic. In order to continuously absorb hydrogen to an alloy's maximum capacity, heat must be removed from an alloy bed. The rate at which a hydride alloy can absorb or release hydrogen is dependent upon the rate at which heat can be transferred into or out of the alloy. Increasing the heat transfer rate allows the processing of higher flow rates.

To improve the performance of the storage systems based on metal hydrides, researchers must find ways to increase the proportion of hydrogen in the hydrides, whilst maintaining the reversibility of the reaction within a reasonable temperature and pressure range. Many alloys form hydrides with up to 9% hydrogen but will release the gas only at extreme temperatures.

Today one class of metal hydride material is used in practical applications, the conventional low temperature hydrides. Other classes have been developed or are being developed: the high temperature Magnesium hydrides and the medium temperature Alanates.

Low temperature hydrides release hydrogen at near ambient temperature and pressure (different groups of materials exist, based on Ti, Zr, V, Rare Earth or other compounds). Their reversible hydrogen storage density is usually between 1.5 to 1.8wt%.

The high temperature metal hydrides are mainly based on Mg. These materials need operating temperatures above 230ºC (260-280ºC) to release the hydrogen. They are capable of theoretically storing about 7wt% with about 5-6 wt% being reached at lab scale today. 

A new class of metal hydrides, the so called medium temperature materials and particular the Alanates (e.g. NaAlH4, or LiAlH4) are currently being investigated with high expectations. Based on the use of light metals such as Mg and Al storage densities of 4.5 to 5.0 wt% at 130ºC have been shown with the theoretical maximum being 5.5 wt% or 4.5 system wt%. 
Sources
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3.1.1.4 Numerical simulations

7:  No contribution from NCSRD yet

3.1.2 Dispersion of hydrogen

3.1.2.1 Dispersion in the open atmosphere

Many different accident situations are conceivable, which can give rise to the inadvertent emission of a flammable substance and which have great influence on the evolution of a vapor cloud. It can be released as a liquid or a gas or a two-phase mixture. The component, from which the substance is released, may be a tank, a pump, a valve, pipe work or other equipment. The orifice, through which it is leaking, can vary over different shapes and sizes. The leaking fluid can flow into different geometries. And finally it is the thermodynamic conditions of the fluid, which determine its release behavior. Four major categories for the release of liquid or gaseous hydrogen can be identified:

(a) small-scale, moderate hydrogen release from permeation or boiloff;

(b) vaporization of a liquid hydrogen pool on a solid or liquid surface;

(c) two-phase jet release of hydrogen after opening a system under pressure;

(d) rapid escape of hydrogen to all sides after the catastrophic failure of a pressure vessel.

Phenomena
The generation of a gas cloud in the atmosphere is principally caused by forces resulting from the internal energy of the gas and/or from energy inside the system, from which the gas has escaped, or from a relative excess energy in the environment. Those opposed are dissipative forces, among which atmospheric turbulence is the most important one.

In case there is no early ignition, the vapor cloud shape is further determined by density differences, atmospheric conditions, and topography. Several phases of a gas cloud formation can be distinguished: In the early phase, the gas cloud is still unmixed and usually heavier than the ambient air. Its spreading is influenced by gravitational force resulting in a near-ground, flat cloud. The following phase is characterized by a gradual entrainment of air from outside into the gas cloud enlarging its volume, thus lowering gas concentration, and changing its temperature. In the final phase, due to atmospheric dispersion, density differences between cloud and ambient air will be leveled out, where concentrations eventually fall below flammability limits. Thus density of the gas mixture vapor cloud varies with time. 

The turbulence structure of the atmosphere is composed of large-scale turbulence described by the large-scale wind field, and of isotropic turbulence, which is a rapid variable superimposed to the medium wind field. The latter is generated due to the fact that “roughness elements” withdraw from the medium wind field kinetic energy, which is transferred to turbulence energy. It is this energy and of particular importance the small eddies, which finally determine the spreading of the gas cloud; the larger eddies are responsible for its meandering. Further factors influencing the turbulence structure within a gas cloud, apart from the atmospheric turbulence of the wind and temperature field inside the turbulent boundary layer (5 mm < z < 1500 m), are:

· velocity gradient (sheer force between wind field and gas cloud);

· current created by buoyancy forces;

· heat transfer from ground into cold gas (thermally induced turbulence);

· rapid expansion from vaporization of cryogens.

Fluctuations in the concentration as a consequence of the atmospheric turbulence are typically in the order of  a factor of 10 above the statistical average.

The spreading of a gas cloud in the atmosphere is strongly influenced by the wind conditions which change with height. Vertical wind profiles can be determined as a function of the so-called stability categories depending on the temperature conditions. As an example, Pasquill suggested the categories A, B, C for unstable, D for neutral, E, F for stable conditions. The spreading mechanism of a gas in the atmosphere is mainly by mixing with the ambient air. The boundary layer between gas and air governs momentum and mass exchange, which is much stronger than molecular diffusion. Horizontal dispersion perpendicular to wind direction is about the same for all stability categories; it is different for vertical dispersion. Under stable conditions, vertical exchange is small leading to a long-stretched downwind gas cloud. In contrast, a temperature decrease with height, which is stronger than the adiabatic gradient (-0.98 K/100 m), results in an effective turbulent diffusion and rapid exchange. This is particularly true for a hydrogen gas cloud, which behaves in a neutral atmosphere as if it were in an unstable condition. Worst-case scenario would be the existence of a large hydrogen gas cloud generated with minimal internal turbulence, on a cold, humid day with high wind velocity and strong atmospheric stability. 

The jet release of a liquefied cryogen under pressure is connected with the formation of aerosols. The two (or three)-phase mixture developed exhibits an inhomogeneous concentration distribution. There will be a rapid vaporization, which may create locally high H2 concentrations. It was observed that the larger the liquid fraction of the two-phase jet, the larger was the evolving flammable vapor cloud [Kneebone 1974]. Another effect observed for vertical jet-like gas release under certain conditions is a bifurcation of the plume into two differently rotating vortices. After a short acceleration phase, a double vortex is developing which eventually splits up. This effect may reduce the height of the gas cloud and lead to a stronger horizontal spreading [Zhang 1993].

With respect to just vaporized LH2, the lifetime as a heavier-than-air cloud (1.3 kg/m3) is relatively short. It needs only a temperature increase of the hydrogen gas from 20 K to 22 K to reach the same density of the ambient air (1.18 kg/m3). This short time span of negative buoyancy is slightly prolonged by the admixed heavier air, before the buoyancy becomes positive and enhances with further temperature increase. Unlike pool vaporization leading to only weak vapor cloud formation, instantaneous release of LH2 or high release rates usually result in intensive turbulences with violent cloud formation and mixing with the ambient air. If LH2 is released onto water, rapid phase transitions occur, which are connected with very high vaporization rates. The exiting vaporized gas also carries water droplets into the atmosphere increasing the density of the vapor cloud and thus influencing its spreading characteristics.

The spreading behavior of a large gas cloud is different from a small one meaning that the effects in a small cloud cannot necessarily be applied to a large one. For small releases, the dynamics of the atmosphere are dominant and mainly covering gravitational effects due to the rapid dilution. For large amounts released, the evolving gas cloud can influence itself the atmospheric wind conditions changing wind and diffusion profiles in the atmosphere. This so-called “vapor blanket” effect could be observed particularly at low wind velocities, where the atmospheric wind field was lifted by the gas cloud and the wind velocity inside the cloud dropped to practically zero.

The near-ground release of cryogenic hydrogen resulting in a stable stratification has, in the initial phase, a damping influence on the isotropic turbulence in the boundary layer to the ambient air, thus leading to a stabilization of the buffer layer (so-called cold sink effect). For small wind speeds, additional effects such as further heating of the gas cloud due to energy supply from diffusion, convection, or absorption of solar radiation, as well as radiation from the ground will play a certain role, since they reduce gas density and enhance positive buoyancy.

A still deep-cold hydrogen gas cloud exhibits a reduced heat and mass exchange on the top due to the stable stratification. A stronger mixing will take place from the bottom side after the liftoff of the cloud resulting from buoyancy and heating from the ground. The dilution is slightly delayed because of the somewhat higher heat capacity of hydrogen compared to air. In case of a conversion of para to ortho hydrogen, a heat consuming effect (708.8 kJ/kg), reduces the positive buoyancy. This process, however, is short compared to dispersion.

Another effect determining a cold hydrogen cloud behavior is the condensation and solidification, respectively, of moisture which is always present in the atmosphere. The phase change is connected with the liberation of heat. Therefore density is decreased and thus buoyancy is enhanced. The higher the moisture in the atmosphere, the sooner is the phase of gravitation-induced spreading of the vapor cloud terminated. The effect of condensation also results in a visible cloud, where at its contour lines, the temperature has just gone below the dew point. For high moisture contents, the flammable part of the cloud is inside the visible cloud. For a low moisture content, flammable portions can also be encountered outside the visible cloud. Visible and flammable boundaries coincide at conditions around 270-300 K ambient temperature and humidities of 50-57%.

According to the “model of adiabatic mixing” of ambient air and hydrogen gas, assuming there is no net heat loss or gain for the mixture, there is a direct correlation between mixture temperature and hydrogen concentration, if air temperature and pressure and relative humidity be known. This means on the other hand that thermocouples could be used as hydrogen detectors. The model was found to be in good agreement with measured concentrations. Taking the conditions of the NASA LH2 spill trials as an example, the cloud boundaries were assessed of having had a hydrogen concentration of around 8-9%.

The topography has also a strong influence on the atmospheric wind field and thus on the spreading of the gas cloud. Obstacles such as buildings or other barriers increase the degree of turbulence such that the atmospheric stability categories and their empirical basis are loosing their meaning locally. This situation requires the application of pure transport equations which may become very complex due to the generation of vortices or channeling effects [Perdikaris 1993]. A gas cloud intersecting a building will be deflected upwards reducing the near-ground concentration in comparison to unobstructed dispersion. On the other hand, if the source is near the building in upwind direction, a vortex is created with a downwards directed velocity component, which may increase the near-ground concentration. This effect, however, may be more important for heavy gases than for the lighter gases.

Experimental Activities
The first hydrogen release experiments conducted with LH2 date back to the late 1950s [Cassut 1960, Zabetakis 1961]. They included, however, only little information on concentrations and were basically limited to visual recordings. The experimental series with LH2 release conducted by Arthur D. Little were dedicated to the observation of the dispersion behavior showing that still cold hydrogen gas does not rise immediately upwards, but has the tendency to also spread horizontally. The initial column-like cloud shape later transforms into a hemispherical shape. Measurements of the translucence reveal large variations in the concentrations indicating incomplete mixing (see Fig. 3-x1). The continuous release at a rate of 2 l/s over 16 min and of 16 l/s over 1 min and for wind speeds between 1.8-7.6 m/s, the developing visible vapor cloud had an extension of up to 200 m before fading away. Gusty winds had the effect of splitting up the gas cloud.

The first and up to now most relevant test series to study hydrogen dispersion behavior was conducted by NASA in 1980 with the near-ground release of LH2. In five tests, a volume of 5.7 m3 was released within 35-85 s; in two more tests the released volumes were 2.8 m3 in 18 s and 3.2 m3 in 120 s, respectively [Witcofski 1984, Chirivella 1986]. Eight times the concentration was measured at a total of 27 positions. Temperature measurements were also indicators for H2 concentration. These trials have shown that drifting of the H2 vapor cloud can go up to several hundred m, particularly if the ground is able to sufficiently cool down. The tests also demonstrated that the vaporization rate of LH2, much more than that of other cryogens, is strongly dependent on the type of release.

In 1994, the German BAM has conducted LH2 release experiments with the main goal to demonstrate the safety characteristic of a rapidly decaying hydrogen vapor cloud in the open atmosphere in contrast to the behavior of vaporizing LPG. Six LH2 spill tests were conducted with amounts released of 0.5-1 m3 (total 260 kg) at rates of around 0.6-0.8 kg/s. The tests were also to show the influence of adjacent buildings on the dispersion behavior [Schmidtchen 1994, Dienhart 1995].   
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Fig. 3-x1: Shape of H2-air vapor cloud, from [Zabetakis 1961]
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3.1.2.2 Dispersion in obstructed environment

8:  No contribution from UPM yet

3.1.2.3 Dispersion in a  confined environment

9:  No contribution from CEA yet

3.1.2.4 Numerical simulation

Calculation Models for the Simulation of Atmospheric Dispersion of Gas Clouds
There are several classes of calculation models to simulate the atmospheric dispersion of gas clouds:

· Gaussian model

· Jet model

· Box or slab model

· Particle simulation model

· K-ε model representing CFD models

Gaussian Model
The Gaussian plume model is the classical approach for the simulation of the spreading of neutral (sufficiently diluted) gases incl. pollutants or radioactivity. It is a simple model describing the concentration profile as a solution of the diffusion/advection differential equation with empirical coefficients depending on the atmospheric conditions. This model, however, is inappropriate for treating the buoyant behavior of light or heavy gases.

Jet Model
Dispersion models are often accompanied by a jet release model to calculate the dispersion of a released gas with significant momentum flux, which is the dominant parameter for jets. The jet can be classified into two main zones, a region of adjustment from storage conditions to atmospheric pressure and a region of “conventional” jet dispersion at ambient conditions. If storage conditions are pressurized, the initial zone of adjustment will possibly include flashing for a liquid or choked two-phase jet. The conventional dispersion region begins with a so-called region of flow establishment, in which similarity profiles for the concentration and axial velocity evolve; following this the jet evolves with self-similar profiles. The main features distinguishing the various jet models are the treatment of the air entrainment and the choice of the similarity profile (e.g., top-hat, Gaussian).

The macro or two-zones mixture model developed by BASF [Giesbrecht 1980] regards the bursting of a pressure vessel, where the high exit velocity results in a fully turbulent propagation of the vessel contents. Two zones are distinguished: a core zone of the vapor cloud where (cold) liquid droplets are still existing, and a boundary zone. In the core zone, ideal mixture with spatially constant and temporally decreasing concentration is assumed, while in the boundary zone, a spatially constant and temporally decreasing turbulent diffusion coefficient is assumed.

Box or Slab Model
In box or slab models, the released gas cloud is assumed to be of cylindrical shape. The processes of advection (transport by the mean wind field), air entrainment, and gravitational spreading are implemented in empirical correlations which were derived from experiments. Box models were basically developed to simulate heavier-than-air vapor clouds with averaged temperature and concentration. In extended versions, vertical profiles of temperature and concentration can be assumed. Acknowledged box models are the US code DEGADIS [Havens 1990] or the British code HEGADAS [McFarlane 1990].

Particle Simulation Model
Particle simulation models are based on the stochastic nature of the movement of particles in the atmospheric wind field. In a simulation, numerous (typically 5000-15,000) particles are being emitted and their trajectories traced making a statistical analysis of the velocity fluctuations. The turbulent velocity is considered to undergo changes only after a certain time defined as the Lagrange correlation time. The distribution of the particles in a given calculation grid is then a measure for the concentration distribution. An improvement of the model is given by assuming a so-called Markov process for a particle meaning that the fluctuation part is further subdivided into a component representing the capability of remembering, and a random component. The velocity at time t is then composed of a fraction proportional to the “old” velocity at time t-dt and a remainder produced in a random number generator. One representative particle simulation model is the German code LASAT [Martens 1991].

Computer Fluid Dynamics Model
State-of-the-art modeling of the transient behavior of gases with either positive or negative buoyancy in the atmosphere is provided by Computer Fluid Dynamics (CFD) models, which simulate complex flow processes by solving the Navier-Stokes equations in an Eulerian 3D (or 2D) calculation grid structure. This approach comprises the conservation equations of mass, momentum, and energy. Apart from being (in most cases) immensely time-consuming, these models require a detailed input of initial and boundary conditions. 

In the two-equation k-ε turbulence model, special partial differential equations are solved to describe the transport of turbulence as well as its generation and dissipation. Of all the approaches, the k-ε model offers the highest relative independence of empirical relations. It appears to be the only one to allow a proper simulation of hydrogen dispersion, because it meets the requirements of describing effects such as turbulence energy in the gas cloud, interaction with the atmospheric wind field, the characteristic positive buoyancy, transient sources with initial momentum, and last but not least, gas flow in a complex geometry (buildings, terrain). K-ε modeling has been realized in a variety of computer codes distinguished by the choice of the numerical solution method, which was found to have a significant effect on the calculation procedure. 

Simulation of Hydrogen Dispersion in the Atmosphere
Only a few efforts have been made in the past to simulate the dispersion of hydrogen gas mostly due to the poor experimental data base available. Early efforts were made in the late 1970s by the Los Alamos National Laboratories on a box model for hydrogen taking into account heat transport from the ground into the cloud [Edeskuty 1980], and then applying the Gaussian model of neutral and buoyant dispersion as part of the WHAZAN software package [Stewart 1990].

The NASA has developed the code AFGASDM applicable to LH2 and other aviation fuels. The model is something between a Gaussian model and an Eulerian grid model solving the conservation equations following a gas “parcel” released as a puff until it has diluted below the flammability limits. Effects of air entrainment and phase changes are also taken into account [Brewer 1981].

The k-ε atmospheric dispersion model POLLUT was developed at the TU Munich to describe hot gas plumes escaping from stacks of power plants. The code was used in a DLR study [Eichert 1992] to investigate hydrogen dispersion from accidental release of LH2 from vehicle tanks both in open terrain and in a road tunnel.

The Battelle k-ε model BASSIM originally designed for hydrogen combustion in nuclear containments has been applied to predicting the BAM LH2 release trials in 1994, providing reasonable qualitative results for 3D effects of hydrogen dispersion behavior [Rastogi 1994].

The computer code CHAMPAGNE of Mitsubishi Heavy Industries is a multi-phase, multi-component thermodynamics model originally dedicated to the assessment of severe accident in fast breeder nuclear reactors. It has been modified to also treat the formation and propagation of hydrogen vapor clouds. CHAMPAGNE was successfully applied to the NASA LH2 spill tests from 1980 [Chitose 1996].

The 3D finite volume code ADREA-HF has been developed for the computation of the atmospheric dispersion of heavy gas clouds in complex terrain. It contains a one-equation turbulence submodel taking two-phase processes into account. The code was also applied to positively buoyant releases and tested for postcalculating the BAM LH2 release tests [Statharas 1997].
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3.1.3 Knowledge, gaps and recent progress

3.1.4 References

3.1.5 Hydrogen ignition

No contribution at all received on this chapter yet

3.1.6 Knowledge, gaps and recent progress

3.1.7 References

3.1.8 Combustion of hydrogen

3.1.8.1. Fundamentals of hydrogen contribution

Mostly completed. Wait for a word format contribution (UU) to be inserted into the document.
3.1.8.2 Deflagration

Deflagration in open atmosphere

No contribution from TNO viewed so far

Confined deflagration

No contribution from TNO viewed so far

Vented deflagration

Some contributions from UU

Transition to detonation during the venting of hydrogen deflagrations (contribution from UU)
It has been observed that venting may result in very strong explosions instead of mitigating explosion severity. This anomalous behaviour has been  observed with both hydrocarbon-air mixtures [3] and hydrogen-air mixtures [1], and is attributed to a variety of causes [1]:  flame instabilities induced by the venting process giving rise to an increased flame area and the generation of high peak over-pressures [2,3,4], the development of the flame front into a needle-like structure in the vent opening [8], the existence of an external explosion in vented unburned gases [5], and the onset of detonation by sudden venting [6]. The onset of detonation by sudden venting results from an interplay between flame instabilities and a rarefaction wave. Sudden venting gives rise to flame instabilities and consequently to more intense mixing of combustion products and reactants. At the same time the outflow induces a rarefaction wave.  In  partially reacted mixtures, this wave may create an induction time gradient, thereby establishing the conditions for pressure wave amplification due to SWACER (Shock Wave Amplification by Coherent Energy Release) mechanism [7].
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Venting of hydrogen deflagrations through ducts

The discharge of hot combustion products and blast waves from vent devices is often ducted to safe locations to avoid damage to surrounding equipment and buildings. The presence of a duct, however, is likely to increase the severity of an explosion compared to simply vented enclosures. For instance, with stoichiometric acetone-air mixtures it was observed that connecting a duct of  5 cm diameter and a length of 183 cm to a 5 cm diameter vent opening  in a 27 liter sphere, increased the reduced pressure from 0.7 atm to 4.7 atm [1]. Various authors [2,3,4,5,6] have identified the phenomena that lead to an enhanced explosion severity when a vent device is equipped with a duct: a secondary explosion in the duct due to ‘burn-up’ of reactants emerging from the enclosure, frictional drag, inertia of the gas column in the duct, acoustic interactions, and, Rayleigh-Taylor instability induced by Helmholtz oscillations.  The increased explosion severity due to the presence of a duct may be mitigated by three different methods: the application of a diaphragm to the vent opening, increasing the discharge pressure, and suppression of combustion in the duct by injecting an extinguishing agent at the onset of the venting process.

An interesting study of the venting of hydrocarbon-air (methane and propane) and hydrogen-air deflagrations through ducts is described in ref. [8]. These authors investigated the pressure development in a 200-litre cylindrical vessel (length: 1.0m, diameter: 0.5m, see Figure 1). A vent pipe (length: 1.0m, diameter: 0.162m) was fitted to the explosion vessel. The behaviour of the pressure in the explosion vessel and the vent duct is shown in Figures 2 and 3. It is seen that, while the pressure in the explosion vessel with propane-air mixtures remains in the deflagration mode during the ‘burn-up’ in the vent duct, hydrogen-air mixtures exhibit a sudden detonation-like spike. This happens well after the flame has passed the vessel-duct assembly. This phenomenon has been ascribed to the effect of flow reversal across the vessel-duct assembly due to the secondary explosion, and the consequential enhancement of the burning rate of remaining reactants in the explosion vessel.  
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Effects of obstacle on flame propagation and pressure build up

…

No contribution viewed so far

3.1.8.3 UVCE

3.1.8.4 TDD

9.1.1.1 Transition to detonation during venting of hydrogen deflagations(ICT)
The precondition for such an event to occur is a sudden release of an appreciable amount of hydrogen within a relative short time period (this is what is meant by the expression catastrophic release in my interpretation) either within a closed volume (like for example tunnel, public parking garage, maintenance garage) with one or more vent openings or in front of such a containment with subsequent penetration into this containment from outside. The point is that within the containment a hydrogen air mixture has to be generated, which allows for high burning velocities to be attained after ignition. This situation will not be created, if the amount of hydrogen released is too low or if it will take a long time period; then because of  boyancy effects the hydrogen will dissappear into the open atmosphere or will accumulate at the ceiling inside of the compartment with only a minor chance to have appreciable burning velocities inside.

If the mixture inside of the compartment is ignited near the rear side opposite to the vent opening (entrance of garage for example) or at the point near the blockage within a tunnel because of an accident with big trucks, the flame will be accelerated with the unburnt gas in front of it being pushed out of the venting area (garage or tunnel opening). Two different scenarios will be conceivable now:

1.) The flame is penetrating into the high velocity turbulent jet of unburnt mixture in front of the opening, where high reaction rates are produced. If there is some partial confinement present like a wall for example, the high speed deflagration may transit to a detonation. The rest of the mixture may then be consumed in the detonative mode with overpressures of more than 20 atmospheres. From experiments it is known that the transition always takes place at or very near to obstacles/1,2 /. Attempts for a detailed interpretation of this effect are given in /3,4,5 /. Probably shock waves originating from the flame jet are reflected by obstacles and interact with the flame jet generating just higher reaction rates until DDT occurs.

2.) The flame is penetrating into a mushroom-shaped vortex generated in front of the opening without any interaction with obstacles. Dependend on the ratio: time scale of entrainment of combustion products to time scale of chemical reaction a gradient with respect to induction time, temperature or free radicals may be generated within the vortex in such a way that the pessure wave resulting from the ignition in the centre of the vortex will continuously be amplified along the gradient until DDT occurs (SWACER-effect). /6,7 /. Medium and large scale tests have been performed in the past to investigate this type of effect. Dependend on the type of mixture, the effect works only if some minimum opening size is available /8,9 /. In case of a stoichiometric hydrogen air mixture the minimum diameter should be of the order of 1 m.

1. H. Pförtner, H.Schneider

Explosion von Wasserstoff –Luft-Gemischen unter teilverdämmten Bedingungen und unter dem Einfluß einer turbulenten Strömung

Fh-ICT Internal report (July 1984)

2. H. Pförtner, H.Schneider

Versuche zur Freistrahlzündung partiell verdämmter Wasserstoff-Luft-Gemische im Hinblick auf die Skalierbarkeit des Übergangs Deflagration-Detonation

Fh_ICT Intrenal report (Oct.1984)

3. Khokhlov,A.M. & Oran,E.S.
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3.1.8.5 Detonation

No contribution from FZK so far

3.1.8.6 Pool fire

No contribution from BRE so far

3.1.8.7 Gas fire

No contribution from HSL so far

3.1.8.8 BLEVE

No contribution from INERIS so far (this subject might be irrelevant fo LH2)
3.1.8.8 Numerical simulations

No contribution from CEA so far

3.1.9 Knowledge gaps and recent progress

3.1.10 References

3.1.11 Influence of hydrogen on materials

All materials deform under load. The stress which a structural material is able to withstand is conditioned by its ductility. Ductility is the ability to deform permanently prior to fracture, and it is measured in terms of percentage elongation at fracture.

Most materials behave linearly under low loads. A material is elastic if, after being elongated under stress, it returns to its original shape as soon as the stress is removed. Elastic deformation is recoverable and involves both a change of shape and a change of volume.

At a certain strain, when the load exceeds the yield load called ‘yield stress’, the stress strain behaviour becomes non-linear. It departs from linearity meaning that the material will retain a permanent elongation. Behaviour is not reversible, i.e. permanent changes in shape occur, but the volume remains constant. A further increase of the strain eventually reaches the ultimate load called ‘tensile stress’ beyond which the stress decreases finally leading to rupture.

Ductile materials can accommodate local stress concentrations, they can be greatly bent and reshaped without breaking, i.e. in a ductile material, the molecular bonds gradually break and re-form. In contrast, brittle materials have only a small amount of elongation at fracture, i.e. in a brittle material, all the molecular bonds break suddenly at a certain stress level. The strength of ductile material is approximately the same in tension and compression, whereas that of brittle material is much higher in compression than it is in tension. Brittle materials do not show the phase of permanent elongation. They fail suddenly and catastrophically when they are exposed to their tensile stress.
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Figure I: Ductile and brittle behaviour (K. Verfondern, 1999 and M. Mohitpuro, C.L. Pierce, P. Graham, 1990)

Hydrogen can have two main effects on materials:

1°- At low temperature for example when it is stored in liquid form it can have an indirect effect called “cold embrittlement”. This effect is not specific to hydrogen and can occur with all the cryogenic gases. It consists of the ductile-brittle transition temperature.

Cryogenic temperatures can affect structural materials. With decreasing temperature, there is a decrease in toughness that is very slight in face centred cubic materials, but can be very marked in body centre cubic ones. This phenomenon shall be considered for liquid hydrogen storages and associated equipment used at low temperature.

Metals that work successfully at low temperatures include aluminium and its alloys, copper and its alloys, nickel and some of its alloys, as well as austenitic stainless steels.

2°- Hydrogen can have a direct effect on the material by degrading its mechanical properties; this effect is called “hydrogen embrittlement” and is specific to the action of hydrogen and some other hydrogenated gases.

Hydrogen embrittlement is an insidious type of failure. It is generally agreed that the hydrogen adsorbed at the surface and “transported” into the material decreases the cohesion energy and could lead to failure at loads significantly below yield stress. High strength steels, titanium alloys and aluminum alloys, are the most common case of materials susceptible to hydrogen embrittlement. 

3.1.5.1. Low-Temperature Influence
Cold embrittlement

Cryogenic temperatures can affect structural materials. Many materials become brittle at low temperatures. At cryogenic temperatures some materials can become so brittle that very little stress can break the material. This phenomena is commonly known as ‘cold embrittlement’ or ‘low temperature embrittlement’. Brittle fracture can occur very rapidly resulting in almost instantaneous failure. 

With decreasing temperature, ultimate stress and yield stress increase for most metals, generally connected with a corresponding severe reduction in the ductility, a drop in fracture toughness which is a measure of the material’s ability to resist crack propagation. The lower the toughness, the smaller is the tolerable crack length. A material can change from ductile to brittle behaviour as soon as the temperature falls below its “nil-ductility temperature” which is sometimes considerably higher than the temperature of the cryogen. It is a particular problem in cryogenic equipment exposed to periodic temperature changes. Several accidents with failure of a cryogen storage tank have been related to cold embrittlement.

Many materials become brittle and prone to fracture when they are cooled to low temperature. This is true for both metals and plastics and has obvious implications for the design and selection of systems and vessels used to contain or convey liquid hydrogen. Stainless steel, nickel steel, copper and aluminium alloy have reasonably good low temperature characteristics.

To avoid problems with cold embrittlement, materials like stainless steel, copper, brass and most alloys of aluminium should be used in the cryogen containment systems, which usually include an insulated container where the cryogenic liquid is stored, delivery lines, and a vacuum jacket.

Thermal contraction

Low temperatures can also affect materials by thermal contraction. Low temperature equipment can also fail due to thermal stresses caused by differential thermal contraction of the materials. 

Usually the change from ambient temperature to cryogenic temperature will cause substantial thermal contraction. If system design does not accommodate this contraction, large thermal stresses can result.

The thermal expansion coefficient is a function of temperature. For many materials, which are cooled down from room to cryogenic temperature, more than 90% of the total contraction experienced will have already taken place at 77K. Rule-of-thumb figures of thermal contraction are 0.3% in iron-based alloys, 0.4% in aluminium, or over 1% in many plastics. Cryogenic vessels or piping systems must account for this thermal contraction that results from the low temperature to avoid large thermal stresses (solder joints are subjected to differential expansion that create large stresses).

To minimize the potential risk for thermal stress failures:

· Use only cryogen-approved containment devices;

· Select materials and equipment that can accommodate the effects of thermal stress (EN and ISO standards cover the requirements for selecting appropriate materials resisting to cold embrittlement);

· When starting up and shutting down a system, allow for gradual cooling/warming.

Thermal gradient

The components of a cryogenic system usually undergo a thermal gradient, some only during cool-down or warm-up phases, others even at steady state of operation. Strong gradients, particularly if non-linear, result in stresses which may lead to rupture. Thermal gradients are of particular significance in systems with stratified two-phase flows of cryogenics.

3.1.5.2 Hydrogen Embrittlement

The effect of hydrogen on material behaviour, on its physical properties, is a fact. Hydrogen may degrade the mechanical behaviour of metallic materials  and lead them to failure. 

Hydrogen embrittlement affects the three basic systems of any industry that uses hydrogen:

· Production;

· Transport/Storage;

· Use.

In fact, the presence of hydrogen atoms in a solid metal dissolved in the metal grid and accumulated in disturbed lattice regions results in the reduction of its ductility by decreasing the energy of cohesion and consequently in the increase of its probability of brittle fracture.

When tensile stresses are applied to a hydrogen embrittled component, it may fail prematurely in a unexpected and sometimes catastrophic way.  An externally applied load is not required as the tensile stresses may be due to residual stresses in the material.  The threshold stresses to cause cracking are commonly below the yield stress of the material. Thus, catastrophic failure can occur without significant deformation or obvious deterioration of the component.  

This form of cracking, which typically changes from transgranular
 to intergranular
 with increasing yield strength and other processing variables and which is maximum around room temperature, is normally referred to as ‘Hydrogen Embrittlement Cracking’ (HEC). 

This phenomenon is different from the so called “hydrogen attack” that can lead to failure of steels at temperature above 473 K, being the result of the reaction of hydrogen with the carbon of the steel forming voids in the metals . In this case the solution is to use low alloy steels with addition of Cr, Mo or other elements able to fix the carbon; the Nelson curves give the pressure and temperature regions at which the different steels can safely be used; but again because it is relevant only at temperature higher than 473 K, this is normally not a concern for most of the hydrogen storage systems. 

The reasons that cause the embrittlement of materials are still debated in the scientific community. Hydrogen embrittlement detection seems to be one of the most difficult aspects of the problem. However, it is known that strain, geometry, the medium and also material influence to which extent metal is degraded by hydrogen.

