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Hyd rogen safety (safety = freedom from risk which is not tolerable)

| > defined individually and/or by

* Hydrogen safety engineering practices in the production, storage, distribution and use of hydrogen
» essential for the widespread acceptance of hydrogen and fuel cell technologies

* A catastrophic failure could damage the public’s perception of hydrogen and fuel cell technologies
» implying a considerable loss of public and private investment

HYDROGEN: THE ZERO-EMISS/ION ENERGY
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Minimize potential hazards and associated risks to prevent impacts on people, property and environment



Hydrogen properties: a comparison
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. Natural gas and propane are also odorless,
but industry adds a sulfur-containing
* Current odorants are not used with hydrogen:
» no known odorants light enough to "travel
with" hydrogen at the same dispersion
rate

» also contaminate fuel cells, which are an

———importantappticationforhydrogen———'
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Non-corrosive, but it can
embrittle some metals
(small molecule size)
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Hydrogen properties: a comparison
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Potential consequences and hazards associated with a H2

release
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Hydrogen release

He at STP.Mol.

* Because gaseous hydrogen consists of such a small o
molecule, very small leaks are common (e.g.
permeation)

| Time=299(s]
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 Inproperly designhed systems very small leaks do §... TS
not present a problem as the tiny amount of |
hydrogen released will not be enough to cause a
flammable mixture in air

» The releases may originate from: valves, it :
connections, pinholes in pipes, a full-bore pipe WL
rupture (worst-case scenarios); cylinders,
pumps, regulators, etc.

» Hydrogen releases may occur both indoors and outdoors

» Only when hydrogen gas can accumulate over time in a confined area will arisk of a
flammable mixture or asphyxiation arise

The releases can be unignited (non-reacting) or ignited (reacting)



Ventilation

Passive ventilation H..

Sreame

Designing passive ventilation: ceiling and roof configurations to ensure tha' =
a hydrogen leak will be able to dissipate safely
Inlet openings should be located at floor level in exterior walls mi,_:?;,,
Outlet openings should be located at the high point of the room in exteric
walls or roof

Active (mechanical, forced) ventilation

Air flow is selected to ensure hydrogen concentration is < 25% of the lower flammability limit (i.e. 1% hydrogen
by volume)

No practical ventilation rate can effectively disperse hydrogen from a massive release from a pressurized vessel,
pipe rupture, or blowdown

If active ventilation systems are relied upon to mitigate gas accumulation hazards
» procedures and operational practices should ensure that the system is always operational when hydrogen is
present

Hydrogen equipment and systems should be shut down if there is a loss of the ventilation system



Hydrogen flames

. Hydrogen burns with a pale blue that is , So itis almostimpossible to detect by

the human senses
» Impurities such as sodium from ocean air or other burning materials will introduce color to the hydrogen flame

. Hydrogen fires have , SO you can't sense the presence of a flame until you are very close to it

. Combustion can't occur in a tank that contains only hydrogen. Oxygen (or air) and an ignition source are required
for combustion to occur

Hydrogen flame Propane flame

Propane Flame Hydrogen Flame




Hydrogen flames




Leak detection

Instrumented hydrogen leak detection systems can be used to enhancing safety of the facility. -

Instrumented leak detection techniques include:

o e v aen

v" Hydrogen (and flame) detectors installed where leaking hydrogen is likely to concentrate

v' Monitoring piping pressures or flow rates changes

v' Locating hydrogen piping within another pipe (double containment) and monitoring the annulus for leaks

Detectors should be permanently installed in indoor facilities
v" Locate detectors where leaking hydrogen will be accumulate such as:

¢ Stagnation points near the ceiling where hydrogen can accumulate

* Low-velocity regions of enclosure ventilation system
v' Provide access to detectors for periodic calibration
v' The sensitivity of the detector to other gases and vapors should be considered in the selection of the detector and should be
explained to personnel

v' Alarms are normally set at 1% hydrogen by volume (i.e. 25% of the lower flammability limit)




Hydrogen explosions

Hydrogen released in sufficient quantities can create a harmful overpressure which may result in direct hazards and
indirect hazards from building damage or flying debris. Overpressures can occur as a result of unignited releases of
pressurized gas or as a result of ignition of a cloud of released flammable gas.

