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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
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Introduction

Generally the public is not familiar with industrial hydrogen systems, nor does it have any experience with the

new hydrogen systems under development today. The focus of this Technical Report is on the n

ew energy

applications. The intent is to provide, those unfamiliar with the technology, a basis upon which to understand
the_safety issues. This document concerns itself with applications that derive their utility from the chemical

regctions of hydrogen and does not apply to applications based on nuclear processes.

Traditionally, hydrogen has been used extensively in the petrochemical and chemical industfies’ang
quantities in the electronics, steel-producing, glass-making, and food hydrogenation ifdustries.
applications, the only significant use of hydrogen has appeared in space programmes.chhis is about
given the promise that hydrogen brings as an efficient energy carrier and an energetic fuel wi
enyironmental impact. Systems are being developed that produce hydrogen from primary energ
such as sunlight, wind power, biomass, hydro and fossil fuels, for use in energy applications for
offlce heating, generation of electricity, and transportation.

The safe use of hydrogen as a fuel is a primary ISO goal as it seeks to‘facilitate the rapid emergen
hydrogen technologies. A key element in the safe use of hydrogen is\dnderstanding its unique sa
prgperties and that there are acceptable engineering approaches-to controlling the risks associat
us¢ of hydrogen. This Technical Report describes the hazarfdsvassociated with the use and p
rogen, discusses the properties of hydrogen relevant to\safety, and provides a general dig
approaches taken to mitigate hydrogen hazards. The ‘aim of this Technical Report is to pr|
acgeptance of hydrogen technologies by providing key information to regulators and by educating t
public on hydrogen safety issues.

The development of International Standards toeliminate barriers to international trade and to s
arduous regulatory process by providing hydrogen-specific standards to allow early implementation
enferging technologies was among the needs identified in the ISO/TC 197 Business Plan. This
Report is one of many documents that have been developed, or are in the process of being develop
as|a response to the needs described in the ISO/TC 197 Business Plan. Detailed safety re
associated with specific hydrogen applications are treated in separate International Standards. This
Report provides an informativesreference for those separate standards as a common, consistent
salety-related hydrogen information. This should result in a reduction in duplication ang
ingonsistencies in these separate standards.

The considerations presented in this Technical Report are broad, general, and attempt to cover all
hydrogen safety. The-degree to which these guidelines are applied will vary according to the speg
application (such/as the conditions and quantity of hydrogen involved, and the way in which the h
used). Industrial users may find large portions of the guidelines, presented herein, applicabl
operations\ltAs not expected that the general public will be required to apply this degree of kng
salely operate a hydrogen appliance. It is anticipated that good appliance design, coupled with 2
care,in‘installation, will reduce the degree of safety considerations to levels that are deemed accept
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these guidelines to tailor sufficient specific information for the operation of their appliances, in the environment
in which they are to be used, and for the audience that will use them. Readers are encouraged to keep these
points in mind as they consider the information presented in this document. Hydrogen has been safely used in
many different applications over many years. Adherence to the principles presented in this Technical Report

can lead to a continuation of the successful use of hydrogen.
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Basic considerations for the safety of hydrogen systems

1 Scope

This Technical Report provides guidelines for the use of hydrogen in its gaseous and liquid forms:

thg basic safety concerns and risks, and describes the properties of hydrogen that are refevant
Detailed safety requirements associated with specific hydrogen applications are treated in

International Standards.

2 | Normative references

The following referenced documents are indispensable for the application of this document.
references, only the edition cited applies. For undated references, the latest edition of the
dogument (including any amendments) applies.

ISQ 11114—4:— 1), Transportable gas cylinders — Compatibility/of cylinder and valve material
contents — Part 4: Test methods for selecting metallic materialsresistant to hydrogen embrittlemen

ISQ 14687:1999/Cor 1:2001, Hydrogen fuel — Product specification

3 | Terms and definitions

For the purposes of this document, the terms and definitions given in Annex E apply.

4 | Overview of hydrogen ‘applications
4.1 Basic hydrogen infrastructure

4.1.1 Categories of-infrastructure
Conceptually, the purpose of hydrogen applications can be categorized as the
a)| produstion,

b

~

Storage and transport, and

t identifies
to safety.
separate

For dated
referenced

5 with gas
f

c) use of hydrogen.

Some applications may involve all three categories.

4.1.2 Production

The primary means of bulk production of hydrogen today involves chemical processes such as steam
reforming of natural gas, displacement of hydrogen from acids by metals, and electrolysis of water. In the

1) To be published.
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future, photochemical processes and genetically tailored plants may also become practical means of
producing hydrogen.

Different means of hydrogen production are used for special applications. For example, some applications
seek to minimize storage or hazards by supplying hydrogen (or oxygen with hydrogen as a byproduct) on
demand. Several electrolyser technologies are under development for this purpose. Ultra-pure research-grade
hydrogen and oxygen outputs are possible from these systems.

4.1.3 Storage and transport

4.1.31 General

Hydrogen that is produced at a site for use elsewhere has to be processed into a state which cancbe readily
stored and transported to consumer applications. Compared to conventional fuels, hydrogen’sow density
under ambient conditions and its low boiling point make it difficult for storage of sufficient quantities to $uit
typical applications. Proven methods of increasing hydrogen storage density include handlifhg-hydrogen ag a
pressurizefd gas or a refrigerated liquid, and using ground transport, water transport or piping-for delivery. Qnly
very small quantities of hydrogen are permitted for transport by commercial aircraft¢ Riping of hydrogen is
used in industrial settings. In the past, hydrogen had widespread use as a component of “town gas” that was
piped to street lighting. Today hydrogen is not commonly distributed in piping.for commercial or public
applicatior]s. This may change with more widespread use of hydrogen.

4.1.3.2 |Gaseous storage and transport

Where small to intermediate quantities of hydrogen are required, gaseous hydrogen is compressed and stofed
in high-prgssure containers. Conventional storage tanks of aluminitim and steel are routinely used to contain
hydrogen @t pressures up to 40 MPa2). Tube trailers, designed-for highway service, transport quantities in the
range of 3P0 000 litres to 500 000 litres.

4.1.3.3 |Liquid storage and transport

Another approach to hydrogen storage is to condense the hydrogen into a liquid or slush (solid hydrogen
mixed with the liquid). This requires chilling the-hydrogen to cryogenic temperatures (about 20 K) to form a
liquid and [below 14 K to form slush hydrogen’ At present, slush hydrogen has only been considered as|an
aerospace] propellant and the economicstfor production do not favour its more extensive use. To maintain the
hydrogen ps a cryogenic fluid in storage, exposure to ambient-level heat has to be minimized or excesgive
loss of hydrogen will result. This isalation from heat is best accomplished using a vacuum-jacketed container,
not unlike [a thermos bottle. No dsolation is perfect, and without capture and reliquefaction, the slow losq of
hydrogen |to the atmosphereChas to be accepted unless the usage rate exceeds the boiling rate,| or
alternatively a boil-off management system is adopted. Transport of liquid hydrogen is accomplished| in
vacuum-jacketed containérs by truck, railcar or tanker, and upon delivery it is transferred to vacuum-jackeled
cryogenic storage vessels at point-of-use sites. Storage systems as large as 3 700 000 litres are in use [for
aerospace| applications. However, cryogenic liquid hydrogen cannot be stored indefinitely unless it is
refrigeratefl, which-is'not economical for most applications. Liquid hydrogen is either used or eventually lost to
the enviropment:

4.1.3.4 Other storage options

Chemical compounds rich in hydrogen bonds, hydrogen mixed with other fuels, hydrides, and materials with
high surface adsorption of hydrogen may find applications in hydrogen storage systems (see Annex D). A
device called a reformer can be used to obtain the hydrogen from a storage compound. Where these systems
use chemicals other than hydrogen, special safety considerations unique to the materials should be applied in

2) Throughout this Technical Report there are frequent references to pressures in units of kilopascals (kPa) and
megapascals (MPa) and temperatures in units of kelvin (K) with values that may be unfamiliar. To help readers relate to
the values of these units, conditions familiar to all are noted here. Atmospheric pressure at sea level is 101,3 kPa or
0,1 MPa (14,7 psia), and the freezing point temperature of water is 273,15 K (0 °C or 32 °F).
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addition to the considerations for hydrogen. Such considerations are beyond the scope of this Technical
Report.

4.1.3.5 Vehicular storage systems

The volume of hydrogen and the mass of containment vessels for high-pressure gaseous systems or
cryogenic systems are challenges for vehicular fuel storage design. To reduce the volume and mass of fuel
tanks proposed for hydrogen-powered vehicles, lightweight composite materials are being developed. At
present, containment pressures of 35 MPa are being used with fuel-cell vehicles. Technologies for higher
containment pressures of up to 70 MPa, using composite materials, are being developed.

4.1.4 Hydrogen use applications

Hydrogen use applications include fuel cells, internal combustion engines, turbines, rocket.thrusters, and all
applications that use these components.

A Variety of energy applications based upon electrolysers and hydrogen fuel cell systems wi|l soon be
commercially available. These range from small portable systems designed toreplace standard batteries such
as[‘D” cells to 1 kW, 10 kW, and larger systems designed for remote or distributed energy systems|necessary
to power homes, remote villages, or augment the power grid. Portable systems typically rely on 3 hydrogen
supply that is replaced or recharged. Larger systems are envisioned\Wwith integrated renewable energy
solirces such as wind power systems or photovoltaic systems. , These systems are both producers and
consumers of hydrogen, as they convert electricity to hydrogen, storé the energy in a storage media, and then
convert it back to electricity when it is needed. This is done with an electrolyser that converts the [renewable
energy into hydrogen. The hydrogen is processed for storage and used with a fuel cell or a comhined heat-
angl power-generating unit to produce electricity on demand. Such systems may be further integrated to
capture waste heat for heating or industrial processes, These applications consist of a component that
pefforms the primary function and components that control, make safe, supply hydrogen, store hydrogen, or
otHerwise support the primary function.

>

4.2 Typical hydrogen system components

4.2.1 General

In |a generic hydrogen system, there are primary and auxiliary components integral to hydrogen safety.
Expmples of components that~perform primary functions are the rocket thrusters within rocket motors for
aefospace applications, thé cell stacks within fuel cells for energy applications, the internal gombustion
engines for transportation applications, and the catalytic converters within cooking stoves for residential use.

>

Aukiliary componentsiythat provide essential support for primary functions may possess all or sgme of the
following:

a

~

hydrogen storage or a source of hydrogen, and oxidizer storage or a source of oxidizer;

b

~

fluid 'delivery lines to connect hydrogen and oxidizer to the reaction system;

c) flow controfs;,
d) pressure-relief systems that are incorporated into the design of components a), b) and c);

e) detection components.

4.2.2 Storage vessels

The design and function of storage vessels and their components should reflect the type of service, such as
either high-pressure gaseous vessels or cryogenic liquid vessels. Quantities greater than 7 500 litres under
standard conditions are usually located outdoors or in specially designed structures. Vessel construction

© 1SO 2004 - All rights reserved 3
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should meet specific national code requirements for pressure vessels. Storage vessels that contain cryogenic

hydrogen

use special insulation or vacuum jacketing. Vacuum needs to be maintained with vacuum pumps.

4.2.3 Fluid delivery lines, piping, joints and seals

Piping and seals need to be suitable for hydrogen over the life of the system. Stainless-steel lines are
commonly used. Hydrogen permeates most materials and will readily leak through any small breach in a
system. Hence, welded joints are preferred where leaks cannot be tolerated. Where a joint or a seal may
require periodic opening, some form of hydrogen gas or flame detection is desirable, if permeation or a leak
could lead to a flammable mixture.

4.2.4 Flgw controls

A variety df components are used to control the flow of hydrogen within the system. Valves, check-valves 4§

regulators
controlled
source of

using electric or pneumatic actuators. Actuators need to be specifically designed<so-as not to b
gnition for released hydrogen. Check valves are used to prevent unwanted back flow. Regulat|

control theg pressure of fluids within a system. Controls also include fluid sensors sueh<as pressure gaug
flow meterg, liquid level indicators, and other control systems.

4.2.5 Préssure-relief systems

Vessels gnd piping that confine or potentially may confine hydrogén should be protected agai

overpress
overpress
hydrogen

mrization with a pressure-relief system. Examples of/circumstances that may lead
rization by a hydrogen system are fire or failure of ajtegulator, which releases high-press
nto a part of the system designed for a lower pressuré.*The pressure-relief system typically us

pressure-relief valves and burst (rupture) disks to direct overlyopressurized hydrogen to a vent system
pressure-relief valve possesses a spring-loaded seal that opens when a set pressure is exceeded. A by
disk is a dimilar device except pressure relief occurs upon“rupture of a pressure-sensitive diaphragm. T

device is

burst disk

cryogenic

wisually used in parallel with a pressure-reliefivalve as a fail-safe path for overpressurization. T

5ystem need to be protected from failures that could introduce high-pressure hydrogen.

4.2.6 Detection components

Outside off the hydrogen system, the control system can monitor the presence of hydrogen gas or hydrog
fire. A variety of technologies are avaitable to detect hydrogen gas. Hydrogen detectors are typically plad
above a pfobable leak point where hydrogen may accumulate, and at the intake of ventilation ducts. Infra

(IR) came
hydrogen

lame, but carefuleollimation of the sensor’s field of view is required because sunlight or weld

activities cpn readily triggér these detectors.

4.2.7 Ot

Hydrogen
hydrogen.
example,

her components

systems can use catalytic converters and “getters” in order to remove unwanted or excs
Filters can be used to remove impurities from hydrogen in the system or from auxiliary systems.

nd

are the most common mechanical components. These may be manually operated. or remofely

e a
prs
es,

nst

to
Lire
5eS

A
rst
his
he

must be replaced if it is ruptured. Even~the evacuated spaces in vacuum-jacketed lines in a

en
ed
red

as can image heat over a wide field of view. Ultraviolet (UV) detection is used to specifically detect

ng

bSS
For

he proton exchange membrane (PEM) stacks used In electrolysis and fuel cells require prist

Ine

water that is carefully filtered and deionized. Heat exchangers, coolers and radiators may be required in

hydrogen

systems.

4.2.8 Considerations for conditions external to the system

Inherent in all hydrogen designs are

a) considerations for the conditions in which the system is operated,

b) fail-safe operation that accounts for potential modes of failure, and

c) long-term plans, which cover the operational life of the system.