Purity of hydrogen is important. Some impurities can be used for putting off or avoiding the cracking phenomena due to hydrogen, because hydrogen permeability in metals can be diminished by reaction of the surface of the metal to inhibitors.

Phenomena

Embrittlement involves the ingress of hydrogen into a component, an event that can seriously reduce the ductility and load-bearing capacity, and causes  cracking and catastrophic brittle failures at stresses below the yield stress of susceptible materials. 

It is understood that hydrogen can cause embrittlement when present in a metal or alloy in its atomic form and not as a molecule. Dissolved hydrogen atoms in metals tend to concentrate in defects of the crystal structure (dislocations, grain boundaries …), imposing a barrier to the movement of dislocations, effectively impeding the plastic flow of the material. As a result, the ductility of the metal decreases and the material becomes brittle. 

Furthermore, the concentration of hydrogen at grain boundaries, possibly in molecular form, and the potential of formation of hydrates after the reaction of hydrogen with the metal, are additional mechanisms that may lead to embrittlement.

Atomic hydrogen may enter the metal via several mechanisms: via dissolution during welding, while the metal melts locally dissolving hydrogen from water or other contaminants; via electrochemical processes, such as surface treating (electroplating,  acid pickling….) or aqueous corrosion, where molecular hydrogen dissociates into atoms that diffuse into the metal; or via chemisorption, resulting from van der Waals forces between a metal surface and hydrogen molecules also resulting in the dissociation of the hydrogen molecules into atoms. 

 Mechanisms

Several mechanisms have been proposed which might explain at least partially the degradation of metal by hydrogen embrittlement and which might act simultaneously:

· The formation of hydrides can lead to new hydrogen-related phases which may be brittle and also may have a lower density than the pure metal leading to internal stress.

· The hydrogen distribution in a metal under stress is highly non-uniform which can lead to locally increased hydrogen-enhanced plasticity causing local microscopic deformation and eventually a failure.

· The lattice decohesion effect is presumed to cause embrittlement by a decrease in the atomic bonding strength in the presence of hydrogen. A fracture occurs when the stress exceeds the cohesive stress.
· Molecular hydrogen precipitation forming high pressures and compound formation are other mechanisms identified. 

The above ideas help understand the observations that whether or not a metal is susceptible to embrittlement by hydrogen or a hydrogen compound, depends on the metal and also its metallurgical history which affect the migration behaviour of hydrogen within the metal. 

The embrittlement is strongly connected with locally high hydrogen concentrations which can be caused by stress-enhanced diffusion rates to lattice defects and reaction sites to initiate cracks. Cracks grow when hydrogen concentrations reach a critical level; crack growth stops when the crack has grown through the H2-enriched region or when the stress factor has decreased sufficiently. 

Sources of hydrogen and Embrittlement categories

Sources of hydrogen causing embrittlement have been encountered in the fabrication of steel, in processing parts, in welding, in storage or containment of hydrogen gas, and related to hydrogen as a contaminant in the environment that is often a by-product of general corrosion. 

Hydrogen entry, the obvious pre-requisite of embrittlement, can be facilitated in a number of ways summarized below: 

· By some manufacturing operations such as welding, electroplating, pickling…

If a material subject to such operations is susceptible to hydrogen embrittlement then, a final baking heat treatment to force out any hydrogen is employed.

· As a by-product of a corrosion reaction such as in circumstances when the hydrogen production reaction results from a cathodic reaction since some of the hydrogen produced may enter the metal in atomic form rather than evolving as a gas into the surrounding environment.

In this situation, cracking failures can often be thought of as a type of stress corrosion cracking. If the presence of hydrogen sulphide causes entry of hydrogen into the component, the cracking phenomenon is often termed ‘Sulphide Stress Cracking’ (SSC). 

· The use of cathodic protection for corrosion protection if the process is not properly controlled. 

These ways lead to the definition of three different categories of the phenomena:

· Environmental Hydrogen Embrittlement 

Occurs when the material was subjected to a hydrogen atmosphere, e.g., storage tanks. Absorbed and/or adsorbed hydrogen modifies the mechanical response of the material without necessarily forming a second phase. The effect occurs when the amount of hydrogen present, is more than the amount dissolved in the metal. The effect strongly depends on the stress imposed on the metal. It also maximizes at around room temperature.

· Internal Reversible Hydrogen Embrittlement


Takes place when hydrogen enters the metal during its processing. It is a phenomenon that may lead to the structural failure of material that never has been exposed to hydrogen before. Internal cracks are initiated showing a discontinuous growth. Not more than 0.1 - 10 ppm hydrogen in the average are involved. The effect is observed in the temperature range between 173 and  373 K and is most severe near room temperature.

· Hydrogen Reaction Embrittlement

It is a phenomenon in which the hydrogen chemically reacts with a constituent of the metal to form a new microstructural element or phase such as a hydride or to generate gas bubbles -‘blistering’-. These reactions usually occur at higher temperatures. They result in the formation of blisters or expansions from which cracks may start to weaken the metal.

Thus, this phenomenon leads to the formation of internal hydrogen blisters or blister-like cracks at internal delaminations or at sites of non-metallic inclusions in low strength materials. These internal cracks may propagate by a process called ‘Hydrogen-Induced Cracking’ (HIC) or hydrogen blistering.

This embrittlement category is also responsible for failures in hydrogen-related process plants, a phenomenon known as ‘Hydrogen attack’. Hydrogen attack has been reported in plain carbon steel, low alloy steels and even some stainless steels operating above 473 K. It is one of the major causes of problems in refineries, where hydrogen and hydrocarbon streams are handled under conditions of up to 20 MPa and 773 K. In this context, failure is the result of the formation of intermetallic phases from the host metal and hydrogen dissolved in the metallic matrix via chemisorption and electrochemical reactions, changing the properties of the material, degrading its mechanical properties and forming methane gas that accumulates in the grain boundaries of metallic components leading to failure caused by void growth and assisted by creep.

The case of hydride formation presents a different nature and that of titanium alloys is a typical one. The microstructure of these alloys consists usually of two phases (( and () with different hydrogen solubilities and diffusivities. Hydrogen enters the alloy via grain boundaries or other easy paths as ( phase forming hydrides that precipitate in the ( phase. The mechanism of embrittlement is related in these alloys to this localized hydride precipitation.

Table 1 summarizes metals and alloys susceptible to each embrittlement category. Fortunately many of these materials can be safely used under controlled conditions ( e.g. limited stress , absence of stress raisers such as surface defects). Standards also exit proposing test methods to evaluate the possibility of using materials in a hydrogen environment (e.g. ISO 11114 –4).

It must be pointed out that cost and reliability are the main parameters to take into account before choosing a material for hydrogen confinement. 

Table I:  Metals and alloys susceptible to hydrogen embrittlement (Escuela Superior Técnica de Ingenieros Industriales UPM - Grupo de apoyo: Laboratorio Energético del Hidrógeno, Energía Sostenible.net). 

Metals and alloys susceptible to hydrogen embrittlement

Hydrogen Environment Embrittlement
Internal Reversible Hydrogen Embrittlement
Hydrogen Reaction Embrittlement

High strength steels:

18Ni (martensitic aged) 

410, 440C, 430F 

H-11, 4140, 1042 (Q&T) 

Fe-9Ni-4Co, 17-7PH 

Nickel and its alloys:

Ni electrobuilt 

Nickel 200, 270, 301 

Inconel 625, 700, 718 

Rene 41, Hastelloy X, 

Udimet 700, Waspaloy 

MAR M-200DS, IN 100 

Low strength steels:

Iron Armco, Ck22, Ck45, 1020,

Nor., HY 80, HY 100 

A-302, A-515, A-517  

Titanium alloys: 

Ti-6A1-4V, Ti-5A1-2.5Sn 

Molybdenum-TZM 

Cobalt alloys: 

HS-188, L-605, S-816 

Meta-stable stainless steel: 

340L, 305, 310 

K-Monel 

Alloy Be-Cu 25 

Pure titanium 

Stable stainless steel: 

316, 321, 347, A-286 

Armco 21-6-9, 22-13-5 

Copper alloys: 

OFHC Cu 

Magnesium alloys: 

HM21A

Aluminum alloys: 

1100, 2219, 6061, 7039, 7075
High strength steels: 

4340, 4140, H-11 

17-4PH, AM 355 

18Ni (martensitic aged) 

E8740, 17-7PH 

Exp. Alloys Fe-Ni-Cr 

Exp. Alloys Fe-Cu 

Ti, Zr, V, Nb, Ta Cr, Mo, W, Co, Ni, Pt, Cu, Au, Al, Mg and/or some of its alloys 

Meta-stable stainless steel: 

340L, 310 

K-Monel 

High strength nickel alloys: 

Inconel 718

Rene 41 

Waspaloy 

Stable austenitic steels: 

316, A-286, U-212   


1. Hydride(MHX) 

(a) H reacts with the matrix: 

Ti, Zr, Hf, V, Nb, Ta, Mn, Ni, Pd, U, Pu, Th 

Alkalines

Ground alkalines 

(b) H reacts with an element of the matrix: 

Alloys MgZr, MgTh 

2. High pressure gas bubbles: 

(a) H reacts to itself H2: 

Steels, OFHC Cu, Ni, Al, Mg, Be 

(b) Reaction inside the matrix to foreign elements: 

CH4 

Low alloy steels 

Nickel alloys 

H2O 

Welding steels

Cu, Ni, Ag 

NH3 - molybdenum 



3.1.11 Knowledge gaps and recent progress

The main knowledge gaps on this matter are concentrated on the reasons that cause the embrittlement of materials. As it was said in a previous subchapter, these reasons are still debated in the scientific community. Currently this phenomenon is not completely understood and hydrogen embrittlement detection, in particular, seems to be one of the most difficult aspects of the problem. Now, a materials test equipment has been developed in Japan within the WE-NET (World Energy NETwork) project to investigate the environmental hydrogen embrittlement under particular conditions (high pressure hydrogen up to 10MPa, and temperatures between 20-1500K). 

It must also be pointed out that, according to the information analysed in previous subchapters, the key requirements for materials containing liquid hydrogen are mainly high strength and high ductility for which there are suitable materials available (ultrafine grain steels, thermomechanically treated steels…). But presently, the need for weight reduction in mobile applications has led to the development of composite materials (a matrix of plastic or metal in which glass or carbon fibers are embedded) whose main qualities are a higher strength compared with steel, a lower heat conductivity and roughly no thermal expansion in fiber direction. However, composites are prone to enhanced embrittlement and lower strength as well as a higher thermal expansion perpendicular to the fiber direction.
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3.2 Accidental Consequences 

3.2.1. Pressure Waves and Pressure Loads
3.2.1.1. Chemical Explosions

Essential to the consideration of accidental consequences is the estimation of hazards and hazard levels, e.g., overpressures, thermal radiation, and the estimation of the damage level or the vulnerability of the receiving objects. In chemical explosions, which are usually exothermal oxidation reactions, a great portion of the combustion energy is carried by the developing blast wave which is uniformly distributed in all directions. Depending on the various types of combustion processes (slow deflagration or fast turbulent flame or detonation), the pressure history will be different. It is characterized by the peak overpressure and the pressure increase/decay rate. This effect is strongest at ground level (hemispherical) explosions where due to reflection the respective yield ratio can be twice as high as for a spherical explosion. Deflagration and detonation differ in peak overpressure, in the duration of the impulse (time-integrated pressure), in the steepness of the wave front, and in the decrease of overpressure with propagation distance. Secondary blast wave parameters are the peak reflected pressure, peak dynamic (blast wind) pressure, shock front velocity, and blast wave length. The different pressure transients for the two combustion modes are shown in Fig. 3-1.
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Fig. 3-1: Characteristic shape of pressure-time function for a detonation shock wave (left) 
and a deflagration pressure wave (right), from [TNO 1992]
(Po: initial pressure; Ps: peak side-on overpressure; tp: duration of positive phase) 

Deflagration

In a deflagration with flame speeds of 1-10 m/s, the volume expansion of the gas acts like a piston displacing the unburnt gas. The deflagration pressure wave in a confined space is characterized by a slow increase of pressure and fluid velocity in the region preceding the flame front. The pressure in the vessel is independent of the location and mainly determined by the fraction of burnt gas. The static pressure loading in slow deflagration processes is described by the “adiabatic, isochoric, complete combustion (AICC)” pressure representing an upper bound in a confined space. A mitigation of the AICC pressure is given by incomplete combustion, venting, radiation/conduction heat losses, or the addition of diluents. Therefore the maximum static pressure will be generally lower than the AICC pressure. On the other hand, initial turbulence increases the degree of combustion and thus the pressure. For a slow combustion at atmospheric conditions, the theoretical AICC peak pressure is 0.8 MPa, sufficient for many buildings to exceed their failure limits.

The combustion of a hydrogen-air mixture in an unconfined vapor cloud explosion (UVCE) liberates only a fraction of 0.1 - 10 % of its thermal energy content, in most cases less than 1 %. Depending on the combustion mode (deflagration/detonation), the explosion is connected with a more or less destructive pressure shock wave. The overpressure to be expected in the deflagration of an unconfined hydrogen-air vapor cloud is in the order of 10 kPa. 

 The pressure buildup depends on the flame propagation and the degree of confinement. Particularly hazardous configurations are those, which are heavily confined like tubes, pipes, or channels, where – if long enough – even in insensitive methane-air mixtures, high flame speeds and pressures can be reached. Venting can reduce the pressure. In a confined space like a vessel, pressure buildup will take place even at low flame speed and remain at the obtained level, since the gas cannot expand in a fixed volume. The peak pressure in a closed vessel for most hydrocarbon-air mixtures is in the order of 0.8 MPa, for a hydrocarbon-oxygen mixture 1.6 MPa. An H2-air mixture, initially at NTP, will reach a pressure of 0.815 MPa; its volume will increase by a factor of 6.89 [Baker 1983]. The peak pressure, however, increases with increasing initial pressure. 

Inside a spherical vessel, the pressure rise following the ignition of a flammable mixture is proportional to the cube of the burning velocity. In pipes with no obstacles, the transition distance increases with increasing diameter (example: 8 m for propane-air mixture in a 50 mm diameter pipe) [Moen 1993]. There must be a high effective burning velocity reaching the order of 100 m/s to produce significant blast overpressures of 10 kPa [GEXCON]. Comparing explosion tests in tubes and in spherical vessels, it was observed that pressures are generally lower in a spherical propagation of the gas mixture (unconfined) than in a planar propagation. The pressure behind the flame front is decaying away from the flame, since wave energy dissipates.

Fast Deflagration

In the intermediate stage of a fast deflagration with the flame front still traveling at subsonic speed, a preceding shock wave is developing in the still unburnt mixture. The peak overpressure is lower, the pressure drop, however, takes place over a longer period of time. This means that the impulse, i.e., the integral of pressure over time, which is a measure for the load upon a structure, is about the same in both cases. The peak overpressure increases with increasing flame speed. Transient pressures can be locally higher than the AICC pressure. Inhomogeneities can result in local detonations decaying to deflagrations. When the shock wave leaves the cloud, it turns into an expanding decaying wave. In the long-distance range, the pressure wave for both deflagration and detonation exhibits about the same shape decaying with 1/r.

Local explosions like from jet flames result in locally high pressures and can also result in high flame speed in less confined areas. Jet flame ignition of a gas cloud has been subject of experimental work showing that it is able, if sufficiently strong (500-700 m/s flame speed) to even trigger a detonation in an adjacent unconfined vapor (propane-air) cloud [GEXCON].

Detonation

In contrast, the detonation is a combustion mode with the flame traveling at supersonic speeds in the order of 2000 m/s. The flame front proceeds by shock wave compression of the unburnt gas. It is characterized by a distinct pressure spike and a subsequent almost exponential decrease. The shock wave, which is at the same time the flame front, is followed by the reaction zone, in which a pressure discontinuity is observed where the pressure even drops to values lower than atmospheric pressure (“molecular collapse”) due to the much denser oxidation product (water) upon hydrogen combustion. The essential parameters are peak overpressure and positive/negative phase of the specific impulse depending on the liberated explosion energy. The combustion process is completed without an expansion of the gas cloud. Peak overpressures in the near field are typically in the range of 1.5-2 MPa. The pressure wave gradually decays and eventually turns into an acoustic wave.

In geometries which allow the transition from deflagration to detonation, pressures near the location where detonation takes place, may be much higher than the CJ (Chapman-Jouguet) pressure of a stabilized (and idealized) detonation wave, which is due to a pre-compression effect by the propagating shock wave [Van Wingerden 1999].

The transfer of a detonation wave into adjacent mixtures is possible and has been observed for planar clouds, whereas in spherical clouds, fast deflagrations are more likely to occur.

An explosion in a vessel which is connected by a small opening to another vessel creates a peak overpressure and a pressure increase rate much higher than in a single vessel explosion, a phenomenon known as “pressure piling”. A pressure of more than 3.5 MPa was measured in a two-chamber geometry for a stoichiometric hydrocarbon-air mixture, where 0.8 MPa were expected for the explosion in a single vessel. Unlike the length of the interconnecting tube, its diameter is pertinent for the peak overpressure. 

Real Gas Cloud

In reality, a gas cloud shows the typically expected features of a non-premixed, inhomogeneous concentration distribution, air entrainment at the boundaries, and stratification if evolving from a pool of liquefied gas. Furthermore in case of an explosion, a real gas cloud is not an “ideal” explosion source due to a larger-than-infinitesimal volume and a lower energy density and energy deposition rate, thus leading to non-ideal blast waves. Deviations from the ideal situation are able to either enhance or to attenuate the pressure buildup. Non-stoichiometry as well as ignition at the cloud edge will certainly have a damping effect on the pressure buildup. The maximum blast impulse, which becomes larger with increasing shock duration, is not near the explosion center, but about 13-15 charge radii. A near-ground flat long-stretched cloud of heavy gases or vaporized cryogens may experience multi-point ignition connected with a sequence of pressure peaks, and more turbulence-generating terrain roughness or obstacles in the flow path, both effects of which lead to an enhancement of the pressure buildup.

The realistic shape of a heavy gas cloud would be of a pancake form (or even cigar-shaped) covering an area, which is larger than that of a hemispherical cloud with the same explosive inventory. For hydrogen, this situation may occur for just vaporized LH2 after a large-scale spill, and rather develop soon to a vertically stretched cloud shape. The flame spreading in a non-spherical cloud is spherically until it reaches the cloud edge at some point; then it continues in the direction, where still gas can be found. The pressure is decreasing immediately behind the flame front because of the upward expansion of the combustion products.

3.2.1.2. Physical Explosions

Shock wave blasts can also be produced from physical explosions, i.e., the sudden violent expansion of a fluid not connected with a chemical reaction. The strongest man-made physical explosion is surely the nuclear explosion of an atomic bomb. The resulting blast wave reaches overpressures of 170 kPa in the central zone (14 km radius for the example of a 20 Mt explosion in 5.5 km height) and gradually decaying to the outside with still 20 kPa at 60 km distance). 

The most common physical explosion is a bursting or rocketing pressure vessel which may result from a fire-induced BLEVE. The higher the liquid density, the more destructive is the BLEVE. If the liquid is flammable, a fireball will follow. Several pressure spikes are being created upon a BLEVE: from the flashing liquid, from the expanding vapor phase, and, if applicable, from the combustion. Missiles and projectiles may be emitted also from a physical explosion and may cause injuries, fatalities, or damage at considerable distances depending on the explosion energy liberated. Projectile hazard increases with average liquid temperature.

Another example of a physical explosion is the so-called rapid phase transition (RPT), a thermal vapor explosion resulting from the spontaneous phase change of a fluid getting in contact with a much hotter or colder liquid, e.g., a cryogen spilled onto water. Prerequisites of such an explosive boiling is a temperature of the “hot” fluid above the boiling point of the “cold” fluid and a certain mixing of both fluids. Although the energy release is small compared with a chemical explosion, fragmentation and phase change of the “cold” fluid (vapor evolution) can occur at such a high rate that shock waves may be formed. For LNG onto a water surface, overpressures with damaging potential of up to 5 kPa were observed. RPT explosions with different materials (molten metal plus water) in the metal and chemical industries were even the cause for people killed by flying melt or the blast wave. Natural examples of RPT were the catastrophic explosions of the island volcanoes Krakatoa, Indonesia, in 1883 and Surtsey, Iceland, in 1963.

3.2.1.3. Experimental Work

Confined

An explosion tube of 2.5 m diameter and 10 m length with one open end was used in Norway to study peak overpressures of ignited stoichiometric propane-air mixtures. The tests have shown the significant influence of the blockage ratio inside the tube on the flame speed and pressure increase, respectively, which can come close to the detonation range [GEXCON].

In the Russian RUT facility, series of tests were conducted ranging from slow deflagration to detonation. H2 concentration varied between 10 and 14%. During slow deflagration (no obstacles present), the overpressures measured increased with H2 concentration, from around 0.1 MPa to 0.17-0.23 MPa. Insertion of obstacles (blockage ratio of 30 and 60%) resulted in accelerated flames creating overpressures (1.1-1.6 MPa) for gas mixtures with 14% H2 concentration. There was even the observation of a detonation at a H2 concentration as low as 12.5% [Breitung 1996].
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Fig. 3-2: Measured pressure transients in RUT tests with different blockage ratios (BR)
showing slow deflagration (top), fast deflagration (middle), detonation (bottom), from [Breitung 1996]
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Fig. 3-3: Measured and calculated pressure transient inside (left) and outside (right) the balloon
in an FH-ICT hemispherical balloon test with H2-air detonation, from [Breitung 1995]

Gaz de France initiated an RPT research program in 1981 in Lorient with large-scale tests using LNG. The spillage of amounts between 1 and 9 m3 onto water has shown that the occurrence and strength of RPT were strongly related to the volume of the mixing zone. Maximum explosion pressure recorded was equivalent to 4.15 kg of TNT. Research activities also included fundamental studies of the phenomena and computer code development. Due to the larger temperature difference, consequences of LH2 spills onto water may be more severe.

3.2.1.4. Modeling

The explosion energy in case of a BLEVE can be assessed by the difference between final and initial state of the bursting vessel assuming isentropic expansion. This plus a certain portion of the bursting pressure energy contribute to the blast wave generation [CSChE 2004].

The propagation of a pressure wave in a compressible medium can be described by the Rankine-Hugoniot equations (or “jump conditions”) based on the conservation equations for mass, momentum, and energy. From this relationship, it can be derived that the density ratio of air, if assumed to be an ideal gas, behind and in front of the shock front is limited to about 6. For air as a real gas, however, assuming to dissociate or ionize at high temperatures, this ratio can be significantly higher. A computer code, BLAST (Building Loads Analysis and Systems Thermodynamics), was developed based on the above equations as well as on empirical data from nuclear tests.

Accurate empirical and theoretical models are existing for detonation waves. According to the Chapman-Jouguet (CJ) theory from 1899 and 1905, respectively, detonation represents a linear discontinuity, transforming the reactants completely to products at an infinite reaction rate. Detonation velocity and pressure can be calculated from equilibrium chemistry as a function of the gas mixture only. Respective data for hydrogen at NTP in an unsupported detonation are

CJ velocity:


1968 m/s

CJ detonation pressure:

1.58 MPa

The CJ theory predicts the thermodynamic state immediately behind the detonation wave, but cannot describe the structure of the wave. Processes inside the detonation front are extremely complex involving multi-dimensional shock interactions in an intensive turbulent reacting medium. Still, the simple 1-dimensional CJ model prediction of velocity and overpressure is quite close to what is being observed, within a few % for velocity and 10-15% difference for the pressure measurements [Tieszen 1993]. CJ (and AICC) pressures of a fixed gas mixture increase linearly with the initial pressure at constant initial temperature, and are inversely proportional to the initial temperature at constant initial pressure. However, the CJ theory is not capable of determining the dynamic detonation parameters such as detonability limits, initial energy or critical tube diameter. No theory exists so far that provides estimates of these parameters. CJ parameters of a gas or gas mixtures can be calculated with the code STANJAN developed at the Stanford University.

In the ZND (Zel’dovich-von Neumann-Doering) theory, the detonation wave is described as a two-dimensional dome-shaped shock wave, where at its front both temperature and pressure rise. It is followed by a reaction zone whose thickness is determined by the reaction rate. Here the detonable substance reacts at high pressure and temperature until everything is transformed into product gases. The chemical reaction causes a rapid fall in pressure (“von Neumann spike”). The reaction zone remains unchanged (steady) when moving through the substance. A variable ranging between 0 and 1 describes the respective state and the progress of chemical reaction, respectively. Detonation velocities and pressures are less than for a plane shock front.

A very simple way of modeling blast effects is the TNT Equivalent method derived from the decay of shock waves from high-explosive or nuclear explosions in the atmosphere. It is an estimation of the mass of TNT per unit mass of fuel, whose detonation would result in the same blast wave at the same distance. One kg of TNT translates into energy of 4520 kg meaning that 1 Nm3 of hydrogen gas corresponds to 2.22 kg of TNT. The weakness of the TNT Equivalent model, if applied to a VCE, is to ignore the pressure-time characteristic differences between a gas cloud and a detonative TNT explosion. It is deemed to overestimate near-field and underestimate far-field effects. Furthermore the model does not consider the influence of turbulence and confinement. The TNT model considers only the total amount of fuel involved and particularly does not take into account the yield factor in a VCE, which is generally only a small fraction, in most cases < 1%. 

The blast scaling law according to Hopkinson and Cranz [Baker 1983]

Z   =   R / E1/3     or     Z   =   R / W1/3
Where Z is the scaled distance, E is the heat of combustion, W is the weight of the explosive, can be applied to predict blast wave properties of large-scale explosions based on the data of smale-scale experiments (assuming same explosive, same geometry). The above relation appears to become inappropriate for Z < 0.16 m/kg1/3.

Numerous explosion experiments have been evaluated to derive blast charts. Commonly known and accepted are the Baker-Strehlow blast curves for VCE in the open atmosphere or the TNO blast waves for hemispherical explosions (see Fig. 3-5). It is a good engineering tool finding its limits when real gas clouds rather than idealized are considered. An improvement towards a more realistic modeling was made with a new set of blast curves, called the Baker-Strehlow-Tang curves (Fig. 3-4), by considering a more precise blast pressure decay behavior. The result is a considerable reduction at long distances. The curves were validated in all combustion regimes [Tang 1999].
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Fig. 3-4: Baker-Strehlow-Tang curves of overpressure vs. distance 
for various flame Mach numbers Mf, from [Tang 1999]

The Multi-Energy method developed by TNO and coded in REAGAS considers a vapor cloud explosion to be composed of a number of sub-explosions. The strength of the blast wave is expressed as a number between 1 and 10 representing categories of “insignificant” to “detonative”. Portions of the gas cloud which are confined up to a certain extent are correlated with an initial pressure and are responsible for the pressure buildup. The model simulates the interaction between combustion and reaction products flow as a consequence of heat transfer and turbulence. Calculational results suggest that damaging explosion can occur only, when flame acceleration takes place within a plant structure. Special “blast charts” have been developed from gas-air explosions (Fig. 3-5) showing the relationship between a “scaled blast overpressure” (= ratio of blast overpressure over ambient overpressure) and a “scaled distance” [Mercx 2000].
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Fig. 3-5: Blast overpressure vs. scaled distance for different explosion strengths 
according to the Multi-Energy method, from [Mercx 2000]

The Research Center Karlsruhe has developed the calculation models DET1D and DET3D to determine the characteristic detonation parameters within the reaction zone and outside in the unburnt mixture. These models have been mainly applied to assess the load on a nuclear containment upon confined combustion of homogeneous mixtures of H2, O2, N2, H2O. Code validation was made against the FH-ICT balloon tests and Russian RUT experiments (see Figs. 3-2 and 3-3). Parameter calculations of a 3D detonation have shown that the 3D structure is not important for the pressure load and that a relatively coarse grid provides sufficient accuracy [Breitung 1995].

3D CFD modeling is the state-of-the-art approach with the potential to provide accurate data for realistic scenarios depending on how accurately the respective submodels are working. Their application, however, should be limited to cases or ranges, for which the codes were validated.
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No fully validated model exists in terms of predicting projectile hazards from bursting pressure vessels. Data available are either from actual plant accidents on a large scale or from small-scale testing (see Fig. 3-6). The analysis shows among other findings that 80% of all vessel ruptures resulting from fires lead to missiles, that non-fire ruptures have an increased number of fragments, that spherical vessels produce more fragments than cylindrical vessels, or that the end tubs of vessels travel further than other types of fragments. There is also the observed tendency of missiles to export fire [Leslie 1991].

[image: image26.png]Range Missiles Thrown in Meters (D)

800

600

400

200

0 10 20 30 40 S0 60 70 80 90 100

Percentage of Missiles Travelling Less Than D




Fig. 3-6: Projectiles traveling after catastrophic pressure vessel failure
+: experimental data;  □: case studies, from [Leslie 1991]

3.2.2. Interaction of Blast Wave with Structure and Structural Response
The effects from an explosion, which have an impact on structures, are pressure changes (blast wave) and air movement (“explosion wind”) as well as thermal radiation and flying missiles. Only a third of the chemical explosion energy is involved in the generation of the detonation blast wave; the other two thirds are released much slower during the subsequent mixing and burning of the detonation products with the air [FEMA 2003]. In general, structural responses are highly dynamic, highly inelastic, and highly interactive. The mechanical effect of a blast wave is determined by the overpressure. Pressure-time characteristics of an unconfined gas cloud deflagration are different from an explosive, because it exhibits a finite rise time to the maximum overpressure, where the flame front velocity as a decisive parameter leads to a decoupling of pressure wave and impact time period. In contrast, a TNT explosion is relatively short. The duration of the positive phase of a shock wave is an important parameter in the structural response to a blast.

The pressure load exerted upon a structure has to act for a certain period before damage can occur. Pressure waves result from relatively slow explosions, e.g., a deflagration of unconfined vapor clouds. In contrast, shock waves develop after very short explosion processes like detonations. The blast parameters are dependent on the distance between structure and blast center. At close distances, the target is exposed to a high-intensity pressure load over a localized region; at greater distances, the load is reduced, but covers a larger surface area. The diagram in Fig. 3-7 describes the pressure load on a rectangular structure.
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Fig. 3-7: Simplified blast loading diagram on a rectangular building [Benteftifa 1995]

The dynamic interaction of a blast wave with the structure depends on the pressure-time history, i.e., rise time and duration of positive phase and peak pressure or the impulse (which is the time integral of the pressure). It is distinguished between the initial “diffraction loading” and the subsequent “drag loading”. Diffraction loading is given by forces resulting from direct and reflected pressures during the initial phase. Reflection of the pressure wave at the front side amplifies the incident peak pressure. Also density and temperature of the reflected wave are increased compared to the incident wave. The flow around the obstacle determines the further pressure development at the front and at the back side. The net horizontal loading is that on the front minus that on the back face. The reflection coefficient, i.e., the ratio between reflected and incident overpressure, is dependent on the blast wave type (pressure or shock wave), its intensity, and on the incident angle. For a pressure wave, this coefficient can have a value up to about 3 depending on the incident angle (the more usual case will have an oblique incidence). For a shock wave, it can be in the range of 2-8 and even higher for explosives (see Fig. 3-8). Dynamic loads of fast transient pressures are imposed, if the combustion energy is inhomogeneously distributed, and are specific to the structure geometry.
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Fig. 3-8: Reflected pressure coefficient as a function of the incidence angle, from [FEMA 2003]

After the diffraction phase is completed, the structure is subjected to a “stagnation pressure”. The distance of the incident wave when interacting with the structure, causes major pressure differences developing from the edges of the structure. Resulting from this rarefaction wave, pressures decrease. During this so-called drag phase, strong transient winds (explosion wind) with flow velocities of several 100 m/s are effective. Drag forces will particularly have an impact on smaller structures such as pipe work. Load duration during vapor cloud explosions may be long enough to be comparable with the time required for the dynamic response time of the structure. In case of large structures, the rarefaction from the edges is insignificant.