P (1)

* Deflagrations (v<C) in the open, in the absence of any obstacles
* Typical propagation speed: at speed of 1-100 m/s

* Typical overpressure: about 10 kPa

* Deflagration in an enclosure can be mitigated by venting, the most cost-effective and widespread

explosion mitigation technique.
b

* Detonation (v>C)is a coupled shock and flame front structure which propagates with supersonic =
velocity n:
* The speed of detonation wave depends on the stoichiometry of hydrogen-air mixture and ranges
from 1600 to 2000 m/s (4<M<8) =
 Typical overpressure : 1000-1500 kPa. Po '
* Venting technique is not applicable to detonations as the pressure arrives to any location and ,.__‘a__.w.,

affects a system and/or structural elements simultaneously with the detonation wave



Hydrogen safety relies on five key considerations

(much like all flammable gas safety)

( )
1. Recognize hazards and define mitigation measuresA
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2. Ensure system integrity %\Ql}

\_ _J
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3. Provide proper ventilation to prevent accumulation¥s=]: =I5,

\_ _J
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4. Ensure that leaks are detected and isolated Ip ))))
. _J
( )
5. Train personnel
. - _J

ADANGER

Hydrogen
flammable gas.

No smoking or
Open flames.

Warning
Flammable gas

m m'. gc::lpressed

Flammable
content under
pressure.
Handle with care.




Facility Designh and Construction

The following elements should be considered to ensure safe operations:

1. Loss Prevention: it may be possible to reduce or eliminate risk by "designing out" the hazard.

Ventilation: providing adequate ventilation will dilute hydrogen air mixtures, minimizing hazards caused by leaks.
Electrical: providing the correct electrical equipment and instruments will eliminate some potential ignition sources.
Leak Detection: special techniques are required to reliably detect hydrogen leaks.

Flame Detection: special techniques are required to reliably detect hydrogen flames.

Storage and Use: selecting the right kind of storage and the proper location can go a long way towards reducing risk.

Venting: vent systems are necessary to move hydrogen purged from the system to a safe location.

® N O o kb

Instruments and Controls: safety of the facility can be improved by using interlock systems working in unison with hydrogen and
fire detectors.

9. Construction: good facility construction is necessary to achieve a safe hydrogen system installation.



Safety strategy, an example:

Ventilation

Pressure
sensors

Temperature
sensors

Hydrogen
sensors

No hydrogen
release

Hydrogen
components
inside safety
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Status
display

Comply with

Fire
preventio
n

No burst of
tanks,
components and

pipes

FuelCell Stack  Hydrogen Storage Tanks

Fuelling
monitoring




Refueling protocol:

H2 SUPPLY o
SOURCE
— —> jl f—> Ha,
TUBE TRAILER COMPRESSOR - 7 S v
(200-500 bar) (up to 950 bar) HIGH PRESSURE ’
BUFFER STORAGE
(maintained at 950 S —
bar) E
~ ¢ =
| o | g | =
>@—>@ 3 > .
PIPELINE (20 A O \— ;[_ :
bar) < )
| T— | CHILLER
/ii ; : il E > H» > il E (pre-cooled to -40° C)
2 COMP?EgiOR . BOOSTER
I“T"ﬁ . (up to ar) MID PRESSURE COMPRESSOR
BUFFER STORAGE (up to 900 bar)
REFORMER/ELECTROLIS (maintained at 500
ER bar)
H2 PRODUCTION UNIT
(20 BAR)
Three main targets: ONBOARD TANK (700 1, P |
- Shortfilling time (=3 min) Tank TempB/dlure < 85°C . ‘ m.,.”lwizm <
- Longdriving range (600-700 m Lonmm nt :
km € o
) ™o DISPENSER

- High safety and reliability



Lessons learnt from safety-related events
HIAD 2.0 (593 validated and public available events) l

STATISTICAL ANALYSIS
DATA J LESSONS LEARNT
PROCESSING
l RECOMMENDATIONS

EVENT 1
| [ ensp ]
Main causes (not including near misses)
* Poor maintenance and inspection

Unknown .

8% * Maintenance procedure not followed
* Need to update communications plans and training program
Organisation * Not adequate design or/and material selection

3% * Not adequate preventing measures
* The transfer requires perfect interoperability

HIAD 2.0 DATA COLLECTION

- HIAD (273 initial cases)
- ARIA

- eMARS

- MHIDAS

Safety and Health Administration
sportation Safety Board

VALIDATION AND
PUBLISHING

Hydrogen transport and distribution

CAUSE

Operation
10%

/
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