© ISO 2004 - All rights reserved
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For example, fixed-hydrogen systems must be located according to specific requirements found in national
safety standards. These standards identify specific construction and materials requirements for structures,
based on the quantity of hydrogen, whether it is gaseous or liquid, and the desired location for the hydrogen
storage. Hydrogen designs should account for all possible circumstances anticipated during the life of their
operation, and the designs should place the system in a safe state for all reasonable failure modes.

4.3 Hydrogen fuel

Hydrogen fuel possesses impurities left by the production process or introduced during storage and post-
productlon handlmg The quant|ty and type of |mpur|t|es may adversely affect hydrogen consuming systems;
hel 9 yarogen fuel to
en :ure uniformity of hydrogen fuel products produced for vehicular, appliance, or other fuelling \applications.
This specification classifies hydrogen fuel according to three types, I, 1l and lll, for gaseous, liquid, and slush
hydirogen, respectively. Type | is further divided into Grades A, B and C, which specify increasing levels of
purity. The cost of storage and handling increases with a reduction in the impurities NSO 14687:1999/Cor
1:4001 specifies impurity levels for water (H,0), total hydrocarbon (THC), oxygen (QO3), argon (Af), nitrogen
(N4), helium (He), carbon dioxide (CO,), carbon monoxide (CO), mercury (Hg), sulfur (S), and permanent
pafticulates.

4.4 Environmental effects

The environmental effects arising from the use of hydrogen systems‘are anticipated to be benign{ With very
few exceptions, pure water is the only reaction product. The exception is air-breathing systems that combust
hyd@rogen at high temperatures and can create nitrogen oxides’ (NO,). PEM fuel cells and elgctrolysers
prgduce only water, and some electrolyser—fuel cell systems can capture most of the water produced for re-
use. This formation of water from hydrogen/oxygen reactions’is well known by the outdoor observels of NASA
Sppace Shuttle launches, who have, when the wind is right, experienced rain out of a clear blue sky. At some
futpire point, if hydrogen-powered transport becomes the dominant transportation means, then areap with high
usage such as in cities may experience an elevation in humidity, or hydrogen-powered vehiclgs may be
required to condense and capture the water emissions. This elimination of pollutants (such as CQ, CO, and
NQ,) as a reaction byproduct is one of the primary benefits from using hydrogen systems.

5 | Safety considerations for.the use of gaseous and liquid hydrogen

5.1 General

The unique properties of(hydrogen, which make it valuable as an energy carrier or fuel, require proper design
angl operation in order.tc avoid the inadvertent creation of hazards.

>

The combinatiomof’ hydrogen behaviour and the particular attributes of a hydrogen system determine the
nafure of the potential hazards that the operators face. For instance, whether the system operateg with high-
prgssure hydrogen or operates at cryogenic temperatures defines the nature of the potential hazardg.

=

The pfimary hazards and issues associated with hydrogen systems can be categorized and prioritized as
follows:

a) combustion;

b) pressure;

c) low temperature;

d) hydrogen embrittlement;

€) exposure.

© 1SO 2004 - All rights reserved 5
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This list simply stresses where concern should be focussed in the design and operation of hydrogen systems.
Exposure is placed last because of the realization that any of the first four hazards can result in consequences
that far overshadow the consequences of exposure. Note this list does not detail specific hazards, or the
possibility that different elements within the list can act together to form an overall hazard. These hazards and
issues should be considered when evaluating hydrogen hazards.

Because the operation of hydrogen systems may involve many people, the effort should be considered a team
effort. Anyone involved with the use of hydrogen should be familiar with the safety-related properties of
hydrogen and the hazards associated with those properties.

5.2 HazEms-iwvmmumnfﬂm-pmperﬂwoﬁwdmgen
5.21 General

A discussion of the correspondence between hydrogen properties and their associated petential hazards
provides insight into safety issues. While the concern for combustion hazards is common-to all hydrogen

systems, the way these hazards manifest themselves arises from whether the hydrogen.is used as a liquid or
a gas.

Some gerjeral safety-related properties of gaseous and liquid hydrogen are discussed below. Additional
information on hydrogen’s general safety-related properties as a gas and a liquid\are summarized in Clausg 6
and some [selected property data is tabulated in Annex A.

5.2.2 Gajseous hydrogen

Gaseous hlydrogen has neither a characteristic colour nor odour. Itforms the smallest, lightest molecule of any
gas. As a [result, gaseous hydrogen better permeates through-thaterials, passes through smaller leak paths,
diffuses mpre rapidly in surrounding media, and has greater, buoyancy than other gases. The consequencges,
arising from these properties, are that released hydrogen-rapidly rises and diffuses, but if confined, it ¢an
accumulatg in high spots.

Hydrogen |vessels and piping systems require good seals, and leaks are always a concern. Furthermqre,
hydrogen leaks are difficult to detect with unaided senses, if they do not make an audible noise. It has bgen
demonstr](ed that hydrogen can permeate slowly through confined materials. The permeation rate varies|for

different kinds of materials. For metals such as steel, at ambient temperature, the rate is extremely low with
insignificamt quantities permeating overivery long periods of time. Some caution should be observed with
polymeric | materials, which allow sgreater permeation and thus significant quantities of hydrogen ¢an
accumulatg, if the flow enters into;a small unventilated volume. Hydrogen gas dissolved in a liquid ¢an
permeate |nto adjoining vesselmaterials.

Because df hydrogen's low density at ambient conditions, it is typical to store and transport gaseous hydrogen
at elevated pressures.

5.2.3 Liquid hydrogen

Liquid hydrégen appears clear with a slight blue tinge. It possesses an extremely low boiling point, a low
density, a low heatcapacity, anda targe volumetric expansion when heated to a gas.

Liquid hydrogen with its low boiling point of 20,3 K will rapidly boil or flash to a gas if exposed or spilled into an
ambient temperature environment (300 K). Warming liquid hydrogen to an ambient temperature gas can lead
to very high pressures, when it is confined.

Another consequence of liquid hydrogen’s low temperature is that, with the exception of helium, all gases will
be condensed and solidified should they be exposed to it. Leaks of air, nitrogen or other gases past valve
seals, into direct exposure with liquid hydrogen can lead to several hazards. The solidified gases can plug
pipes and orifices and jam valves. The reduction in volume of the condensing gases may create a vacuum
that can draw in yet more gases, in a process known as cryopumping. Should the leak persist for long periods,
large quantities of material can accumulate displacing the liquid hydrogen. At some point, should the system
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be warmed for maintenance, these frozen materials will re-gasify possibly resulting in high pressures or
combustible mixtures.

Outside of the liquid hydrogen system, un-insulated pipes and vessels containing liquid hydrogen can
condense gases such as air into solid and liquid forms on their outer surfaces. The liquid condensate flows
and looks like liquid water. Should the oxygen component within liquid air come in contact with combustible

materials, fire and explosion hazards can occur.

5.3 Factors involved in combustion hazards
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Operations in proximity to hydrogen flames should also consider UV exposure. Thus, without detection
equipment, the first indication of a possible flame is usually the hissing noise of the gas leak and perhaps the
shadows from the thermal gradients of the flame.

5.3.3 Explosions

5.3.3.1 General

When hydrogen and an oxidizer are allowed to form a mixture prior to ignition, the ensuing flame will move
rapidly throughout the combustible region. The flame can combust by two different processes: deflagration or
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detonation. To our physical senses, both processes can be perceived as an explosion. The shock wave and
hot product gases impinging upon the surroundings outside of the combustible region can also be referred to
as a blast wave. There is no combustion in the blast wave, but it physically displaces the surrounding (non-
reacting) gases and loose material (shrapnel). To our physical senses, the blast wave is indistinguishable from
the deflagration and detonation processes.

5.3.3.2 Gaseous deflagration

A deflagration is a flame that propagates through a combustible medium at a rate less than the speed of
sound within the un- combusted media. The cr|ter|a for flammablhty are the same as those for fire. The
presence { j rfaces suc as o S = o nres - N oromote an
increase in the speed of the flame to hundreds of metres per second in a process known as fIa
acceleratign. If the flame reaches high speed and encounters turbulence, the deflagration process ¢an
transform into a detonation. This is called a deflagration-to-detonation transition (DDT).

5.3.3.3 Gaseous detonation

The detonption process differs from deflagration in that a shock wave is integral to the“combustion process.
Detonatior)s propagate at a rate greater than the speed of sound within the un-combusted media, typically
1500 m/s|to 2 000 m/s, and they also produce high pressures. As a more energetic process, detonafjon
requires g richer hydrogen-oxidizer mixture and sources of ignition with significantly more energy thar is
needed fof fire or deflagration. For example, in the open, a highly explosive_:charge is required to initiat¢ a
detonation|in hydrogen-air mixtures. However, the presence of confining surfaces can act to expand the range
of mixturds that are detonable and significantly reduce the ignition ‘energy necessary for detonatipn.
Detonatior)s that impinge on surfaces are reflected such that the superposition of the incident and reflected
pressure waves are cumulative, producing greater pressures of 2 to 3.times the incident shock pressure.

5.3.3.4 |[Liquid- or condensed-phase detonation

Solid oxidiger mixed in liquid hydrogen can be made to.detonate with a yield similar to that of explosives. For
this form ¢f combustion to occur, the mixture needs t0,'be subjected to an initiation source with an enefgy
equivalent| to a highly explosive charge. There is,a)lack of well-developed information characterizing this
process.

5.3.3.5 [Safety considerations

Safety considerations that arise from~the gaseous hydrogen deflagration and detonation behaviour inclyde
understangling

— whethler system failures can‘lead to hydrogen-oxidizer mixtures,
— the influence of confinement both within and outside of the system, and

— the consequences,of formation of high pressures, high temperatures and rapid propagation of flame
fronts

The cond|tions'\\necessary for liquid-phase detonation are not typically found in standard equipmgnt.
Deflagratigns.of gaseous hydrogen-air mixtures can produce pressures as much as 8 times the initial presspre.
Detonation-of-hydrogen-air mixturescan-producepressures-as-much-as16-times-the-initial pressure-and-with
reflection, pressures 50 times the initial pressure. One important consideration is that the relief systems,
designed to protect hydrogen systems from overpressure, rely on sensing the build-up of pressure. Because
detonation waves move faster than the speed of sound, relief systems do not sense the approaching wave
and cannot react in time to protect the system from the rapid pressure rise.

5.4 Factors involved in pressure hazards

5.4.1 General

Many hydrogen applications contain hydrogen in a gaseous form under high pressure or as a cryogenic liquid.
In both of these forms, hydrogen presents several pressure-related hazards, primarily overpressure that
should be addressed in the design and operation of a hydrogen component or system.
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5.4.2 Gaseous hydrogen

Gaseous hydrogen can be compressed to very high pressures. Under such pressures, the hydrogen has
considerable potential (stored) energy. The release of this energy can generate a blast wave depending on
the energy release rate.

5.4.3 Liquid hydrogen

A sudden increase in volume is associated with the phase change of liquid hydrogen to gaseous hydrogen,
and still another gradual volume increase occurs for gaseous hydrogen that is allowed to warm from liquid
terperaturetoambient temperature:

5.4.4 Safety considerations

In fa liquid hydrogen system, the increase of volume for the phase change of liquidyhydrogen tp gaseous
hydirogen and the expansion of heated gas can overpressurize, in a matter of seconds;containmen{ structures
suth as a storage vessel or piping to the point of bursting. This type of hazard is.commonly addressed by the
us¢ of relief devices in all parts of a hydrogen system where liquid or cold gaseoUs hydrogen can ke trapped,
su¢h as between two valves. Inadequate relief can lead to catastrophic failure'of the component, resulting in a
blgst wave and/or high velocity shrapnel.

location of a compressed gas storage vessel at a safe distance from personnel and other facilifies should
be considered essential, as a consequence of this hazard.

Factors involved in temperature hazards

Care should be taken to ensure that structural ‘materials retain sufficient toughness, and that the system
design accounts for the shrinkage of materials. The consequence of material failure in a hydroger| system is
release of hydrogen either internal tothe system (through a valve seat, for example), or extdrnal to the
system (through seals, for example).

Factors involved in hydrogen embrittlement hazards

5.4.1 Hydrogen embrittlement

Mdgterials used in vessels or other components can undergo a significant loss of their structural strgngth when
exposed to hydrogen-This phenomenon is known as hydrogen embrittlement, and occurs when hydrogen or
hydrogen compounds permeate into the lattice structure of the material. At the atomic level, for empbrittlement
to |occur, hydrogen molecules must first dissociate into atoms before they can diffuse into the metallic
striicture. Ab.temperatures close to ambient, a number of metallic materials are susceptible tg hydrogen
embrittlement, particularly those with a body-centred cubic crystal lattice structure. This is a particulpr problem
with _many ferritic steels if they are subjected to mechanical stresses. The process takes place|on freshly
geperated metallic surfaces that are likely to form on surface defects or other stress raisers as [a result of
stress-induced local plastic deformation processes. Impurities such as hydrogen sulfide dissociate into atomic
hydrogen even more easily than molecular hydrogen.

Failure to address embrittlement concerns can result in catastrophic failure of containment structures (such as
a Bourdon tube in a pressure gauge, or a storage vessel). Hydrogen embrittlement is counteracted by proper
design and selection of materials (see Annex C).

5.6.2 Hydrogen attack
At temperatures above 200 °C, many low-alloyed structural steels can suffer from another hydrogen-related

embrittlement phenomenon known as hydrogen attack. It is a non-reversible degradation of the steel
microstructure caused by a chemical reaction between diffusing hydrogen and the carbide particles in the
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steel, resulting in the formation of methane. Severity of the hydrogen attack increases with increasing
temperature and pressure.

5.7 Health hazards

5.7.1 Cold burns

Direct skin contact with cold gas or liquid hydrogen can lead to numbness, a whitish colouring of the skin, and
to frost bite. An additional consideration is that prolonged exposure of the entire body to cold can result in

hypotherm

ia. Personnel should not touch cold metal parts and they should wear protective clothing.
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Measures taken by prudent organizations are described in Clause 7.