In a confined or partially obstructed area, an explosion will create a mixture of reflected pressure waves and deflected air flows, which are the result of reverberation of the initial high-pressure, short-duration reflected wave with the amplitude decaying with each reflection. This mixture of waves imposes a more or less complex load upon a building. The more complex the structure, the more difficult is the prediction of the critical conditions for mechanical failure for a given load history.

Forces acting on a structure will lead to a deformation to an extend which depends on the material properties and structure composition. For a static or quasi-static load, i.e., a constant or slowly changing load like from a simple deflagration, it will be in equilibrium with the internal forces resulting in a deformation of the structure. For a dynamic load, i.e., a fast load transient, however, a “dynamic” contribution from inertia forces will add to the equilibrium, which can show positive or negative acceleration, i.e., mass and stiffness of the structure will play a major role. The load from a gas explosion is considered a dynamic load due to its short overpressure duration, which is typically in the range of 100 - 200 ms.

A structure can be schematically represented by a system of masses coupled with springs or dampers. If linear-elastic or non-linear-elastic forces are acting, displacements of the masses become zero again, when the load disappears. In case of plastic or elasto-plastic behavior, displacement is zero or very small, until the maximum load is reached. Under a static load, the structure will then fail; under dynamic load, it may retain a residual displacement. In general, structures must be designed to react elastically under typical loads like wind. Plastic displacement must be limited to abnormal load conditions. The maximum displacement depends on load duration, tD, and the natural frequency of the structure, T. For low tD/T ratios, the displacement is smaller than for static loads. For large tD/T ratios, the displacement can be larger than under static load conditions. Other important parameters are the static strength and the ductility. Load schemes are distinguished between a step function for a long-duration pressure wave and an impulse load for a short-impact shock wave.

Detonations tend to excite the high natural frequencies of a building, whereas deflagrations are more effective for the lower frequencies. It appears to be technically more difficult to design a building against both explosion modes rather than only one.

The analytical procedure is usually simplified by introducing a so-called dynamic load factor (DLF), which is defined as the ratio of maximum dynamic displacement over static displacement. It transforms a dynamic peak load into a static load with the same effect on the structure. The DLF is dependent on the dynamic load time and the natural frequencies of the structure. For long explosion times and in case of an idealized triangle-shaped shock wave load, the DLF approaches its boundary limit of 2.

A comparison between detonations of explosives and blast waves resulting from nuclear weapon explosions, characterized by quasi-static pressure due to a longer impulse time shows that, assuming the same damage, the detonation pressure or the pressure resistance of an object is much higher than the resistance against a blast wave from the nuclear tests [Pfoertner 1975]. The pressure resistance behavior of a building under detonative dynamic and quasi-static loading derived from numerous detonative explosion studies can be summarized in an empirical equation for the quasi-static reference overpressure of the building pst:

pst  =  0.15 ( pr2/3,

where pr is the perpendicularly reflected overpressure or the pressure resistance of the building subjected to a detonation. If the TNT equivalent, as derived from the damage of some of the severe accidents, is interpreted as the incident pressure wave in the order of 70 kPa, resulting from a deflagration, the respective quasi-static pressure would be with pst  =  22 kPa much smaller.

In a simple method, a static working load is assumed to simulate the effects of blast loads onto structures. This conservative approach, however, cannot predict structure performance and seems to be not optimal for transient blast loads. An improvement of modeling is given with the quasi-static methods which specify a triangular pressure pulse and determine the dynamic structural capacity as a function of the material strengths of the structure. The structural response can be found by using the charts. Single degree-of-freedom (SDOF) models analyze critical components in terms of their structural resistance and predict the response of the structure, which then determines the damage level. But also these methods are still likely to lead to very conservative structural designs, and rather suitable for hand calculations. More information is obtained from multi-degree-of-freedom (MDOF) models, sophisticated CFD models with the possibility to consider flame propagation and pressure profiles also from local explosions. Dynamic finite-element analyses with tools such as ADINA, DYNA-3D may provide the best judgement on whether or not a structure is able to withstand a blast wave.

An empirical and very global approach of determining the strength of structures is to relate overpressures to the degree of observed damage. The relationship between pressure and damage, which is derived from TNT explosions, cannot satisfactorily be transferred to vapor cloud explosions. The pressure decay from a TNT explosion is much faster than from a vapor cloud explosion. The high impulse and the suction effect due to the below-atmospheric pressure phase will certainly result in a different damage pattern. Thus damage criteria such as those derived by Schardin (see Fig. 3-9) from TNT explosions are not directly applicable [Giesbrecht 1988].
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Fig. 3-9: Schardin destruction curves for detonation waves, from [Giesbrecht 1988]

Many pressure criteria were defined in the past related to various structures and specific components, however, varying over a large uncertainty range. A rough classification is given in Table 3-1.

Table 3-1: Damage classification, from [TNO 1992]

Zone
Damage level
Overpressure of incident blast wave [kPa]

A
Total destruction
> 83

B
Heavy damage
> 35

C
Moderate damage
> 17

D
Minor damage
>  3.5

The impulse, i.e., the pressure – negative and positive – integrated over time, is a measure for the explosion energy (Fig. 3-10), which also varies in time and space over the exposed structure surface. Damage to the structure resulting from a blast wave may be subdivided into direct effects and what is named “progressive collapse”, a kind of secondary failure following the change of the load pattern on a structure due to the direct effects. Features of a P-I diagram are the asymptotes in P and I direction and the monotonic relation between P and I, which suggests a subdivision into three regimes: impulse-controlled, peak load-controlled, and an intermediate dynamic stage [Li 2002]. P-I diagrams are being widely used in damage assessments not only for structural damage, but also for predicting blast-induced human injuries.
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Fig. 3-10: Transient behavior of impulse, from [FEMA 2003]

Damage levels can also be visualized in pressure-impulse diagrams, where different regions can be defined by iso-lines. An example is given in Fig. 3-11 showing the experimental results for the observed damage in per cent, after different types of houses were exposed to a certain explosion (pressure/impulse) load [TNO 1992]. Important for the damage effect of a short-term load (= shock wave) is only the impulse, whereas it is the maximum overpressure for that of the longer-term load (= pressure wave). The solid lines in the figure indicate the lower boundaries for light damages, for severe damages, and for collapsing structures of the houses investigated. This will be different for other types of structures. Similar PI diagrams have also been derived for impacts on humans. They are providing useful information on the vulnerability of targets.
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Fig. 3-11: Pressure-impulse diagram with experimental damage values for different types of houses, from [Mercx 1991]

The estimation of the level of damage is usually done taking either fixed-limits methods or the PROBIT method. In a fixed-limits method, the hazard level is compared to fixed limits like IDLH (Immediately Dangerous to Life or Health) values or pressure thresholds, as given in the literature. It is a simple method, but may lead to wrong conclusions in transient hazards. In such cases, the PROBIT method is the more appropriate one. First a hazard load, L, is estimated, which could be the overpressure in an explosion or the integrated thermal flux at a certain location. Then the PROBIT or probability unit, y, is given by y = k1 + k2*ln L, which can be related to a certain probability of death, injury, or damage. k1 and k2 are empirical parameters, which are specific to, e.g., toxic chemicals or fire and explosion effects and can taken also from the literature [CSChE 2004].

SRI model

For the assessment of the probability to obtain a certain level of damage, so-called probit functions have been introduced and suitable damage criteria have been defined. For industrial installations, [TNO 1992] provides the following limits to be met for the control building:

Pressure wave:
walls:
roof:
30 kPa
20 kPa

for 100 ms

Shock wave:
walls:
roof:
300 kPa
200 kPa

for 15 ms

3.2.3. Heat Radiation
Under progress between INERIS and BRE with ICT and FZJ contributions / Also see chapter 3.2.4.5 from FZK

3.2.3.1 Heat radiation from hydrogen fires

Under progress from BRE

3.2.3.2 Heat radiation from hydrogen explosions (ICT)
Heat radiation is one of the most important forces of gas explosions [Hardee 1978, Williamson 1980]. Burning hydrogen emits thermal radiation in UV, NIR and IR spectral range. Especially, in the case of large cloud explosion, the risk of heat radiation is commonly underestimated due to the non-visible flame of hydrogen-air combustion. In the case of a real explosion accident organic substances or inert dust might be entrained from outer sources to produce soot or heated solids to substantially increase the heat release by continuum radiation.

A large scale gas explosion requires an ignitable mixture of combustible fuels with air in an appropriate dimension. If this mixtures ignites at an arbitrary spot a flame front propagates with a velocity depended on the local mixture ratio as far as all combustible gases are consumed. The combustion process transfers fuel into hot gas products that do not cool appreciable due to be enclosed by the flame front (e.g. spherical flame balls). So radiation has to be expected not only from the flame front but also from the gas products. So the essential items regarding heat radiation from gas and dust explosions are:

1. time-dependent geometry of the flame front and gas products

2. Spectroscopic emissivity and temperature of the flame front and gas products

These items depend from the emitting species and their local concentration immediately before the combustion. To model heat radiation sub models for both items a necessary. Therefore item 1 is the task of all explosion research on hydrogen only the second item will be discussed following. Pure hydrogen does not emit any significant heat radiation but the main combustion product water emits with intense band systems in the near and middle infrared depending to temperature. At typical combustion temperatures of 2300 K from hydrogen/air mixtures spectral radiation is exited in exactly in this range. 
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Fig. 3-12: BAM simulation of emission spectra of homogeneous gas layers of 30 mol% water in air with a optical depth of 1 m at different temperatures
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Fig. 3-13: BAM simulation of emission spectra of differently thick homogeneous 
gas layers of 30 mol% water in air at 2300 K

A quantitative data analysis of infrared spectra measured from flames has to be based on large scale measurements or radiation band modeling. An appropriate code BAM was developed by ICT which calculates NIR/IR-spectra and allows least squares fits to experimental ones with temperature and concentrations being the fitting parameters (see the summarizing reference [Weiser 2005]). The calculations use the data from the Handbook of Infrared Radiation from Combustion Gases [Ferriso 1965, Ludwig 1973] which cover the temperature range from 600 to 3000 K. The computer program BAM can calculate NIR/IR-spectra (1-10 µm) of inhomogeneous gas mixtures of H2O (with bands around 1.3, 1.8, 2.7 and 6.2 µm), CO2 (with bands around 2.7 and 4.3 µm), CO (4.65 µm ), NO (5.3 µm) and HCl (3.5 µm) and can take into account emission of soot particles. Self absorption and pressure line broadening can be taken into account. 

The calculation of an emission or transmission spectrum along an optical path starts from the determination of the absorption coefficients resolved with respect to wavelength. The spectral bands of three-atomic molecules consist of thousands of single lines, e.g. for important flame constituents HITRAN [Rothman 1996] lists nearly 50,000 lines for H2O and simplified models to quickly obtain line positions and strength are currently not available. Therefore tabulated data are used.

The band models enable an effective calculation of radiation transport in inhomogeneous media in order not to apply a transport equation for each single line. Line shapes, half widths and positions of lines contribute to the models. At high temperatures a Random Band Model has proved to be appropriate using a Doppler-Lorentzian line shape. For the separated bands of the various molecules the individual lines were accumulated to a Single Line Group and for the Curve of Growth the Curti-Godson approximation was used. Benefits, shortcomings and possible errors of this model are discussed in the Handbook of Infrared Radiation from Combustion Gases [Ludwig 1973].
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3.2.4. Physiological Impact
3.2.4.1 Jet impact from high-momentum releases

potential knowledge gap - intentionally left blank

3.2.4.2 Damage by low temperature releases

Skin contact with liquid hydrogen or cold hydrogen gas may cause severe cold burns, comparable with those caused by boiling water. Unprotected skin may freeze onto surfaces cooled by the liquid, causing severe damage on removal. 

Prolonged skin exposure to cold hydrogen may result in frostbite. A symptom is local pain which usually gives warning of freezing but sometimes no pain is felt or it is short-lived. Frozen tissues are painless and appear waxy, with a pale whitish or yellowish colour. Thawing of the frozen tissue can cause intense pain. Shock may also occur.

The eyes are particularly susceptible – even small splashes of liquid hydrogen, or short exposures to cold vapor or gas, may cause instant freezing of eye tissues and permanent damage.

Transient exposure to very cold gas produces discomfort in breathing and can provoke an attack of asthma in susceptible people. Prolonged inhalation of cold vapor or gas may cause serious lung damage. Prolonged exposure of the entire body to cold can result in hypothermia.

3.2.4.3 Asphyxiation by hydrogen

Hydrogen is not poisonous, but as with any gas (except oxygen) a risk of asphyxiation exists mainly in confined areas as a result of oxygen depletion. Normal air contains around 20.8% of oxygen, by volume. Besides the dilution by mixing with other gases, oxygen may be consumed in combustion of hydrogen or other burning gases and may be depleted via condensation on very cold surfaces like liquid hydrogen pools. Thus diluting the oxygen volumetric content below 19.5% will cause effects on human beings.

Alarm levels are generally set at 19% oxygen. This is less than 2% below normal levels, so it is important that sensors are stable in order to avoid false alarms.

The different stages of asphyxiation at ground level are related to the remaining oxygen concentration as shown in the following table. 

Table 3-2: Asphyxia – Effect of O2 Concentration from [NASA 1997], partially accomplished and synchronized with [DNV 2001] data

O2 (vol %)
Effects and Symptoms

19-21
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No discernible symptoms can be detected by the individual. 

15-19
Reduction of physical and intellectual performance without the sufferer being aware. Early symptoms in persons with heart, lung, or circulatory problems may be induced.

12-15
Deeper respiration, faster pulse, poor coordination

10-12
Headaches, giddiness, poor judgement, slightly blue lips.

Risk of death below 11 vol%, tolerance time 30 min

8-10
Nausea, vomiting, unconsciousness, ashenface, fainting within a few minutes without prior warning, mental failure, tolerance time 5 min

6-8
Fainting occurs after approximately 3 min. Death in 8 min; 50 % death and 50% recovery with treatment in 6 min, 100 % recovery with treatment in 4 to 5 min.

3-6
Coma in 40 s, respiration ceases, death or permanent brain damage, even if rescued

0-3
Death within 45 seconds

3.2.4.4 Pressure effects from explosions

Direct Blast Effects

These direct effects, also called primary effects, are caused by the dynamic pressure waves. Although the human body is able to adapt to slow pressure changes (diving, high altitudes, etc.) the dynamic changes in a blast front may cause severe damage. Those organs, where large differences in densities are encountered, like the lunge or the inner ear, are particularly vulnerable.

Ear damage is not leading to death, but due to the ears’ high sensitivity it is often used as an indicator for an exposure. Lunge damage is depending on a combination of peak overpressure Ps and on the pulse duration tp.

[image: image73.wmf]    

Risk  analysis

    

Risk  control

 

Hazard

identification

 Hazard

assessment

 Risk

estimation

 Risk

evaluation

 Risk

reduction

 Probability

assessment

Consequence

 

assessment

Acceptance

 

criteria

[image: image74.wmf]Guidelines

/ Codes of practice

Standards

Regulations

(Directives, Codes, …)

Mandatory

Useful

+

L

e

v

e

l

o

f

i

m

p

o

r

t

a

n

c

e

-

Fig. 3-12: Simplified relationship between positive impulse and time of the overpressure peak

Similar as for the structural effects threshold limits for ear and lunge damage are displayed in pressure-impulse diagrams.


[image: image34]
Fig. 3-13: Threshold data from [Baker 1983], [NASA 1997] and gaseous detonation data [Dorofeev 1995]

However, as impulse and pressure are correlated, the coordinates pressure and pulse duration provide a clearer and decoupled view. The transformed data are given in Figure 3-14.


[image: image35]
Fig. 3-14: Threshold data converted to pressure over impulse duration 

Not only for the general mixing and detonation initiation but also for the physiological effects the spatial confinement is a very important factor. Generally one has to expect an increased immediate and late mortality in closed space blast scenarios compared to open-air explosions [Kluger 2003] [Kaiser]. 

However, usually only little mortality is due to these primary effects compared to the more severe combination of indirect blast effects, like missiles, body translation and associated impact and heat effects.

Indirect Blast Effects

Indirect blast effects include secondary effects, these are generated by missiles (e.g. accelerated parts of the pressure vessel, parts of the building, glass, etc.) and tertiary effects linked to the body translation. Especially the impact, the deceleration when hitting a wall or any other a solid structure, can cause skull fractures with traumatic consequences, even death. With a simplified model the body displacement caused by the blast may be calculated and a lethality threshold may be attributed to the resulting velocities, see [Baker 1983]. See figure 3-13 and 3-14 with the skull fracture as the representative indirect blast effect. 

3.2.4.5 Thermal effects from fires

These effects are also called quaternary effects. Basically there are two phenomena linked with hydrogen fires which could harm human beings: elevated air temperature and heat radiation. Depending on the scenario only one of both or a suitable combination has to be considered.

Elevated Air Temperature Effect

Below 70°C no severe effect has to be expected. Between 70°C and 150°C the time to incapacitation may be 94 minutes and 6 minutes respectively [TNO 1992]. Figure 3-??? Shows a plot of the empiric dependency.

[image: image36.emf]
Fig. 3-15: Time to incapacitation as a function of the air temperature [TNO 1992]

Other physiological responses are summarized in thee following table 

Table 3-3: Elevated Air Temperature Effects

Temperature (°C)
Effects and Symptoms

127
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Difficult breathing 

140
Tolerance time 5 min

149
Mouth breathing difficult, T limit for escape

160
Rapid, unbearable pain with dry skin

182
Irreversible injury in 30 s

203
Respiratory systems tolerance time less than 4 min with wet skin

Above 150°C radiation effects become the dominant factor.

Heat Radiation Effect

Heat radiation may cause pain, first, second and third degree burns as well as fatal burns. The different burn types are characterised by the depth they reach in the skin. 

Similar as for the pressure effects a combination of the peak load, here radiation intensity, and the characteristic duration are the most important factors. Above 1.6 kW/m2 negative effects on human beings have to be expected.

The following table relates exposure times and pain thresholds.

Table 3-4: Threshold of Pain [Kaiser] 

Exposure time
(seconds)
Radiation Intensity (kW/m2)

lightly clothed
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The fatality rate may be calculated by use of probit functions. Prominent probit functions are the Eisenberg functions and the TNO functions. The first is based on nuclear radiation, the second on the radiation of hydrocarbon fires. So, both are not directly applicable to hydrogen fires.

Potential knowledge gap: suitable probit function

The following table based on the TNO probit function relates the exposure time and the radiation intensity for 100% fatality:

Table 3-5: Maximum Radiation Exposure Time  [DNV 2001] 

Exposure time leading to death
Radiation Intensity (kW/m2)

lightly clothed
Radiation Intensity (kW/m2)

(protectively) clothed
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Besides the infrared content hydrogen combustion produces UV radiation capable of sunburn-like effects. 

Hydrogen fires are difficult to see at daylight and due to the optical properties the heat of smaller flames is felt late.

3.2.4.6 Personal Protective Equipment [ISO 2004]

Using the appropriate protective equipment can reduce the possible consequences of the above described hazards. The concerned personnel should be protected against exposure to cryogenic temperatures, high temperatures, thermal radiation from a hydrogen flame, and oxygen-deficient atmospheres.

Procedures that are established for operations involving hydrogen should describe the personal protective equipment (PPE) that is needed for the operations to be performed. Some general guidelines for PPE that should be considered beneficial in working with hydrogen are summarized below. These guidelines do not address PPE that should be considered when involved in other activities such as working on electrical circuits or performing a cleaning or decontamination operation.

Some specific recommendations for PPE are:

· eye protection or better complete face shield should be worn when liquid hydrogen is handled,

· properly insulated gloves should be worn when handling anything that comes in contact with liquid hydrogen or cold gaseous hydrogen. The gloves should fit loosely, remove easily, and not have large cuffs.
· Full-length trousers, preferably without cuffs, should be worn with the legs kept on the outside of boots or work shoes.

· Closed-toe shoes should be worn (open or porous shoes should not be worn).
· Clothing made of ordinary cotton or flame-retardant cotton should be worn. Avoid wearing clothing made of nylon or other synthetics, silk or wool because these materials can produce static electricity charges that can ignite flammable mixtures. Synthetics can melt and stick to the flesh, causing greater burn damage. Any clothing sprayed or splashed with hydrogen should be removed until they are completely free of hydrogen.

· Self-contained breathing equipment should be worn when working in a confined space that may have an oxygen-deficient atmosphere.
· Portable hydrogen- and fire-detection equipment should be used to warn of hydrogen leaks and fires.

· Alternatively it is often recommended to wave with a broom in front of oneself or to pluck some grass and throw it in the direction of the intended movement. If the broom or the grass comes in contact with the barely visible flame the smoke indicates the flame position.

· Personnel should ground themselves before touching or using a tool on a hydrogen system.
· The use of spark-proof tools is often recommended; however, the energy required for ignition of a flammable hydrogen/air mixture is so small that even spark-proof tools can cause an ignition. Consequently, all tools should be used with caution to prevent slipping, glancing blows or dropping, all of which can cause sparks.

· Water sprays and wet clothes may reduce the thermal effects induced by hydrogen flames considerably.

The immediate treatment of persons which came in contact with liquid hydrogen or have been exposed to the very cold gases is to loosen any clothing that may restrict blood circulation and seek immediate hospital attention for all but the most superficial injuries. Do not apply direct heat to the affected parts, but if possible place in lukewarm water. Sterile dry dressings should be used to protect damaged tissues from infection or further injury, but they should not be allowed to restrict the blood circulation. Alcohol and cigarettes should not be given.

3.2.5. Effect on the Environment
No contribution viewed so far (Risoe)
3.X. References 

Baker, W.E., et.al., Explosion Hazards and Evaluation. Fundamental Studies in Engineering 5. Elsevier (1983).

Benteftifa, C.A., Becht, C., Improve Building Performance to Survive Vapor-Cloud Explosions. Hydrocarbon Processing (1995) 85-90.

Breitung, W., Redlinger, R., Containment Pressure Loads from Hydrogen Combustion in Unmitigated Severe Accidents. Nuc Tech 111 (1995) 395-419.

Breitung, W., Kotchourko, A., Numerische Simulation von turbulenten Wasserstoff-Verbrennungen bei schweren Kernreaktorunfällen. Nachrichten-Forschungszentrum Karlsruhe 28 (1996) No. 2-3 175-191.

CSChE, Risk Assessment – Recommended Practices for Municipalities and Industry, Canadian Society for Chemical Engineering, Ottwa, Canada (2004).

DNV, Human resistance against thermal effects, explosion effects, toxic effects, and obscuration of vision, excerpts published in the internet (2001)

Dorofeev, S.B., Blast effect of confined and unconfined explosions, Proc. Of 20th Symp. On Shock Waves, Pasadena, CA, USA (1995) 77-86

FEMA. Explosive Blast. Chapter 4 in: Reference Manual to Mitigate Potential Terrorist Attacks Against Buildings Report FEMA426. Federal Emergency Management Agency (2003).

GEXCON. Gas Explosion Handbook. http://www.gexcon.com/index.php?src=gas/handbook.html
Giesbrecht, H., Evaluation of Vapour Cloud Explosions by Damage Analysis. J. Haz. Mat. 17 (1988) 247-257.

ISO Technical Report, Basic considerations for the safety of hydrogen systems, ISO/TR 15916:2004(E) (2004)

Kaiser, W., Rogazewski, P., Schindler, M., Ermittlung und Berechnung von Störfallaublaufszenarien nach Maßgabe der 3. Störfallverwaltungsvorschrift, Umweltbundesamt

Kluger, Y. Bomb Explosions in Acts of Terrorism, IMAJ 5 (2003) , 235-240

Leslie, I.R.M., Birk A.M., State of the Art Review of Pressure Liquefied Gas Container Failure Modes and Associated Projectile Hazards. J. Haz. Mat. 28 (1991) 329-365.

Li, Q.M., Meng, H., Pressure-Impulse Diagram for Blast Loads Based on Dimensional Analysis and Single-Degree-of-Freedom Model. J. Eng. Mechanics 128 (2002) 87-92.

Mercx, W.P.M., Weerheijm, J., Verhagen, T.L.A., Some Considerations on the Damage Criteria and Safety Distances for Industrial Explosions. HAZRDS XI – New Directions in Process Safety. UMIST, Manchester, UK, April 16-18, 1991.

Mercx, W.P.M., et.al., Developments in Vapour Cloud Explosion Blast Modeling. J. Haz. Mat. 71 (2000) 301-319.

Moen, I.O., Transition to Detonation in Fuel-Air Explosive Clouds. J. Haz. Mat. 33 (1993) 159-192.

NASA Safety Standard for Hydrogen and Hydrogen Systems NSS 1740.16 (1997)

Pfoertner, H., Gas Cloud Explosions and Resulting Blast Effects. Int. Seminar on Extreme Load Conditions and Limit Analysis Procedures for Structural Reactor Safeguards and Containment Structures, Berlin, Germany (1975).

TNO Green Book, Methods for the Determination of Possible Damage to People and Objects Resulting from Releases of Hazardous Materials, Report CPR 16E, Voorburg, The Netherlands (1992).

Tang, M.J., Baker, Q.A., A New Set of Blast Curves from Vapor Cloud Explosion. Process safety Progress 18 (1999) No. 3, 235-240.

Van Wingerden, K., Detonations in Pipes and in the Open. CMR Internal Report, Christian Michelsen Research (1999).

4. RISK ASSESSMENT

Summary:

4.1 Definitions and risk assessment principles (Hydro, DNV)

9.1.2 4.1.1 Definitions

Acceptable risk, Tolerable risk
Risk which is accepted in a given context based on the current values of society

Consequence


Deterministic risk analysis
Analysis to determine the greatest level of harm possible

Frequency


Harm
Physical injury or damage to the health of people, or damage to property or the environment

Hazard
Potential source of harm

Probabilistic risk analysis
Analysis estimating the probability of occurrence of harm and the severity of that harm

Probability


QRA


Risk
Combination of the probability of occurrence of harm and the severity of that harm

Risk analysis
Systematic use of available information to identify hazards and to estimate the risk

Risk assessment
A risk analysis followed by a risk evaluation

Risk evaluation
Procedure based on the risk analysis to determine whether the tolerable risk has been achieved

Safety
Freedom from unacceptable risk

Systematic risk management
An iterative process of risk assessment and risk reduction

9.1.3 4.1.2 Safety management principles

Consequence Based Safety Management will claim that the worst conceivable events at an installation processing hazardous materials should not have consequences outside certain boundaries, and will thus design safety systems to assure this.  Risk Based Safety Management maintains that the residual risk should be analysed both with respect to the probabilities and the nature of hazard, and hence give information for further risk mitigation. This implies that very unlikely events might, but not necessarily will, be tolerated.

Risk based safety management is the philosophy in line with central regulations and legislation in Western countries increasingly requiring risk assessment and documentation.  

The Risk Based Safety Management (often called risk management) principle is that some risks, specified through risk acceptance criteria, should be removed or reduced to meet the safety requirements. Other accidents have too low probability to be accounted for in terms of safety measures or design specifications. However, both prescriptive requirements (detailed standards) and goal-oriented requirements (risk based decisions) have a role to play in design of processes and installations.

The Risk Based Safety Management system is a systematic approach which measures risk through risk analysis methods and relates it to established risk acceptance criteria for the identification of design specifications or need for risk reduction measures. In addition to implementing risk reducing measures in order to comply with acceptance criteria, such measures should also be implemented if the cost is low relative to the benefits or risk reduction. They can either be consequence reducing measures or accident probability reducing measures. Probability reducing measures should be preferred. 

The principle is illustrated in figure 4.X1.


Figure 4.X 1 Risk Based Safety Management

Risk analysis:
A systematic approach for estimating risk   

Risk control:
Controlling the residual risk by means of risk reduction measures

The ALARP principle - As Low As Reasonable Practicable

Below a certain risk level where risk cannot be tolerated whatsoever, normally defined by risk acceptance criteria, the ALARP principle (As Low As Reasonable Practicable) should be applied.  In such cases cost benefit analyses should be used in order to evaluate different options.  Risk reducing measures should be implemented if the cost is low relative to the benefits of risk reduction.

The ALARP principle is illustrated in figure 4.X2


Figure 4.X2:  The ALARP principle

4.2 Risk assessment methodologies (DNV, Risø, JRC)

Status: Risk assessment methodologies are in principle applicable to any object or activity. Risk assessment methodologies are frequently applied for risk assessment of flammable gas applications, though there are not many examples of specific hydrogen studies so far.

9.1.4 4.2.1 Risk assessment process: 

The risk assessment process is an iterative process, as shown in the figure below: The risk is assessed, as well as the effect of risk reduction measures, until the risk inflicted by the system assessed (with implemented risk reduction measures) is evaluated as tolerable.


[image: image37]
FIGURE: Risk assessment process

But even when the assessed risk is evaluated as tolerable, the risk assessment process is not finished. The society’s safety objectives and even an enterprise’s safety objectives are more ambitious than maintaining the risk at a fixed level. New technical solutions enabling risk reduction will normally lower the level of tolerable risk. New knowledge about the hazards evaluated may also render updated risk assessments necessary.

9.1.5 4.2.2 Hazard identification methodologies

The hazard identification is the initial step of the risk assessment, and thorough hazard identification is of indisputable importance to the worth of the risk assessment. The purpose of the hazard identification is to identify all hazards of relevance to the risk assessment. Each hazard should be described in terms of accident(s) it may lead to. In order to identify the hazards which may arise, a systematic review should be made of technical as well as operational conditions which may influence the risk. Historical records and experience from previous risk analysis do provide a useful input to the hazard identification process. Examples of this type of methodology are checklists, hazard indices and review of historical occurrences. 

The hazard identification should not only consider the initial events, but also include the chain of events causing impairment, loss or damage. 

Hazard identification of a particular system, facility or activity may yield a very large number of potential accidental events and it may not always be feasible to subject each one to detailed quantitative analysis. In practice, hazard identification is a screening process where events with low or trivial risks are dropped from further consideration. However, the justification for the events not studied in detail should be given. Quantification is then concentrated on the events which will give rise to higher levels of risk. 

Fundamental methods such as Hazard and Operability (HAZOP) studies, Fault trees, Event tree logic diagrams and Failure Mode and Effect Analysis (FMEA) are tools which can be used to identify the hazards and assess the criticality of possible outcomes.  These methods also have the advantage of being sufficiently general for use on hydrogen facilities without specific adaptation.

The HAZOP technique consists of the application of a formal systematic detailed examination of the process and engineering intention of new or existing facilities to assess the hazard potential of operation outside the design intention or malfunction of individual items of equipment and their consequential effects on the facility as a whole.  The technique is to divide the process into natural sub-section and use a set of guidewords to identify possible deviations with hazardous potential. The technique is well suitable for hydrogen applications, especially for the more complex systems.

The Failure Mode and Effects Analysis (FMEA) is a qualitative technique for systematically analysing each possible failure mode within a system, and identifying the resulting effect on that system, the mission and humans. The FMEA may be extended with a criticality analysis (CA); a quantitative procedure which ranks failure modes according to their probability and consequences (i.e. the resulting effect of the failure mode on system, mission or personnel) and is then named a  The Failure Mode and Effects Criticality Analysis (FMECA). 

The FMEA and FMECA, were originally developed by NASA as a means of assuring that hardware built for space applications had the desired reliability characteristics. In the offshore industry FMEA and FMECA have been increasingly utilised during the last years. FMECA was also used in the European Integrated Hydrogen Project (EIHP2) for development of guidelines for inspection and maintenance of hydrogen applications. 

The initial step of an FMEA is a system description and the division of the system into subsystem and items. Each item is given an identification code. For each item the purpose/function of the item is then described, and possible failure modes is listed and analysed with respect to causes and possible consequences. Means for detection of failure modes and mitigation/repair are also analysed.

9.1.6 4.2.3 Risk analysis methodologies

The risk assessment tasks will depend on the purpose of the risk assessment. The risk assessment will normally involve a comparison of the calculated risk level with acceptance criteria. The acceptable or tolerable risk level would be based on the enterprise's own safety standards and/or risk criteria established by the authorities. The risk assessment may also include comparison of alternative designs or activity plans. 

If the risk is not controlled (acceptance criteria are not met) or the objective is to reduce the risk further to a level as low as reasonably practicable (ALARP), options of risk reducing measures should be addressed and the effect should be estimated. As there are many potential mitigation measures, client involvement in this process is highly recommended. The process of the risk assessment includes thus a re-evaluation of the risks and of risk reduction measures based on cost-benefit analysis. The client will in most cases provide relevant cost estimates for this purpose. 

If the risk is controlled and the acceptance criteria are met, the chosen concept including the assumptions might be acceptable, but not the optimum from a cost-benefit point of view. In order to optimise the design, sensitivity calculations may be carried out.

Risk analysis methodologies are often grouped into three categories: qualitative, deterministic and probabilistic. A qualitative analysis will normally characterise hazards with respect to likelihood and severity of consequences without quantification. A deterministic analysis will quantify the consequences of the most severe event possible, while the probabilistic analysis will quantify the probability and consequences of different scenarios developing from the possible initial events. The probabilistic analysis, also called quantitative risk analysis, is further described in Ch 4.4. 

The qualitative analysis will normally include an element of rough quantification though, and the deterministic analysis will also have an element of probability evaluation involved in determination of which events are possible. The detailing level of the analysis will depend on the knowledge of the system analysed and of the quality of data and models available, as a comprehensive and detailed analysis based on limited information, poor data or inadequate models would be a waste of resources.

Rapid Risk Ranking [5] is a semi-quantitative risk analysis methodology adapted for hydrogen applications in the European Integrated Hydrogen Project (EIHP2).  The method involves elements of quantification for both likelihood and consequences, but the effort is focused on the most severe consequences, as well as the most likely outcomes of the initial events analysed. The risk is then presented visually in a way that facilitates risk evaluation and comparison of different applications/plants/installations analysed.

GAPS:

Though risk assessment methodologies are frequently applied to flammable gas applications, there are only a few examples on risk assessments made for hydrogen applications. 

Recent progress: 

The Rapid Risk Ranking methodology has been adapted to an applied on several hydrogen applications.

9.2 4.3 Accident data-base, failure rate database (DNV, JRC)
10:  To be comleted by DNV

Status:

GAPS:

Recent progress: 

10.1 4.4 Modelling as a tool for quantitative risk assessment (JRC)
The objective of this subchapter is to describe the basic principles of Quantitiative Risk Assessment (QRA) as applicable to estimate the safety performance of technical installations that fall under the scope of the Safety of Hydrogen as an Energy Carrier (HySafe) Project. Each QRA step, ending in the development of overall Event Trees estimating the risk of an installation/activity, will briefly be introduced and a link to the corresponding activity within HySafe be defined, e.g.: How can the information from incident/accident databases, accident progression models and consequence modelling be utilised in order to model event trees. Corresponding knowledge gaps are identified as well. 

10.1.1 4.4.1 QRA Procedure: 

Risks from technical systems to human health and the environment come from external forces acting on a system, resisting its objective and trying to move the system away from it ("challenges"). It is difficult to find a generally accepted definition of the term "risk", but basically this involves responses to the following three basic questions (classical triplet definition of risk):

•
What can go wrong? - resulting in events

•
How likely is it that this will happen? - resulting in probabilities of these events

•
If it does, what are the consequences? - resulting in consequence values of these events

Risk analysis means responding to these three questions and trying to combine the individual responses to one statement on the system's performance for the purpose of decision-making. It deals with the occurrence of individual failure events and their possible adverse consequences on system, functional or overall plant level. Certain combinations of such events can produce an incident or accident with adverse consequences relevant for human health or the environment . 

To estimate accidental risk for physical and decision-making/management systems, with or without human operators, Event Tree Analysis (ETA) can be used: ETA systematically explores system responses to initiating "challenges" and enables probabilistic assessment of success/failure, resulting in overall accident scenarios. The starting point (referred to as the initiating event) disrupts normal system operation. The event tree displays the sequences of events involving success and/or failure of the system components, and results in overall accident scenario consequences and probabilities, due to a certain initiating event. Probability and consequences establish overall risk. 

Shortcomings of ETA are that operating pathways must be anticipated and that partial successes / failures are not distinguishable. Advantages are: 

•
End events need not be foreseen.

•
Multiple failures can be analyzed.

•
Potential single-point failures can be identified.

•
System weaknesses can be identified.

•
Zero-payoff system elements/options can be discarded.

10.1.2 4.4.2 Information requirements for QRA 

Frequency Information: 

In many cases, the incident frequency information required in a full or partial QRA can be obtained directly from historical records, as the ones to be collected under HySafe's WP5 - HIAD (Hydrogen Incident Accident Data). The number of recorded incidents can be divided by the exposure period to estimate a failure estimate of the frequency. This is a straightforward technique that provides directly the top event frequency without the need for detailed frequency modelling, e.g. on the basis of fault tree analysis. Event probabilities can similarly be estimated for inclusion in ETA. Example of the use of historical information is the conditional probability of a vapour cloud explosion following a release.  The use of databases in QRA is further described in Chapter 4.3.

"Likelihood" stands for the numerical output of this technique; frequencies or probabilities may be derived using this approach. The units of frequency are the number of events expected per unit time. Probabilities are dimensionless and can be used to describe the likelihood of an event during a specified time interval, e.g. 1 year, or the conditional probability that an event will occur, given that some precursor event has happened. 

Frequency modelling using causal analysis: 

The objective of the cause analysis is to establish the methods for frequency (probability) estimations of initial events, e.g. hydrogen releases. The basic data used such as HC release frequencies, pipeline frequencies etc. are based partly on accident and failure statistics, and partly on detailed cause analysis (Fault-tree or similar). 

The accident statistics reflect average environment, technologies and operational standards of the past, thus, the specific features of the system considered and its environment should be considered whenever this is judged necessary. The discussions should compare these specific features to "average conditions" in the relevant area in order to assess whether the system is expected to be exposed to the initiating event more often or less frequently than the average. If there are good reasons to expect such differences, the statistical figures could be adjusted accordingly. 

The causes of each initial event should be identified to a level of detail suitable for the intended use of the risk analysis. Risk mitigation measures which reduce the probabilities of the initial events should always be emphasised where appropriate.

Adverse Consequences Information: 

The consequence evaluation should result in a description of the initiating event as well as the development of the initial events into different accident scenarios, and include both consequence calculations and impact assessments. The consequence calculations should be carried out to accuracy suitable to the level of the analysis, in order to assess impacts of relevance from the accident scenarios. 

The consequence calculations should predict the physical circumstances relating specifically to the accident, i.e. explosion overpressure, radiation levels etc. The impact assessments should predict the effects of the accident scenarios on the subjects (people, system/installation and the environment) for which risk is to be estimated. 

Many sophisticated models and correlations have been developed for consequence analysis and a presentation or even overview of them is far beyond the scope of this chapter. The results from the consequence analysis step are estimates of the statistically expected exposure of the target population to the hazard of interest and the safety/health effects related to that level of exposure. Consequences are usually stated in expected number of injuries or casualties or, in some cases, exposure to certain levels of energy or concentrations of substances. In some cases simply assessing the quantity of material or energy released will provide an adequate basis for decision making. In general, the results from the consequence analysis and this the adverse consequences information to be used for decision making is a direct function of the objectives and scope of a specific risk assessment study. 

The consequence analysis involves the following activities and related information requirements: 

· Characterising the source of the release of material or energy associated with the hazard being analysed; 

· Measuring (through experiments) or estimating (using models and correlations) the transport of the material and/or the propagation of the energy in the environment to a target of interest; 

· Identifying the effects of the propagation of the energy or material on the target of interest; 

· Quantifying the health, safety, environmental, or economic impacts on the target of interest. 

Events & Sequences of Events Information: 

Information requirements on events and sequences of events are related to the hazard identification phase of QRA with the techniques described above. To perform such a qualitative study one should first define the (adverse) consequences of interest, identify the initiating events and accident scenarios that could lead to the consequences of interest, and identify the equipment failure modes and human errors that could contribute to the accident scenarios (barriers). 

10.1.3 4.4.3 Summary/Gaps: 

What is available for QRA purposes and what is not.....

4.5 Human factors (To be completed by Risø)
Status on human factors influence on risk (human reliability – not human impact criteria which are covered in Chapt. 3.2.4)

10.1.4 4.5.1 Human factors: human error and human reliability

In the context of technologies and safety, ‘human factors’ refer to factors involving humans as agents. At the individual level, human factors include human error and other types of unsafe behaviours; at the organisational and social level, human factors include safety culture and safety climate.

10.1.5 4.5.2 Human error and safety.

Human reliability assessment (HRA) methods. 

Proactive identification and quantification of human error and, ultimately, means of capturing human error 

10.1.6 4.5.3 Safety culture and safety climate – at the public level and within supplier and delivery organisations

10.1.7 4.5.4 GAPS:

Recent progress: 

10.2 4.6 Residual risk and social perception of hydrogen (Risø, INERIS)
Status on risk acceptance criteria: against which [safety outcomes or safety levels] should comparisons be made?

Collaboration between INERIS and Risoe started. Contribution available by mid-September. 

10.2.1 4.6.1 Risk perception research paradigm(s). 

Summary of findings of research into factors that determine public response to potential risks. A number of investigations have converged in identifying two underlying major factors behind laypeople’s response to posited risks: imaginability of hazard and dread potential; and controllability (and familiarity, predictability).

10.2.2 4.6.2 Review of hydrogen risk issues to which the public may be expected to respond

10.2.3 4.6.3 Review of empirical studies of risk perception and hydrogen technologies

10.2.4 4.6.4 Risk criteria: other domains, comparable applications, harmonisation efforts.

10.2.5 4.6.5 GAPS:

Recent progress:
4.7 Project safety plan (INERIS)
4.7.1.Introduction

All potential hazards in a hydrogen production, delivery, utilisation or storage system must be identified, analysed and controlled whenever they can threaten people, equipment, the environment or even the viability of a commercial activity.

A safety plan to be drafted at the very first stage of a project should indicate how these aspects will be dealt with. It should accompany the design and use of any new hydrogen equipment. The aim of such a plan is to describe:

· how hazard will be identified, 

· how risk will be estimated,

· how risk will be controlled throughout the various normal and deviation modes of the equipment as well as through any change in it,

· how safety documentation will be established and maintained,

· and finally how the entire safety process will kept up to date and will eventually be upgraded in time.

The overall objective supported by such a plan is to demonstrate through a systematic and documented approach that risk has been well considered and is under control. In a way or another, a safety plan should indicate how the various safety items pictured in the figure below will be dealt with: 
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Figure X: Basic elements for integrated safety

4.7.2. Safety plan basic content

System and its environment of use description

As an introduction, it is recommended to provide a functional description of the system as well as its planned environment of use. Anticipated main hazards, deviations, as well as environmental constrains should be described. 

Motivation to chose a given technology or architecture to reach the main system function should also be presented and compared with other possible options. Comparison criteria should include safety concerns.

Existing legal and normative framework

It is recommended to identify the existing regulatory framework as well as applicable standards and good practices documents in order to ensure that the planned equipment meets all mandatory rules and is built / used according to good engineering practices. Main regulatory objectives and constraints could be listed at this early stage.

Safety objectives

Risk evaluation is based upon severity and probability. Severity and probability matrix enforced in the project to rank possible scenarios should be proposed at this stage as well as acceptance boundary in relation to any severity and probability possible combination. Whereas proposed risk acceptance level should be in agreement with usual practices, severity matrix could be adapted to the equipment and its environment. Risk acceptance boundary pictures the minimum safety objective to be reached.

Systematic identification of safety vulnerabilities

Process and methodologies to be used for systematic hazard identification and risk evaluation should be presented. This step should answer the following questions:

· What can go wrong?

· How is it likely to happen?

· And what are the consequences?

As a start, it is recommended to carry out a functional analysis both external (to identify potential aggression sources and vulnerabilities) and internal (to provide a thorough description of the system functions and associated components).

In a second stage risk assessment methodologies which will be used should be described. There is a wide range of possible risk assessment methodologies. They should be chosen with care since all might not be suitable. They could rely on brain storming or on a systematic approach, they could be inductive or deductive, they could be superficial or allow in depth studies.

It is recommended as a start to screen the equipment with an inductive methodology like a preliminary risk analysis and then to study in details, with the help of deductive methodology (FMEA, HAZOP, etc), critical points highlighted by the initial screening. Both approaches are complementary. It is recommended to use both. Finally, graphical studies such as fault trees could also be used. 

The effort and resources devoted to risk assessment should be proportional to the inherent hazard potential of the system studied. Risk evaluation should target both reasonable worst-case scenarios as well as less severe ones. 

Risk reduction measures

This part should first indicate risk reduction strategies such as the implementation of the following safety principles:

· To avoid or substitute hazard at source,

· To limit hazard at source,

· To use safety barriers to reduce the likelihood of an unwanted event (with passive concepts first),

· And to use safety barriers to mitigate accidental consequences (including safety distances and emergency response plan).

· As far as safety barriers are concerned, information should be given about:

· What relation will be established between expected risk reduction and number and type of safety barriers to be implemented. One should note that the single failure of a safety barrier should not lead to severe consequences in case of an accident,

· How will safety barriers expected performances (reliability, response time, efficiency) be taken into account.

Whatever their performances, safety barriers should fulfil basic requirements such as independence, appropriate design, proven concept etc.

Test phase and System commissioning

Scope and means to carry out a test phase of the system should be given. Test phase should include validation of appropriate working condition of the system and associated safety barriers. 

Steps that will be taken to develop and maintained Standard Operating Procedures should also be outlined. SOP should include information such as:

· steps for each operating phase,

· operating limits

· safety considerations

· safety systems and their functions

· emergency shut-down.

Finally maintenance procedures through which system integrity through time will be kept should be outlined. These procedures should include tests and servicing frequencies for safety barriers. It should be documented. 

Deviation and accidents

Any deviation and accident should be recorded and analysed in order to upgrade the risk assessment and eventually to modify safety measures in place. Plans to track, record, address and learn from deviations and accident should also be outlined. 

Before commissioning, when appropriate, an emergency response plan should also be drafted. This plan includes items such as relations with rescue services, available resources, emergency actions to be taken etc.

Management of change

Information on how technical changes will be managed to keep a high safety level should be indicated. A dedicated procedure could for instance require steps such as:

· explanation of the need for change

· risk assessment related to the proposed change

· test phase to validate the change

· and finally an update of technical and safety files.

Employee training

It is a necessity to provide adequate training to personnel responsible for handling hydrogen equipment containing systems. The foreseen training program should be described. Training includes refresher training. It should also encompass emergency situations. 

Record, review and update

Methods to established and maintained safety documents, which evolve from the above steps, should also be indicated. The overall process should be reviewed for update and audited.

Reference
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GAPS:

Recent progress: 

4.8 Knowledge gaps and recent progress
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5. SAFETY MEASURES / SAFETY BARRIERS

5.1 Safety philosophy - Inherent safety and safety barriers 

Fundamental safety principles of systems where hazardous materials are involved are 

· Inherent safety and the inclusion of 

· Safety barriers where inherent safety is not possible to achieve or otherwise not fully built into the system to reach an acceptable risk level.   

5.1.1 Inherent safety

As recalled in EN ISO 12100-2, “inherently safe design measures are the first and most important step in the risk reduction process because protective measures inherent to the characteristics of the machine are likely to remain effective, whereas experience gas shown that even well designed safeguarding may fail or be violated and information of use may not be followed”.
Inherent safety (F.P. Lees, 2005, and T. Kletz, 1998) is achieved by: 

· Substituting less hazardous materials or processes wherever possible

· Minimising the amount of hazardous material that is in use

· Moderating the process conditions of the hazardous materials (e.g. lower pressure)

· Simplifying the equipment and processes that are used

To achieve an inherently safe process/product it is of vital importance to be aware of these principles from the early start of the concept development, since at later stages, when the design to a large degree has been decided, changes will be more difficult and cost consuming.   

The main safety aspects of concern related to hydrogen, are its large flammability interval,  (4 – 75 vol. % hydrogen in air), its great  flame speed, and its small detonation cells size which might lead to strong explosions (Alcock et.al. 2001).  The ignition energy for near stochiometric concentrations is of an order of magnitude smaller than for several other common gases such as natural gas and propane.  

The advantage is that when hydrogen is released in open air, its buoyancy and diffusion properties will dilute it down to non-flammable concentrations much more quickly than for e.g. propane unless it is released at a very low (cryogenic) temperature.

Inherent safety principles for hydrogen processing systems would therefore consist in implementing as far as possible the following principles:

1) The amount of hydrogen stored or handled at a time should be limited as far as possible, (without causing problems related to delivery or regularity)

2) Storage and processing pressures should be kept as low as possible. In complement systems should be protected against internal unwanted overpressure with he help of pressure relief devices and burst discs

3) Hydrogen should not be mixed with oxidisers (by purging, inerting, or  keeping a positive pressure inside the system)

4) Hydrogen use in open, unconfined areas should be favoured, confined locations should be avoided as far as possible. When used in confined spaces hydrogen should be prevented from accumulating with the help of either passive or active ventilation systems. Poorly ventilated areas where hydrogen could accumulate should be avoided,

5) Location at an elevated level is recommended, for example location on roofs might be a good solution (depending on its close environment)

6) Simple systems’ architecture should be used. Non-welded high leak probability couplings use should be kept down to minimum 

7) When discharged, relief outlets from safety relief valves or other ventilation point for hydrogen should be located at high level where a release will cause no harm for the surroundings in case of ignition

8) The materials and equipment used should be compatible and tested for normal process conditions and also for abnormal conditions that can be expected to occur

9) High effort should be put on reduction of the probability of ignition.  This should be achieved by grounding systems, lightening systems, using proper EX-classified electrical and mechanical equipment, proper selection of materials, clothing and shoes, working procedures, etc. However, safety should not solely be built upon the control of ignition sources knowing how low hydrogen ignition energy is

10) Possibility for human error should be minimised. If not possible, the system should be built in such a way that it remains safe in the event of a human error.

5.1.2 Safety barriers

If, for various reasons, implementation of all inherent safety principles do not allow to achieve a tolerable risk level , complementary effort should be put on safety barriers to further reduce the risk.  A safety barrier is a measure designed to increase safety.  Other words can be used to mean the same: safety measure, protection layers, lines of defence, etc. 

Safety barriers can be barely categorised into prevention, detection, protection and emergency action measures. A combination of all these measures should always be made available. 

Barriers could be either technical (leak detection associated with a shut-off valve) or organisational (emergency procedure). Confidence in a a given safety barrier effectiveness depends upon its architecture and its environment of use.  As an example, a safety barrier that relies on a passive principle (burst disc, protection wall, passive ventilation etc) could be considered as more reliable as an active safety barriers (automatic shut-off valve, water sprays etc).  Within the same idea, automatic safety systems could be considered as more reliable as systems were human decision and action are required on demand. These aspects influence the choice of the more appropriate set of safety barriers. Aspects related to safety barriers performances are discussed in chapter XX. 

Figure 5.X shows how and when various barriers should come into action to prevent a fire/explosion, and how the event sequence proceeds if the barriers fail (adapted from (U. Kjellen, 2000)). The figure illustrates that a number of barriers need to fail before the disaster occurs. Most major accidents therefore involve several failures and causes. This shows the prime necessity of keeping a set of multiple and complementary barriers working. 
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Figure 5.X: Barrier model for fire and explosion prevention

Safety barriers should be even more strengthened if it is necessary to locate hydrogen systems or storage indoors or in otherwise confined areas.  Examples of safety barriers in enclosures are:

· Ventilation of the enclosure designed so that it effectively dilutes and vents releases of hydrogen. 

· Detection
 of hazardous situations (detection of hazardous process deviations, gas, fire or smoke detection) can be coupled to automatic activation of measures to prevent the development of the hazard and/or reduce the consequences.  Such measures are:

· Relief of hydrogen to safe location and purging of process equipment with inert gas

· Fast segmentation / isolation of other process unit so that in case of a leak, hydrogen from connected systems cannot flow into the enclosure. 

· Trigger emergency ventilation systems

· Opening of roof or wall areas at high level in the enclosure to ventilate released hydrogen to safe location

· Installation of pressure relief panels which will blow out in case of small pressure increase, to prevent further pressure increase and development of fast accelerating deflagrations or transition to detonation

· Water-cooling equipment to cool down hydrogen containing equipment systems in case of a fire

Special effort should be put on segmentation / isolation of the system so that, in case of any hydrogen leak inside the enclosure, it will not be possible to have a flow of hydrogen from high pressure reservoirs, such as high-pressure storage vessels, into enclosures.    High storage and process pressures will, in case of a leak, lead to high release rates, and the effect of the safety measures listed above, may not be fast or effective enough to prevent large flammable gas envelopes inside the enclosure.  Emergency Shut Down (ESD) valves (valves closed automatically by a signal) or non-return valves should be installed, and the closing time for these valves should be in the order of seconds in order to be compatible with the safety objective.  The location of these valves should preferably be outside the enclosure, but protected against unauthorised handling. 

Beyond inherent safety, general safety principles also require to:

· Keep hydrogen systems isolated from hazardous materials and equipment

· Minimise personnel exposure by limiting the number of people exposed at the same time in a controlled area. Personnel should wear appropriate protective equipment

· Enforce safety distances between the hydrogen systems and people and facilities in its surrounding

· And design and enforce emergency procedure.  

Some challenges

The principles of inherent safety and additional safety barriers are well known and implemented in Western Industrial installations.  However, these installations are often large scale installations, located at a certain distance from the public and where the public have no access.  There may be several significant changes compared to the smaller hydrogen applications we are considering today and in the future, such as

· Hydrogen applications/installations, such as vehicles, refuelling stations and some domestic applications will be located in crowded and densely populated areas. Public interface will probably be challenging  as well as locating in cities large storage or high hydrogen production rate (refuelling station).  The possibility for interference by unskilled persons is also much more probable – and special precautions e.g. against sabotage might be necessary

· Several applications or installations will be practically unmanned and have monitoring and control from remote locations – this might lead to additional or innovative safety measures compared to large scale manned installations

· To contain the required amount of hydrogen or to achieve fast enough filling time (at refuelling stations) very high storage pressure might be needed or very high production rate necessary

The amount of hydrogen stored at today’s hydrogen refuelling stations is often rather small compared to large scale industrial installations – however this might change with time, dependent on demand and storage technology development 

References:

J.L. Alcock, L.C. Shirvill, R.F. Cracknell:  “Compilation of existing Safety Data on Hydrogen and Comparative Fuels”, Deliverable report EIHP II, WP2, May 2001, http://www.eihp.org/index.html. 

U. Kjellen: Prevention of Accidents through Experience Feedback. Taylor and Francis, Oxford, 2000.

T. Kletz: Process Plants: A Handbook of Inherently Safer Design, 2nd edition, Taylor & Francis, Philadelphia, PA and London, 1998.

F.P. Lees: Lee’s Loss Prevention in the Process Industries – 3rd ed./edited by Sam Mannan,  Volume 2, Ch, 32,  Elvier Butterworth – Heinmann 200 Wheeler Road, Burlington, MA, 01803, USA, 2005. 

EN ISO 12100-2 “Safety of machinery – Basic concept, general principles for design – Part 2: Technical principles”

ISO/TR 15916 “Basic considerations for the safety of hydrogen systems”

5.2 Key performance of safety barriers

5.2.1 risk reduction concept

The process of risk reduction with the help of safety barriers is illustrated below. The core of this process is risk analysis, which allows to measure the gap between process risk and tolerable risk. Safety barriers allow to reduce this gap, more or less, depending on their performance.
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Figure 1: Risk reduction concept

This figure inspires the following ever-struggling question: How many safety barriers are required to reach a tolerable risk level?

Risk analysis is carried out by using a risk matrix to rank identified risks, and to highlight risks that are not tolerable which means that safety barriers installed are not sufficient.

Having numerous safety barriers or a set of barriers is not sufficient to demonstrate risk control. Indeed, in order to take into account safety barriers in the risk reduction process, their performance in their context of use must be known and validated. 

Good engineering practices suggest that whenever possible, safety barriers should meet the following principles in order to enhanced their overall reliability and efficiency:

· independence from the protected system (safety loop should be independent from the process management hardware and software)

· appropriate design (it will performed as planned and be efficient)

· proven concept (their ability to fulfil their function is known, state of the art)

· use of reliable components which are capable to withstanding all disturbances and stresses associated with the usage of the equipment (mechanical, chemical, climatic constraints etc)

· fail safe (in case of loss of power or safety barrier intrinsic failure the system is automatically shut off)

· tolerability/ sensitivity to single failure (a single failure shall not lead to a hazardous situation). Redundancy helps to meet this criteria

· and testability / maintained principle (a safety barrier should have the ability to be tested / maintained in order to check that it is still performing according to plan.

Some of these characteristics are further described in EN ISO 12100-2.

Performance of a safety barrier in relation to the safety function it fulfils can be characterised with the help of three criteria: effectiveness, response time and safety integrity level. 

Definitions hereafter are mainly valid for technical safety barriers.

5.2.2 Definitions
10.3.1.1 Safety function

Safety functions aim at preventing incidents or accidents and at protecting people and infrastructure from accidental consequences. Safety functions can be fulfilled by technical or organisational barriers, or a combination of both.

For example, a detection gas system in combination with a signal treatment and control system that triggers an emergency shutdown valve fulfils the technical safety function "controlling a gas leakage". In the same example, the detection system can be replaced by an emergency shutdown button, requiring a human action to trigger an emergency shutdown valve. In this latter example, the safety function "controlling a gas leakage" is a combination of technical and organisational barriers.

10.3.1.2 Effectiveness

Effectiveness is defined as the capability of a safety barrier to fulfil the safety function for which it was chosen, in a context of use and for a given period of time. This capability is expressed as a percentage of achievement of the defined function taking into consideration normal functioning (non-deteriorated). This percentage may vary throughout the time.

By way of example, an electrochemical hydrogen sensor can be 100 % effective at 20 °C and suffer a complete loss of sensitivity at – 10 °C: then its effectiveness is 0 % at – 10 °C and it is not adapted to fulfil a safety function in this context of use.

Of course, effectiveness must not be impaired by accidental events. In other words, the safety barrier shall not be vulnerable to the hazardous event it is suppose to mitigate. For example, emergency shut down valve must be fire resistant for a given period of time when flammable liquids or gases are handled. Another example would be the one of fire fighting equipment that should remain unaltered/available after an explosion has occurred.

10.3.1.3 Response time

Response time is defined as the time interval between the time when demand is placed on a safety barrier, in its context of use, and the time when the safety function ensured by this barrier is entirely available (which corresponds to the effectiveness of the safety barrier). It is expressed in seconds. This criterion is only used when it makes sense.

For example, response times of gas sensors can be influenced by several factors like temperature, humidity, presence of others gas… In most cases, response times increase comparing to ideal context of use.

10.3.1.4 Safety Integrity Level (SIL)

This concept is defined in the EN 61508 standard entitled "functional safety of electrical / electronic / programmable electronic safety-related systems (EEPS)”. It is also used in the EN 61511 standard entitled "functional safety of safety instrumented systems for the process industry sector”. By extension, SIL can be allocated to any safety barriers (other than EEPS, like mechanical systems or any combination of several technical systems).

A SIL is a discrete level (one out of possible four) for specifying the needed safety integrity requirements (reliability) of the safety functions to be allocated to the electrical / electronic / programmable electronic safety-related systems. SIL 4 has the highest level of safety integrity and SIL 1 has the lowest. SIL 4 expectations are so high that only few and costly equipment can match it (example?).

Appropriate Safety Integrity Level can be chosen based on:

· the severity of the unwanted event,

· the frequency to hazard exposition,

· the possibility people have to escape from hazardous consequences or equipment to be moved,

· and finally the probability of the accidental scenario to occur (without mitigation techniques apart from inherent safety measures). 

Regarding the allocated SIL to a safety barrier, it mainly depends upon architectural choices and fulfilment of sound engineering practices recalled above. 

5.3 Application: How to match safety performances and needs?

Although SIL allows to define risk reduction, effectiveness shall be the first criterion to be checked. Indeed, what would be the interest to commission a safety barrier with a high SIL if it is not adapted to its context of use?

Because of the influence of internal and external conditions (temperature, humidity, vibration, fluid velocity, viscosity…), effectiveness of a technical barrier may completely depend on its context of use, from 100 % to 0 % function achievement. 

The second criterion to check is the response time. It shall be adequate with the kinetic of the phenomenon to be controlled, otherwise, the barrier action in in prevention or protection might be limited.

Then, SIL allows to determine if risk the reduction is sufficient to reach (or to overshoot) the tolerable risk level.

For example, assume for the same process and identified risk, two ways of risk reduction by safety barriers. These two strategies are summarised in the table below.


Risk reduction first strategy
Risk reduction second strategy


Performance
Conclusion
Performance
Conclusion

Effectiveness (%)
Barrier 1.1

100
OK
Barrier 2.1

100
OK


Barrier 1.2

0
Non authorised
Barrier 2.2

100
OK


Barrier 1.3

100
OK
Barrier 2.3

100
OK


Barrier 1.4

100
OK




Barrier 1.5

100
OK



Response time adequate with the kinetic of the phenomenon
Barrier 1.1

Yes
OK
Barrier 2.1

Yes
OK


Barrier 1.2

Yes
OK
Barrier 2.2

Yes
OK


Barrier 1.3

No
Non authorised
Barrier 2.3

Yes
OK


Barrier 1.4

Yes
OK




Barrier 1.5

Yes
OK



Safety integrity level
Barrier 1.1

SIL1
OK
Barrier 2.1

SIL 1
OK


Barrier 1.2

SIL3
OK
Barrier 2.2

SIL 1
OK


Barrier 1.3

SIL2
OK
Barrier 2.3

SIL 1
OK


Barrier 1.4

SIL0
Non authorised




Barrier 1.5

SIL2
OK



Table 1 : example of safety barriers performance
The following 2 figures show different equal configuration of risk reduction achieved by two ways of risk reduction illustrated in the table 1 above.
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Figure 2: risk reduction first strategy

[image: image42.wmf]Necessary 

risk 

reduction

Increasing

risk

Process

risk

Tolerable

risk

Residual

risk

Actual 

risk 

reduction 

achieved by all 

safety 

barriers

Safety 

barrier 2.1

SIL1

Safety 

barrier 2.2

SIL1

Safety 

barrier 2.3

SIL1


Figure 3: risk reduction second strategy
In this chapter, the idea would be to go further and to propose a systematic way to make decision in the course of a risk assessment upon number and required performances of safety barriers. It could also be simple principles which recall for insance that:

· it is always favourable to use a set of complementary safety barriers,

· identified severe consequences can not be controlled with the use of a single (even highly reliable type SIL4) barrier. 

SIL allocation process according to IEC 61508 could also be recalled as below :


Parameter
Rank
Description

S
Severity
S1
Minor injury



S2
Severe injury leading to permanent disabilities. One possible casualty.



S3
Two possible casualties



S4
Three possible casualties

F
Hazard exposition frequency
F1
Permanent exposition to the hazardous situation



F2
Rare exposition to the hazardous situation

p
Possibility to escape from hazardous consequences
p1
Possible



p2
Impossible

W
Probability of the scenario to occur (without automatic safety barrier)
W1
Low probability



W2
Medium probability



W3
High probability

Table 2: Risk ranking parameters according to IEC 61508



Figure 4: Determination of Safety Integrity Level for electronic based safety barriers according to IEC 61508
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5.4 Built-in safety principles

Sandra’s contribution covers this aspect already.

5.5 Maintenance

This chapter is still to be done. The idea here is to recall that safety barriers should be checked and maintained on a regular basis in order to ensure constant performance over time. Inspection includes testing that should be done at least annually or more often in difficult environments. 

5.6 Prevention measures (CEA)

5.6.1. Safety procedures and training

5.6.2. Ventilation  (HSL)

No contribution viewed so far

5.6.3. Automatic shut down system (external)

No external contributor proposed so far (to be found by INERIS)

5.6.4. Inerting (HSL – INERIS)

Contribution ready but not viewed yet

5.6.5. Recombiners (FZJ)
A recombiner is a device that promotes the recombination of hydrogen with oxygen - usually available as a constituent of air - forming water. As such, this device provides a hydrogen sink and may serve to avoid, remove or at least to slow down the formation of flammable mixtures caused by the accidental ingress of hydrogen into a closed area.