6 Basic properties of hydrogen

6.1 General properties

6.1.1 Atomic and molecular properties

Hydrogen, named from the Latin words hydro (water) and genes (forming), is the simplest and most abundant
element in the universe. Atomic hydrogen can possess any of three possible atomic weights or isotopes:
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protium, deuterium or tritium. Protium, with an atomic mass equal to 1, is the most common isotope. As a pure
substance, hydrogen exists as a molecule, designated H,, in which two hydrogen atoms have formed a
covalent bond. There are two molecular forms: orthohydrogen and parahydrogen. Bulk hydrogen, whether in
gaseous or liquid form, is a mixture of ortho-hydrogen and parahydrogen in which the temperature determines
the equilibrium quantities of each form. At normal temperature and pressure (NTP), parahydrogen makes up
25 % of the total mixture. This mixture is known as normal hydrogen. At lower temperatures, equilibrium
favours the existence of more parahydrogen, with liquid hydrogen at 20 K composed of 99,8 % parahydrogen.

This apparent complexity of different isotopes and molecular states has little effect on most non-nuclear-
energy safety considerations. Deuterium is found only in trace quantities in nature, and tritium is produced in
i i i i i is i red by the
| data that
h as liquid
5 between

enthalpy,
hs density,

ifferent atomic and molecular forms. Non-nuclear energy applications typically use thermophysice
applies to normal hydrogen (protium). The only exception occurs for cryogenic applications-suc
hydrogen storage, in which heat is an important parameter. The larger property difference
orthohydrogen and parahydrogen occur in those properties for which heat is important((such as
specific heat capacity and thermal conductivity), whereas other properties of orthohydrogen, such
vary little from parahydrogen properties.

NQ
thel

TE If concentrated, the heavier atomic weights of deuterium and tritium resultsn_different physical proj
r radioactivity may be a safety concern.

perties, and

6.1.2 Appearance and general characteristics

G4
no

seous hydrogen is flammable, non-toxic and non-corrosive. lt{is)colourless, odourless, tasteless and does

support life (asphyxiant). Liquid hydrogen is transparent with(a light blue tint and non-corrosive.

6.1.3 Phase properties
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b behaviour of hydrogen is dominated by the low temperatures at which transitions between gas,
d phases occur. The highest temperature, at.Which a vapour can be liquefied, the critical temp
proximately 33 K for hydrogen. The normal* boiling point (NBP) is 20,3 K at an absolute p
1,323 kPa. The triple point, which is the condition under which all three phases can coexist, is 1

liquid, and
erature, is
ressure of
8,8 K at an

ab
po

solute pressure of 7,2 kPa (a sub-atmospheric pressure). These temperatures are all far below the freezing
nt of water and even below the freezing point of air.

2

6.2 Selected thermophysical properties

6.2.1 General

Selected hydrogen engineering data for the gaseous and liquid phases are presented in 6.2 in orger to give
sufficient backgrolind to understand hydrogen safety issues. Some numerical data are tabulated in Annex A.
Aldo selected dataon other gases are provided in Annex A for comparison.

6.2.2 Selected thermophysical properties of gaseous hydrogen

6.2.21 Dispersion

Hydrogen possesses high buoyancy and greater diffusivity than other gases. Under ambient conditions,
hydrogen has a density of 0,083 8 kg/m3 and a specific gravity of 0,069 6 (air = 1). Therefore, hydrogen is
approximately 14 times less dense than air, making it the lightest of all gases. Note that the density of any gas
is inversely proportional to temperature; for example, cooling a gas makes it denser. The small size of the
hydrogen molecule gives it diffusivity greater than that of helium and approximately three times that of
nitrogen in air at ambient conditions. Gaseous hydrogen also readily diffuses into solids.

In the case of gaseous hydrogen leaks, its high buoyancy affects gas motion considerably more than its high
diffusivity. However, the effects of wind can dominate diffusion and buoyancy. The buoyancy of hydrogen
when it is allowed to rise will create convection currents. As a consequence of these properties, hydrogen gas
readily disperses and forms ignitable mixtures with air. In an unconfined atmosphere, these mixtures quickly
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dilute to a level below the lower flammability limit. Caution should be noted in applying these observations
when hydrogen vapours at cryogenic temperatures are released. Hydrogen vapours at temperatures of 23 K
or lower are denser than NTP air and, until they warm, can settle into low-lying areas.

6.2.2.2 Viscosity

The low viscosity of hydrogen, in combination with its small size, is a key reason for the likelihood of hydrogen
gas leaking through porous materials, fittings or seals.

6.2.2.3 Gaseous heat capacity, thermal conductivity and the Joule-Thomson coefficient

On a moIeLr basis, the heat capacity of hydrogen is similar to that of other diatomic gases despitecits™low
molecular mass. The thermal conductivity of hydrogen is significantly higher than that of other gases. ' Contrary
to the behgpviour of many gases, which cool when expanded across an orifice at ambient temperatdres, the
expansion| of hydrogen produces heat. This kind of expansion commonly occurs in systems\that release
hydrogen @t elevated pressure to the atmosphere through a vent. This temperature rise, characterized by the
Joule-Thomson coefficient, is not sufficient to cause ignition.

6.2.3 Selected thermophysical properties of cryogenic liquid hydrogen

6.2.3.1 [Density and thermal expansion

Liquid parahydrogen at its NBP has a density of 70,78 kg/ms. The corresponding specific gravity is 0,071 0
(H,O = 1) pr approximately 14 times less dense than water.

With the 3ddition of heat, the volume of liquid hydrogen expands”significantly more than what we expect
based on pur experience with water. This property is indicated-by the coefficient of thermal expansion, which
at NBP is|23 times that of water for ambient conditions. The significance for safety arises when cryogenic
storage vgssels have insufficient ullage space to accommadate expansion of the liquid. This can lead to|an
overpressyrization of the vessel or entrainment of the liguid into transfer and vent lines.

6.2.3.2 [Equivalent volume of gas
A considefable increase in volume is associated with the phase change of liquid hydrogen to gaseogus
hydrogen, [and still another gradual volume:-increase occurs for gaseous hydrogen that is allowed to wgrm
from the NBBP to NTP. The ratio of the\final volume to the initial volume for the phase change from liguid
hydrogen {o gaseous hydrogen andrexpansion of heated gas is 845. This total volume increase can result ip a
final presgure of 172 MPa (25000 7psia) starting with an initial pressure of 0,101 MPa (14,7 psia) if the
gaseous hlydrogen is completely-confined in a fixed volume.

6.2.3.3 [Heat capacity.

The specific heat at ‘constant pressure of liquid parahydrogen (9,688 kJ/kg-K) is more than double thaf of
water and greaterthan 5 times that of liquid oxygen at its NBP.

6.2.3.4 rtho-para conversion

The process of hydrogen liquefaction should not only remove sensible and latent energies, but it should
remove the energy released by the ortho-para state conversion. The heat of conversion is 715,8 kJ/kg, which
is 1,5 times the heat of vaporization. This is an exothermic process that is very slow and can take several
days to complete. The liquefaction process can be accelerated with the use of a paramagnetic catalyst.

6.3 Basic combustion properties
6.3.1 Selected combustion properties of hydrogen

Hydrogen-oxidizer mixtures can combust either as a fire at a fixed point, a deflagration, or a detonation.
Flammability limits and ignition energy are two primary variables used to characterize the circumstances
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under which fire and deflagration occur. Detonation limits are determined from measurements of detonation
cell sizes. Some hydrogen combustion data are given in Annex B. Selected combustion data for several
common fuels are also given in Annex B for comparison purposes.

6.3.2 Flammability limits that apply to fire and deflagration

Hydrogen, by itself in bulk, does not undergo a chemical reaction when exposed to an ignition source. For
combustion to occur, hydrogen has to be mixed with sufficient quantities of oxidizer to form a flammable
mixture. An optimum, or so-called stoichiometric mixture, provides the exact ratio of reactants such that all the
fuel and oxidizer components of the reactants can combust completely to produce reaction products and heat.
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.3 Ignition energy and-minimum ignition energy as applied to fire and deflagration

ariety of processes,.including flames, electrical sparks, fused wires, incendiaries, hot surface
id adiabatic compression, shock waves and catalytic materials, can be sources of i

bughout the mixture. For a given combustible mixture and ignition type, there is a minimum en
ch ignition) does not occur. This is known as the minimum ignition energy (MIE), and it
asured using spark-discharge apparatus.

b ‘MIE varies with the composition of the mixture. Less energy is necessary to ignite a mixture n
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gnition  for
Lto-ignition
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earer to its

stoichiometric composition. Over the flammable range of hydrogen/air mixiures, the MIE varies

by almost

three orders of magnitude and can be as low as 0,017 mJ. However, for practical purposes, the MIE remains
substantially constant over a hydrogen concentration range of 25 % to 35 %. In addition to the mixture
composition, other factors such as the initial gas pressure and temperature can influence the MIE. Since most
ignition sources generate more than 10 mJ, all fuels listed in Table B.2 would be ignited if their fuel/air ratio
exceeds the lower flammability limit. Powerful ignition sources capable of forming shocks, such as high-
energy spark discharges and explosives, can directly initiate detonations.

6.3.4 Deflagration

A flame that relies on heat-transfer and mass-transfer mechanisms to combust and move into regions of
unburnt mixtures is known as a deflagration. In a stationary mixture in the open with no confinement, the flame
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will propagate with laminar or “smooth flow” at a rate of 2,7 m/s. Confinement, as found between walls, within
pipes and ducts, traps the expanding reaction products and produces a bulk flow, which in turn propels the
flame front more rapidly into the unburnt mixture. With the creation of a bulk flow, surfaces adjacent to the
flame and obstacles can increase the mixing of unburnt mixture and the flame, thereby increasing the rate of
combustion. This process can accelerate the flame speed to hundreds of metres per second with an attendant
formation of considerable overpressures, reaching several hundred kilopascals. At high velocities, turbulence
created by obstacles to flow can lead to the formation of shock waves capable of initiating a detonation. This
process is known as a deflagration to detonation transition (DDT). The maximum propagation velocity of a
deflagrative burning flame in a turbulent flow field is limited to the speed of sound in the unburnt gas mixture
(975 m/s for a stoichiometric hydrogen/air mixture).

Beyond the flammability limit and the ignition energy data, it is difficult to quantify effects that produce flame
acceleratign. Confinement is necessary and, with initial conditions such as those near-stoichiometriccmixtures
and strond initiation sources, rapid deflagrations at the verge of transition to a detonation can occur‘within gne
metre of travel. Testing for specific scenarios is required to determine the potential for deflagratiomor even|for
detonation

6.3.5 Detonation

6.3.5.1 General

A detonatipn is characterized by the auto-ignition of a shock-compressed gas. It propagates at supersgnic
velocities ¢f 1 500 m/s to 2 000 m/s relative to the supporting unburnt mixtdre with an attendant pressure fise
in the range of 1,5 MPa to 2 MPa. The detonation process does not consist of a single uniform shock waye,
but possegses many little detonation cells.

6.3.5.2 Detonation limits

The meadured widths of these detonation cells depend;-6h the mixture concentration and the degree| of
confinemeht. This dimension can be related to the critical'energy necessary to initiate a detonation and to the
critical dimpension below which a detonation cannotreccur. Data for hydrogen/air detonations are showr in
Annex B. Cell width data vary not only with mixture concentration, but also with a variety of other factprs
including pressure, the presence of diluents, and,temperature. With knowledge of mixture concentration and
cell width,[the general approach to evaluatifigythe limits of detonation is to determine if credible sourceq of
initiation apove the critical energy for initiation of detonation are possible. System confinements are evaluated
to see if dimensions are sufficient toxpermit detonation. In unconfined mixtures, a direct initiation of a
detonation| is very unlikely because the/minimum energy for a direct ignition is on the order of 1 kJ, which is
typical of dolid explosives.

Compared to fire and deflagration, the detonation process requires near-stoichiometric mixtures and stronger

initiation spurces. Detonation-cell data is used to quantify detonation limits, rather than the composition limits
because ah increase indhe"initiation energy leads to broader detonation limits.

7 Mitigation"and control of risks

7.1 General mitigation and control of risk

7.1.1 General

There are general principles, guidelines and recommended practices that are essential for the safe use of
hydrogen. While a given hydrogen application has the potential to be unique, priorities can be discerned in the
application of these general principles based on the experience and lessons learned from mishaps involving
hydrogen described in 7.1.2. Perspective on how an understanding of hydrogen hazards can be approached
is provided in 7.1.3 and general guidelines on how to minimize hazards is provided in 7.1.4. More specific
information has been organized into sections covering hydrogen design, flammability and explosion, detection,
facilities, operations, and recommendations for organizations.
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The degree to which any of these principles should be applied will vary according to the need. Hydrogen
systems developed for use by the public should possess inherent design features that foster safety with
minimum requirements for oversight and training. Hydrogen systems used in industrial settings may require all
of the considerations presented.

7.1.2 Lessons learned from past experience

The lessons learned from past experiences provide valuable insight into the priorities that should be
established for the application of recommended practices and guidelines. A 1974 study of 96 mishaps
involving hydrogen identified and categorized the causal factors. A summary of the results is provided below
wit i ; i d in some
mishaps, consequently the percentage shown for these categories totals more than 100 %.

Sepveral categories based on human error were identified. Operational and work area deficiencies ere found
regponsible for 26 % of the mishaps. These mishaps were attributed to inadequate working conditions during
installation, maintenance, fabrication, and cleaning; and the lack of training, specific)instructiong, or both.
cedural deficiencies were found responsible for 25 % of mishaps. This category’ included the failure to
follow established procedures, or to prepare proper procedures. Design deficieheies were found responsible
for| 22 % of the mishaps. Here inadequate component or system designs, including failure to spegcify safety
deyices and omission of other essential information, failure to determine stress and fatigue, errors [in material
selection (such as clerical errors in drawings and specifications) were.described as the caused. Planning
deficiencies identified as limited planning, such as failure to prepare test plans or to prepare hazard studies,
attfibuted to 14 % of the mishaps.

Other categories identified included malfunctions, material failurés, material incompatibility, and corjtamination.
Mglfunctions, defined as anomalies that occurred, such as,components in the system that failed to function as
intended, attributed to 8 % of the mishaps. Material failures, attributed to 3 % of the mishaps, included the
failure of materials and components as a result of stresses that had been considered within the design limits.
Mgterial incompatibility, such as incompatible materials either brought together by accident or designed into
thg system, attributed to 3 % of the mishaps. -The' use of contaminated materials attributed to [| % of the
mishaps.