Recombiners can generally be classified into active and passive devices. Active recombiners use heat to initiate the conversion. Passive recombiners make use of the effect that hydrogen and oxygen react already at low temperatures and even beyond conventional concentration limits in an exothermal reaction in the presence of catalysts such as platinum or palladium. Appropriate measures (e.g. system design) need to be taken to prevent the system temperatures from exceeding the self-ignition temperature. This might cause an unintended ignition due to the exothermal reaction at elevated hydrogen concentrations. Without appropriate measures, the use of recombiners is limited to mixtures below the ignition limit (K. LEDJEFF, 1987). 

As of today, hydrogen is primarily used in industrial scale in designated areas where the formation of flammable mixtures may be ruled out by design or where venting can easily be applied. As a consequence, only few specific application fields exist where recombiners are used. Only very few systems available from the shelf exist. With the use of hydrogen in ‚any‘ surrounding in an increasing number of mobile applications an added need for specific recombiner systems may be expected.

Today, the main application fields are

· batteries

· nuclear reactors

Batteries

During charging processes in batteries hydrogen and oxygen are produced and released. This may become a safety problem when dealing with large battery sections or when using batteries in a closed area like e.g. submarines. Recombiner systems have been developed by VARTA for batteries (K. LEDJEFF, 1982) as well as for use in submarines providing conversion capacities of 200 L/h (VARTA, year unknown). Recombiners for batteries, so-called ‘Hydrocaps’ are also available from Hydrocap Corp. (USA). These catalytic caps replace battery cell caps and reduce water-loss of batteries as well as the risk of gas explosions outside the battery.

Nuclear reactors

In nuclear reactors recombiners are used to remove hydrogen that is produced in service (Boiling water reactors (BWR), active recombiners) or possibly released during a severe accident (Light water reactors, passive autocatalytic recombiners).

Active thermal recombiners are used with gas capacities of 100 m³/h. The inlet gas is heated up to 700°C and above initiating the recombining reaction. The product gas is cooled before leaving the device. Thermal recombiners are manufactured by Siemens (Germany) and AECL (Canada).

Catalytic recombiners for use in nuclear reactors are manufactured by the companies Framatome-ANP (France), NIS (Germany), AECL (Canada), and Electrowatt-Ekono AG (Switzerland).

Catalytic recombiners need usually a minimum concentration of about 0.5 vol.% for start-up. As passive recombiners are self-feeding devices, the conversion rate depends on the self-generated throughput that depends on the catalyst temperature. In known systems typical flow rates are between 0.5 and 1.0 m/s. In order to keep the system active over long periods some devices propose to be kept in a sealed environment to prevent the catalyst from being spoiled (poisoned) by the atmosphere.

Detailed information on the longtime research (qualifying tests, experimental studies) that has been performed in the nuclear field with extensive bibliographical references are given in (W. ZHONG, 2001) and (E. BACHELLERIE, 2002).
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5.6.6. Control of ignition sources

5.6.6.1. Use of adequate electrical equipment (UNIPI)

Protection principles

There are three basic methods of protection:
· Explosion containment: this is the only method that allows the explosion to occur but confines it to a well-defined area, thus avoiding the propagation to the surrounding atmosphere. 
· Segregation: method that attempts to physically separate or isolate the electrical parts or hot surfaces from the explosive mixture. This method includes various techniques, such as pressurization, encapsulation, etc.

· Prevention: method that limits the energy content, both electrical and thermal, to safe levels under both normal operation and fault conditions.

The choice of a specific protection method depends on the degree of safety needed for the type of hazardous location (Zone 0, Zone 1 or Zone 2) in order to have the lowest probability value for an eventual simultaneous presence of an adequate energy source and a dangerous concentration level of an hydrogen/air mixture.

None of the protection methods can provide absolute certainty of preventing an explosion, but for sure the first precaution to be used is to avoid electrical apparatus in hazardous locations. Only when there is no alternative should this application be allowed. Other important factors to be considered are the size of the apparatus to be protected, the flexibility of the system, the possibility of performing maintenance, the installation cost, etc.

Explosion-proof enclosure: this protection method is the only one based on the explosion containment concept: in this case, the energy source can come in contact with the hydrogen/air mixture. But, even if  the explosion is allowed to take place, it will remain confined in an enclosure specially designed to resist the overpressure, and thus preventing the propagation to the surroundings. This kind of protection is applicable only to equipments located in Zone 1 & 2, not in Zone 0. In Europe, CENELEC and IEC standards refer to this protection methods with the symbol “Ex "d" ”. The reference standard is the EN 50018 (EN 50018, 2000). 
 

Pressurization protection method: pressurization is a protection method based on the segregation concept. This method prevents the penetration of the hydrogen/air mixture in the enclosure containing all the electrical parts that might generate sparks or dangerous temperatures. A protective gas (clean air or inert gas) is contained inside the enclosure, with or without continuous flow, in order to maintain a pressure slightly greater than the external atmosphere. This kind of protection is applicable only to equipments located in Zone 1 & 2, not in Zone 0.  In Europe, CENELEC and IEC standards refer to this protection methods with the symbol “Ex "p" ”.  The reference standard is the EN 50016 (EN 50016, 2002).

Encapsulation protection method: the encapsulation protection method is based on the segregation of those electrical parts that can cause the ignition of a dangerous mixture, by putting them in resins that are resistant to the specific ambient conditions. This technique is often used as a complement to other protection methods. This kind of protection is applicable only to equipments located in Zone 1 & 2, not in Zone 0.  In Europe, CENELEC and IEC standards refer to this protection methods with the symbol “Ex "m" ”.  The reference standard is the EN 50028 (EN 50028, 1999).

 

Oil-immersion protection method: the oil-immersion protection method is based on the submersion of all electrical parts in oil, which prevents the external flammable hydrogen/air atmosphere from going in contact with the electrical components. The most common application is for static electrical equipments, such as transformers, or where there are moving parts, such as transmitters. This method is not suitable for process instrumentation or for apparatus that require frequent maintenance or inspections. This kind of protection is applicable only to equipments located in Zone 1 & 2, not in Zone 0.  In Europe, CENELEC and IEC standards refer to this protection methods with the symbol “Ex "o" ”.  The reference standard is the EN 50015 (EN 50015, 1998).

Powder-filling protection method: this protection method is similar to the oil-immersion one, except that the segregation is accomplished by filling the enclosure with powdered material so that an arc generated inside the enclosure will not result in the ignition of the dangerous atmosphere. The filling material that is generally used is quartz powder, and its granularity must comply with the standard. This kind of protection is applicable only to equipments located in Zone 1 & 2, not in Zone 0.  In Europe, CENELEC and IEC standards refer to this protection methods with the symbol “Ex "q" ”.  The reference standard is the EN 50017 (EN 50017, 1998).

  
Increased safety protection method: this protection method is based on the prevention concept. Specific measures are applied to the electrical apparatus in order to prevent, with an high safety margin, the generation of excessive temperatures or of arcs and sparks inside and outside the apparatus during normal conditions. This technique can be used for the protection of terminals, electrical connections, lamp sockets and squirrel gauge motors, and is often used in combination with other methods of protection. This kind of protection is applicable only to equipments located in Zone 1 & 2, not in Zone 0. In Europe, CENELEC and IEC standards refer to this protection methods with the symbol “Ex "e" ”.  The reference standard is the EN 50019 (EN 50019, 2000).
Intrinsic safety protection method: intrinsic safety is the protection method most representative of the prevention concept and is based on the principle of the limitation of the energy stored in the electrical circuits. An intrinsically safe circuit is virtually incapable of generating arcs, sparks or thermal effects that are able to ignite an explosion of hydrogen/air mixture, both during normal operation and during specific fault conditions. According to the CENELEC EN 50020 standard, two categories of intrinsic safety (Ex "ia" and Ex "ib") are specified, defining the number of faults allowed for specific classifications and the safety coefficients to be applied during the design phase. The kind of protection Ex “ia” is applicable to equipment located in Zone 0, 1 & 2, while the Ex “ib” only to those located in Zone 1 & 2, but not in Zone 0. The reference standard is the EN 50020 (EN 50020, 2002).

Special protection method: originating in Germany and standardized in the United Kingdom, this protection method is not covered by any CENELEC or IEC standard and is not recognized in North America. It was developed to allow certification of apparatus that is not developed according to any of the existing protection methods, but can be considered safe for a specific hazardous location. This location must undergo appropriate tests or a detailed analysis of the design. The use of the special protection method is generally applied to Zone l & 2;  however, Zone 0 certification is not excluded.
 

Mixed protection methods: in the process instrumentation field, the use of several protection methods applied to the same apparatus is a common practice. For example, circuits with intrinsically safe inputs can be mounted in pressurized or explosion-proof enclosures. Generally, this mixed system does not present installation difficulty if each of the protection methods is appropriately used and is in compliance with the respective standards. 
 

Equipment categories

The categories of an equipment, that is going to be installed in a potentially explosive atmosphere, indicate its design safety level and requirements, as well as its allowed applications and locations (Zone). According to the ATEX Guidelines (ATEX Guidelines, 2000), for Group II (defined as “equipment intended for use in places different from underground parts of mines, and from those parts of surface installations of such mines), the category depends on the localization of the product (Zone) and whether a potentially explosive atmosphere, is always present, or is likely to occur for a long or a short period of time.

The following table show the relationship between equipment category and safety requirements, as well as allowed applications and locations (Directive 1994/9/EC).

Category
Design safety
Design requirements
Application
Zone of use

1
Very high level of safety
Two independent means of protection or safe with two separate faults
Where explosive atmospheres are present continuously or for lengthy periods
Zone 0

2
High level of safety
Safe with frequently occurring disturbances or with an operating fault
Where explosive atmospheres are likely to occur
Zone 1

3
Normal level of safety
Safe in normal operation
Where explosive atmospheres are likely to occur infrequently and be of short duration
Zone 2

Table 5.6.6.1: ATEX Group II Categories and Application
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5.6.6.2. Hot surfaces, flames and mechanical ignition (HSL)

No contribution viewed so far

5.6.6.3. Control of static electricity (INERIS)

No contribution viewed so far
5.6.7. Igniters (CEA)

No contribution viewed so far
5.6.8 Knowledge, gaps and recent progress
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5.7. Detection measures

5.7.1 Detection of explosive atmosphere

Because hydrogen is non-toxic, the major hazards due to an unwanted release are connected with the possibility of building up potentially explosive conditions. In this respect, hydrogen is potentially more hazardous than other conventional fuels (methane, propane) or their vapors (gasoline) in most confined situations, because of its large flammability and detonability ranges and of its low energy of ignition [
].  Although its high buoyancy makes the risks connected to an unwanted release likely to decrease rapidly to acceptable levels in outdoor situations and/or in the presence of adequate ventilation, the deployment of an adequate system for the detection of explosive atmospheres should always be taken into consideration as a possible safety measure. 

In regulatory terms, the issue is covered within the existing legislation for the safe use of flammable and explosive gases in general. Alongside other protection measures, the European Parliament and Council Directive 1999/92/EC on the minimum requirements for improving the safety and health protection of workers potentially at risk from explosive atmospheres [
] prescribes that “Where necessary, workers must be given optical and/or acoustic warnings and withdrawn before the explosion conditions are reached”.  It follows that the necessity of putting a detection system in place needs to be estimated as part of a preliminary analysis of the operational hazards posed by the use of flammable gases.  The point is further detailed in a subsequent Communication of the European Commission [
] on the good practice for implementing the Directive, which states that “Concentrations in the vicinity of a plant can be monitored e.g. by means of gas alarms”. As major prerequisites for the use of such alarms, the substances likely to be present, the location of the sources, maximum source strength and dispersion conditions must GObe adequately known, and that the instrument performance must be appropriate to the conditions of use, especially as regards response time, alarm level and cross-sensitivity. Failure of individual functions of gas alarm systems should not generate dangerous situations, and the number and location of measuring points must be so chosen that the anticipated mixtures can be detected quickly and reliably. Last but not least, gas alarms for use in hazardous places must be approved and suitably marked as safe electrical equipment pursuant to the European Directive 94/9/EC [
], which in turn is supported by a number of European standards prepared by CENELEC [
].

Whereas ensuring safety of industrial operation in the presence of flammable gases is a well recognized issue for which a number of established technologies can be used, there is a need to re-consider the existing knowledge on hydrogen detection in the perspective of a future hydrogen economy. A breadth of novel applications could be in sight, some of which may bring this hydrogen much closer to the general public that it has even been before, thus requiring hydrogen sensors as ubiquitous as computer chips in our society
.  Both the U.S. Department of Energy (DoE) and the European Hydrogen Fuel Cell Platform (HFP) have been identifying new directions for hydrogen sensors development, envisaging innovation on both materials and concepts for applications ranging from large area physical sensing to in-situ detection of leaks from portable devices [
, 
].  Efficiency over a wide range of hydrogen (and oxygen) concentrations, low-sensitivity to gaseous contaminants and poisoning are outstanding requirements, along with the possibility to efficiently integrate “intelligent” sensing devices in hydrogen systems, so that safety or emergency measures can be actuated automatically in case of necessity. 

Litterature to be added

5.7.1.1. Detection techniques: Commercially available technologies for detecting hydrogen

The electrochemical, catalytic and thermal conductivity sensors are mainly used in the industries where the hydrogen risk is present. The semi-conductor-based sensor is most often used in research laboratories, whereas the MEMS is used in the aeronautic and spatial industries.

Each of the operating principles of the electrochemical, catalytic, catharometric, semi-conductor and MEMS sensors is presented succinctly below.

· Electrochemical sensors

The principle used is the amperemetry, i.e. the measurement of the current produced by an oxydo-reduction reaction.

The process relies on an electrochemical cell and a semi-permeable membrane which exclusively enables the diffusion of the hydrogen. The hydrogen diffuses through this membrane proportionally, on the one hand, to its partial pressure (and therefore to its concentration in the air) and, on the other hand, to the temperature of the air. 

The hydrogen which is diffused comes into contact with the interface of the membrane with an electrolyte constituted of sulphuric acid.

The hydrogen which is diffused is instantly ionised to the solid-liquid interface of a platinum catalytic electrode (working electrode). This ionisation enables an oxydo-reduction reaction with the second electrode (auxiliary electrode) comprised of platinum oxide. These reactions cause a difference of potential between the electrodes. Measuring this difference of potential enables us to determine the hydrogen concentration in the monitored room (non-linear correlation).

The reaction products space charge barriers which tend to restrict the reaction. To improve the stability and the reproducibility of the measurement, a third, chemically non-active, electrode is added in the cell. A potentiostat (carried out using an operational amplifier) is used to maintain the potential of the working electrode at the same value as this third electrode called the reference electrode.

The following diagram schematically presents an electrochemical detector.
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Diagram 1: electrochemical hydrogen detector
· Catalytic bead (pellistor) sensors

The detection principle relies on the measurement of the combustion heat of the hydrogen at the surface of a metallic catalyser. This means heating with the Joule effect a pearl covered with a catalyser (called pellistor or catalytic pearl) or even a platinum filament and to measure the electric power. The combustion of the gas molecules at the surface of the element causes an increase of its temperature and therefore a modification of its resistance. This resistance modification imbalances the Wheastone bridge in which the measurement element is inserted. The hydrogen concentration in the air is assessed according to the extent of the imbalance of the bridge (linear correlation).

To overcome the influence of the variations of temperature and room humidity, a catalytic element, similar to the one used for the measurement (but not exposed to the gas) is inserted in the Wheastone bridge. In the absence of combustible gas, each of the two elements undergoes identical resistance variations, thus enabling the balanced bridge to be maintained.

The following diagram schematically presents a catalytic detector.
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Diagram 2: catalytic bead detector
· Thermal conductivity sensors

Thermal conductivity sensors uses the thermal conductivity variation of the environment in which the sensor is put. A material heated by the Joule effect is stabilised at a temperature which depends on the electrical power provided and thermal exchanges with the gaseous environment. When the composition of the atmosphere changes, the temperature of the sensor changes. The derivative of this temperature (which varies the electrical resistance of the element) may be linked to the composition of combustible gas in the air (linear correlation). 

We use a chemically inert material, surrounding a metallic wire conductor for the measurement and a second identical wire maintained in a reference atmosphere for the compensation in temperature. The electrical resistance variation is also measured using a Wheastone bridge.

The signal linked to the thermal condition variation is less than the one linked to the catalysis.

The following diagram schematically presents a catharometric detector.
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Diagram 3: catharometric detector
· Semiconductor sensors

The support material of the oxydo-reduction reaction is no longer a metal, but a semi-conductor metallic oxide (SnO2, ZnO, etc.) of type n or p and whose conduction is due to shortages of oxygen (oxide not exactly stoechiometric).  The oxydo-reduction reactions, or simply adsorption reactions on the surface, will change the resistance of the material by modifying the number of oxygen shortages.

The material is heated, as in the case of catalytic pearls; but the measurement is different: we measure the resistance variation of the material itself, and not that of the heating element. The resistance variation may be correlated to the hydrogen concentration (non-linear correlation).

The following diagram schematically presents a semi-conductor detector.
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Diagram 4: semi-conductor detector
· MEMS

The micro electro mechanic systems combine calculators and miniscule devices such as sensors, valves, gears, mirrors, actuators loaded on a semi-conductor chip.

The “detector” chip is comprised of:

· two hydrogen detection devices, namely a Schottky palladium-chrome diode (PdCr) for low concentrations, and a resistive palladium sensor for the high concentrations.

· a temperature sensor as well as a heating element to control the temperature,

· the electronic enable the treatment of the signals from the different devices present on the chip to be carried out.

The operating principle of the Schottky diode is the following: the palladium enables the adsorption and the dissociation of the hydrogen molecule into hydrogen atoms. The hydrogen atoms diffuse through the palladium as far as the PdCr interface and modify the surface charge. This change is detectable by the measurement of the intensity-pressure pair and may be correlated to the hydrogen concentration (non-linear correlation).

In the case of the resistive sensor, the formation of palladium hydrides (caused by the adsorption and the dissociation of the hydrogen molecule into hydrogen atoms) increase the resistance compared to the pure palladium.

The following diagram schematically presents a Schottky diode-based sensor.
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Diagram 5: PdCr Schottky diode-based hydrogen sensor
Some emerging technologies for detecting hydrogen

In this chapter, the technologies being developed for detecting hydrogen, depending on whether or not there are based on optical principles, are distinguished.

· Technologies not based on optics

According to the bibliographical research carried out, the technologies being developed are the following: 

· semiconductor,

· Schottky diode,

· palladium wire network,

· surface acoustic wave sensor on a nano-structured sensitive layer. 

The developments concerning the semi-conductors and the Schottky diodes mainly aim to improve the selectivity of the different layers as well as to test the new metallic substrates – deposits combinations. 

Although these technologies are marketed and sold, the research continues in order to enable a reduction of the drift and better selectivity. 

The operating of the “semi-conductor” and “Schottky diode” technologies is described above. This chapter succinctly presents below each of the operating principles of the palladium wires network based sensors, and the surface sound wave sensors on a nano-structured sensitive layer.

(a) Palladium wire network

These sensors are made up of a network of palladium nano-wires (or mesoscopic wires) (from 20 to 100 wires). These networks of palladium nano-wires are prepared by electro-deposition on a graphite surface in order to then be transferred onto a glass slide covered with a cyanoacrylate film. The nano-wires are then connected on either side by silver contacts.

These palladium nano-wires are in fact “broken” and do not conduct the current. In the presence of hydrogen, the palladium slightly swells, and the nanoscopic spaces or “breakages” are “repaired”, enabling the passage of the electric current.

The change in resistance depends on the hydrogen concentration, on a range of concentration ranging from 2 to 10%. To be operational, these sensors require being permanently under pressure, or even heated.

They require a transmitted to process the signal and route it to the user interface.

(b) Surface acoustic wave sensor on a nano-structured sensitive layer

A surface acoustic wave sensor is built around two inter-giddied transducers placed on the surface of a piezoelectric substrate. When alternative pressure is applied on the metallic conductors of the entrance transducer, there is then an alternation of compressions and expansions which generates a surface wave. This wave moves towards the second transducer to be converted into an electric signal. During the transit between the two electrodes, it is possible to act on the wave, using a nano-structured sensitive wave, which is none other than a palladium wire network mentioned in the previous paragraph. With this nano-structure having absorbed the hydrogen present in the air, we note, on the one hand, that the phase speed is modified and, on the other hand, that it is possible that the wave is attenuated. The action of the hydrogen on the palladium nano-wire sensitive layer has been to modify the physical characteristics (density, rigidity, conductivity, thickness) of the latter.

The disruptions may be indirectly translated by the variations induced on the propagation of the sound waves.

In order to compensate for the effects linked to the room temperature, two identical surface sound wave sensors are used. One is covered with a sensitive layer, enabling the comparison of the exit signals.

· Technologies based on optics

The optical emerging technologies for detecting hydrogen use fibre optics.
· Fibre optic with a palladium micro-mirror

The following diagram schematically presents such a sensor. It is made up of a multi-modal fibre optic.






Diagram 6: hydrogen sensor based on a fibre optic with a palladium micro-mirror
The hydrogen is absorbed by the palladium micro-mirror located at the end of the fibre. The optical (and electric) properties of the palladium are then changed. Consequently, the reflected wave is modified whereas the incident wave remains the same. Each fibre constitutes a selective sensor.

· Exposed fibre optic coated with a palladium layer

The following diagram schematically presents such a sensor.
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Diagram 7: hydrogen sensor based on a fibre optic covered with a palladium layer
The light travelling through the fibre causes evanescent waves on the surface of the core of the fibre. If we cover the core of the fibre with a palladium layer, then the evanescent fields are altered. In fact, when the hydrogen is absorbed by a palladium film, the refraction index of the latter changes (reduction). This change of refraction index changes the absorption of the guided light, which may be detected by monitoring the light intensity, via inter-ferometric techniques (Fabry Perot, etc.). Each fibre constitutes a selective sensor.

· Bragg network fibre optic

A “Bragg network” causes a periodic or aperiodic disruption of the effective absorption ratio or of the effective refraction index of an optic guide. To put in simply, the Bragg network reflects a predetermined band of waves – large or limited – of the light beam whilst being transited by the other bands.

The following diagram schematically presents such a sensor.
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Diagram 8: hydrogen sensor based on a Bragg network fibre optic
This sensor, operating with a UV light, is based on the mechanical stress caused by the palladium layer when it absorbs the hydrogen. This stress stretches and shifts the Bragg network rays, and therefore the lengths of reflected or transmitted waves.

By using several Bragg networks with different wave lengths, several hydrogen sensors may be multiplexed on a single fibre.

In appendix, the reader will find out further information (efficiency range, response time…) about most of the sensor technologies described in this chapter.
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5.7.1.2. Detection layout

To be completed by TNO
5.7.1.3. Maintenance of detectors

A detector includes two elements, a sensor and a transducer. The sensor is the sensitive element responsible for converting a physical measure (e.g. gas concentration) into a useful output signal. The transducer turns the output signal into a meaningful information displayed by the user interface.

Sensor or / and transducer ageing may cause drift in time. Maintenance is therefore essential for keeping detector at a high performance level, required for a safety use.

Regarding maintenance, detectors should be:

· regularly cleaned, especially the head of the detector, to allow gas to reach the sensitive element,

· regularly inspected for possible malfunctions, visible damage or other deterioration,

· calibrated (zero and sensitivity adjusting) with a standard gas in accordance with the procedure outlined in the instruction handbook.

Maintenance intervals depend on both context of use and kind of detectors (detection technique, portable or fixed detector…). The best mean to determine maintenance interval for a detector is based on experience learned from the use of this detector. For new installations it may be wise to carry out maintenance frequently at first (perhaps weekly), increasing the time intervals (to, perhaps, monthly) as confidence grows on the basis of the maintenance records with experience in the installation concerned.

Information on maintenance protocol should be found in the user manual. The need for periodic maintenance will be recalled in the next revision of IEC 61779. 

5.7.2. Detection of hydrogen flames (TNO)
No contribution viewed so far

5.7.3. Knowledge, gaps and recent progress

5.7.4. References

5.8. Mitigation measures

When handling hydrogen there are usually a number of unwanted potentially hazardous events that can take place with a certain frequency. The total sum of all consequences weighted by their frequency is normally referred to as the risk. This chapter will discuss various ways and methods that can potentially reduce the risk from unwanted events.

Consequences can include loss of life or injuries to people, property as well as reputation and more. The measurement unit for risk can be e.g. money, as all consequences may have a estimated price. Quite often, though, a risk assessment will focus on potential for loss of life.

There are a number of possible unwanted events when handling hydrogen. Depending on setting and surroundings, the hazard will vary strongly. While a significant leak of hydrogen gas may be harmless in an unconfined process plant scenario because all gas is rapidly disappearing due to its buoyant nature, a much smaller leak may lead to a disaster if ignited inside a building. Examples of hazardous events are e.g.

· Pressurized pipeline or vessel: Major rupture may this give strong shockwaves as well as significant loads due to dynamic pressure from the flow out of the pipeline. If ignited, fire may produce heat loads and radiation. Significant leak rates may lead to severe explosion scenarios with pressure effects in case of delayed ignition. 

· Liquid hydrogen storage: If released the low temperature of the hydrogen can cause damage to surroundings. If container is exposed to a fire, a too rapid heating relative to overpressure venting can lead to a BLEVE with significant overpressures and fireball with heat and radiation loads if ignited. Releases in water can result in rapid phase transition (RPT) explosions with associated overpressures. Liquid releases of hydrogen can also lead to significant release rates, possibly even showing dense gas behaviour, which may lead to major fires or explosions with associated pressures and heat loads.

· Smaller releases may build up gas and lead to strong explosions inside confinements, in addition to smaller releases from hydrogen storage, transportation or equipment, utilities, these releases could come from batteries, nuclear radiation in water, electric arcs in oil, waste treatment (metal containing ash into water). 

One major concern is usually the pressure effects, secondary effects such as projectiles and building collapse are generally more of a concern than the direct pressure effects on people. Consequences like explosion wind, fire heat loads as well as asphyxiation may also be important for the risk.

This section will aim at discussing and describing possible ways and methods to reduce the risk from unwanted events. It can sometimes be useful to separate between passive and active measures. A passive measure is already in place and activated when the unwanted incident takes place, whereas the active measure requires some kind of detection and activation before it is applied. Due to the nature of hydrogen, with the wide flammability and high reactivity, the use of active measures can be a challenge. In risk assessments one will normally also include a certain probability that the active system fails to activate. Measures discussed can either be applied to mitigate, control or prevent the event (fire triangle approach removing oxygen, ignition or hydrogen), or to protect people or equipment from the consequences of a given event. Some examples of protection measures are indicated.

Dispersion process, limiting amount of flammables:

· Confine leak exposed area either by solid casing or by soft barriers (polyethylene sheets). This may limit flammable cloud size, by physically limiting the cloud or reducing the momentum of a jet release. 

· Reduce confinement near leak-exposed area to allow buoyancy driven dispersion transporting hydrogen away.

· Natural ventilation, forced ventilation, emergency ventilation to remove hydrogen

· Removal of ignition sources to reduce explosion frequency.

· Igniters to ensure that gas clouds are ignited before they grow too large to limit consequences.

· Catalytic recombiners to remove unwanted hydrogen.

· Inert gas dilution after release but prior to ignition, reducing the reactivity.

· Rapid injection of dense hydrocarbon gas (e.g. butane) with much lower reactivity than hydrogen.

· Detection, activate shut-down (ESD), pressure relief, and safety measures, move people to safe place.

Fire, limiting fire loads and consequences:

· Proper design against heat loads

· Passive fire protection to protect equipment and increase time before escalation

· Sprinkler systems and water deluge to cool equipment and control flames

· Inert gas systems to replace oxygen and reduce heat generation.

· Avoid feeding oxygen into fire by proper confinement, limit ventilation.

Explosion, limiting pressure generation and consequences:

· Proper design against pressure loads, particular focus on manned areas and control rooms, as well as structures that can give escalation when failing.

· Explosion vents allowing overpressure to be vented

· Layout optimisation to limit turbulence generation

· Water deluge or mist generation ahead of flames cooling the flame

· Suppression systems quickly putting up inert atmosphere (powder, inert gas, water mist or too rich flammables) ahead of flame

· Flame isolation by fast acting closing valves or flame arresters (Maximum Experimental Safe Gap, MESG)

· The use of large balloons to prevent flammable mixtures in certain regions, but still give volume for gas expansion during explosion. Similar “soft barriers” could be used to limit combustion near ceiling (in flame accelerating beams) or other places with significant congestion.

· Separation distances to avoid incidents to escalate to other parts of plant or to protect neighbours.

· Absorbing/collapsing walls to reduce reflected shockwaves.

· Introduce heat absorbing material, like porous elements made of thin aluminium foils or similar

Since the list of possible scenarios is very long, this selection will not cover all possible ways of reducing risk. One very important thing to notice is that some of the measures may seem contradictory from a risk point of view, and it is not obvious whether risk is reduced or increased. Examples are removal of ignition source vs. ignition on purpose. If gas clouds are always ignited small, the frequency of explosion may be increased, but the consequences likely reduced, giving a hopefully acceptable risk. Another example is increased confinement, which can reduce cloud size, but will often increase pressure and probability of unwanted consequences.

Most of the previous work on protection measures has been focussing on less reactive hydrocarbon gases or even dusts. Because the properties of hydrogen are very different (order of magnitude lower Minimum Ignition Energy, much wider flammability, much higher burning velocity, more likely to detonate, more difficult to inert and more), it is not obvious that these measures will do any good mitigating hydrogen. Important aspects are:

· The time available to activate the measure is shorter due to a higher reactivity of hydrogen

· The required amount of inert or cooling material (gas, powder, aerosols or metal surfaces) is higher

· The path to a DDT and detonation is shorter, turbulence from active system may accelerate this, inert aerosols or powders may have limited effect once detonation is seen.

· A further general problem with mitigation systems is that they are generally tested for idealized situations (empty spherical vessel with central ignition), but then applied in real life situations for which geometry will influence performance.

It may therefore be necessary to focus more on preventive measures, apply safety methods that exploit the buoyancy effects, and also put more weight on creative passive ways to reduce risk. The latter can be e.g. “soft barrier” methods (Tam, 1998?) to reduce the size of dangerous flammable clouds, avoid flames to burn into congested areas, and also fill parts of the volume with inert balloons that will reduce combustible volume, but be compressed when overpressure builds up. A further discussion on such measures will be found in a later section.  

5.8.1. Explosion venting of equipment and buildings

Vent sizing: draft European standard prEN 14994 

“Gas Explosion Venting Protective Systems”

Venting of deflagration is recognized as a most widespread and cost-effective explosion mitigation strategy. This European Standard describes the requirements of gas explosion venting, including hydrogen. In particular it covers vent sizing to protect equipment and enclosures against the pressure effects of a gas explosion, influence of initial temperature and pressure, etc. The standard is not intended to provide design and application rules against effects generated by detonation or runaway reactions. This standard does not cover protection against overpressures caused by events such as overfilling, overpressurisation, fire engulfment, overheating, etc. 

Explosion venting is a protective measure preventing unacceptable high deflagration pressure build-up inside confined spaces such as equipment, buildings and other enclosures. Weak areas in the boundaries of the enclosure open at an early stage of the explosion, releasing burning and/or unburned material and combustion products into the open atmosphere or receiver so reducing the overpressure inside the enclosure. Normally the deflagration venting is applied such that the maximum reduced explosion pressure shall not exceed the known design pressure of the enclosure. All parts of the enclosure, which are exposed to the explosion pressure, shall be taken into account when estimating the design pressure of the enclosure. It may be acceptable to allow certain structure damage as long as it does not put people at unacceptable risks. The vent area is the most important factor in determining the maximum reduced explosion pressure. Information required for calculation of the vent area include the design pressure of the enclosure, the explosion characteristics of the gas, the shape and size of the enclosure, presence of turbulence inducing elements inside the enclosure, the static activation pressure and other characteristics of the venting device, and the condition of the explosive atmosphere inside the enclosure. Venting does not prevent an explosion, it limits the explosion pressure. In a system consisting of two connected enclosures, a gas explosion ignited in one can propagate into the second. The propagation of this explosion generates turbulence, can cause pre-compression and can act as a large ignition source in the second enclosure. This combination can enhance the violence of the secondary explosion. Turbulence inducing elements such as process equipment in vented buildings may cause considerably more violent gas explosions. This will increase the venting requirements and the Le Chatelier-Brown principle analogue for vented deflagrations should be taken into consideration in this case. More advanced methods, e.g. based on the computational fluid dynamics, may need to be applied when effect of obstacles is essential. In Annex C rules are given when to apply the general method of the present standard and when one should use more sophisticated methods for methods containing turbulence inducing elements.