The first four categories account for 87 %'ef the mishaps. Of these, the first and second categorigs account
for| 51 % and involve operational procedures. The third and fourth categories account for 36 % gnd involve
design and planning. Thus, these four-eategories account for a major share of the mishaps and invglve human
errprs. Although not shown in thetabove numbers, valves were involved in 20 % of the mishaps, and systems
contaminated with air were involyed in 21 % of the mishaps.

=

The above statistics suggest two primary goals in the design and operation of a hydrogen system:

a

~

minimize the possibility for human error, and

b) | have a system that is capable of remaining safe in the event of a human error.

7.1.3 Addressing hazards

A yatiety of options are available for addressing hazards: eliminate, prevent, avoid, control, gnd ignore.
Examples of each option are provided below.

The preferred choice for dealing with a hazard is to eliminate the hazard, but (as is the case with hydrogen)
this is not always possible. The properties of hydrogen that make it valuable as a fuel also make it hazardous.
This option might be illustrated by choosing to use an inert gas whenever possible rather than using hydrogen
(eliminate the hazard by eliminating the hydrogen).

If a hazard cannot be eliminated, then perhaps it can be prevented. The use of a material that is not
susceptible to hydrogen embrittlement, for example, will prevent a hydrogen embrittlement hazard. In this
example, in comparison with the example above, the hydrogen is still used, but a material that is subject to
embrittlement is not used.
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An option that is available if a hazard cannot be eliminated or prevented is to avoid the hazard as much as
possible. For example, limit the exposure of people to the hazard by both limiting the time of exposure and the
number of people that will be exposed.

The option that is often the only one that is practical is to control a hazard. This involves controlling the
elements of the hazard rather than eliminating, preventing, or avoiding them. This might involve, for example,
limiting the pressure or flowrate that is used in an operation.

If the consequences of a hazard are such that they are insignificant or that they can be tolerated, then an
option that is available is to accept the hazard. This option usually involves a careful examination of the

hazard and-its conseguences-in order to J|||ef|'|:y the decision that it can be Qr\r\npfnd

7.1.4 Minimizing the severity of the consequences of hazards
An important principle underlying safe hydrogen use is to seek designs and operations that\minimize the
severity off the consequences of a potential mishap. This can be accomplished in several ways, such as the
following:
— minimjize the quantity of hydrogen that is stored and involved in an operation;

— isolat¢ hydrogen from oxidizers, hazardous materials and dangerous equipmernt;

— separgte people and facilities from the potential effects of fire, explosion, or detonation originating frpm
the fajlure of hydrogen equipment or storage systems;

— elevafe hydrogen systems or vent them above other facilities;

— prevept hydrogen/oxidizer mixtures from accumulating in.confined spaces (under the eaves of roofs| in
equipment shacks or cabinets, or within equipment covers or cowlings);

— minimfize personnel exposure by limiting the number of people exposed, the time that the personnel are
exposed, the use of personal protective equipment, the use of alarms and warning devices (including
hydrogen and fire detectors), and area control‘around a hydrogen system;

— practite good housekeeping, such as keeping access and evacuation routes clear and keeping wegds
and ofher debris away from hydrogén:systems;

— obserye safe operational requirements, such as working in pairs (“buddy system”, see E.11) when
operating in a hazardous situation.

7.2 Mitigation of desigh risks

7.21 Depign foriinherent safety

Just as hy@irogen has inherent hazards (hazards that are part of the essential nature of hydrogen), a hydrogen
system or [facility should have inherent safety features (safety is an essential characteristic that must be built-
in). Typical inherent safety features include fail-safe design, automatic safety operation, caution devices, and
warning devices.

A fail-safe design involves measures such as redundant safety features (for example, pressure-relief devices),
back-up critical components and systems, fail-safe position for valves and similar components (for example,
valves should automatically go to the safe position in the event of a power failure); and single-fault or dual-
fault tolerance as needed, depending on the consequence of the hazard.

Automatic safety design includes features such as remote monitoring of critical information, remote operation,
and automatic limiting of operating conditions (for example, pressure or flowrate) or automatic operation of
appropriate equipment if hydrogen is detected. This would include such operations as: closing shutoff valves,
turning ventilation on or off as appropriate, and initiating appropriate shutdown operations.
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A hydrogen system should include caution and warning devices as necessary to alert personnel in the event
of any abnormal condition, malfunction or failure. Such devices should provide the personnel with adequate

tim

7.2

7.2

e to respond to the event.
.2 Considerations in the selection of suitable construction material

2.1 General

Materials that are suitable for hydrogen service and the conditions to which they will be exposed should be
used. Materials that are in contact with other materials should be compatible with each other, as well as with

hydirogen and the use conditions.
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ether.

.2.2 Low-temperature design considerations

b low-temperature toughness behaviour of metallic materials is closely-controlled by their lattice

used to give satisfactory behaviour in cryogenic service.

rmal expansion or contraction. There are quite large’differences in the total linear contractioh

commodate the thermal expansion of the differentimaterials involved.

containment structure may not be acceptable to design criteria. Within a system, contaminan

bck-sensitive compounds.

tect against cryogenic:burn (frostbite).
.2.3 Embrittlement and hydrogen attack
pjeneral, the, susceptibility to hydrogen embrittlement can be reduced by the following actions:

restricting the hardness, and therefore the strength level of the material used, to a safe value;

lowering the level of applied stress;

terial considerations for a hydrogen system will involve both metals and non-metals (suchyas polymers and
posites). Some of the considerations that are involved in selecting a material include:temperatiire effects,
rogen embrittlement effects, permeability and porosity, and compatibility of dissimilar metals Wwhen used

structure.

tals and alloys with a face-centred cubic structure, as with austenitic steels and many aluminiym, copper
J nickel alloys, exhibit only a moderate decrease of their toughness’ at cryogenic temperatures| Adequate
e-reinforced composite materials and laminated structures employing glass, polyamide, or carbgn can also

b design of equipment for low-temperature service should”account for the stress caused in components by

between

ious materials, with polymers having considerably\arger contractions than metals. Proper design should

e condensation and solidification of contaniinants within a cryogenic system or on cold external surfaces of

ts should

ays be minimized. External surfaces‘can be insulated using vacuum jacketing or insulators. Care should
taken where insulators made from flammable foam or other flammable material may be directly ¢xposed to
ndensed liquid air. Oxygen enrichment can increase the flammability and even lead to the fgrmation of

e used to

minimizing residual stresses, for example by stress-relieving weldments and by normalizing or fully

annealing cold-worked materials;

avoiding or minimizing cold plastic deformation from operations such as cold bending or forming;

avoiding situations that can lead to local fatigue in components that are subjected to frequent load cycles,
since hydrogen is known to significantly accelerate a possible initiation and propagation of fatigue cracks

in a structure;
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— using austenitic stainless steels, which in general are less susceptible to hydrogen embrittlement and are
commonly used as structural materials for hydrogen equipment because of their excellent toughness
behaviour at cryogenic temperatures;

— using the test methods specified in ISO 11114-4 to select metallic material resistant to hydrogen
embrittlement.

Practical engineering solutions for avoiding hydrogen attack should also be considered. They involve the use
of low-alloyed steels containing carbide stabilizers to reduce the reactivity of carbon with the absorbed
hydrogen.

7.2.2.4 [Non-metallic materials
The application of non-metallic materials (rubber or plastic) as sealants has a long history of use-in.Hydrogen
service. Most polymers cause no problems in connection with hydrogen. However, hydrogen can diffliise
through these materials much more easily than through metals. The amounts usually ar€-not sufficienf to
create ignitable mixtures outside the vessel, but they can cause a loss of gas over a longperiod of time| or
they could|spoil an insulation vacuum.
Proper cafe should be exercised in the selection of organic materials used as‘sealant for high-presspre
hydrogen s$ervice. The permeation of hydrogen into these materials over an extended period of time, followed
by rapid depressurization, can result in mechanical failure or shredding of the seals.
Fibre-reinfprced polymers (FRPs) are becoming more and more important as materials for pressure vessgls.

A metal liner is usually placed inside the vessel to hold the hydrogen so that the FRP material is not in dinect
contact with hydrogen.

7.2.3 Copsiderations for vessels and components

The followling guidelines apply to both gaseous and liquid hydrogen systems, unless only one is specified.
Hydrogen ptorage vessels (containers) should be

— desigmed, fabricated, and tested in accordance-with appropriate pressure vessel standards and codes,
— constijucted of appropriate materials,

— insulaled with appropriate thermal insulation (especially liquid-hydrogen storage containers),

— equipped with a shutoff valve on the discharge port, as close to the vessel as possible,

— equipped with a pressure’control system (especially liquid-hydrogen storage vessels),

— equipped with an approved vent system,

— equipped with-pressure-relief devices to prevent overpressure,

—  |ocat I accordance with annronriate auantitv-distance standards
PProP A Y 7

— legibly marked with the name “Hydrogen” or “Liquid Hydrogen — Flammable Gas” for gaseous or liquid
containers as appropriate or in the appropriate national language.

Liquid hydrogen tanks that are emptied and allowed to return to ambient conditions should be checked for the
accumulation of impurities such as oxygen and nitrogen. This may be accomplished as a part of regular
maintenance practice. Near-stoichiometric mixtures of oxygen particulate in liquid hydrogen have the potential
to detonate. Oxygen particulate in cryogenic hydrogen gas can deflagrate. Solid air in a liquid hydrogen piping
system can plug lines and orifices, and can interfere with the operation of valves and other equipment.
Oxygen accumulation in stored hydrogen should not exceed 2 % volume fraction when the mixture is allowed
to warm to a gaseous state in the confinement.
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7.2.4 Prevention of overpressure
The potential exists for developing pressures that could exceed the containment capability of a hydrogen

system, especially those involving liquid hydrogen, because of the volume increase as a result of a liquid-to-
gas phase change. This hazard is commonly addressed by the use of pressure-relief devices.

7.2.5 Considerations for piping, joints and connections

Some general considerations for gaseous and liquid hydrogen piping include the following:

—[~design, fabricate, and test In accordance with approved standards,

—| construct with appropriate materials;

—| have appropriate flexibility (such as expansion joints, loops and offsets);
—| locate in accordance with appropriate standards;

—| do not locate beneath electrical power lines;

—| avoid buried lines wherever possible. If lines are to be buried, consider the effects of galvanid corrosion,
the difficulty in conducting a visual inspection for line integrity, and the possibility that a leak fan take a
path to an unforeseeable location, resulting in an accumulatienand an explosion hazard. Leak ghecks are
difficult to perform on buried lines, with the exception of pressure-decay techniques;

—| galvanic corrosion can occur, particularly when moisture’is present, with dissimilar metals and| should be
considered in socket-type piping joints. The more corrosive (less noble) material will preferentiglly corrode
and should be used for the female part.

—| use appropriate supports, guides and anchars;
—| use appropriate pressure-relief devices;

—| insulate with appropriate thermal’ insulation (especially piping for liquid hydrogen and cold gaseous
hydrogen);

—| label as to contents and direction of flow.

Welding or brazing aré-the preferred methods for making piping joints; however, flanged, threadId, socket,
slip or compression fittings may be used depending on operating conditions. Gaskets and thread s¢alants are
suitable for gaseous’ hydrogen service. Some types of joints, gaskets, and sealants are not suitablg for use at
low temperatures. A bayonet joint is typically used for joints in liquid hydrogen piping, wherg frequent
connection_angd disconnection (such as in fill lines) are necessary. If this is not possible, hydrogen|gas or fire
defectors sshould monitor the regions around the joints. Soft-solder (low melting point) joints should not be
used far hydrogen service.

Non-metattic tines cam functionadequatety for short-term use, if adequate ventifatiomand fiydrogen detection
are provided.

7.2.6 Cleaning considerations

A hydrogen system, including its components, should be designed and installed to allow it to be cleaned, and
to be effectively maintained clean. Effective cleaning should remove grease, oil, and other organic materials
as well as particles of scale, rust, dirt, weld splatter and weld flux. The compatibility of a cleaning agent with all
construction materials should be established prior to its use. Common cleaning methods include steam or hot
water cleaning, mechanical descaling, vapour degreasing, solvent degreasing (washing), detergent
degreasing (alkaline washing), acid cleaning (pickling) and purging. A cleaning procedure should be
established and reviewed for effectiveness and safety concerns.
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7.2.7 Component considerations

7.2.71 General

A hydrogen system commonly involves a considerable number of components, such as valves, pressure-relief
devices, pressure regulators, check valves, filters, instrumentation and pumps. These components are
important elements of the system and they can be crucial for the safety of the system.

The components in a hydrogen system should be fabricated of materials, including soft goods such as seats
and seals, that are compatible with the operating conditions, such as temperature and pressure, and with
each otherifTmore tharmone materiatisnvotved:

7.2.7.2 Pressure-relief devices

Pressure-relief devices should be installed in any volume in which liquid hydrogen or cold gaseous hydrogen
could be tfapped, to prevent overpressure from expansion of the liquid hydrogen or cold gasequs hydroger|. A
low-pressyre system supplied by a regulator connected to a high-pressure source should be protected frpm
overpressuire by a relief device, unless the low-pressure system is designed for the maximum pressure of the
source.

Relief devices should be set to limit the pressure so that it does not exceed the“ymaximum allowable workjng
pressure df the system that they are protecting. The relief devices should be Sized for adequate flow capagity
for the mast extreme conditions that could be encountered. Hydrogen released from the discharge port (the
outlet) of [relief devices should not impinge upon other components)or personnel. Should multiple relief
devices bq routed and manifolded to a common vent, care should be:taken to ensure that the operation of gne
device dogs not restrict flow or influence the opening pressure ef\other relief devices. Redundancy in bpth
number ard type of relief devices (such as relief valve and rupture, disk) is commonly used.

Shutoff valves should not be installed between a relief device and the volume that it is protecting.

7.2.7.3 Valves

Cryogenic|globe or globe-type valves are recomimended for liquid hydrogen service, but plug or ball-type
valves maly be used. Ball valves used in liquid 'hydrogen service should have provisions to prevent trappjng
liquid in tHe ball when the valve is closed. A valve for liquid hydrogen service is usually an extended-stem
design and is commonly insulated with-aizvacuum jacket.

7.2.7.4 fFilters
Filters are|useful for reducing hazards associated with contamination, especially from solid particles, and in
liquid hydrogen systems.from solid particles that could include oxygen. The primary purpose of a filter if to
collect imgurities in a hydrogen system. Some recommendations concerning filters include the following.

— Filterq shouldbe accessible and capable of being isolated for cleaning.

— Filterd should not be cleaned by back-flushing through the system.

— Filters should be cleaned or replaced periodically or whenever the pressure drop across the filter reaches
a specified value.

— The quantity and location of filters should be determined as required to minimize impurities in a system
(refill or re-supply lines are primary locations for filters).

7.2.7.5 Instrumentation and controls
Instrumentation provides a means to communicate with physical processes to obtain quantitative

measurements of the behaviour or state of a process. Controls provide a means to maintain or change the
behaviour or state of a process. These are essential elements of a hydrogen system for both the operation of
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the system and for the safety of the system. The system should have adequate instrumentation and controls
to ensure that the operation is within acceptable limits.

7.3 Mitigation of flammability and explosion risks

7.3.1 General

Hydrogen/air and hydrogen/oxygen mixtures are readily ignited over a wide range of mixture compositions,
pressures and temperatures. Near-stoichiometric mixtures at ambient pressures are so sensitive that
designers, safety evaluators, and others should assume an ignition source would be present even when

str

7.3
Th

de
fol

7.3

7.3

An

ngent measures to remove ignition sources have been taken.

.2 Prevention of unwanted hydrogen/oxidizer mixtures

e prevention of the formation of an unwanted hydrogen/oxidizer mixture is a key(part of prev
lagration or detonation. This is done by keeping the hydrogen and an oxidizer)stch as air sep
owing are some of the techniques to be used in order to achieve this goal.

Purging: A system should be purged with an inert gas to remove air before admitting hydrog
system, and the system should be purged of hydrogen before openingit to air.

Leak-free system: A system that is to contain hydrogen should be leak tested and be leak-fi
admitting hydrogen. Periodic leak tests should be performed ‘and any leaks that are found
repaired.

Disposal: Hydrogen that is vented to the atmosphere should be done so through vent systen
properly designed and located.

Ventilation: An enclosed space such as a-@om or building in which hydrogen could accumu
be provided with adequate ventilation to prevent the formation of a combustible mixture.

Maintain positive pressure: Hydrogen systems, especially liquid hydrogen systems, should b
positive pressure in order to prevent-air from the exterior of the system from entering.

Periodic warm-up of liquid hydrogen systems: Liquid storage vessels should be periodica
sufficiently for impurities such as air to be vaporized and purged from the system.

Filters: A filter may be) used in a liquid hydrogen system to capture impurities that could inclug
Such filters should bé periodically isolated, warmed, and purged to remove any such impurities

.3 Ignition
3.1 Electrical sources of ignition
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sources of ignition are possible.

The following phenomena are to be considered as potential electrical sources of ignition.

echanical

Charge accumulation leading to static discharge: Static charge is caused by the accumulation of
electrons on a surface, and occurs based on a material’s electrical conductivity and dielectric strength
parameters. The relative rates of charge accumulation and of charge dissipation, within the flowing fluid,

determine the amount of charge accumulation. This effect is very small for pure flowing
whether as a gas or liquid, but solid particles in the flow could greatly increase the build-up of

hydrogen,
an electric

charge. The type of frozen gas or particle (oxygen, carbon dioxide, nitrogen, hydrogen, sand, metal, oxide
flakes from the walls of pipes, etc.) could be important. The potential for static electricity generation can
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be a specific problem for metal hydride systems, where small hydride particles can be suspended in the
flowing hydrogen. The use of a non-metallic filter to trap particles can increase the problem and can
produce from 10 to 200 times more charge than a system with no filter. The large surface area of filters
allows static charge to accumulate more readily.

Static discharge: Discharges of static electricity can produce high temperatures, often sufficient to cause
a material to reach its ignition temperature. For example, friction of one material rubbing against another,
such as with clothing fabrics or with two-phase flow, can cause accumulation of electrostatic charges.

Electric arc: Electric arcs can provide the energy to ignite a combustible hydrogen/air or
hydrogerfexygenrbdure—Nermal-segreesin witehe e

Electrical charge generated by equipment operation: Equipment that can generate\electrical charges
Electrical short circuits: Short circuits or other electrical equipment failures' can produce arcs and

Grounding: Grounding methods should be evaluated to minimize the risk of static discharge and fhe
potential for lightning strikes in outdoor environments. Materials selected for use in hydrogen
envirgnments should be evaluated for their ability to discharge static electricity. Insulative materials siich
as wopd, paper, and some fabrics will typically form a conductive'layer that can prevent static build-up| by
absorbing water from the air in environments where the ‘relative humidity is greater than 50|%.
Recommended practices for grounding methods to prevent static discharges can be found in varigus
national and International Standards that cover the_.installation of electrical equipment in hazardgus
envirgnments.

Electrical gquipment selected for use in hydrogeni.environments can also be a source of sparks or heat
generation|, and care should be taken to follow, therappropriate national and International Electrical Standafds

for installation.

7.3.3.2 [Mechanical sources of ignition

Phenomera to be considered as potential mechanical sources of ignition are

7.3.3.3 [Thermal sources of ignition

mechanical impact and/enfriction and galling,
metal fracture or tensile rupture, and

mechanical vibration and repeated flexing.

The following phenomena are to be considered as potential thermal sources of ignition:

22

open flames and/or hot surfaces (for example, welding and cigarette smoking by personnel);

exhausts (for example, combustion engines and exhaust stacks);

explosive charges (for example, charges as used in construction, fireworks or pyrotechnic devices);
catalysts and reactive chemical materials: High temperatures can result from the interaction of hydrogen

with catalysts or other chemical reactants. Some applications that use such materials include recombining
hydrogen emitted from lead-acid batteries to produce water and hydrogen detection instruments;
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resonance ignition from repeated shock waves that can occur in a flowing system;
heating by high-velocity jets, as might occur from an exhaust stack;

shock waves and/or fragments, as might occur from the rupture of a tank or vessel.

7.3.4 Deflagration and detonation

The potential for deflagration and detonation should be assessed in hydrogen designs, facilities and
operations. Strategies to minimize the potential for flame acceleration or detonation include

NG

op
str

7.3

While liquid hydrogen is usually transferred in vacuumjnAsulated lines, cold hydrogen flowing thrg

wh
an
ma
un
Th

7.4

7.4

Be
m¢g
de

It i
for

avoiding confinement where flammable hydrogen mixtures might form,

using flame arrestors, small orifices, or channels to prevent deflagration and detonatien-from p
within a system,

using diluents and water spray systems to retard flame acceleration.
TE Hydrogen/air flames are difficult to quench and can burn around the droplets in heavy sprays of wa
he potential for deflagration and detonation cannot be eliminated, then hydrogen system ¢

prations should take into account the possibility of their occurrence. This includes designs wit
ength to withstand the high pressures or remote operation in order to protect facilities and person

.5 Oxygen enrichment

ch are not sufficiently thermally insulated can easily“cool the system below 90 K so that condens
oxygen content of up to 52 % is present. This;0xygen-enriched condensate enhances the flam
terials and makes materials combustible that normally are not. If a line cannot be insulated
jerneath should be free of any organic mateérial. This includes bituminous road covers and simil
s is of particular concern when transferring large quantities of hydrogen.

| Detection considerations

.1 Hydrogen gas detection
cause of the limitations/of the human senses, other means are needed to detect hydrogen. A
thods and detectortypes are commercially available to detect the presence of hydrogen. Mar
ectors are suitable-for use in automatic warning and operating systems.

5 recommended that hydrogen detectors be used wherever hydrogen is used. Some suggeste
hydrogentdetectors include the following:

locations where hydrogen leaks or spills are possible;
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at hydrogen connections that are routinely separated (for example, hydrogen refuelling ports);
locations where hydrogen could accumulate;
in building air intake ducts, if hydrogen could be carried into the building;
in building exhaust ducts, if hydrogen could be released inside the building.
me important factors to consider in the selection of a hydrogen sensor are

accuracy,
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— reliability,

— maintainability,

— calibration,

— detection limits (high and low),

— response time,

— point

— compatibility with the system.

Hydrogen
hydrogen

which is equivalent to 25 % of the lower flammability limit. This level normally should provideradequate timg
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respond inf an appropriate manner, such as system shutdown, evacuation of personnel, or other measures|
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consequerjce of these two characteristics of a hydrogen flame, it is tecommended that means be provided
detecting the presence of a hydrogen flame in all areas in which leaks, spills, or hazardous accumulations
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system operators should have a portable hydrogen detector available for their use in and aroun
5ystem. A commonly used concentration level for alarm is 1 % hydrogen (volume,fraction) in

vity of a hydrogen flame is low. Thus, a hydrogen flamg is difficult to see or to feel. As

may occur. A variety of methods and detector types.‘are available for the detection of a hydrog

brtant factors for consideration in the selection of a hydrogen flame detector are the following:

ptibility to false alarms from sourcés such as the sun, lightning, welding, lighting sources 2
round flare stacks;

nse time;
vity to appropriate radiation spectrum.

system operators should have a portable hydrogen flame detector available for their use in 3
hydrogen system. A common straw broom extended into regions suspected of flame can
y used a§ a detector. Caution should be observed when solely relying on portable flame detect
on around large hydrogen facilities. These detectors may fail to detect in time large burning leaks
coupled with turbulent wind flow that can engulf personnel and cut off a safe path of retreat.
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7.5 Considerations for facilities

7.51 Ge

neral

The commissioning of facilities that use hydrogen requires the same level of consideration for design and
safety as does the design of hydrogen components and systems.

7.5.2 Locations

Keeping a hydrogen facility or system far enough away from people and other facilities can minimize the
effects of an event such as a fire, deflagration or detonation. Suitable separation distances also provide
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protection for hydrogen facilities from incidents at other nearby facilities. The separation distance
requirements, also commonly referred to as the quantity-distance (Q-D) requirements, are determined as a
function of the quantity of hydrogen involved. Generally, the larger the quantity of hydrogen involved, the
greater are the recommended separation distances. Under some circumstances, small quantities of hydrogen
may be stored and used in a room or building, but generally outdoor storage and use is recommended. The
separation distance can be determined for the potential hydrogen events or for the potential events at other
facilities, whichever requires the greater distance.

Some important factors in determining the Q-D for a hydrogen facility include

the-most-probable-eventthat-ceuld-oceur—which-weodld-involve-parameters-such-asthe
— quantity of hydrogen involved,

— condition of the hydrogen (gas, liquid, pressure, temperature, etc.),

— effects of possible combustible cloud migration prior to its ignition, and

— presence of other fuels or oxidizers,

—| protection afforded by shielding, barricading or other means,

—| the type of activities involved at the hydrogen facility (propulsion testing, for example).
7.9.3 Exclusion areas

An| area of appropriate size around a hydrogen fagcility, especially hydrogen storage areas, [should be
conmtrolled. This control should include

—| limiting access to necessary authorized personnel, who should meet the necessary training requirements,
and are properly clothed and equipped,

—| approved equipment (meeting specified requirements, such as the elimination or control |of ignition
sources),

—| approved operations (which are consistent with the requirements for safety of the personnel and reducing
risks to adjacent facilities),

—| providing signs in_controlled areas with appropriate warnings so that personnel are aware of tHe potential
hazard in the area,

—| considering.the use of appropriate fencing to control access to critical areas.

A Imethod<for keeping track of personnel entering and leaving a controlled area should also be donsidered.
This sHould restrict the number of personnel within the exclusion area at the same time.

7.5.4 Dikes, impoundments and barricades

A dike or impoundment can be used to contain a liquid hydrogen spill, to limit it from spreading into an
undesired area. The use of crushed stone in an impoundment area can provide added surface area for a
greater vaporization rate. An impoundment area can limit the vaporization rate, which could possibly produce
a smaller combustible cloud, but could also result in a longer time needed to vaporize the spilled liquid.

A barricade can be used to protect a hydrogen facility from shrapnel and fragments from other nearby facilities
or to protect nearby facilities from shrapnel and fragments that could result from an explosion at a hydrogen
facility. Earth mounds and blast mats are common types of barricade. Barricades can also include physical
barriers to protect hydrogen facilities or systems from motor vehicles. Quantity-distance requirements for a
hydrogen facility can be reduced by the use of barricades to reduce the shrapnel and fragment hazard.
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Barricades and dikes or other retaining devices around hydrogen facilities or systems should only be used

with great

care, because of the enhanced detonation effects associated with confinement.

7.5.5 Safety control equipment

A hydrogen facility or system should be equipped with a variety of safety control equipment, such as:

— Warning system: A warning system should be installed to detect abnormal conditions, malfunctions, and
to indicate incipient failures. Warning system data transmissions with visible and audible signals should
have sufficient redundancy to prevent any single-point failure from disabling the system.

— Flow
proted

— Safety

control: Safety valves and flow regulation should be installed to adequately respond der
tion of personnel and equipment during hydrogen storage, handling and use.

y features: System and equipment safety features should be installed to automatically control

equipment required to reduce the hazards suggested by the caution and warning systems. Man

contrd

Is within a system should be constrained by automatic limiting devices to prevent over-ranging.

Any instrumentation, software and computer used for safety control should

the

the
ual

a) be independent of similar equipment for normal operations, and

b) have sufficiency redundancy to prevent any single-point failure from disabling the equipment.

An inert gds subsystem is needed for various purging operations. Hydrogen equipment should be purged With
an inert ggds before and after using hydrogen in the equipment. Aifin*a system should be purged with an irjert
gas prior {o introducing hydrogen into it, and hydrogen should’be purged from a system with an inert gas
before opgning the system and admitting air. Caution should be éxercised if carbon dioxide is used as a pufge
gas. It may be difficult to remove all carbon dioxide from theisystem low points where the gas can accumulgte.
Common purging techniques include

— evacuption and backfill,

— presstirizing and venting, and

— flow—t:l\rough.

The selectjon of the proper purging technique requires an evaluation of the equipment to be purged. Important
purge pargmeters include flowrate, duration, mixing and dilution. The inert-gas subsystem should be protecfed
by a suitaljle means againstycontamination with hydrogen.