The procedure for calculating the vent area in an empty enclosure or enclosure with insignificant influence of obstacles is as follows:

1) Calculate the value of the dimensionless reduced explosion overpressure πred = pred/pi;

2) Determine the value of dimensionless static activation pressure πv = (pstat + pi)/pi;

3) Calculate the value of the dimensionless pressure complex 
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 based on the data from the two previous steps;

4) Calculate the value of the turbulent Bradley number Brt by the use of one of the following two equations depending on the value of the above mentioned dimensionless pressure complex 
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5) Choose the appropriate values of thermodynamic ( γu, Ei, cui) and thermokinetic (Sui) data. For stoichiometric hydrogen-air mixture the following parameters can be used for the purpose of vent sizing: γu=1.4, Ei=7.2, cui=456 m/s; Sui=2.7 m/s;

6) Determine the vent area by numerical solving of the following transcendental equation (by changing area A until the left hand side of the equation is equal to the right hand side):
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where

A 
is the vent area of an explosion venting device, in m2;

Brt 
is the turbulent Bradley number;

cui 
is the speed of sound at initial conditions (m/s); c = (γuRTui/Mui)0.5;

Ei 
is the expansion ratio of combustion products, Ei = MuiTbi/MbiTui;

M 
is the molecular mass, in kg/mol;

pi 
is the initial absolute pressure, in bar;

pred 
is the reduced overpressure, in bar;

pstat 
is the static activation pressure, in bar;

R 
is the universal gas constant, R = 8,31 J/K/mol;

Sui 
is the burning velocity at initial conditions, in m/s;

V 
is the enclosure volume, in m3;

α 
is an empirical constant (α = 1 for hydrogen);

β 
is an empirical constant (β = 0.8 for hydrogen);

γu 
is the specific heats ratio for unburned mixture;

πred 
is the dimensionless maximum explosion overpressure (reduced pressure), 
πred = pred/pi;

πv 
is the dimensionless static activation pressure, πv = (pstat + pi)/pi;

πi,# 
is the dimensionless initial absolute pressure (numerically equal to initial 

pressure expressed in bar), πi,#  = (pi /1 bar)

π0 
= 3.14.

The last equation has been validated against experimental data for hydrogen-air and hydrocarbon-air (for hydrocarbon-air mixtures the empirical constants are equal α = 1.75, β = 0.5) deflagrations for the following range of conditions:

· L/D ≤ 3;

· V ≤ 8000 m3;

· 0.09 < A/V2/3 < 1.23;

· 0 ≤ pstat ≤ several bar;

· 0 ≤ pi ≤ 6 bar overpressure

The method of vent sizing presented above allows for estimating the effect of initial pressure and temperature of the explosive gaseous atmosphere in the protected enclosure. Empirical constants α and β might be updated when more experimental data will be available and processed.

The methodology has been developed in collaboration by scientists from Russia, Japan, UK and USA during last 25 years. It is based on the universal correlation for vented deflagrations and the correlation for turbulence generated during venting, and proved to be in 90% of cases closer in predictions to experimental data than the NFPA 68 standard “Guide for Venting of Deflagrations” [MOLKOV 1999].
Overview of “Guidelines for venting of deflagrations with inertial vent covers” 

“Guidelines for venting of deflagrations with inertial vent covers” have been developed at the University of Ulster during 2001-2003 [MOLKOV 2003]. The European ATEX Directive 94/9/EC on equipment and protective systems intended for use in potentially ex-plosive atmospheres became mandatory on 1st July 2003. According to this regulation, the manufacturer must take measures to limit the range of explosion pressures to a sufficient level of safety. Equipment and protective systems must be designed and constructed with due regard to technological knowledge of explosion protection.

The guidelines document does not rely on such questionable concept as the “efficiency factor”. The guidelines include a procedure for vent sizing, and two procedures, a simple one and an advanced one, for vent cover inertia calculation. The vent sizing is in line with the draft European Standard “Gas explosion venting protective systems”. The guidelines are appended with data on thermodynamic parameters and burning velocities of various fuel-air mixtures; detailed examples of vent design for enclosures of volume 10, 100 and 1,000 m3; and validations of the model and the code.

The idea of the simple procedure for vent cover inertia calculation is based on equality of two main pressure peaks of vented explosion. The correlation for the first pressure peak suggested previously by Cubbage and Simmons has been significantly modified to include the effect of venting generated turbulence and take into account the latest experimental data. The simple procedure is suitable for manual calculations and gives a conservative value of the cover inertia. 

The advanced procedure represents an essential refinement of the simple procedure. While it requires the use of a computer simulation to model vented deflagration pressure dynamics and vent cover displacement, it results in predictions of the reduced pressure that are less than the predictions of the simple technique. 

Unlike the simple procedure applicable to only translating panels and only in enclosures with volume no more than 100 m3, the advanced procedure can be used to design a wider range of inertial vent covers in structures with volume up to 10,000 m3: translation panels, spring-loaded covers and hinged doors, that can be ceiling- or floor- or wall- mounted. The performance of multiple vents can be simulated by the advanced procedure.
The guidelines are, at present, the only engineer-orientated document in the world that makes performance-based recommendations to deal with the inertia of venting devices for gaseous explosions.  All the previous guidelines apply only for surface densities less than about 10 kg/m2, when the inertia of the venting device is universally deemed to be negligible.

Guidelines support the known recommendation that the vent should be actuated as early as possible, as well as an experimental observation on comparatively higher effectiveness of vertically hinged panels for explosion mitigation.

It is possible in some cases to increase drastically vent cover inertia: instead of the widely accepted surface density limits of about 10 kg/m2, values up to 1000 kg/m2, depending on the conditions and venting system design, could be used for explosion protection with 100% efficiency.

The lumped parameters model of turbulent deflagration dynamics, built on energy and mass conservation principles, was developed to take into account the influence of vent cover inertia [Grigorash 2004]. The CINDY code of the University of Ulster implements this model, augmented by features enabling the user to predict pressure and vent cover displacement dynamics for various inertial vent cover designs. The program can serve engineers as a sorely needed performance-based tool for inertial vent covers design. The CINDY code features: several vent cover opening mechanisms (translating, hinged and spring-loaded venting devices); an option of multiple vents; original modelling of gas flows nearby the vent cover (vent cover jet effect); and user-controlled variation of the turbulence factor and discharge coefficient over time. 
Comments ORH: Too much focus on UU methods (or)?

Put in example from CFD? What would Vent methods show for Kumar Sphere?

Discussion: 

Venting gives faster flames => can increase likelihood for DDT?

Was turbulence from venting discussed?

DDT-situations may arise PRACTICALLY ALWAYS FOR >15-18% OF H2 (but in most cases there is not so much left to detonate outside?)

Venting can give larger explosion effects inside – GENERAL PHYSICS OF COHERENT DEFLAGRATIONS CAN BE GIVEN.

External explosion may result from venting (depends on size of vent AND VENTING PRESSURE)
5.8.2. Active inerting, suppression and isolation systems

A number of active mitigation methods are applied in the industry to limit the consequences of accidental fires and explosions. In the following some of these methods will be described, with particular focus on their potential benefit with regard to protection against hydrogen fire and explosion scenarios. Systems using water will be discussed separately in the next section. The concept of constant inerting is also discussed, even if this cannot be considered to be an active method. The approach is however closely related to methods like rapid pre-ignition inerting or suppression. The method is also discussed elsewhere in this report, and only a brief description will be given here.

Constant inert gas dilution to prevent ignition and combustion

The typical approach is to dilute the atmosphere with sufficient amount of inert gas to prevent ignition and combustion. In situations where human activity is not required, one may also replace all the air by inert gas. The inert gas will typically be N2, CO2, or special mixtures to allow human breathing but no combustion (of hydrocarbon gas at room temperature) like InergenTM (mainly Ar and N2, some CO2), ArgoniteTM (Ar, N2) or similar. The approach is typically applied for situations where the risk from accidental explosions or fire would be unacceptably high, examples are:

· The computer room of important installations, for which a fire may destroy safety critical control systems.

· Leak exposed volumes where proper venting is difficult, like the turret of an FPSO.

· Gas turbines/compressor casing, with high probability both for leaks and ignition.

Challenges with such systems are that they would require proper control systems to maintain the intended dilution level. Good routines and safety systems may be required to limit the hazard to personnel, either from volumes 100% filled with inert gas, but also possible malfunction of people-safe inert gas dilution systems. 

Since flammability limits are much wider and dilution levels to obtain inert atmosphere are much higher for hydrogen compared to natural gas, gas dilution to levels where humans can breath but flames not propagate is more challenging when handling hydrogen. In Table 5.8.1 a comparison of inert levels between natural gas and hydrogen is shown for some relevant inert gases. None of the inert gases most frequently applied for hydrocarbon gas allowing presence of people will be safe for hydrogen. Halons would be more efficient, however, the Montreal protocol with the ban on halons due to the ozone depletion effect removes this option. HFC-gases like e.g. HFC-236fa can be an option. But due to greenhouse gas effects (high Global Warming Potential) these agents are banned for fire protection use in a number of countries, and subject to prohibitive environmental tax in others. Since HFC-236fa has shown better performance than HFC-227ea, and will be safe for people at higher concentrations, this gas could give a certain protection against hydrogen ignition and flame propagation. The solution is questionable, as ignition should still be expected for H2 concentrations in the range 10-20%. If inerting fails, the HFC-gases may in certain circumstances decompose or take part in combustion, enhancing pressure build-up and the gases developed during combustion are toxic.

Butane (C4H10) has also been added to Table 5.8.1 as another creative approach would be to add sufficient amount of other flammables so that the total mixture becomes too fuel rich to burn. It is expected that 8.5% butane (UFL) mixed in the air would prevent any mixture with hydrogen at ambient temperature and pressure to become flammable. Courage is however required to apply this approach.

As a conclusion, good solutions for the protection of rooms with presence of people have not been identified. For rooms or situations with no presence of people, full inerting, for instance with nitrogen, can be applied. For industrial process flows containing pure hydrogen, purging with inert gas should also be performed prior to shut-down or start-up to avoid explosions.

Table 5.8.1
Efficiency, environmental impact and hazard for people for different inert gases

Agent
Inerting (C3H8) / quenching (C7H16)  conc.1 
Inerting / quenching conc. H2
ODP
GWP
LOAEL

[NOAEL]8

Halon 1301
7 %  / -
13%6 / - 
16
5800


FE-227 (HFC-227ea)
12 % / 5.8-6.6%
- / 13-30%7
0
29002
9-10.5%[7-9.7%]

FE-36 (HFC-236fa)
 - / 5.3-6.5%
- / -
0
63002
15% [10%]

CO2
33% / 20%
60 % / - 
0
1
??3

Argonite (N2/Ar)4
45.5% / 28%
- / -
0
0
52% [36-43%]

Inergen (N2/Ar/CO2)5
45.5% / 29 %
- / -
0
0.1
52% [36-43%]

Nitrogen
38% / 30%
74% / - 
0
0
52% [38-43%]

Butane
UFL 8.5%
UFL 8.5% 




1. Inerting avoids ignition, quenching stops combustion [Brandforsk]

2. According to report from [SFT]

3. 20-30% CO2 may give cramps and fainting in less than 1 minute

4. 50% Nitrogen and 50% Argon

5. 52% Nitrogen, 40% Argon and 8% CO2
6. Not Halon 1301, but MeBr [Zabetakis]
7. According to [US Patent 5615742], see Figure 5.8.1
8. Lower [No] observed adverse effect level
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Figure 5.8.1
Example plots showing necessary inert level for hydrogen-air with HFC-227ea (left) [from US Patent 5615742] and N2 or CO2 (right) [Zabetakis]

Pre-ignition inert gas dilution

When the probability for accidental leaks is low, or there is a need for presence of people, it may not be practical to keep an inert or partially inert atmosphere constantly. Another alternative then will be to activate inert gas dilution on leak detection prior to ignition. Depending on scenario, the optimal choice of system will vary.

Nitrogen or CO2 (or similar):
These gases can be applied for release scenarios where leak rate is small, i.e. where it will take minutes to build up any dangerous gas clouds. Since the required inerting level is very high (2-3 parts inert for every part air) it takes time to introduce the inert gas, and one will need a ventilation system to safely remove overpressure. Be aware that with regard to explosion protection, an emergency ventilation system may be equally useful and less complicated. For fire prevention, an inert system will have advantages.

HFC-gases:
In situations where the leak rate is large, and protection will be needed in seconds rather than minutes, HFC-gases may be a good alternative. Due to environmental concerns, these should only be applied in situations with a very low leak frequency but potential severe consequences. Examples of application areas could be airplanes and submarines. Some testing of such a system using HFC-236fa and HFC-227ea with transformer protection in mind has been published [GX-Bourges/ESMG].

There will be some challenges when applying pre-ignition inert gas dilution. One will be to detect the problem and activate the system before dangerous pockets of flammable gas have built up. Personnel safety is another issue. The system must not be activated before people are safe. Further, the distribution of inert gas must be as even as possible. If CO2 is injected in a dense gas layer near the floor and the leaked hydrogen creates a flammable cloud near the ceiling, the protection is limited. On the other hand, one should also be aware that the turbulence created when injecting inert gas can make an explosion more severe if it gets ignited. A further issue to consider is a safe handling of the overpressure from injection systems with outflow of potentially explosive mixtures.

Explosion suppression and fast acting valves

In the powder handling industry dust explosions can be a severe hazard. In many situations explosion suppression is used to quench flames, either inside a vessel or in the pipe connection between vessels to prevent escalation into further vessels. An alternative to suppression (chemical isolation) in the pipes between vessels will be explosion isolation by fast acting valves closing the pipe mechanically. More information on suppression and isolation can be found in [P.E.Moore, FIKE-paper].

To apply similar methods for hydrogen flames may be possible, but will be much more challenging. While turbulence from a suppression system alone may be sufficient to quench dust flames, the same turbulence will likely accelerate hydrogen flames. To apply suppression at hydrogen flame detection inside a room or vessel will likely make things worse, as the turbulence will strongly enhance the flame spread and no quenching can be expected. Further challenges are the short time window to detect and evenly distribute agent, the influence of real geometries that may prevent an even mixing of inert, and also the evaporation time for e.g. HFC-gases (these are normally stored as a liquid). In work towards protection of transformers, room suppression against hydrogen flames was tested [GexCon Bourges] with limited success.

The chemical or mechanical isolation of hydrogen flames burning from one vessel towards the next should be a more realistic task. Challenges will still be to detect and activate the suppression system or isolating closing valve fast enough. With fast deflagration or detonation mode flame propagation, the flame may propagate 10-20m in 10 ms. Success with such a concept therefore depend on early detection (before flame is entering the pipe to be isolated) and rapid activation of measure. For chemical isolation (suppression) one must also ensure that enough inert gas is injected for a sufficiently long period. One must be also prepared that the flame may have a delayed entrance to the pipe after detection, so that the suppression system must release enough suppressant to inert a sonic flow through the pipe for quite a long time. Other issues to consider is to what extent a hydrogen detonation wave will manage to propagate through a chemical barrier in its early phases, and further to what extent a plug of hot reaction products after the chemical barrier can re-ignite gases in the second vessel. Mechanical isolation seems more safe if this can be done quick enough. Challenge here will be to dimension the system to withstand a reflected detonation wave.

10.3.2 Tools:

No calculation tool has the necessary functionality and models to precisely evaluate all the aspects discussed. The physics is complex, but a range of CFD-tools can still be useful. The GexCon FLACS tool can be used to evaluate the transient distribution of inert gas, either from a suppression or inerting system.  Further the influence of inert gas dilution on explosions and the effect of fast acting valves can be predicted.

5.8.3 Water based protection systems

Water is extensively used for fire and explosion protection. It has a high heat capacity (per mass) and heat of evaporation, is easily available, safe and friendly to the environment, and can be applied both as liquid particles (efficient distribution) and vapour. Examples of applications are

· Water deluge is activated to control fire and cool equipment (not always optimal to quench flame if leak is present). 

· Water curtains can be used to influence dispersion pattern or remove chemicals, they could also add heat in connection to cryogenic releases.

· Water deluge is sometimes activated on hydrocarbon gas leak detection. The deluge will increase mixing/dilution of cloud. If ignition takes place, deluge will increase turbulence in flame, but expansion flow ahead of flame will thereafter break up droplets and the fine mist will have an effect similar as an inert gas.

· Aerosols from the release of superheated water are used for explosion suppression in  and can also be used for pre-ignition inerting of flammable mixture [GX-ESMG].

· Presence of water vapour in nuclear accident scenarios will reduce flammability of hydrogen flames.

Different droplet sizes will have different properties, this is discussed in the following.

Fine aerosol droplets [< 10 micron]: These are difficult to generate and distribute mechanically in large quantities. This can either be done when large droplets (0.5-1 mm) break up in the explosion wind ahead of deflagration flames. Another alternative for confined situations will be by flashing of superheated water. For explosion protection the water mist this class to have a beneficial effect on the flame. Larger droplets will not manage to evaporate in the reaction zone of the flame. Due to their size, these aerosol droplets will follow the flow. If significant flow velocities are present in the accident scenario, they may be transported away by wind or convection flow from fire and have no beneficial effect.

Explosion tests with such a fine aerosol system from Micromist Ltd. [GexCon ERA, ESMG] have shown that stoichiometric propane can be made inert, while a significant pressure reduction 50-70% was achieved with hydrogen using 4 litre/m3 prior to ignition. Compared to methane, of the order 3 times as much water mist must be applied for hydrogen to achieve similar pressure reduction.

Fire tests: NBL or BRE
Fine mist [30-200 micron]: These can be generated by commercial mist/fog nozzles. Due to a better ability to penetrate the flow, but limited size giving fast evaporation, they may be useful for fire mitigation. For explosion protection this droplet size will have a limited or even negative effect, as the turbulence from their distribution will accelerate flames, but the evaporation time scales are too large for deflagration flames.

GexCon has performed hydrocarbon explosion tests using fog nozzles for mitigation. This resulted in increase of pressure instead of a decrease. The reasons for this were strong initial turbulence from sprays and combined with limited mitigation due to droplet size.

Fire tests: NBL or BRE
Droplets from sprinklers [400-1000 micron]: These can be generated from normal sprinklers at 3-7 bar water pressure. These droplets may have a positive effect on large-scale fires, but will be less efficient for smaller fires compared to the previous category. For unconfined and partially confined explosions, these droplets may be very efficient. Due to their size they are not so much influenced by strong natural ventilation or buoyant convection flow from a fire. When explosion starts, the sprays will initially accelerate flames. Very soon these droplets are broken up into fine aerosol particles due to the forces from the expansion flow ahead of the flame. The fine mist will be efficient against explosions as the flame reaction zone is diluted with fine aerosol particles. The efficiency of such a system increases with scale, with amount of water, with equipment congestion and with decreased confinement. For natural gas hazards on offshore installations, typical application rates are 10-25 litre/sqm/min depending on area to be protected. For explosion protection, 10 litre/sqm/min is not necessarily sufficient if the confinement is significant.

Advantica/BG [Icheme+Phase 2 and 3A], and GexCon [Div papers] have performed numerous tests with sprinkler systems to study explosion mitigation for natural gas. This has shown a very beneficial effect at large-scale when confinement is low. With low congestion and high confinement, less good results are seen.

Despite a significant research effort on water mitigation of natural gas, limited work has been done on hydrogen. The effect of inert water vapour on hydrogen flames is one exception. In the following it will be discussed to what extent water can be used to improve hydrogen safety.

Water based systems and effect on hydrogen safety

For a situation where accidental releases of hydrogen can take place, a sprinkler system with water could enhance mixing and avoid stratification effects. If the total amount of hydrogen that can leak is small compared to room volume, this can be a good idea as flammable clouds may be avoided. For larger releases, this may strongly increase the hazard, as a large homogeneous cloud at dangerous concentration may form. A forced ventilation or fan system could have the same effect.

If there is a wish to add heat to released gas to enhance buoyancy of the cold plume, water curtains directly downwind or around a cryogenic hydrogen spill dike could be to some help. It should be confirmed that no ignition hazard is introduced due to static electricity. This does not seem to be a problem for natural gas clouds, however, minimum ignition energy for hydrogen is 10 times lower than for propane.

Against fire it is assumed that water can be applied to cool equipment exposed to radiation, to cool the flames, and possibly also to set up a radiation shield where needed. Quite a lot of water vapour will normally be needed for extinction of a flame, turbulent jet flames may still lift-off with increased water vapour level. To quench the flame may not be a beneficial result in quite confined situations.

For explosion mitigation an aerosol water system (Micromist) based on flashing of substantial amounts of superheated water (4 litre/m3 water at 180ºC/10 bar) has been shown to reduce hydrogen explosion pressures significantly (more than a factor of two at 15-20% concentrations). More water is expected to improve the effect further, but this will lead to significant temperature increase and a certain overpressure at activation. Best effect will be seen if injected short time before ignition. The suppression of the hydrogen flames inside a room with such a system will likely not work, due to problems with activation time and turbulence from release. In special situations it could still work, for instance being released in compartments where the flames have not reached yet. Steam (water vapour) would be expected to have a similar (or better) effect, but the distribution of significant amounts of steam will take time and build up pressure. Water sprinkler systems activated at release prior to ignition could be expected to have a mitigation effect on hydrogen explosions. Significant more water than applied for natural gas would be needed. Potential problems include the possibility that turbulence from sprays may quickly accelerate the flames into DDT and detonation, and then the water sprinkler will not be expected to have a mitigating effect any more. The much lower minimum ignition energy for hydrogen compared to natural gas may also increase the likelihood for ignition from static electricity in connection to the water sprinkler systems.

The conclusion will be that potential benefits from using water-based protection systems within hydrogen safety may exist. For protection against fire effects, traditional methods should be applicable. There are few good solutions at the moment to handle explosions, more work will be needed to identify and validate good systems. Further development and testing of the fine aerosol technology from superheated water should be performed and the potential benefits and problems for sprinkler systems should be investigated. 

10.3.3 Tools and methods:

No calculation tool has the necessary functionality and models to precisely evaluate all the aspects discussed. Several CFD-tools can be used to study the effect of deluge on dispersion. Some CFD-tools have models for the effect of deluge on deflagration flames, these are mainly valid for natural gas. The GexCon FLACS tool has modified guidelines for hydrogen and deluge, but experimental validation is limited. 

Vasily (suggested)

Design principles for water sprinklers.

Major technical characteristics.

Mechanisms of inert cloud dispersion.

Illustrative examples of dispersion studies.

Mechanisms of fire suppression / mitigation.

Modes of fire suppression (surface and gas cooling). Illustrative examples.

Estimation of sprinklers/mist potential in suppressing/controlling hydrogen fires.

DDT-dampers
Suggested removed by proposed author, who is not aware of the existence of these systems
5.8.4 Passive systems

In this section various passive methods and their potential influence on the hydrogen safety will be discussed. Passive measures will include elements such as “Inherently safe design”, “Soft barriers” as well as certain protection measures that are constantly in place and thus require no maintenance. Because of the high reactivity of hydrogen, and the limited benefits expected from active measures, special consideration should be given to find the optimal passive protection methods.

Inherently safe design

The main focus here should be to avoid significant flammable gas clouds. Some focus will also be on limiting overpressures if an explosion takes place. Both these goals can be achieved by minimizing the confinement (the optimal wall is no wall).

The strong positive buoyancy of hydrogen should be exploited, and one should ensure that released hydrogen finds its way upwards without meeting too much confinement. In outdoor situations, this can be ensured by proper design of ceilings and covers. Large high-momentum leaks inside a process area may still generate significant cloud sizes. If this turns out to be a problem, methods to reduce the momentum of horizontal leaks, e.g. vertical walls around the likely leak locations. By reducing the momentum of the leak, it will much sooner find its way upward. This may reduce cloud sizes (but increase likelihood of small explosions as more frequent smaller leaks will not generate flammable clouds). 

Another issue in the design is that different units should be separated to that the gas cloud from one unit does not reach the next unit.

In semi-confined situations, one should further ensure that natural ventilation in combination with buoyancy effects will be as efficient as possible preventing gas cloud build-up for different wind conditions. Again focus should be on designing the ceilings so that buoyant layers of gas will find its way out of the vent openings.

For a more confined situation it will depend on the leak rate whether a low momentum release (more stratification, beneficial for large amounts released or if gas near ceiling is quickly removed) or high momentum release (more mixing, beneficial provided concentration can be held e.g. below 10%) is preferable. A casing to the leak exposed equipment can ensure a low momentum leak.

If a gas cloud is generated and ignites, presence of large vent areas will usually be an advantage to limit explosion pressures. If the vent areas are well distributed, this may reduce the flame acceleration through the geometry and the severity of the explosion. A strong feedback from external explosion into the chamber increasing the turbulence and flame speeds may also be less likely when vents are distributed. In some situations it will be an advantage that the vent panels close after an explosion to limit access to oxygen for the following fire.

The congestion level should also be made as low as possible, to limit turbulent flame speeds.

Such issues should be considered when choosing design. Few of the simplified tools or guidelines will manage to distinguish between the different layout options, and are thus not very useful to investigate these issues. A valid CFD-tool should be able to give useful guidance on optimal design including all the variations discussed above.

Soft barriers

The concept of soft barriers for explosion mitigation was discussed in [TAM ERA]. A soft barrier could be a polyethylene sheet preventing gas to enter into regions where explosions could become more severe due to pressure piling or reflections. Another soft barrier could be to put a cover around a congested pipe bundle. A gas explosion will accelerate much less going past one large “cylinder” compared to a pipe bundle. A third example would be to fill the upper half of a room with balloons. A released gas will only be able to fill half of the volume. If this explodes, the overpressure will manage to expand as the balloons get compressed. If the balloons also fill space between beams (repeated beams would normally accelerate the flames), the effect from such measures can be very significant.

Only the fantasy limits the possibilities with such soft barriers. Another example could be a pattern of regular vertical curtains. Workers could easily walk through the curtains, so the limitations to the normal work operations could be limited. A high momentum jet release on the other hand would soon loose its momentum and move upwards due to buoyancy. The curtains would also limit the mixing of gas. The flammable cloud size would then be very limited (a small very rich region, other lean regions, and some regions with no gas at all).

Other passive measures

MESG

Aluminium 

Collapsing walls

FLAME ARRESTERS [Teodorczyk]
5.8.5 Emergency response [DNV]

Emergency response methods available a hydrogen “loss of containment” incident will to some extent be similar to emergency response to loss of containment for other gaseous fuels. Active fire fighting is not as effective as for petrol or diesel, and more emphasis will thus have to be laid on extensive emergency response planning. 

5.8.5.1 Emergency response plan

General principles for emergency response planning may, in the absence of guidelines specific for hydrogen, be extracted from other areas where extensive emergency planning is seen as essential.

Guidelines for emergency response for offshore installations are given in [ISO 15544].  A basic principle is that emergency planning should be based on systematic identification of hazards, followed by evaluation and risk management. 

The initial step in emergency response planning would be the emergency response strategy, describing the general philosophy on how the organisation, procedures, equipment training and other measures are supposed to work together to deal with foreseeable incidents – even in the case of failure of an emergency response measure. For a hydrogen leak the direct mitigation means could be deactivation of ignition sources (upon gas detection), to prevent ignition. (Ignition source control is described in Ch 5.6.6.) This measure may not be effective, and warning and escape procedures as well as egress routes will thus have to be part of the strategy. Moreover, as these measures both rely on the detection and communication of a hydrogen leak, detection (See Ch 5.7.1) and communication should have a high reliability. 

Communication is a key element in any emergency response plan. Effective communication will involve technical measures, organisation, procedures and training adapted to each other and to the overall strategy.  If communication fails, effective emergency response is not possible. 

Technical communication measures could initiate automatic actions such as shut down of electrical power supply, or initiate an alarm, enabling manual (human) intervention or escape. Technical communication measures will also be needed for mobilisation and communication within the emergency response organisation and for mobilisation of external resources. All of these measures will have to have a high reliability, and in cases where human action is intended (mobilisation, intervention or escape), the recipient’s ability to receive the message and discern the essential information must also be considered. 

Effective emergency response will also require an organisation intended and prepared for emergency response. The lines of communication should be well known and worked in, preferably the same as for daily operation. Emergency procedures, and especially the function and use of communication equipment, should be known and tested within the organisation. 

Escape/evacuation of people should be part of the initial planning of any new or modified installation. Escape routes are easy to implement at the design stage, but may be rather expensive or nearly impossible to implement if thought of too late. The principle of two escape routes from all areas regularly occupied by humans is laid down in most countries building regulations and should also be applied for outdoor facilities such as refuelling stations. Bearing in mind refuelling stations may be placed in congested areas and close to a highly trafficked road, this may not be straight-forward to accomplish. 

5.8.5.2 Liquid spill

Liquid spill on water

Spill of liquid hydrogen on water will give a Rapid Phase Transition (spontaneous and explosive boiling of liquid hydrogen) due to the rather favourable heat transfer conditions and a practically unlimited reservoir of heat. The phenomenon are described for by several sources, e.g. by [SANDIA] for liquid natural gas (LNG) on water, where the temperature difference is less than for liquid hydrogen and water.

Emergency response in such a case should include warning of boats in the area against sailing into the gas cloud. In some cases even car traffic may have to be stopped or re-directed. Warning of other people in the area, especially downwind of the release is also important, though the gas cloud may not be of such duration to expect any benefit from evacuation of people.

Liquid spill on ground 

Spill of liquid hydrogen on ground can be expected to give less rapid evaporation than spill on water. The spread of liquid may be constrained, either by design of storage facilities or by natural formations. The best industry practice for storage of flammable liquids or condensed gases would be to lead liquid spills away from storage tanks (as well as temporarily stored transport tanks) by sloping ground (ditch) a collection basin, minimising the liquid surface and thus minimising evaporation.

Hydrogen pool fires are described in Ch. 3.1.8.6. Prevention of ignition would normally require a larger safety distance than the protection of people from a pool fire. Emergency response should encompass warning of people in the area and re-routing of traffic to prevent cars from driving into the gas cloud. 

5.8.5.3 Gaseous release

Gaseous releases and dispersion of released gases are described in Ch. 3.1.1 and 3.1.2. 

Guidelines for emergency response for gaseous releases can be found in offshore standards, e.g. from ISO [15544] and [13702]. Though hydrogen’s properties are different from those of petroleum gases, there are also similarities: Methane is lighter than air, and methane releases are often seen as the most hazardous flammable gas releases on offshore installations because methane gas will not sink towards sea level. A number of general principles for danger limitation should be transferable to hydrogen releases:

· Fire and gas detection and alarm systems

· Escape of personnel to safe place

· Emergency shut down (ESD) of process and power supply to equipment not essential for safe shut down or emergency response

· Essential electrical equipment, e.g. emergency lighting, is EX certified

5.8.5.4 Hydrogen fire

Hydrogen gas fires are described in Ch. 3.1.8.7. An ignited gas leakage is not easy to extinguish, and the principle normally applied is to protect the surroundings as far as possible from the effects of the fire and prevent escalation. Guidelines for fire control and fire load protection can be found in [ISO 13702]. The general principles are summarised below:

· Muster areas for escaped people should be protected from fire loads
· Active fire protection (fire water) may be used for cooling of equipment exposed to heat radiation
· Equipment that may be directly exposed to flame should also have passive fire protection.
5.8.6 Safety distances [FZJ]

A safety distance is the required distance between the location of a gas leakage and the object to be protected which takes account of the evolving flammable atmosphere as well as of the pressure and heat wave resulting from a possible ignition. This separation distance is usually determined as a function of the quantity of hydrogen involved. It may be fixed on the basis of credible events and can be defined according to physically defined criteria, e.g., the dose of thermal radiation or the peak overpressure, to have reach a certain threshold value. Distance requirements may be reduced by the use of barricades. A minimum safety distance is desirable for economic purposes.