7.5.6 Digposal ofthydrogen

Hydrogen should always be disposed of according to an approved method. Hydrogen is commonly dispoged
of by venting-to the atmosphere through a vent (where the hydrogen is not burned) or a flare system (in whiich
the hydroderrisignited—at the Teteasepoimntandburnmed)—The Teteasepoint for venting—shoutdbe—abovethe

highest point of the immediate surroundings and away from electrical lines or other potential ignition sources.
Flaring is preferred for larger quantities of gaseous hydrogen. Site-specific conditions and hydrogen vent rates
are two factors involved in determining which system is appropriate. Flaring is generally used for vent rates
greater than about 0,23 kg/s, or for any quantity that cannot be disposed of safely by venting.

Disposal factors that should be considered are

— the quantity of hydrogen that could exist in a combustible cloud,

— theex
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— thermal radiation from a flame (from a flare system or a vent system fire), and
— site conditions such as size of the exclusion area, building locations, personnel control and weather.

The back-flow of air into a vent system should be prevented. Water should never be sprayed so that it can
enter a liquid-hydrogen vent system that gets sufficiently cold to freeze the water, because the ice could plug
the vent system.

A vent system should be equipped with a purge system to extinguish a vent-system fire, as well as to purge
air or hydrogen from the vent system. Hydrogen being vented from a vent system is often ignited by lightning
Or JthUl IIIUUhGII;OIIIO, PIUdUU;IIH [} f:alllc that ;O d;ff;\;u:t tU dUtUUt V;Oua”y. ThU O;LU Uf thU f:GIIIU ;O [} fUnCtiOn Of

thg hydrogen vent rate.

The thermal radiation from a flare system should be evaluated and appropriate separation distandes applied
to protect the personnel.

Vepts on roofs should be located such that hydrogen does not enter building air intakes.
7.8.7 Buildings

Design of buildings and rooms in which hydrogen is stored or used should“address safety issues such as the
following, in order to minimize the hydrogen hazards:

—| construction of non-combustible materials;

—| no spaces where hydrogen can accumulate;

—| no sources of ignition;

—| pressure relief for all potential explosion overpressure;

—| adequate ventilation;

—| appropriate use of hydrogen detecfors.

7.9.8 Ventilation

Considerations for ventilation should appropriately address the scenarios of

a)| a hydrogen presence inside a confined space, and

b

~

a migration,of hydrogen into a confined space from a source outside the confined space.

In the first scenario, a ventilation system should remove hydrogen from the confined space. In the second
scTnario, the ventilation system should not introduce hydrogen into a confined space, unless it is shjutdown.

Hydrogen leaks or spills, in a non-ventilated confined space, can readily form ignitable gas mixtures.
Consequently, confined spaces containing equipment for handling or storing of hydrogen should always have
an active or passive ventilation system. The confined space should have hydrogen detectors to detect the
presence of hydrogen and to avoid the build-up of a flammable mixture.

The following are some other considerations for ventilation systems.

— Ventilation should be established prior to hydrogen being introduced into a confined space and continue
until hydrogen is removed from the confined space.

— Ventilation should not be shut off as a function of an emergency shutdown procedure unless the source of
hydrogen is outside the confined space.
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— Suspended ceilings and inverted pockets in confined spaces should be avoided or adequate ventilation of

these

spaces should be ensured.

— Electrical equipment in the ventilation system should meet appropriate provisions for operation in a
combustible environment.

7.5.9 Electrical components

Careful consideration should be given to any electrical apparatus or wiring that is in close proximity
(approximately 1 m) to locations where an ignitable hydrogen/air mixture can exist in the following situations:

— under

— becau

— becau
that m

Under thes

— appro

— intrins

normal operating conditions (for example, a filling port);
se of frequent repairs, maintenance operations or leaks;

se of hydrogen release as a result of a breakdown, or faulty operation of equipment; or proces
ight also cause simultaneous failure of electrical equipment.

e conditions, electrical equipment and wiring should be
ved for use in a hydrogen environment,

cally safe for use in a hydrogen environment, or

— placed in an approved enclosure that is purged with an inert gas:

Also, elec

rical equipment and wiring should operate at an.exposed surface temperature of less than

ignition temperature of a hydrogen/air mixture. Explosion-proof equipment should be used in all locatid

described
codes.

above unless it can be shown that it is not necessary, or required by local, regional or natio

Electrical ¢quipment and wiring located between.about 1 m and 8 m from a location as described above

within a di
vessel, sh
closer locg
above sho

Lightning ¢

Hydrogen
grounded.

stance of about 5 m from a gaseous-hydrogen storage vessel or 8 m from a liquid hydrogen stora
puld also be carefully considered, _but their requirements are somewhat less stringent than
tions described above. Electrical-equipment located at a distance greater than 1 m as descril
uld not produce sparks, arcs-or-other ignition mechanisms.

rotection should be provided for hydrogen equipment.

equipment should.\be electrically bonded, especially across joints with a polymer seal, 3
Mobile hydrogen“equipment should be electrically grounded prior to being connected to of

hydrogen ¢quipment. Static charges and spark generation should be avoided.

7.5.10 Algrms and*warning devices

Warning s

ystems should be installed to provide an alarm in the event of a potentially hazardous situation, v

bES

the
ns
nal

or

ge
the
ed

nd
her

ith

sufficient t

me 10 enable safe shutdown of the hydrogen system.

The warning system should provide an audible or a visible alarm, or both.

Some syst

em alarm/warning conditions are

— pressure (high or low, as appropriate),

— hydrogen in a building ventilation intake,

— flarefl
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— loss of vacuum insulation,

— valve position (open or closed, as appropriate),
— pump speed (high or low, as appropriate),

— filter differential pressure,

— hydrogen leak, and

—| tire.

7.9.11 Fire protection and fire fighting

A fire protection subsystem should be considered for a hydrogen facility or system. Fire protection| measures
mgy include

—| process shutdown system (either automatic or manual),
—| sprinkler system,

—| deluge system, and

—| dry-chemical or halon extinguishing system.

Small fires may be extinguished by dry-chemical extinguishers, carbon-dioxide extinguishers, mitrogen or
stdam.

Normally a hydrogen fire is not extinguished until,;the hydrogen source has been isolated, because of the
danger of ignition of a large combustible cloud that could develop from unburned hydrogen.

Water may be used to cool equipment adjaeent to a hydrogen fire.
7.6 Considerations for operations

7.4.1 General

A Ihydrogen facility or system typically involves a number of operations that are performed during|its normal
furlctioning. These eperations involve not only the equipment and components of the system, but also the
pefsonnel that pefform the operations, special equipment needed to perform the operations, and personal
pratective equipment needed to protect the personnel performing the operations. In addition to the normal
operations involved with a hydrogen facility or system, there are emergency operations that may he required
in {he event.of a failure or a mishap.

7.4.2-, Personal protective equipment

Personnel performing operations at a hydrogen facility or system can reduce the possible consequences of a
hazard by using appropriate protective equipment. Some of the conditions for which personnel should be
protected include: exposure to cryogenic temperatures, flame temperatures, thermal radiation from a
hydrogen flame, and oxygen-deficient atmospheres of hydrogen or inert purge gases such as nitrogen and
helium.

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.
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Here are some specific recommendations for PPE.

— Eye protection should be worn (for example, a complete face shield should be worn when connecting and
disconnecting lines or components).

— 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 ghoes:

— Closefl-toe shoes should be worn (open or porous shoes should not be worn).

— Clothing made of ordinary cotton, flame-retardant cotton or Nomex® should be worn, Aveid wearjing
clothing made of nylon or other synthetics, silk or wool because these materials can<produce static
electricity charges that can ignite flammable mixtures. Nomex® material provides good’anti-static qualimes
and pfovides some fire protection. Synthetic material (clothing) can melt and stickoe the flesh, causjng
greatgr burn damage. Any clothing sprayed or splashed with hydrogen should be removed until they are
completely free of hydrogen gas.

— Gaunflet gloves, tight clothing, or clothing that holds or traps liquid againstthe body should be avoided

— Hearing protection should be worn if the hydrogen facility or system‘involves equipment that creates Iqud
noise.

— Hard lhats should be worn if the hydrogen facility or system inyvolves any danger from falling objects.

— Self-cpntained 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.
— Persohnel should ground themselves before touching or using a tool on a hydrogen system.
The use of spark-proof tools is often reéoemmended; however, the energy required for ignition of a flammaple

hydrogen/air mixture is so small that.even spark-proof tools can cause an ignition. Consequently, all tools
should be psed with caution to prevent slipping, glancing blows or dropping, all of which can cause sparks.

7.6.3 Copl-down

The cool-down of a liquid hydrogen system from NTP to its operating temperature (NBP) is a process that
should be| conducted,fin accordance with an approved procedure, such that the process proceeds in a
controlled manner~The cool-down process can involve several techniques such as liquid flow, cold gas flpw,
liquid soal, and pre-cooling with liquid nitrogen.

The cool-down pProcess—TCan resuitin ialgc tcmpclatwc gladicllta, both—circumferentiatand |adia=, whict—can
create large stresses in the containment structure or components such as valves. Also, cool-down can result
in large thermal contraction (especially in a long line), which can create large stresses in the line. Non-uniform
cooling can result when two-phase flow occurs. Stratified flow can result in large circumferential temperature
gradients, which in turn create high stresses in a pipe. Stratified or wave flow (usually associated with low
flowrates) can result in pipe bowing, which is produced when the bottom part of a pipe contracts more than the
top part, because the bottom part is cooled by the liquid and the top part is cooled by the gas.

The cool-down process generally results in the generation of a large quantity of gas that needs to be handled

safely. The system should be designed to accommodate the large gas flow that is needed to achieve the cool-
down of a system.
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7.6.4 Transportation

Hydrogen should be transported in accordance with applicable local and national regulations and laws that
govern the transport of a hazardous (flammable) substance. Permits, as required, should be obtained for the
transport of hydrogen. Transport personnel should be trained in handling emergencies that might arise while

the transport vehicle is on the road. Flares normally used for highway vehicular accident identification or
warning should not be used in close proximity to vehicles transporting hydrogen.

7.6.5 Storage and transfer operations

Thefoltowinmgare some generat guidetines for storageand-trarsferoperatons——————————— |
—| Do not overfill a liquid storage vessel.

—| Do not overpressurize any part of the system.

—| Avoid thermal cycling of a pressure-relief system.

—| Warm and purge liquid hydrogen vessels periodically to keep the aceumulated oxygen content in the
vessel to less than 2 %.

—| Electrically ground mobile and stationary systems before making any other connections.

—| Be alert for leaks and discontinue operations if a leak or firé occurs.

—| Do not cool down a liquid hydrogen storage vessel too‘tapidly.

—| Examine systems for corrosion or other damage,

—| Keep the area around a hydrogen system clean.

—| Cancel or discontinue operations during an electrical storm, or whenever one is approaching.
—| Keep storage and transfer areas ‘elear of non-essential personnel and equipment.

—| Remove sources of ignition‘from operational areas.

—| Use a “buddy system” (see E.11).

—| Use items such:as barricades, warning signs and ropes to establish access control to an operational area.

7.4.6 Operating procedures

Approved-~procedures and checklists should be followed in all operations involving a hydroggn system.

Procedures and checklists should be developed by knowledgeable personnel, reviewed and approved by
apwwwmw i ' i i in the safe

operation of a hydrogen system. These documents should provide information that includes instructions on
steps to take in the event of a leak or other abnormal event, and how to use special equipment (such as
personal protective equipment and monitoring equipment). Procedures and checklists should be reviewed
periodically to verify their effectiveness.

Procedures should be established for the following operations: cleaning, cool-down, operating, purging,
storage (especially filling), hydrogen transfer, leak checks, modifications, repairs, maintenance and
decommissioning.
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7.6.7 Safety procedures

7.6.7.1 General

The safety of personnel at and near a hydrogen facility should be carefully reviewed, and emergency procedures
developed at the earliest planning and design stages. Advance planning for a variety of emergencies, such as
fires and explosions, should be undertaken so the first priority is the reduction of risk to life.

Consideration should be given to the development and training in emergency procedures for events that might
occur. This should include events such as

— hydrogen leak (controllable leak and uncontrollable leak),

— hydrogen fire,

— hydrogen explosion,

— excespive pressure,

— hydrogen contamination (with an oxidizer or an inert gas),

— line rupture,

— liquid hydrogen spill,

— combdistible cloud migration,

— electrical fire,

— failurg of critical equipment, and

— inability to vent a cold gaseous or liquid hydrogen system.

7.6.7.2 [Emergency procedures

Considerations that emergency procedures should address are the following:

— emergdency escape procedures and emergency escape-route assignments;

— proceglures to be followed by employees who remain to operate critical systems before they evacuate;
— proceglures to aecount for all employees after an emergency evacuation has been completed;

— rescug¢ and‘tnedical duties for those employees who are to perform them;

the r-anr-r-nnI maonanac af ranartine firne anA Athae A ArANAI A
p T e CarTs O T CpPotMm g Coarnt ottt St gttt sy

— names and regular job titles of persons responsible for providing further information or explanation of
duties under the emergency plan;

— actions to be taken by the initial-response personnel;
— appropriate fire-suppression response;
— establishing and maintaining communications;

— appropriate medical response;
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requesting outside assistance;
establishing security;

possible media coverage;

salvage and restoration operations;

establishing a command post with a pre-designated line of authority;

An

Emergency procedures should be reviewed periodically to ensure that the procedures are felevant

da

in @mergency drills.
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hazardous-material inventory (including materials such as asbestos).
emergency alarm system should be established to alert personnel that an emergency situa

e. Safety and fire-fighting personnel should be involved in the development of emergency proce

.7.3  Fire-fighting procedures
drogen fires should not be extinguished before the gas supply is interripted. Otherwise, unburne
ate explosive mixtures. Water spraying may be necessary to keep facilities cool.

.7.4  Liquid spill procedures

case of a liquid spill, the flow should be interrupted by clesing valves further upstream. Meas
nity of the spill site should not be taken, and the area_near it should be evacuated until a reaso
5 elapsed for the liquid to evaporate and for the gas\to disperse to concentrations below the fl
ge. The use of dikes or other retaining devices should only be done with great care beca
nanced detonation effects associated with confinement.

porized liquid hydrogen will rapidly conde€nse to water in air, forming a white cloud of conden
te that some sources of hydrogen safety-related information will claim that the extension of th
ndensed water is a rough guide forthe extension of the flammable hydrogen/air gas mixture

buld by no means be taken as a ‘basis for safety measures. The condensed water cloud is he

hydrogen gas cloud will be-greater than the apparent water vapour cloud.

Recommended practices for organizations

.1 General

janizations_ involved in the use of hydrogen should establish and enforce such policies and pro
needed\to’ensure that hydrogen is used in a safe manner. Organizational policies and proced(
jresstissues such as safety responsibility, risk and risk management, and applicable codes, stan
ulations that apply to the organization's operations. It is desirable that a safety culture be 4

amj

ion exists.
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ongd the organization's personnel to promote thinking about safety at all times. especially as it pi

erforms its

duties. An emphasis on safety in working with hydrogen should come from the highest level of the
organization, as an indication of its importance to the organization.

7.7.2 Control through organizational policies and procedures

Upper management of an organization should establish organizational policies and procedures by which a
programme or project involving hydrogen is directed, conducted, controlled, monitored and evaluated. Upper
management also should provide controls, guidance and oversight of such a programme or project to ensure
that proper planning, monitoring, reporting, evaluation and assessment of the programme or project is
achieved. Appropriate organizational policies and procedures should be established to provide “conception to
grave” control over a hydrogen facility, system or product.
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An organization may use documents such as this Technical Report as a basis or support of its policies and
procedures to ensure that hydrogen is used safely.

7.7.3 Use of approved procedures and checklists
Procedures and checklists should be prepared and used for all operations involving a hydrogen system.

Inadequate procedures and failure to follow procedures have been common factors in many hydrogen
mishaps.

7.7.4 Conduct appropriate reviews

Reviews, guch as design reviews, safety reviews, hazard analyses, and operational reviews, provide valtiable
verificatior]s when conducted by an experienced team of qualified personnel.

7.7.5 Approved maintenance and quality control programmes

Maintenance and quality control programmes should be used to ensure that a hydrogen system is installed
and kept |n a safe condition through inspections and replacement of components; both as needed and
according o a routine schedule.

7.7.6 Personnel training

A detailed|safety-training programme that recognizes human capabilities.and limitations should be required of
all personpel involved with the use of hydrogen. A primary goal.of. the safety-training programme is| to
eliminate gccidents and to minimize the severity of any accidents that'do occur.

All personhel involved with the use of hydrogen (including opérators, technicians, engineers, designers gnd
administrafors) should be familiar with the physical, chemical, and hazardous properties of hydrogen
pertaining(Eo the applications with which they are involvedz,Personnel involved in activities such as equipmgent
design andl operations planning should be trained to carefully adhere to accepted standards and guidelings,
and to comply with appropriate regulatory codes and.requirements. Operators should be trained in the proper
use of thel specific equipment and systems that'they are involved in operating. They should be certified|as
capable of|operating specific equipment and systems.

Operators|should be trained in how totwrespond to emergencies involving their equipment and systems.
Training slould include the actions to'be taken in the event of an emergency, such as a fire or an explosipn.
Personnel|should be trained to assist'in the safe and orderly emergency evacuation of personnel. Training
should include preventative and(first-aid procedures for emergency care of injuries, including procedures |for
cold and cfyogenic injuries whére cold gaseous hydrogen or liquid hydrogen is involved.

Refresher |training of personnel should be given at periodic intervals (such as annually). Also, the safgty-
training prpgramme should be reviewed periodically to ensure that the training programme is relevant gnd
up-to-date

7.7.7 Hagard. assessment

Hydrogen is typically classified as a hazardous material based on its flammability properties. When working
with hydrogen, various safety aspects should be evaluated to ensure that the design and implementation of a
system adequately addresses these safety aspects. An excellent method of addressing all safety aspects is
the use of hazard assessments. A hazard assessment identifies hazards and operational deficiencies in the
process or procedure being studied and in particular evaluates the response of the system to deviations from
the intent of the design. The procedure for performing a hazard assessment consists of generating a
document that lists the deviations with their causes, consequences, safeguards and recommendations. The
best method for generating a hazard assessment document is to bring together several experts with various
backgrounds in a series of structured, facilitated, “brainstorming” sessions. The aerospace industry,
petrochemical industry, and chemical societies are excellent sources for examples and procedures for
performing a hazard assessment.
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Table A.1 provides selected safety-related physical and thermophysical properties of normal and
parahydrogen.
Table A.1 — Selected safety-related physical and thermophysical properties of normal [and
parahydrogen
Property @ Normal hydrogen Parahydrogen
Properties at normal temperature and pressure (NTP)
Tgmperature, K 293,15 293,15
Pressure (absolute), kPa 101,325 101,325
Dgnsity, kg/m3 0,083 76 0,083 76
Specific heat at constant pressure (cp), kd/kg-K 14,33 14,89
Spqecific heat ratio (cp/cV) 1,416 1,383
Erfthalpy, kd/kg 41291 409y,7
Internal energy, kJ/kg 2919,5 2 888,0
Erftropy, kJ/kg-K 70,251 64,437
Vglocity of sound, m/s 1294 1294
Vigcosity, yPa's 8,81 8,91
THermal conductivity, mW/m-K 183,8 1914
Hgat of conversion from normal to parahydrogen at 300 K, kd/kg 27,56 —
Vdlume expansivity, K~ 0,003 33 0,003 33
Properties at critical point (CP)
Tegmperature, K 33,19 32,976
Pressure (absolute), kPa 1315 129p,8
Ddnsity, kg/m3 30,12 31,43
Latent heat of vaporization, kJ/kg 0 0
Syecific heat at constantpressure (c), kJ/kg-K Very large Very large
Sqecific heat ratio (c,/cy) Large Large
Erfthalpy, kd/kg 577,4 386
Internal energyjkJdrkg — 2,
Enftropy, kJ/kg:K 27,07 176
Vdlocity of.sound, m/s — 350
Viscosity, yPa‘s (3,5) 3.5
Therfal-conduetivity—mWHm-c Anematousty-targe Anemateusly large

oottty

THOTSTy

Properties at normal boiling point (NBP)

Temperature (K) 20,930 20,268
Pressure (absolute), kPa 101,325 101,325
Density, kg/m3 1,331 (V) 1,338 (V)
70,96 (L) 70,78 (L)
Latent heat of vaporization, kJ/kg 446,0 4456
Specific heat at constant pressure (cp), kd/kg-K 12,20 (V) 12,15 (V)
9,772 (L) 9,688 (L)
Specific heat ratio (cp/cV) 1,683 (V) 1,869 (V)
1,698 (L) 1,688 (L)
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Table A.1 (continued)

Property @ Normal hydrogen Parahydrogen
Enthalpy, kJ/kg 717,98 (V) 189,3 (V)
272,0 (L) —-256,3 (L)
Internal energy, kJ/kg 641,9 (V) 113,6 (V)
270,7 (L) —257,7 (L)
Entropy, kJ/kg'K 39,16 (V) 29,97 (V)
17,32 (L) 7,976 (L)
Velocity of sound, m/s 357 (V) 355 (V)
AV Ay 093+
Viscosity, yPa-s 1,1 (V) 1,1 (V)
13,2 (L) 13,2 (1Y)
Thermal cqnductivity, mW/m-K 16,9 (V) 16:9.(V)
99,0 (L) 99,0°(L)
Volume expansivity, K~ 0,064 2 (V) 0,064 2 (V)
0,016 4 (L) 0,016 4 (L)
Heat of conversion from normal to parahydrogen, kJ/kg 527,14 —
Properties at triple point (TP)
Temperature, K 13,957 13,803
Pressure, kPa 7,205 7,042
Density, kd/m3 0,129(8 (V) 0,125 6 (V)
TR21 (L) 77,021 (L)
86,71 (S) 86,50 (S)
Specific heat at constant pressure (cp), kd/kg-K 10,53 (V) 10,52 (V)
6,563 (L) 6,513 (L)
— () —(S)
Specific heat ratio, c,/cy 1,695 (V) 1,693 (V)
1,388 (L) 1,382 (L)
—©) —(S)
Latent heaf of vaporization, kJ/kg 452,0 449,2
Latent heat of fusion, kd/kg 58,09 58,29
Latent heat of sublimation, kJ/kg 507,39
Enthalpy, HJ/kg 669,67 (V) 140,3 (V)
217,6 (L) —-308,9 (L)
159,5 (S) - 367,2 (S)
Internal Energy, kd/kg 612,52 (V) 84,23 (V)
215,8 (L) —-309,0 (L)
157,7 (S) —-367,3 (S)
Entropy, kd/kg'K 46,4 (V) 37,52 (V)
14,2 (L) 4,961 (L)
10,1 (S) 0,739 (S)
Velocity ofjsound, nifs 307 (V) 305 (V)
1282 (L) 1273 (L)
—(©) —(S)
Viscosity, jPa:s 0.74 (V) 0.74 (V)
26,0 (L) 26,0 (L)
— () —(S)
Thermal conductivity, mW/m-K 12,4 (V) 12,4 (V)
73,0 (L) 73,0 (L)
900 (S) 900 (S)
Volume expansivity, K~ 0,075 2 (V) 0,075 2 (V)
0,010 2 (L) 0,010 2 (L)
0,004 94 (S)
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Property @ Normal hydrogen Parahydrogen
Other properties

Molecular mass 2,015 94 2,01594
Equivalent volume gas at NTP/volume liquid NBP 8471 845,1
Equivalent volume gas at CP/volume liquid NBP 2,357 2,252
Equivalent volume gas at NBP/volume liquid at NBP 53,30 52,91
Equivalent volume gas at TP/volume liquid NBP 546,3 563,8
Eduivalent volume liquid at TP/volume liquid NBP 0,9190 0,910
Equivalent volume solid at TP/volume liquid NBP 0,818 4 0,818 1
Pressure required to maintain NBP liquid density in NTP GH,, (fixed 174
voJume, no venting), MPa
Joule-Thomson maximum inversion temperature, K 200
Diffusion coefficient in NTP air, cm?/s 0,6[1
Diffusion velocity in NTP air, cm/s <20
Byoyant velocity in NTP air, m/s 1,2tp 9
Vdporization rate (steady state) of liquid pool without burning, mm/s 0,42 100,83
NOTE 1 (L): Liquid phase.
NQTE 2  (S): Solid phase.
NOTE 3  (V): Vapour phase.
NQTE 4  c¢p: Specific heat at constant volume, kd/kg-K.
NQTE 5  Numbers in parentheses are estimates.

Unless specified otherwise, source of data is reference [9].
Calculated value.

Ta
ga

1 Comparison with other common gases

bes for comparison purposes-

Table A.2 — Thermophysical properties of common gases

ble A.2 provides some safety=related thermophysical properties of gaseous hydrogen and othgr common

Gas Density at 20 °C and Viscosity at 20 °C Diffusion coefficient Lower heating value
100 kPa and 100 kPa in air 9
kg/m3 pPa-s cm?/s MJlkg
Hydrogen (H,) 0,0827 8,814 0,61 119,93
Halium-(He} 01640 19,809 0.57 000
Methane (CHy) 0,659 4 11,023 0,16 50,02
Nitrogen (N,) 1,149 6 17,637 0,20 0,00
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A.2 Comparison with other liquefied gases

Table A.3 provides some safety-related cryogenic properties of liquid hydrogen and other liquefied gases at
their normal boiling point for comparison purposes.

Table A.3 — Selected properties of some cryogenic fluids at their normal boiling point

Liquefied gas Boiling temperature Liquid density Gas density Heat of vaporization
K kg/m3 kg/m?3 Jig
Hydrogen (H,) 20,3 70,8 1,34 454.6
Helium (Hd) 4,2 125,0 16,89 20,6
Methane (¢H,) 111,6 4225 1,82 5104
Nitrogen (N>) 77,3 808,6 4,53 198,6
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Annex B
(informative)

Hydrogen combustion data

B.1 Safety-related combustion properties

Taple B.1 provides selected safety-related combustion properties of parahydrogen.
Table B.1 — Safety-related combustion properties of parahydrogen
Property Value @
Hgat of combustion, kJ/g 119,93 (low)
141,86 (high)
Flammability limits, vol fraction, % 4,0 to 75 (in NTP air)
4,1 to 94 (in NTP oxygen) b{¢
Dgtonability limits, vol fraction, % 18,3 to 59 (in NTP air)
15 to 90 (in NTP oxygen) ®|¢
Stpichiometric composition in air, vol fraction, % 29,53
Igmition energy (minimum) for ignition in air, mJ 0,017
Adto-ignition temperature, K 8584
Igrpition temperature (hot air jet), K 943
FIJime temperature in air, K 2318
THermal energy radiated from flame to surroundings, % 17 to 25
Byrning speed in NTP air, m/s 2,6510 3,25
Ddflagration propagation speed in a steichiometric Ho/air mixture, m/s 975
Dgtonation propagation speed in NTPR air, m/s 1480to 2 150
Mqlaximum experimental safe gapjin NTP air, cm 0,008
QLlenching gap in NTP ajr,'cm 0,064
Dgtonation induction distance (L/D) in NTP air ~100
Limiting oxygen index; vol fraction, % 5,0
Byrning rate of spilled liquid pool, mm/s 0,5to0 1,1
Energy of €xplosion (theoretical explosive yield), g TNT/g Hy ~24
g TNT/kJ Hy ~0,17¢
kg TNT/m® NTP SHz “0
g TFNFremi-NBP-HH> 74

NOTE 1 NTP: normal temperature and pressure (293,15 K and 101,325 kPa).
NOTE 2  NBP: normal boiling point (20,268 K and 101,325 kPa).
NOTE 3  TNT: trinitrotoluene, symmetrical (explosive energy = 4 602 J/g TNT).

@  Unless specified otherwise, source of data is reference [9].

b The values are ones commonly given. It is recommended that they be used only as a guide. These properties are a function of
many variables that are to be evaluated to determine their values for a specific application.

€ Source of data is reference [8].

d  Different values have been reported for the autoignition temperature of hydrogen in air ranging from 773 K to 858 K. This variation may
be due to the influence of different materials used to contain hydrogen in test apparatus. See reference c above for the source of data.

€ Based on high heat of combustion.
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B.2 Detonation cell widths for hydrogen/air mixtures

Figure B.1 shows detonation cell widths for hydrogen/air mixtures.