In a study of 1960 [Zabetakis 1960] investigating the vaporization of LH2 and the ignition of H2-air vapour clouds above LH2 pools, a conclusion was made that the quantity-distance relation which was valid at that time is very conservative. The new recommendation as shown in Fig. 5-x1 as a step function is based on the assumption that the total content of an LH2 storage tank of up to 45 t or 640 m3 is released and ignited. The solid curves represent the estimated distances at which thermal radiation values reach a value of about 84 kJ/m2, a limit that is expected to produce flesh burns and ignite certain combustible materials. Curves are given for different humidity concentrations in the air where the severest case would be a zero water vapour content meaning that an essential radiation heat sink will be absent.
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Fig. 5-x1: Industrial storage standards for H2, LNG, and gasoline in the USA, from [Zabetakis 1960]

A basic prerequisite is the knowledge of the source term which is dependent on leak size and thermal dynamic conditions of the leaking substance. A problem is given by non-quantifiable leakages, e.g., from cracks in welding seams. Quantity-distance relationships are usually different for people and for less demanding equipment, e.g., adjacent storage tanks, working buildings, or distinguished with respect to fireballs, shrapnel, structural response, or physiological effects (heat radiation). They also may differ for experimental and storage areas. A comparison of industrial storage standards for hydrogen, LNG, and gasoline is given in Fig. 5-x2 [Hord 1978].
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Fig. 5-x2: Industrial storage standards for H2, LNG, and gasoline in the USA, from [Hord 1978]

The following two figures show the quantity-distance relationships for LH2 storage containers assuming no barricades. Fig. 5-x3 applies to the protection of personnel and inhabited buildings from hydrogen fire and from shrapnel in explosions. The respective separation distances between storage containers is given in Fig. 5-x4.
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Fig. 5-x3: Quantity-distance relationship for protection of personnel and inhabited buildings near liquid hydrogen storage containers in the USA, from [Hord 1978]
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Fig. 5-x4: Quantity-distance relationship for protection of adjacent liquid hydrogen storage containers 
in the USA, from [Hord 1978]

Design and operation of H2 and LH2 storage installations is regulated under the US OSHA (Occupational Safety and Health Administration) regulations as part of 29 CFR (Code of Federal Regulations). Here the minimum safety distance to be provided between the installation and people or property is defined as 15.3 m (50 ft) for gaseous H2 amounts > 425 Nm3. For LH2 tanks containing more than 2.27 m3 (600 gallons), the respective distance must be at least 23 m [US-DOT 1997].

For hydrogen stored at US refuelling stations, existing ASME pressure vessel standards apply requiring various distances between the pressurized tanks and public facilities depending on the amount of fuel stored. Current safety distance restrictions are significant. If reduced separation distances are desired, respective safety implications need to be investigated [Bevilaqua Knight Inc. 2001]. 

On-board hydrogen storage tanks are being covered by US-DOT regulations. They appear to be reasonable in their present form [Bevilaqua Knight Inc. 2001].

In Japan, respective safety distances rules have to meet the “High Pressure Gas Safety Law” (see also Fig. 5-x6). It prescribes at present the H2 pressure at filling stations to be not higher than 40 MPa. The respective upper limit for vehicle tanks is 35 MPa. There are activities ongoing to shorten the presently valid safety distances for H2 refueling stations. The corresponding investigation includes H2 gas leakage experiments plus respective simulation calculations for demonstration purposes and also tests with ignition of the escaping gas as well as the effect of barriers [KHK 2004].

Safety zones around storage tanks for liquefied gases according to the German law are described in Fig. 5-x5 for both above-ground and underground tank arrangement [Westfalen AG 2001].
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Fig. 5-x5: Safety zone arrangement for above-ground (top) and underground (bottom) storage tanks for liquefied gas with RI = 1 m and RII = 3 m, from [Westfalen AG 2001]

Fig. 5-x6 gives a comparison of minimum safety distances between LH2 storage systems and inhabited buildings as a function of LH2 mass as were fixed in codes and standards from different institutions and countries, respectively. The curves illustrate the variation in conservativism of these institutions that generate safety criteria.
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Fig. 5-x6: Safety distances (please note scale change on the ordinate), from [Verfondern 1999]
Curves 1 and 3 from [Edeskuty 1979], 2 and 6 from [Japan Society for Safety Engineering], 4 from [Zabetakis 1961], 5 from [Doehrn 1984].

A formula for the safety distance is generally acknowledged to have the form
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where R is the safety distance in m and M the mass of the flammable substance in kg. The relation may be modified by damping parameters, if some sort of protective measure is applied, e.g., wall or earth coverage. The k-factor depends on the building to be protected (from German recommendations: 2.5 - 8 for working building, 22 for residential building, 200 for no damage) and on the type of substance.

The above mass-distance relation applying a k-factor of 8 in combination with an overpressure history to be sustained has been used in the German legislation on the protection of nuclear power plants against external explosions [BMI 1976]. It applies to explosive substances which are handled in the neighborhood like production sites, waterways or trans-shipment places, railways, roads. Explosive substances which are required for the plant operation, are not included. Iin this guideline, a distinction is also made between different kinds of flammable masses.

The distance between the NPP and locations where explosive substances are handled shall be calculated according to the following mass - distance relation
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Furthermore the safety distance has to obey a minimum of 100 m. If M is the maximum possible explosive inventory of a production facility or a storage tank or the biggest pipeline section between isolating equipment or transportation container in kg, then L is defined as

-  the TNT equivalent in kg for explosive substances;

-  100 % of M for unsaturated hydrocarbons and non-liquefied gases;
-    50 % of M for gases, liquefied under pressure;
-    10 % of M for gases, liquefied at low temperatures;
-      0.3 % for combustible liquids with a flash point < 21 °C.


In terms of hydrogen, this is equivalent to a reduction of the k-factor from 8 m/kg1/3 down to 6.3 for gaseous H2 and to 3.7 m/kg1/3 for liquid H2, respectively.

In the USA, it is judged according to the US-AEC Regulatory Guide 1.91 that structures, systems, and components important to safety and designed for high wind loads are also capable of withstanding pressure peaks of at least 7 kPa resulting from explosions. No additional measures need to be taken, if the equation
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is met, where R is the safety distance [m] from an exploding charge and W is the mass of TNT (equivalent) [kg] of the exploding material (see solid line in Fig. 5-x7).

For the LNG storage tank of the HTTR/SR system, the 400 m3 of LNG correspond to a mass of 169 tons of LNG, and this to a TNT equivalent of 1859 tons which then translate into a safety distance of as long as 2.2 km.

This approach appears to be unrealistic for the HTTR/SR system considering the fact that much larger stationary LNG tanks up to 200,000 m3 (( R ( 18 km) have been established worldwide. Aspects not taken into account here are the different explosive characters of a liquefied gas and a TNT explosive, the possibility of additional options offered by the 1.91 guideline, and finally the extreme unlikeliness of the total tank content to “explode” rather than assuming less conservative “design spills”.
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Fig. 5-x7: Safety distance as a function of the quantity of released liquefied gas according to the BMI guideline and the US regulatory guide 1.91, from [Verfondern 2004]

5.8.7 Knowledge gaps [GexCon]
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5.9 Safety of hydrogen technologies: examples (INERIS)
5.9.1. General safety principles for building tunnels and underground car park (BRE)

No contribution viewed so far

5.9.2. Safety of hydrogen storage (JRC)

Foreword (BMW) to be moved in RA chapter/ Public perception??
Prior to the introduction of new technologies it is essential to carefully study and assess the risks involved, also considering worst case scenarios in this context. The results of such examinations allow not only the further development of safety standards for the respective technical system, but also enlarge the database for determining the technical risk.

A low objective technical risk, however, is not necessarily a guarantee for the acceptance of the respective technology by society, which is always based also on subjective criteria. Presentation of systematic worst case examinations in good time can help to overcome prejudice and fear often attributable to a lack of information, in this way establishing a broader base for the acceptance of a new technology.

5.9.2.1. Liquid Hydrogen (BMW)

An LH2 tank features two redundant safety facilities that prevent the build-up of excessively high pressure in the tank. If, for example, the tank insulation is damaged as the result of a serious accident, the resulting increase in heat transfer will lead to a higher evaporation rate and ultimately trigger the safety valve. The hydrogen is then routed via lines directly into the atmosphere. The tank will be designed with redundant pressure relieve valves, or be equipped with a rupture disc of the inner tank, which would break before the pressure could overstress the tank. Thus the pressure would be reduced also in a defined manner via the lines.

For the purpose of limiting and evaluating the effects of possible damage, experimental worst case examinations on liquefied hydrogen (LH2) tank systems for passenger cars were carried out [4, 5, 6]. They investigated tank behaviour under excessive interior pressure, fire tests, and damage to the tank caused by mechanical effect from outside.

When subject to the relevant mechanisms of damage - pressure building up in the inner tank as well as thermal and mechanical effects from outside - tanks made of austenitic steel and cold-tough aluminium alloy proved benign in their behaviour, provided they comply with the necessary safety requirements. They even remain benign under extreme loads, the occurrence of which in road traffic is unlikely but not impossible. In such cases we need only anticipate slow, but under no conditions, sudden release of the energy stored in the tank.
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5.9.3. Safety of hydrogen transport (Air Liquide)

No contribution viewed so far
5.9.4. Safety of hydrogen cars and buses (Volvo – BMW) Contribution from BMW
Particularly in the early stages, the introduction of a new technology requires great effort focused on safety aspects. Farsighted measured are to be preferred over learning from mistakes. Only if hydrogen technology works smoothly without any hitches will public confidence in this new technology grow [7]. 

Compared to conventional fuels, hydrogen exhibits several specific characteristics. Due to its lack of odour and colour, it cannot be perceived by human sensory organs. Under normal conditions it is 15 times lighter than air and has a high diffusion tendency. In connection with air in a mixture ratio from 4 to 76 vol.% it forms an ignitable (explosive) gas mixture. Hydrogen is not toxic, however, direct skin contact in liquid state can cause cold burn injuries. To enable the storage of liquid hydrogen in tanks, pressure relief measures are necessary in view of the possible increase in volume (up to 845 times) as the result of evaporation and heating.

 
Today, hydrogen-specific components do not fulfil the specific requirements of the automobile industry to their full extent. For this reason, the safety concept represents the basis for the development and use of such a fleet of vehicles. Particular emphasis is placed on measures for the prevention and detection of faults as well as for reducing the effects in the event of defects occurring. Vehicle conceptsare created already based on the preliminary legal regulations under discussion governing the approval of hydrogen-operated vehicles in road traffic. In order to classify possible protective measures, qualitative criteria such as failure probability, danger averting options and the possible extent of damage were evaluated. Important system components were subject to systematic fault analyses (e.g. FMEA). The concept and vehicles are subsequently tested and accepted by a technical service. 


The focal point of fault prevention concentrates on measures for avoiding gas leaks, e.g. by minimizing the amount of connection points as well as double-walled design and encapsulation of gas-carrying systems. The hydrogen supply is cut off automatically when the engine is turned off, in the event of a fault being detected or failure of the vehicle electrical system (power failure). Essentially, the possibility of ignition sources in a vehicle cannot be ruled out, however, the ignition probability can be reduced. For instance, by arranging electrical components outside the areas of potential leaks. Explosive mixtures in closed vehicle areas, such as the engine compartment or component encapsulations, are avoided by active or passive ventilation or by cutting off the supply of oxygen. 

The sensor system integrated in the vehicle monitors the condition and operation of gas-carrying components and of the engine. They cover the possible operating situations such as driving, parking and refuelling in the same way as traffic accidents. The measured data are evaluated in the vehicle itself. In the event of any deviations in actual values and setpoints, the necessary actions are taken automatically, and, if necessary, the service centre is notified via mobile radio.

For the purpose of limiting and evaluating the effects of possible damage, worst case examinations conducted in the past on LH2 tanks [4,5,6] demonstrate the uncritical behaviour of the tanks also in extreme situations. With the US-NCAP (frontal crash at 56 km/h), the FMVSS 301 (rear end crash at 50 km/h), Fig. 9, the rear end crash with 40 % coverage as well as collision with post against the tank filler neck, the overall vehicle fulfils higher crash requirements than legally stipulated.

Together with the fire services, deployment concepts for accident situations are being developed and implemented, accompanied by corresponding training measures for rescue services. 
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5.9.5. Safety of refueling applications

No contribution viewed so far

5.9.6. Safety of stationnary applications

No contribution viewed so far / L. PERRETTE, ready by the end of August.
5.9.7. Knowledge, gaps and recent progress

To be written

5.9.8. References

To be written

6. REGULATIONS AND STANDARDS

6.1. Definitions

6.1.1. General

As shown in the figure above, the main difference between regulations and codes and standards lies on their legal power. Regulations have legally compelling power, whereas standards have not. Standards are a useful instrument for organisations or interest groups dealing with the standardised technology.

6.1.2. Standards 

International Standard (an IS) is a document, established by consensus and approved by a recognised body, that provides, for common and repeated use, rules, guidelines or characteristics for activities or their results, aimed at the achievement of the optimum degree of order in a given context. An international standard is a standard adopted by an international standardising/standards organisation and made available to the public (as defined in IEC/ISO Guide 2).

The application of a standard is not obligatory, unless a regulation refers to this standard. 

A "Harmonised Standard" is a standard 
:

· that is in support of one or more Directives,

· that has been produced by CEN or CENELEC, 

· when the reference has been published in the Official Journal of the EC (OJ), 

· and that has been published by at least one national standards body.

A harmonised standard provides a presumption of EC directives conformity with the essential requirements covered by the standard. These standards - produced under a mandate from Member States through the Commission - give technical measures to meet the essential requirements (see paragraph 11.3.17) given in directives.

6.1.3. Regulations

A regulation is a national or European statutory text, that is imposed by authority. It gives rules that are written and adopted by legal entities, so as to regulate a particular kind of activity. 

Regulations are a mean to guarantee that a product or system will not impact on the human safety / health and on the environment.

6.1.3.1. European regulation

European laws, such as Directives, Regulations, European rules prevail over national laws. In order to carry out their task and in accordance with the provisions of the Treaty establishing the European Community (the EC Treaty), the Parliament acting jointly with the Council, the Council and the Commission make regulations and issue directives.


European Directive (art. 189 of the EC Treaty)

A directive shall be binding, as to the result to be achieved, upon each Member State to which it is addressed, but shall leave to the national authorities the choice of form and methods (national transcription).


Regulation (art. 189 of the EC Treaty) 

A regulation shall have general application. It shall be binding in its entirety and directly applicable in all Member States.


UNECE Regulation (1958 Agreement)
 

In the framework of the United Nations' Economic Commission for Europe (UNECE) in Geneva, and for mobile applications, WP.29
 and its subsidiary bodies are developing Regulations under the 1958 Agreement in cooperation with all Contracting Parties to the Agreement and non-governmental organizations (NGOs). 

The 1958 Agreement is entitled “Agreement concerning the adoption of uniform technical prescriptions for wheeled vehicles, equipment and parts which can be fitted and/or be used on wheeled vehicles and the conditions for reciprocal recognition of approvals granted on the basis of these prescriptions.” UNECE Regulations are not applicable on a mandatory basis, but if a Contracting Party decides to apply a UNECE Regulation, the adoption becomes a binding act. A contracting party that has adopted a Regulation under the 1958 Agreement is allowed to grant type approvals pursuant to that Regulation and is required to accept the type approval of any other contracting party that has adopted the same Regulation. 

The 1958 Agreement was revised in 1995 (Revision 2) to promote the participation of non-european countries and became a global agreement.  Japan and the United States did not adhered to this Agreement.

For instance, under the 1958 agreement, the Regulation 110 is related to the “uniform provisions concerning the approval of: 

I. specific components of motor vehicles using compressed natural gas (NG) in their propulsion system ;

II. vehicles with regard to the installation of specific components of an approved type for the use of compressed natural gas (CNG) in their propulsion system.” is an example of UNECE Regulation.”

6.1.3.2. International regulation : UN Global Technical Regulation  (1998 Agreement) 

The Global Technical Regulations (GTR) also apply for vehicles. GTRs are technical regulations established under the 1998 Agreement ("Agreement concerning the establishing of global technical regulations for wheeled vehicles, equipment and parts which can be fitted and/or be used on wheeled vehicles", done in Geneva on 25 June 1998). GTRs are different from the UE Directives and UNECE regulations because they do not call for mutual recognition of type approvals or certifications. The 1998 Agreement allows all regions of the world to develop GTRs for vehicles and their components. Japan, Canada and the United States are contracting parties to this Agreement.

6.1.3.3. Code  

In legally terms, a code is a collection of regulations, requirements or standards that have been made binding and mandatory by a local or national government (as defined in the ISO / TR 15916). 

In this report, we distinguish “code” (with compelling power) and “code of practice” (which is only a useful instrument – see paragraph 6.1.5.1. Code of practice).

6.1.4. New Approach Directives and Harmonised Standards
 

The European Union introduced a series of measures to ensure the free movement of goods throughout the European Union (EU) and the European Free Trade Area (EFTA). New Approach Directives are one of these measures. These Directives aim at controlling product design and above all, at ensuring technical harmonisation of product safety requirements across Europe, so as to guarantee a high level of protection to the public.

New Approach has been laid down by the Council Resolution of 1985.

European harmonised standards (see paragraph 6.1.2. Standards) provide the detailed technical information enabling manufacturers to meet the legal essential requirements.

The Guide to the implementation of directives based on the New Approach and the Global Approach defines essential requirements as follows: 

· Essential requirements lay down the necessary elements for protecting the public interest.

· Essential requirements are mandatory. Only products complying with essential requirements may be placed in the market and put into service.

· Essential requirements must be applied as a function of the hazards inherent to a given product.

The New Approach Directives also explain to the manufacturers how to demonstrate conformity with the essential requirements. Products which meet the essential requirements are to display the CE marking, as described in the particular directive. CE marking means that the product can be sold anywhere in the Community/EEA
.

When a product bears a CE marking , it means that: 

· It complies with all applicable Directives,

· It can move freely in any member state.

Application of harmonised standards or other technical specifications remains voluntary, and manufacturers are free to choose any technical solution that provides compliance with the essential requirements. (source Guide to the Implementation of Directives Based on New Approach and Global Approach – European Commission).

Following Council Directives are based on the New Approach principles:

· 73/23/EEC of 19 February 1973 on the harmonization of the laws of Member States relating to electrical equipment designed for use within certain voltage limits

· 89/336/EEC of 3 May 1989 on the approximation of the laws of the Member States relating to electromagnetic compatibility

· 97/23/EC of the European Parliament and of the Council of 29 May 1997 on the approximation of the laws of the Member States concerning pressure equipment

· 98/37/EC of the European Parliament and of the Council of 22 June 1998 on the approximation of the laws of the Member States relating to machinery

6.1.5. Others  

6.1.5.1.Code of practice  

Codes of practice are usually a set of best practices for a specific product or system so as to ensure safe handling, maintenance and operation.

6.1.5.2. Guideline 

A guideline or a guide is a document generally written for a given organisation, whether for its own needs, or for its customers’ needs. Guidelines provide guidance to appropriate behaviour so as to ensure safety of people (workers and users). It may also give information about codes, standards and regulations to comply with and about the way to meet those requirements.  For example, it gives information related to material properties, adequate installation, use of equipment and safety procedures.  Guidelines may be intended:

· to authorities, who have to verify the conformity with applicable regulations and standards of a system and to approve it, 

· to end-users of a given system, so that they can run the system in accordance with safety and performance requirements, 

· to maintenance employers, so as to give them principles to observe during maintenance and cleaning up.

6.1.5.3.State of the art 

State of the art is the most advance technique or method used at a given time.

6.1.5.4. Best engineering practices

Best engineering practices means the best practices performed in the design, construction, or operation of structures, machines, or other devices of industry and everyday life. Best engineering practices are defined from the experiences of industrials and key actors of a given technology.

6.2. Regulations

Handling flammable or compressed substances may be dangerous not only for the person doing it but also for others or the society as a whole. Industrialisation brought about not only much larger amounts of such substances used for processes of all kinds but also a more complex structure of the society which is more vulnerable from technical problems. This is why for the last two hundred centuries more or less all countries (or their provinces or communities) issued regulations in order to guarantee a minimum level of safety for human life and health as well as for material values. The increasing safety demands of the modern citizen towards the society, new technologies (nuclear, genetic) as well as new threats (terrorism) cause an ever increasing refining of these rules. This paragraph deals in particular with regulations applicable to hydrogen and the safety issues associated with it.

The purpose of the regulations discussed here is at first to prevent damage to persons working with dangerous substances. This does not primarily mean somebody who handles them privately for his own purposes; it is not the role of the state to protect everybody from the effects of his own carelessness. It is quite different, however, in the case of somebody who handles something by order of his employer. Here the rules for dangerous substances in a commercial environment place the responsibility on the employer or the direct superior of the worker by demanding a certain level of technical equipment, education and information providing a reasonably safe process. And of course any damage which might occur must not become so major that it affects the general public outside the working place or company. 

Another important field for regulations is the transport of dangerous substances. Persons involved not in the handling of the substance, but only in their transport (like railway workers) shall be protected from unwanted effects, and the same holds for the general public. 

What is true in each individual country applies also to a body like the European Union. Neither the European Commission nor the European Council or the European Parliament, however, can simply sidestep the sovereignty of the member states in replacing their national regulations by others. The instrument for achieving a common ground in all countries are directives. They define a certain level which is compelling, but not immediately for the individual citizen. Directives are rather directed to the member countries which are obliged to adopt them in their national legislation within a reasonable time. In doing so the national legislation has a certain manoeuvring space, but only to one side; the minimum level given by the directive must be maintained. 

There is, of course, no such thing as a European Hydrogen Directive. Apart from a few exceptions for very important substances regulations are usually not substance specific, but application specific. So the correct question is not: “Which regulations apply to hydrogen?”, but rather: “Which regulations apply to what I want to do with hydrogen, and to the environment where I intend to do it?”. 

Among the most important European directives applicable to hydrogen are those on pressure equipment. There are the Pressure Equipment Directive (PED) and separately the Transportable Pressure Equipment Directive (TPED). The latter is closely connected to international agreements on the transport of dangerous goods (ADR, RID, …).

Another important field of regulation when flammable gases are involved is the prevention of damage by explosions in case the gases are released unintentionally. This is mainly covered by the directives 94/9/EG (formerly ATEX 100) and 99/92/EG (formerly ATEX 118).

Prevention of major accidents and associated releases of harmful substances in the environment or the mitigation of the effects, respectively, is the subject of the Seveso II directive. 

While these are the most important and specific ones there are numerous directives which might be applicable in a certain context or situation. The Machinery directive is an example for a document of very general character which applies to almost anything on earth, including hydrogen technology. 

The more important directives will be discussed below in detail. 

Apart from the directives of the EU there are also other regulations from other sources. International transport of dangerous goods is dealt with in a number of international agreements which comprise ADR (road), RID (rail), IMO (sea) and ADNR (inland waterways). Air traffic is cared for by IATA and ICAO. For making sure that motor vehicles can be used internationally there are different provisions; one of them involves the UN ECE.

6.2.1. Health And Safety at Work and Major Hazards

6.2.1.1 Major Hazard Directive

No contribution viewed so far. Will be handed out mid September by INERIS

6.2.1.2. ATEX directive EC/1999/92

Introduction

ATEX directive 1999/92/CE is relative to minimum requirements for improving the safety and health protection of workers potentially at risk from explosive atmospheres (ATEX).

Hydrogen is a flammable gas which can form an ATEX where mixed with air (such an ATEX is defined by the directive as a mixture in which, after ignition occurred, combustion spreads to the entire unburned mixture).

So, any employer who runs facilities where hydrogen is processed in shall comply with the requirements of the directive, because his workers are potentially at risk from the effects of explosions which may be produced by ignition of an ATEX which can be formed.

In the following chapters, are presented first the obligations of the employer and second the implementation of the directive to hydrogen.

Obligations of the Employer

The employer has a general obligation to provide protection to his workers potentially at risk from ATEX.
In order to provide this protection, the employer shall take technical and/or organisational measures appropriate to the nature of the operation, in order of priority and in accordance with the following basic principles :

· the prevention of the formation of ATEX or, where the nature of the activity does not allow that,

· the avoidance of the ignition of ATEX, and

· the mitigation of the detrimental effects of an explosion so as to ensure the health and safety of workers.

The directive indicates the different obligations which the employer shall carry out, the main of them being detailed underneath.

Risk assessment

In carrying out its obligations, the employer shall assess the specific risks arising from ATEX, taking into account at least of :

· the likelihood that ATEX's will occur and their persistence,
· the likelihood that ignition sources, including electrostatic discharges, will be present and become active and effective,
· the installations, substances used, processes, and their possible interactions, the scale of the anticipated effects.
Zone classification

A place in which an ATEX may occur in such quantities as to require special precautions to protect the health and safety of the workers concerned is deemed to be hazardous within the meaning of this directive.
The employer shall classify hazardous places where ATEX's may occur into zones on the basis of the frequency and duration of the occurrence of an ATEX and in accordance with the following definition :

· Zone 0 : a place in which an ATEX is present continuously or for long periods or frequently.

· Zone 1: a place in which an ATEX is likely to occur in normal operation occasionally.

· Zone 2: a place in which an ATEX is not likely to occur in normal operation but, if it does occur, will persist for a short period only.

Where necessary, places where ATEX's may occur in such quantities as to endanger the health and safety of workers shall be marked with the underneath sign at their points of entry.
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Explosion protection document

The employer shall ensure that a document, hereinafter referred to as 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 this directive,
· those places which have been classified into zones as defined above,

Implementation of ATEX directive to hydrogen

As it has been written in § 2, the implementation of ATEX directive to facilities where hydrogen is processed in needs to define technical and/or organisational measures in accordance with the following basic principles:

· the prevention of the formation of ATEX, or

· the avoidance of the ignition of ATEX, and

· the mitigation of the detrimental effects of an explosion so as to ensure the health and safety of workers.

Prevention of the formation of ATEX

An ATEX is formed wherever hydrogen is mixed with air in such proportion as the hydrogen content in the mixture belongs to the explosivity range.

Hydrogen characteristics

The formation of an hydrogen-air ATEX is governed by the following characteristics :

· the high ability of hydrogen to combustion (a quite large explosivity range and a rather low LEL (see §) can be seen as corresponding to this characteristic),

· the very small size of the molecule, which explains :

· a very low density (hydrogen is about 14,5 times lighter than air),

· a high diffusion coefficient (see §).

Where can an ATEX be formed ?

There are different situations where ATEX's can be formed : 

· inside a facility or in a workplace, in the vicinity of a facility,

· during normal or abnormal operation of the facility.

The following examples are given as illustrations of the possible situations :

· ATEX formed inside a facility where hydrogen is processed (e.g. a chemical reactor where a substance is hydrogenated), in case of an abnormal air ingress,

· ATEX formed inside a vessel containing air and a wet metallic powder, in case of the production of hydrogen due to the chemical reaction between powder and moisture,

· ATEX normally formed in the vicinity of lead batteries being refuelled,

· ATEX formed in the vicinity of a pressurised facility (vessel, pipework), in case of a hydrogen release through a leak orifice (seal of a flange, gasket of a valve…).

Prevention of ATEX formation

Prevention of ATEX formation inside a facility where air ingress is likely can be achieved by one of both methods :

· air dilution (see § ),

· inerting (see §).

The most important means to prevent the formation of an ATEX outside a pressurised facility as a consequence of a leak is the maintenance of the facility for all the relevant aspects (mechanical, corrosion…).

Inside a workplace, a sufficient ventilation can also be a relevant means to strongly reduce the volume of ATEX.

Evaluation of ATEX volumes, shapes and places

When an ATEX can be formed inside a confinement, it should generally be considered as able to be present in the whole volume of the confinement.

For an ATEX formed by mixing with air of a hydrogen flow, the characteristics of the ATEX (volume, shape, place) strongly depends on the turbulence of the flow.

For a flow having a low momentum or no momentum at all (e.g. hydrogen evolving from batteries being refuelled), the mixing is not governed by turbulence but is only due to diffusion and buoyancy forces ; so, in a room, hydrogen will go up and an ATEX can accumulate under the ceiling of the room,

On the contrary, a flow having a high momentum can be considered as a high speed jet and the mixing with air mainly occurs inside the jet. The turbulence of a supersonic jet is surely high, but it can also be sufficiently high for a subsonic jet coming out from a small leak orifice, when the pressure inside the confinement is higher than tens of millibars. The ATEX zone has a very elongated shape and keeps close to the leak orifice. Then, two situations can be distinguished : 

· for a release into a free space, pure air is entrained into the jet and the maximum extension of the ATEX does only depend on the hydrogen pressure and the cross section of the leak orifice : it does not depend on the duration of the leak because no accumulation of ATEX occurs. As an example, for a pressure of 3 bar abs. and an equivalent diameter of the leak orifice of 1 mm, the ATEX volume and maximum extension of ATEX on the jet axis are relatively weak (respectively 2 dm3 and 60 cm),

· for a release into a confined, or semi-confined or obstructed space, re-circulation may occur more or less rapidly and the jet entrains an air having a higher and higher hydrogen content : the ATEX volume continuously increases with time and can reach a high value.

Physical accurate models are necessary to evaluate precisely the maximum volume of an ATEX generated by a leak, in order to evaluate the effects which would be produced in case of ignition and to decide whether or not the place of the ATEX must be classified as a zone.

EN 60079-10 standard gives a method to evaluate the ATEX volume, but it does not take into account the turbulent dilution of the released gas by air and consecutively, it strongly overestimates the ATEX volume.

Prevention of the ignition of ATEX

Ignition characteristics of hydrogen

Hydrogen is characterised by a very low value of MIE (see §), so the ignition likelihood of an hydrogen ATEX is high, particularly by the different types of electrostatics discharges.

When an hydrogen release occurs as a consequence of a mechanical rupture (rupture disc, mechanical impact…) the jet coming out from the containment generally ignites immediately, preventing the formation of an ATEX, but the ignition is not certain when there is no mechanical rupture (opening of a valve…).

Suppression of ignition sources in ATEX's

EN 1127-1 standard gives a list of all the possible ignition sources of ATEX and it is very difficult to be sure that each of them has been suppressed, particularly for hydrogen ATEX's, due to their very low MIE.

Nevertheless, the suppression of ignition sources shall be tentatively achieved.

Suppression of ignition sources by equipment

Ignition by equipment (electrical as non-electrical) will be prevented by :

· designing relevant ATEX zones (according to the likelihood of the ATEX)

· installing inside these zones adequate equipment, i.e. complying with the requirements of 94/9/EC directive which imposes the corresponding categories :

· in zone 0, category 1 equipment,

· in zone 1, category 2 equipment,

· in zone 2, category 3 equipment.

Moreover, the temperature class of the equipment can be T1 (surface temperature < 450°C).

Suppression of electrostatic sources

The ignition of an ATEX by an electrostatic source is probably the most difficult phenomenon to suppress.

Nevertheless, the suppression of electrostatic ignition sources shall be tentatively achieved, by the suppression of both phenomena:

· electrostatic charges accumulation,

· electrostatic discharges.

Mitigation of the detrimental effects of an ATEX explosion 

Explosivity characteristics of hydrogen

Hydrogen has explosivity characteristics which show a high reactivity :

· its fundamental burning velocity is high (see §),

· inside elongated facilities, a flame acceleration will rapidly occur and a DDT is very likely,

· its combustion releases a high energy : its TNT equivalent is high (about 30g TNT for 1g of H2).

Evaluation of effects

The detrimental effects which an ATEX explosion can cause to workers are mechanical and thermal.

The severity of the mechanical effects will depend on the distance between the ATEX and the workers.

The severity of the thermal effects depends on the volume of the ATEX (see § 3.1.4) and on the position of the burned gases after their expansion at the end of the explosion, relatively to the workers position.

Mitigation of explosion effects

Facilities inside which an ATEX explosion propagates shall be protected, one of the following devices being a priori possible:

· explosion venting,

· explosion suppression,

· isolating systems as flame arrester.