Yy A
100 \
10
1 r . r . T >
10 20 30 40 50 60 X
Key
X hydroden goncentration, volume fraction (%)
Y detongtion/cell width, cm

Figure B.1 — Detonation cell widths for hydrogen/air mixtures at 101,3 kPa (14,7 psia) [10]
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B.3 Comparison of hydrogen with other common fuels

Table B.2 compares the ignition and combustion properties of hydrogen and other common fuels.

Table B.2 — Ignition and combustion properties for air mixtures at 25 °C and 101,3 kPa for several
common fuels

Lower Lower Stoichiometric Upper Upper Minimum Auto-ignition Laminar
Fuel flammability | detonation . detonation | flammability | ignition 9 burning
s ey mixture ey e temperature .
Tt Tt Tt Tt eneTgy velocity
% vol. fraction | % vol. fraction | % vol. fraction | % vol. fraction | % vol. fraction mJ °C cm/s
Fy‘(’;‘ge” 4,0 18,3 29,5 59,0 75,0 0,017 585 270
Niethanol 60 |Notavailable| 123  |Notavailable| 36,5 0,174 385 48
(EPH30H)
Nethane 5,3 6,3 9,5 13,5 17,0 0,274 537 37
(CHy)
frropane 1,7 3,1 4,0 9,2 10,9 0,240 450 47
(C3Hg)
i a
Gasoline 1,0 11 1,9 3,3 6,0 0,240 215 30
CgH1g)
NQTE The data in Table 2 are not well-defined physical properties but*are determined according to certain standard|procedures.

Therefore, the data serve for a comparison between common flammable\gases only. They should not simply be adopted fgr the design
of |nstallations or components, or for the definition of safety requiremefts.

The values are given for octane; gasoline may have a different composition depending on its production source.
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Annex C
(informative)

Material data

C.1 Material selection criteria

Hydrogen |components and hydrogen systems commonly involve a wide variety of material, both metals,and
non-metal$ (such as polymers). Each material that is involved (for example, seats, seals, adhesives,
lubricants,|electrical insulation, springs, bolts and piping) should be carefully evaluated for its use inthe’desjgn,
operating, [and emergency conditions to which it will be exposed.

The selecfion of a material that is suitable for use in a hydrogen system involves severa) factors. Some
consideratjons involved in the choice of a material to be used in a hydrogen system include the following:

— compdtibility with hydrogen (with concerns such as hydrogen embrittlement, hiydrogen attack, hydridipg,
porosity, permeation and diffusion);

— compdtibility with adjoining materials (matching properties under changes in temperature and pressyre,
for example, and the effect of such changes on the material’'s shape@nd dimensions);

— compdtibility with the conditions of use (effects of temperature and pressure, for example, on ductility, gnd
expansion/contraction; property changes associated with changés in operating conditions);

— compdtibility with the surrounding environment or exposure (for example, a corrosive environment or hjgh
tempgrature from a hydrogen fire or fire from nearby materials);

— toxicity (the use of a material that is toxic in anyway, such as during fabrication, should be considefed
only when absolutely necessary);

— failurd mode (for example, brittle rapid rupture versus ductile slow separation);

— ability|to fabricate into the desired form (for example, machining, welding and bending);
— econgmics;

— availapility.

Most of these considerations are common for the selection of a material for any purpose. However, the first

one is unique to hydrogen, and the next two are important for liquid hydrogen applications, because of the low
temperatufe invelyed (20 K). A brief discussion of these first three considerations is given below.

C.2 Hydrogen embrittlement

Hydrogen embrittlement is a serious concern for metals exposed to hydrogen. Hydrogen embrittlement can
cause a significant deterioration in the mechanical properties of metals. Hydrogen embrittiement involves a
large number of variables such as the temperature and pressure of the environment; the purity, concentration
and exposure time of the hydrogen; and the stress state, physical and mechanical properties, microstructure,
surface conditions, and the nature of any crack front in the material. The susceptibility to hydrogen
embrittlement of some commonly used metals is summarized in Table C.1.

Although a material may be subject to hydrogen embrittlement (even extremely embrittied), the material may
still be used in hydrogen service. For example, compressed gas cylinders that have been used successfully
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for many years for the storage and transport of compressed hydrogen gas are commonly made of alloy steel

4130X.

Table C.1 — Hydrogen embrittlement susceptibility of some commonly used metals

Metal

Extremely
embrittled

Severely
embrittled

Slightly
embrittled

Negligibly
embrittled

Aluminium alloys

1100

6061-T6

7075-T73

Be-Cu alloy 25

Copper, OFHC

Nickel 270

Steel

Alloy steel, 4140

Carbon steel

1020

1042 (normalized)

1042 (quenched & tempered)

Maraging steel, 18Ni-250

Stainless steel

A286

17-7PH

304 ELC

305

310

316

410

440C

Inconel718

Titanium andAitanium alloys

Titahium

Ti-5Al-2 5SN (ELI)

Ti-6Al-4V (annealed)

Ti-6AI-4V (STA)
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C.3 Low temperature effects

C.3.1 Ge

neral

The selection of a structural material for use in liquid hydrogen service is based primarily on the mechanical
properties of the material, such as yield and tensile strengths, ductility, impact strength and notch insensitivity.
The material should have certain minimum values for these properties over the entire temperature range of
operation, with appropriate consideration for emergency conditions such as a hydrogen fire. The material
should be metallurgically stable, so that phase changes in the crystalline structure do not occur with time or
repeated thermal cycling.

The choig
considerat]

— transifion from ductile to brittle behaviour as a function of temperature;

— mode
tempg

— effect
elastid

Two of th
temperatu

C.3.2 Lo

Many mat
behaviour

The result
to-brittle tr|

can be obfained by the relationship of the yield\and tensile strengths of a material as a function of temperat

If the yield
then the m

Generally,
liquid hydr

brittle at temperatures much higher than liquid hydrogen temperature, and consequently, their use in liq

hydrogen

C.3.3 Th

e of a material for use at liquid hydrogen temperature of 20 K involves material behavi
ons such as the following:

5 of plastic deformation, particularly certain unconventional modes encountered at very
ratures;

5 of metallurgical instability and phase transformations in the crystalline(structure on mechanical s
properties.

e primary considerations in the selection of a material for\liquid hydrogen service are Iq
e ductility (low-temperature embrittlement) and thermal contfaction.

W-temperature embrittlement

can occur at temperatures much higher than enyogenic temperatures.

5 of the Charpy impact test as a function ef.femperature can be used as an indication of the duct
ansition behaviour of a material. Another indication of the ductile-to-brittle behaviour of a mate

strength of a material approaches'the tensile strength of the material as the temperature decrea
aterial will become increasingly brittle.

a material that has a ductile-to-brittle transition temperature above 20 K should not be used W
pgen, unless its use is given careful consideration and thorough analysis. Most polymers beco

bystems is generdlly avoided.

brmal contraction

rises (ho

Materialsv%enerally have a positive expansion coefficient, that is, the material will expand as its temperat

temperatufe’is’ about 280 K. Such a large temperature decrease can result in significant thermal contraction

venrthere are a few exceptions to this). The temperature span from ambient to liquid hydrog

erials change from ductile to brittle behaviour as their temperature is lowered. This change i

pur

nd

pW-

le-
rial
re.
beS,

ith
me
uid

Lire
en
in

most materials. It is necessary to account for this contraction in the use of a material at liquid hydrogen
temperature. The thermal expansion coefficient itself is a function of temperature.

Typical values for thermal contraction for a temperature change from an ambient to a cryogenic temperature
are as follows:

— about

0,3 % in iron-based alloys;

— slightly over 0,4 % in aluminium;

— well over 1 % in many plastics.
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The use of a plastics material between two metal surfaces (for example, seals) would have to accommodate
the approximately 0,6 % more contraction that the plastic would experience compared to the metal.

C.4 Material suitability for hydrogen service

A material should be evaluated carefully before it is used for hydrogen service. A material should not be used
for hydrogen service unless data are available to show that the material is suitable for the intended service
conditions. Materials that have been used successfully with hydrogen should be preferred over materials with
litle or no history of use with hydrogen. The suitability of some commonly used materials for use with

hygirogemn s showmn i T abie -2, WhittT 15 provided as a guidetine and for informative purposes onty]

Table C.2 — Suitability of some selected materials for hydrogen service

Gaseous Liquid
. hydrogen | hydrogen
Material Remarks
(GHy) (LHy)
service service
METALS
Alfiminium and its alloys s s Negllglbly susceptible to hydroden
embrittlement.
Cqpper and its alloys (such as brass, bronze s g Negligibly susceptible to hydroden
and copper-nickel) embrittlement.
Irdn, cast, grey, ductile NS NS Not permitted by relevant codeg and
standards.
Nickel and its alloys (such as Inconel and E E Evaluation needed. Susceptiblg to
Manel) hydrogen embrittlement.
. . . . May make martensitic conversipn if
Steel, austenitic stainless with > 7 % nickel . )
’ S S stressed above yield point at loy
(stich as 304, 304L, 308, 316, 321, 347) temperature.
Evaluation needed. Susceptibld to
Steel, carbon (such as 1020 and 1042) E NS hydrogen embrittlement. Too brjttle for
cryogenic service.
Evaluation needed. Susceptiblg to
Steel, low alloy (such as 4140) E NS hydrogen embrittlement. Too brjttle for
cryogenic service.
Steel, martensitic staiptess (such as 410 and E E Evaluation needed. Susceptiblg to
440C) hydrogen embrittlement.
Sthel, nickel{siich as 2,25: 3,5; 5 and 9 % Ni) E Ns  |Ductility lost atliquid hydrogen
temperature
Tifapiuh and its alloys E E Evaluation needed. Susceptibld to

hydrogen embrittlement.
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Table C.2 (continued)

NONMETALS
. . Avoi f carcinogeni
Asbestos impregnated with Teflon @ S S void use because of carcinogenic
hazard.

Chloroprene rubber (Neoprene @) S NS Too brittle for cryogenic service.
Polyester fibre (Dacron) S NS Too brittle for cryogenic service.
Fluorocarbon rubber (Viton @) E NS Too brittle for cryogenic service.
Polyester flm (Mylar) @ S NS Too brittle for cryogenic service.
Nitrile (Burfa-N ) S NS Too brittle for cryogenic service.
Polyamide$ (nylon) S NS Too brittle for cryogenic service.
Polychlorofrifluoroethylene (Kel-F 2) S S
PolytetraflJoroethylene (Teflon @) S S
NOTE 1 S: Suitable for use.
NOTE 2 NS: Not suitable for use.
NOTE 3 E: Evaluation needed to determine if the material is suitable for the use conditions,
@  Teflon,|Neoprene, Dacron, Mylar, Viton, Buna-N and Kel-F are examples of suitable ‘products available commercially. This
information |[s given for the convenience of users of this Technical Report and does not eonstitute an endorsement by ISO of thg¢se
product(s).
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Annex D
(informative)

Hydrogen-storing compounds

D.1 General

Hydrogen storage and transport systems can make use of chemical compounds containing thydrogen to
improve the energy density for hydrogen storage and to avoid high pressure or low-temperaturg hydrogen
stgrage requirements. These chemical compounds are energetic materials with their ofvn safety
comsiderations, and should be handled accordingly. In addition, the interaction of chemical comppunds with
hydrogen systems should be considered.

A pariety of chemical compounds using different physical mechanisms for hydrogen storage |are under
inviestigation. These include common liquid fuels, metal hydrides, liquid organi¢.hydrides, and newer materials
such as fullerenes, carbon-fibre nanotubes and glass microspheres. Some\of the liquid fuels ¢onsidered
indude methanol, methylcyclohexane (MCH), ammonia, gasoline and hydrazine. Hydride systemp may use
maqtal alloys, catalysts and liquid slurries. The safety considerations afe presented in general terms because
of the great physical differences in these chemical compounds and the systems that use them, the lack of
harards characterization of the more novel materials, and the petential for new as yet undefinedl systems.
SpEcifics for chemical compounds in common use can be foundin’material safety data sheets (MSPS) and in
salety literature.

D.2 Basic safety considerations for chemical compounds
Bapic safety considerations include accounting-for physical and combustion properties, handling and toxicity
issues, and any special concerns. As a minimum, the following safety information, along with thg supplier’s
MSDS, should be accounted for in the system design and conveyed to those at potential risk of exppsure:

a)| general description of common or-special hazards;
b) | physical properties;

c) | combustion propertiesin air;

d) | material compatibility;

e) | handling information;

f) | toxicity;

g) | Fire fighting.
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Annex E
(informative)

Terms and definitions
This Technical Report is addressed to a very broad audience, including many people who have non-technical

backgrounds. Consequently, it is possible that readers might encounter terms in this document with which
they are u{familiar because the document is of necessity technical in its content. To address this possibility,

an extende¢d vocabulary of terms with their definitions that are used in this Technical Report is provided belpw.
This vocabulary is intended to make this Technical Report as user-friendly and understandable as)possible,
and to givg a clear intent of the meaning of many of the terms used herein.

E.1
ambient conditions
internationgl standard atmospheric conditions at sea level (288 K temperature and¢ 101,323 kPa absolute
pressure),|or local surrounding conditions characterized by the temperature and-pressure at a particdlar
location, spich as a city or facility

E.2
annealing
heat treatment process used to soften hard steel so that it can be machined or cold-worked

E.3
arrested flame
combustioph process which is stopped or flame which is put out

E.4
auto-ignitjon

autogenequs ignition
spontaneopus ignition
phenomenon in which a mixture of gases,(vapours, mists, dusts or sprays ignites spontaneously with|no
external ighition source

E.5
auto-ignitjon temperature
AIT
lowest tenperature at which auto-ignition (E.4) occurs

E.6
backfill
process by which a.desired gas is used to replace an undesired gas in a system volume

NOTE Typically the undesired gas is first removed by evacuation with a vacuum pump, then the desired gas is pufin.

E.7
back-flow
flow of a fluid in the direction opposite to the normal flow direction

NOTE This term is used to describe the entry (diffusion) of atmospheric air into a hydrogen vent line.

E.8
ball valve
valve that functions with a ported sphere in a housing

NOTE 1 On-off flow control is achieved by rotation of the sphere 90°.

NOTE 2  Diverter ball valves are available for split-flow and other special applications.
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