6.2.2. Pressure vessels regulation (static and transportable)

The PED (Pressure Equipment Directive – 97/23/EC of the European Parliament and of the Council of 29 May 1997 on the approximation of the laws of the member States concerning pressure equipment) is applicable in Europe since December 1999 and mandatory since end of May 2002.

It applies to all stationary vessels with service pressure of more than 0,5 bar and a PV (Pressure water capacity) of more than 50 bar l.

In the case of the hydrogen energy applications, it is particularly relevant for all pressure vessels (cylinders) and safety accessories (valves, flexible hoses, connectors) used for hydrogen refuelling station.

This pressure equipment Directive allows to use everywhere in the EU the same design for the pressure vessels and associated accessories.

Since this Directive is mandatory in Europe, a number of “Notified Bodies” have been notified to Brussels by the authorities of each EU members states. These notified bodies can make the “evaluation of conformity” of the pressure equipment ; this evaluation is confirmed by the “CE” mark applied onto the equipment. Any notified body (from every country) can approved a CE marked equipment to be used in every country of the EU.

This Directive only defines the “essential requirements” which are given in its Annex 1. Detailed requirements are given in the harmonized standards (e.g. prepared by CEN). These EN-Standards are not mandatory, other procedures or “state of the Art” can be used by the manufacture in order to demonstrate to the notified body that the essential requirements are fulfilled.

Contrary to the TPED, this European Directive doesn’t cover the use of the equipment (operational requirement, periodic inspection, …) which are still under national regulations. This may create difficulties if such equipment are to be moved from one country to another.

6.2.3. Transport of Hazardous goods regulations

The TPED (The Council Directive 1999/36/EC on transportable pressure equipment) applies to transportable pressure equipment and is mandatory since July 1st, 2003 for gas cylinders. It will also be applicable soon to bundles, drums and trailers (July 1st, 2005 optional and July 1st, 2007 mandatory).

In the case of the hydrogen energy applications, it is particularly relevant for the transport of hydrogen to the filling stations. It is also applicable to H2 pressure tanks used on vehicle when these tanks are removable, refilled independently from the vehicle and transported to H2 depots.

Like for the PED, a number of “Notified Bodies” have been notified to Brussels by the authorities of each EU member status. These Notified Bodies can make the evaluation of conformity of the pressure equipment. This evaluation is confirmed by the “(” mark applied onto the equipment. Any Notified Body (for every country) can approved a CE marked equipment to be used in every country of the EU.

This Directive defines the main requirements and refers to the ADR/RID for the specific requirements. 

ADR/RID is the transport regulation by road (ADR) and rail (RID) for Europe and many other countries around. TPED refers to “Class 2” (gases), ADR/RID covering also others dangerous substances.

EN (and ISO) standards are referred into the ADR/RID and give presumption of conformity to ADR/RID but normally other routes complying with the technical requirements of ADR/RID can be followed.

Contrary to the PED, TPED also covers the use of the equipment including periodic inspection and any other operational requirement. Consequently, it provides full harmonization in Europe. It also allows to “reassess” old national equipment to transform them into “(” equipment.

In addition to “Notified Bodies”, “Approved Bodies” can be nominated with a restricted scope. 

6.2.3. Rule for hydrogen equipments: CE marking and most relevant directives

6.2.3.1. CE Marking

CE marking symbolises that the product marked fulfills all applicable provisions (or requirements) of applicable directive(s) that provide for CE marking (essential requirements, harmonised standards and specific dispositions), and that the product has been subject to the appropriate conformity assessment procedure(s) contained in the directive(s). 

The scope of the CE marking regime is laid down in the relevant harmonisation directive(s), and can only be apllied by the legal entity responsible for the conformity of the product.

The CE marking is neither a mark of origin nor a quality mark.

The hydrogen system shall comply with the following directives in order to gain CE marking :

· Machinery directive ; 98/37/EC,

· Equipment and protective systems intended for use in Potentially Explosive Atmosphere ; 94/9/EC,

· Pressure equipment directive ; 97/23/EC,

· Low voltage diretive ; 73/23/EEC,

· Electromagnetic compatibility directive ; 89/336/EEC, 

· Simple pressure vessels directives ; 87/404/EEC , 90/448/EC.

The most relevant EC requirements have been quoted in the next paragraphs.


6.2.3.2. Machinery Directive : 98/37/EC

This directive applies to machinery. It shall also apply to safety components placed on the market separately. 

Essential safety and health requirements given in the Annex 1 of the Directive are summarised below. 

General requirements  

· The manufacturer has to assess the risks of its system in normal and abnormal uses, and during running and maintenance operations.

· Materials and products shall not endanger exposed persons’ health and safety.

· Suitable lightning shall be provided.

· Machinery shall be designed so as to facilitate its safe handling, packaging and storage. 

Controls 

· Control systems shall be safe and reliable.

· Safety shall be taken into account :

· for the design, localisation, signals of the control devices,

· for the starting, the “re-starting”,  and the modification of the running,

· for the stopping procedures (normal stopping and emergency stop),

· for the mode selection,

· Prescriptions are given to ensure the safety of the equipment in case of failure of the power supply or of the control circuit.

Protection against mechanical hazards

· Machinery, components and fittings thereof must be so designed and constructed that they are stable enough, under the foreseen operating conditions for use without risk of overturning, falling or unexpected movement.

· Precautions shall be taken to prevent risks from falling or ejected objects.

· Vibrations produced by the equipment shall be reduced to the lowest level

· The various parts of the equipment and their linkages shall be so constructed that, when used normally, no instability, distortion, breakage or wear likely to impair their safety can occur.

· In so far as their purpose allows, accessible parts of the equipment shall have no sharp edges, no sharp angles, and no rough surfaces likely to cause injury.

· The moving parts of the equipment shall be designed to avoid hazards. Where hazards persist, adequate fixed guards or protective devices shall be installed.

· Persons slipping, tripping or falling shall be prevented.

Required characteristics of guards and protection devices

· General requirements are given for guards and protection devices and special requirements are given for movable, adjustable and fixed guards. 

Protection against other hazards

Machinery must be designed and constructed by observing the following requirements.

· All hazards of an electrical nature must be prevented and specific rules in force relating to electrical equipment designed for use within certain voltage limits must apply.
· The build-up of potentially dangerous electrostatic charges must be prevented or /and the system must be fitted with a discharging system.

· All potential hazards associated with other types of energy than electricity must be avoided.

· Errors, likely to be made when fitting or refitting certain parts which could be a source of risk must be made impossible ; and where a faulty connection can be the source of risk, incorrect fluid connections, including electrical conductors, must be made impossible too. 

· Any risk of injury caused by contact with or proximity to equipment parts or materials at high or very low temperatures must be eliminated and the risk of hot or very cold material being ejected should be assessed.

· All risk of fire or overheating and of explosion must be avoided. Precautions must be taken if the machine is intended to be used in a potentially explosive atmosphere. Dedicated Directives in force must be complied with for the electrical equipment.

· Risks resulting from the emission of airborne noise and from vibrations are reduced to the lowest level.

· Any emission of radiation is limited to the extent necessary for its operation and the effects on exposed persons are non-existent or reduced to non-dangerous proportions.

· External radiation must not interfere with the equipment running.

· Risks due to gases, liquids, dust, vapours and other waste materials which it produces must be avoided.

Maintenance

· Maintenance areas shall be located outside hazardous zones. 

· The equipment shall be at a standstill during maintenance.

· Access to operating position and servicing points must be facilitated.

· All machinery must be fitted with means to isolate it from all energy sources.

· The need for operator intervention shall be limited, if not it must be possible to carry it out easily and in safety.

6.2.3.3. Equipment and Protective Systems intended for Use in Potentially Explosive Atmosphere: 94/9/ EC
This Directive applies to equipment and protective systems intended for use in potentially explosive atmospheres. It also applies to controlling devices and regulating devices intended for use outside potentially explosive atmospheres but required for or contributing to the safe functioning of equipment and protective systems with respect to the risks of explosion are also covered by the scope of this Directive.

Essential safety and health requirements given in the Annex 2 of the Directive are summarised below. 

General requirements

· Equipment and protective systems intended for use in potentially explosive atmospheres must be designed from the point of view of integrated explosion safety. In this connection, the manufacturer must take measures :

· to prevent the formation of ATEX which may be produced or released by equipment and by protective systems themselves,

· to prevent the ignition of ATEX (electrical and non-electrical source of ignition),

· to halt the explosion immediately and/or to limit the range of explosion flames and explosion pressures to a sufficient level of safety.

· Equipment and protective systems must be designed by taking ito account : 

· the potential operating faults, 

· special checking and maintenance,

· and the surrounding area conditions.

· All equipment and protective systems must be CE marked and be accompanied by appropriate instructions (particular with regard to safety).
Selection of materials

· Used materials must not neither trigger off an explosion, nor impair explosion prevention and protection.

Design and construction

Equipment and protective systems must be designed and constructed: 

· with due regard to explosion protection even for the components to be incorporated into  or used as replacements in equipment ;

· so as to limit escapes of hydrogen or other flammable gases (enclosed structures, prevention of non-tight joints, flameproof enclosure systems, …) ;

· so as to withstand relevant external stresses ; 

· so that , if the equipment and protective systems are in a housing or a locked container forming part of the explosion protection itself, it must be possible to safely open it ; 

· so as to avoid injuries and high surface temperatures and to eliminate non-electrical hazards ;

· so to avoid dangerous overloading.

Potential ignition sources

· Hazards arising from different ignition sources such as sparks, flames, electric arcs, mechanical sparks, , high surface temperatures, acoustic energy, optical radiation, electromagnetic waves, and other ignition sources must not occur.

· Static electricity, stray electricity and leakage currents, overheatings, pressure compensation operations must not result in dangerous situations capable of ignite an ATEX. 

Hazards arising from external effects 

· Equipment and protective systems must be capable of performing their intended function in full safety even when subjected to external stresses (environmental conditions, vibrations, thermal stresses, chemical stresses caused by aggressive substances, …).

Safety-related devices 

Essential requirements are given for the safety devices, such as : 

· The running of safety devices independently of any measurement or control devices required for the operation, 

· The rapid detection of any failure of a safety device,

· The fail-safe principle for electrical circuits,

· The direct connection between the safety-relate switching and the relevant control devices, 

· The security of the equipment and/or protective systems in case of safety device failure

· The incorporation of a safety factor on the alarm thresholds of devices with a measuring function.  

Integration of safety requirements relating to the system  

Essential requirements are given related to : 

· Automatic processes which deviate from the intended operating conditions,

· Activation of the emergency shutdown system,

· Power failure,

· Connections,

· Placing of warning devices as parts of equipment.

Supplementary requirements in respect of equipment

General requirements for equipment categories are given in the table below.  

Category 1
Category 2
Category 3

High probability of ATEX due to  gases, vapours, mists or dust

Very high level of protection for electrical and non electrical equipment
Medium probability of ATEX due to  gases, vapours, mists or dust

High level of protection for electrical and non electrical equipment
Low probability of ATEX due to  gases, vapours, mists or dust

Normal level of protection for electrical and non electrical equipment

Detailed requirements for each category are given in the Annex 2 of the 94/9/EC Directive.

Supplementary requirements in respect of protective systems

· Protective systems must reduce the effects of an explosion to a sufficient level of safety.

· They must be designed so that explosions are prevented from spreading through dangerous chain reactions or flashover and incipient explosions do not become detonations.

· In the event of a power failure, protective systems must retain their capacity to function for a period sufficient to avoid a dangerous situation.

· Maximal pressure and temperature to be taken for the design of protective systems must be the one which can be expected during an explosion occurring under extreme operating conditions.

· Protective systems such as pressure relief systems, explosion suppression systems, explosion decoupling systems must be designed so as to ensure their function whatever the size of the explosion.

· Protective systems must be capable of being integrated into a circuit with a suitable alarm threshold so that, if necessary, there is cessation of product feed and output and shutdown of equipment parts which can no longer function safely.

6.2.3.4. Pressure vessel directive : 97/23/EC

This directive applies to the design, manufacturing and evaluation of CE conformity of pressurised equipment or set of equipment that work under a pressure above 0,5 bar.

Essential safety and health requirements given in the Annex 1 of the Directive are summarised below. 

General requirements 

The manufacturer has to apply the general safety principles given in the Directive. It concerns especially the risks assessment of its system.

Design 

· The manufacturer must ensure the safety of its equipment throughout its intended life ;

· Pressure vessel must be designed for adequate strength (internal/external pressure, traffic, wind, corrosion, fatigue, …). It shall be properly designed using comprehensive calculation methods and experimental design method ; 

· Provisions are given to ensure safe handling and operation (especially related to closures and openings,  dangerous discharge of pressure relief blow-off, …) ;

· Pressure equipment shall be designed and constructed so that all necessary examinations to ensure safety can be carried out ;

· Adequate means must be provided for the draining and venting of pressure equipment where necessary (during operation ad during cleaning, inspection and maintenance) ;

· Where necessary, adequate allowance or protection against corrosion or other chemical attack must be provided ;

· Where severe conditions of erosion or abrasion may arise, adequate measures must be taken to minimise effects and/or to replace the parts which are most affected.

· Assemblies must be so designed so as to not create a hazard ;

· Where appropriate, the pressure equipment must be so designed and provided with accessories, or provision made for their fitting, as to ensure safe filling and discharge in particular with respect to hazards from filling (overfilling, overpressure) and discharge (uncontrolled release of the pressurised fluid) and unsafe connections or disconnections ;

· Protection against exceeding the allowable limits of pressure equipment must be provided (adequate protective devices) ;

· Safety accessories must be reliable and suitable for their intended duty, be independent of other functions, comply with appropriate design principles (in particular fail-safe modes, redundancy, diversity and self-diagnosis) ; 

 Manufacturing

· Preparation of the component parts must not be detrimental to the safety of the pressure equipment (due to defects, cracks, changes) ;

· Permanent joints and adjacent zones must be free of any surface or internal defects detrimental to the safety of the equipment. Non-destructive tests of permanent joints must be carried out by suitable qualified personnel.  ;

· Heat treatment must be applied when there is a risk that the manufacturing process will modify the material properties impacting on the safety ; 

· The material making up the components of the equipment must be identified through suitable procedures ; 

· Pressure equipment must be subjected to final assessment : final inspection, proof test, inspection of safety devices ; 

· The CE marking and the required information (as listed in the Annex 1 of the Directive) must be given on the pressure equipment ;

· When pressure equipment is placed on the market, it must be accompanied, as far as relevant, with instructions for the user, containing all the necessary safety information (for mounting and assembling,  putting into service, use, maintenance). If appropriate, these instructions must also refer to hazards arising from misuse.

Materials
· Materials used for the manufacture of pressure equipment must be suitable for such application during the scheduled lifetime unless replacement is foreseen.

Specific pressure equipment requirements 
· Fired or otherwise heated pressure equipment with a risk of overheating (steam and hot-water generators and process-heating equipment for other than steam and hot water generation) must be calculated, designed and manufactured so as to avoid or to minimise risks of a significant loss of containment from overheating.

· Piping must be designed and manufactured so that to ensure safety of the system (e.g. pay attention to  the potential damage from turbulence and formation of vortices and to the risk of fatigue due to vibrations in pipes).
Specific quantitative requirements for certain pressure equipment 
· Provisions given in this section apply as a general rule for : allowable stresses, joint coefficients, pressure limiting devices particularly for pressure vessels, hydrostatic test pressure and material characteristics.

6.2.3.5. Low voltage directive : 73/23/EEC

For the purposes of this Directive "electrical equipment" means any equipment designed for use with a voltage rating of between 50 and 1 000 v for alternating current and between 75 and 1 500 v for direct current.

The Annex 1 of the Directive gives principal elements of the safety objectives for electrical equipment designed for use within certain voltage limits. These requirements are described hereafter.


Safety requirements

· The electrical equipment shall be resistant to non-mechanical influences in expected environmental conditions, in such a way that persons, domestic animals and property are not endangered,

· The electrical equipment shall not endanger persons, domestic animals and property in foreseeable conditions of overload,

· The electrical equipment, together with its component parts, shall be made in such a way as to ensure that it can be safely and properly assembled and connected,

· Electrical components and the electricity supply connections are so designed and manufactured as to ensure that protection against all hazards of electrical nature is assured providing that the equipment is used in applications for which it was made and is adequately maintained,
· Persons and domestic animals must be  adequately protected against danger of physical injury or other harm which might be caused by electrical contact direct or indirect,

· Temperatures, arcs or radiation which would cause a danger, must not be produced,

· Persons, domestic animals and property are adequately protected against non-electrical dangers caused by the electrical equipment which are revealed by experience,

· The insulation shall be suitable for foreseeable conditions

6.2.3.6.  Electromagnetic compatibility directive : 89/336/EEC

This Directive applies to apparatus liable to cause electromagnetic disturbance or the performance of which is liable to be affected by such disturbance. 

It defines the protection requirements and inspection procedures relating thereto.

The Annex 3 of the Directive gives an illustrative list of the principal protection requirements as follows:

· The maximum electromagnetic disturbance generated by the hydrogen system shall be such as not to hinder the operation of apparatus referred in the list hereafter,
· The hydrogen system shall be so constructed that it has an adequate level of intrinsic immunity to electromagnetic disturbance generated by apparatus referred to in (c) to enable it to operate unhindered where it is intended to work,

· Both statements above refer to radio and telecommunications equipment and other apparatus complying with the standards, in particular to the following apparatus :

· domestic radio and television receivers

· industrial manufacturing equipment

· mobile radio equipment

· mobile radio and commercial radiotelephone equipment

· medical and scientific apparatus

· information technology equipment

· domestic power plants and household electronic equipment

· aeronautical and marine radio apparatus

· educational electronic equipment

· telecommunications networks and apparatus

· radio and television broadcast transmitters
· lights and fluorescent lamps.

6.2.4. UN GRPE WP29 Drafts (BMW)
European Integrated Hydrogen Project (EIHP)

Ch. Devillers - Air Liquide, Sassenage, France,  K. Pehr, D. Stoll, F.-J. Wetzel - BMW, Munich, Germany,  J.S. Duffield, EC-Joint Research Centre, Ispra, Italy,  H. Grubel, H. Beeck - HEW, Hamburg, Germany,  H. Vandenborre, T. Driessens - Hydrogen Systems, Turnhout, Belgium, A. Gonzalez G.-C., A. Vegas -INTA, Madrid, Spain,  R. Wurster, Ludwig-Bölkow-Systemtechnik, Daimlerstrasse 15, D-85521-Ottobrunn, Germany,  M  Kesten, M. Machel - Messer Griesheim, Krefeld, Germany, F. Heurtaux, Renault, Guyancourt, France, P. Adams, Volvo, Göteborg, Sweden

Abstract

Hydrogen driven vehicles offer the possibility to reduce local and global emissions (greenhouse gases) as well as to phase in renewable energy sources into the future transport system. Thus finite and polluting fossil fuels can be substituted gradually.

The implementation of this technology can only succeed if the coordination of the European R&D efforts in the field of hydrogen will be strongly intensified and the technical progress will not be hindered by differing regulations and licensing procedures for vehicles and infrastructure equipment within the EU member states.

This project [1], which aims at creating the basis for the harmonization of the necessary legislation in Europe, is executed by the partners in close cooperation with the licensing authorities and is based on a dual strategy: analysis of existing hydrogen relevant legislation in Europe and analyses of existing hydrogen vehicles and infrastructure in Europe complemented by worst case scenario analyses.  Open questions of hydrogen fueled vehicles were addressed and approval authorities were familiarized with hydrogen technology. In a project mid-term workshop [2], held in Brussels in March of 1999, project partners and interested European specialists exchanged views on the project approach and on related safety, licensing and approval issues.

As a result, proposals for necessary further investigations and improved safety concepts were elaborated as well as concepts for standardized infrastructure components, vehicle components and pre-normative rules. A draft proposal regulation for hydrogen vehicles has been elaborated which will be presented to WP.29 of the Economic Commission for Europe (ECE) in Geneva in the first half of the year 2000.
To be developed
6.3. Standardisation

Though standards and regulations are frequently mentioned together it should be remembered that they are two fundamentally different things. While regulations are compelling for everybody in its domain, standards are not. They are rather a means to facilitate the trade with and use of goods. Their main role is to make things fit together: pressure cylinders with valves, valves with regulators and further equipment leading the gas to the place of use. This, however, involves also safety issues, and so there is of course an interface with regulations. 

The following table highlights the most important characteristics of regulations and standards:


Regulations
Standards

Purpose
Protection of the public, the environment, employees, material values etc. from damage or danger
Facilitation of the free exchange of gods and services

Source
Legislative bodies, governments or other political bodies; sometimes technical expert committees under supervision of the former
Free agreement by those parties which are interested in such a standard

Legal character
Law, ordinance or otherwise compelling
In principle not compelling, but sometimes so commonly accepted that it becomes comparable to a regulation

It is difficult to make standards for a technical field which is new and in constant development. Frequently a standard reflects a state of the art which has found to be useful by longer experience. They are of little use during the development phase of a product or technology; they may even choke the technical progress if they set too narrow margins, or they will remain ineffective. Standard makers in such a field (hydrogen and fuel cells certainly are one of them) shall restrict themselves to such provisions as will be necessary to ensure that the new product or technology can be introduced in the market easily and generally. 

Neither is it necessary that standardization bodies produce a lot of special standards for their field when there are already perfectly satisfactory general papers. Here an annex which deals with particular features for this application will perfectly do in many cases.

The basically clear distinction between regulations and standards stated above is somewhat softened by the fact that directives and other regulations may refer to standards. If this happens the user is obliged to follow this standard, giving it a power similar to that of a regulation. But regulations usually contain some provision for the case that technical progress produces new products or applications not explicitly covered by the existing standards. These are required to meet the same safety objectives. Just the process to prove that they do is more tedious. While in the case of a conventional product the reference to the standards is enough, extensive test reports may be necessary for new ones. Certification may be done initially on an individual basis only. As soon as the new product proves that there is a market for it its manufacturers will usually soon try to make the appropriate standards and let them taken into account in the regulations. This may take time, but it is a general experience with new things.

These general remarks should make clear that it is useless to ordain standardisation work or to expect a certain number of papers at a given deadline. These activities are not and can not be directed by some superior body but they depend on the free agreement of those people who make the products or activities the standards apply to. Their simple desire to create a friendly market environment is usually driving force enough for the necessary standards to appear in due time.

6.3.3. Standardisation panorama

A common marketplace with common regulations needs also common or at least harmonised standards. While ISO is doing this on a world wide scale, there is also CEN for the domain of the EU and associated countries. A similar situation prevails with IEC and CENELEC for the field of electrotechnical standards. 

The following table is to clarify the situation: 


general
electrical
other

World
ISO
IEC
…

Interface
Vienna agreement


EU
CEN
CENELEC
…

The Vienna agreement between ISO and CEN and between IEC and CENELEC, respectively, is to prevent duplicate work and contradictory results. It contains basically two things:

· A topic which is dealt with in ISO or IEC (or CEN or CENELEC, depending who starts first) must not be dealt with by CEN or CENELEC (or ISO or IEC) at the same time.

· Papers produced by one body can (and preferably should) be adopted by the corresponding partner body in a simplified and accelerated procedure.

Since there is a Technical Committee on “Hydrogen Technologies” in ISO (TC 197) there is no such committee in CEN. The European experts rather participate in the ISO working groups. A similar situation prevails for fuel cells with IEC TC 105 “Fuel Cell Technology”. Given the global character of the technical development this is certainly appropriate. 

6.3.4. International activity (ISO and IEC) and related applications

6.3.4.2. ISO Committee on Hydrogen

The most important committee on standards for hydrogen technology is ISO TC 197 “Hydrogen Technologies”. The secretariat is held by the Québec standard organisation in Canada.

Every TC has P (participant) and O (observer) members from among the national standard bodies which are members of ISO. While the O members get all the papers and can attend the TC plenary meetings, only P members have the right to nominate experts for the working groups and to vote on the results. The membership of ISO TC 197 at this time is this:

P members
O members

Argentina
Australia

Austria
China

Belgium
Czech Republic

Canada
Hungary

Denmark
India

Egypt
Jamaica

France
Libya

Germany
Serbia / Montenegro

Italy
Thailand

Japan
Turkey

Korea (Republic of)
United Kingdom

Netherlands


Norway


Russia


Spain


Sweden


Switzerland


USA


The work of ISO TC 197 is organized in (at this time) twelve working groups, but not all of them are active. Some of them have finished their task a while ago and exist only formally. Only the active ones are given in the table.

No.
Topic
Secretariat

1
Liquid hydrogen - Land vehicles fuel tanks
Canada

5
Gaseous hydrogen - Land vehicle filling connectors
Canada

6
Gaseous hydrogen and hydrogen blends - Land vehicle fuel tanks
Canada

8
Hydrogen generators using water electrolysis process
Canada

9
Hydrogen generators using fuel processing technologies
Netherlands

10
Transportable gas storage devices - Hydrogen absorbed in reversible metal hydride
USA

11
Gaseous hydrogen - Service stations
Canada

12
Hydrogen fuel - Product specification
Japan

The following official papers have been published by ISO TC 197: 

· ISO 13984:1999 Liquid hydrogen -- Land vehicle fuelling system interface

· ISO 14687:1999 Hydrogen fuel -- Product specification

· ISO 14687:1999/Cor 1:2001 (Update of the above)

· ISO/PAS 15594:2004 Airport hydrogen fuelling facility operations

· ISO/TR 15916:2004 Basic considerations for the safety of hydrogen systems

6.3.4.3. IEC Committee on Fuel Cells

The secretariat of IEC TC 105 “Fuel Cells” is held by Germany. The current situation in terms of members is like this:

P members
O members

Canada
Australia

China
Austria

Denmark
Belgium

Finland
Egypt

France
Norway

Germany
Poland

Israel
Portugal

Italy
Serbia / Montenegro

Japan
Thailand

Korea (Republic of)


Netherlands


Spain


Sweden


Switzerland


United Kingdom


USA


The working groups are:

No.
Topic
Secretariat

1
Terminology
USA

2
Fuel Cell Modules
Germany

3
Stationary Fuel Cell Power Plants - Safety
USA

4
Performance of Fuel Cell Power Plants
Japan

5
Stationary Fuel Cell Power Plants - Installation
Germany

6
Fuel Cell System for Propulsion and auxiliary power systems (APU)
Germany

7
Portable Fuel Cell Appliances – Safety and Performance requirements
Canada

8
Micro Fuel Cell Power Systems - Safety
USA

9
Micro Fuel Cell Power Systems - Performance
Japan

10
Micro Fuel Cell Power Systems - Interchangeability
Japan

No papers have yet been published by this TC, but quite a few can be expected in the foreseeable future.

6.3.4.4. Interactions

There are numerous interfaces between hydrogen standards and those from other fields, like pressure vessels, vehicles, etc. Work on hydrogen standards can not be done in an isolated way, but only in cooperation with the other committees. ISO TC 197 and IEC TC 105 have a liaison with each other. ISO TC 197 has other liaisons with ten ISO TCs and a few sub-committees, plus other liaisons with external bodies as the European Hydrogen Association and the National Hydrogen Association (USA). The situation is similar for IEC TC 105.

6.4. List of existing guidelines (To be completed)
UC, Ineris: NASA “Guidelines for Hydrogen System Design, Materials Selection, Operations, Storage, and Transportation” (1997), US DoE “Guidelines for Safety Aspects of Proposed Hydrogen Properties”, etc.

· Commission des Communautés Européennes ; « Eléments pour un guide de sécurité hydrogène, Expérimentations spécifiques, choix d’appareils et matériels adaptés - Volume 1» ; Rapport EUR 9689 FR ; Luxembourg 1985

· Commission des Communautés Européennes ; « Eléments pour un guide de sécurité hydrogène, Aperçu d’ensemble - Volume 2» ; Rapport EUR 9689 FR ; Luxembourg 1985
· FM Global ; « Hydrogen » ; Property Loss Prevention Data Sheets 7-91 ; September 2000
· IGC 15/96/E, Gaseous Hydrogen Stations. Industrial Gases Council, Brussels, Belgium
· IGC 06/93/E, Safety in Storage, Handling and Distribution of Liquid Hydrogen. Industrial Gases Council, Brussels, Belgium
· ISO/TR 15916 ; « Basic considerations for the safety of hydrogen systems / Considérations fondamentales pour la sécurité des systèmes à l'hydrogène », First edition : 2004-02-15
· NASA standard NSS 1740.16 ; « SAFETY STANDARD FOR HYDROGEN AND HYDROGEN SYSTEMS, Guidelines for Hydrogen System Design, Materials Selection, Operations, Storage, and Transportation » ; Office of Safety and Mission Assurance ; Washington, DC 20546

· NASA/TM—2003–212059 ; « Guide for Hydrogen Hazards Analysis on Components and Systems » ; Harold Beeson (Lyndon B. Johnson Space Center White Sands Test Facility), Stephen Woods (Honeywell Technology Solutions Inc. White Sands Test Facility) ; Published as TP-WSTF-937, October 2003

· NASA ; NASA Glenn Safety Manual, CHAPTER 6 – « HYDROGEN » ; Revision Date: 9/03 - Biannual Review  

This document can be found at http://www.hq.nasa.gov/office/codeq/doctree/safeheal.htm 

· NFPA 50A ; “Standard for gaseous Hydrogen Systems at consumer sites” ; National Fire Protection Association, Quincy, MA, USA, 1999
· NFPA 50B ; “Standard for liquefied hydrogen systems at consumer sites” ; National Fire Protection Association, Quincy, MA, USA, 1999
· NFPA 853 ; « Standard for the Installation of Stationary Fuel Cell Power Plants » ; National Fire Protection Association, Quincy, MA, USA, 2003
· NRCC 27406 ; “Safety guide for hydrogen” ; Hydrogen safety committee, National Research Council of Canada, Ottawa 1987

6.5. Recent progress

BAM: x

7. CONCLUSION AND PERSPECTIVES FOR THE NEXT TWO YEARS PERIOD

To be completed at the end
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�  The electronegativity is a measure for the attraction of electrons to the nucleus and its difference to the partner’s electronegativity defines the character of the bond: nonpolar-covalent (difference = 0), polar-covalent, or ionic (difference high).


� IEA,, 2001, Need for Renewables. Developing a New Generation of Sustainable Energy Technologies. Long-term R&D Needs. A Report on a Workshop of the Renewable Energy Working Party (REWP) of the International Energy Agency (IEA).


� Hydrogen as the Energy Carrier of the Future, Summary in English NOU 2004:11 (Published in Norway, 2004)


� http://europa.eu.int/comm/research/energy/nn/nn_rt_hy2_en.htm


� http://europa.eu.int/comm/research/energy/nn/nn_rt_hy1_en.html


� Examples of analysis methods are Hazop(hazard and operability) analyses and FMEA (Failure Mode and Failure Effect Anlysis) 


� A transgranular fracture progresses across the grains.


� An intergranular fracture follows the grain boundaries.


� It is underlined that the word “detection” here is not only meaning gas detection, but includes also measurements of unacceptable process conditions  


� Source : � LIENHYPERTEXTE http://www.dti.gov.uk ��www.dti.gov.uk�


� Reference : http://www.unece.org


� Working Party 29 : New Vehicles Construction


� References :  � LIENHYPERTEXTE http://www.dti.gov.uk ��www.dti.gov.uk� ; � LIENHYPERTEXTE http://europa.eu.int ��http://europa.eu.int�  ; http://asia.bsi-global.com


� European Economic Area 





� -Iskov, H.; Dansk Gasteknisk Center, Projektrapport Aug. 2000, J.nr. 1763/98-0019 ”Sikkerhedsforhold og myndighedsgodkendelse ved brintanvendelse til køretøjer” (Safety aspects and authority approval of the use of hydrogen in vehicles, in Danish)


  -Zalosh, R.G.; Short, T.P.; Compilation and Analysis of Hydrogen Accident Reports, COO-4442-4 “Factory Mutual Research Study, MA 1978) 


� http://planetforlife.com/h2/h2swiss.html


� http://www.hyweb.de/knowledge/w-I-energiew-eng4.html
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