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Introduction
Safety Aspects of Hydrogen as an Energy Carrier
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Beleidsverklaring V&M 2019
ke Marine

Van Reactief naar Proactief

Comrmandantar saszen Operaticnes|
Risicamanznamant (ORM) als vasl srdardesl e hij
hun razkeitocfon ngan iemen vereclgens
maaragalen wn dezs isico's 2o klsin mogal jk L2
CETTN
# Laeiderschap en culuur

Leidinggeyvanden van alle nivarius nnmnm.an saes
actis! viar hal belang van maldingan, angovallsn an
nwidstan. In het balang wan co meleingsborsidheid
beateden zij dearkij positieve anndacht aan het
mialele & cle male.

Commardaniar slelizn (eanfarm VRIS par 12300)
sar weilighaidsvoor izhting= plan o, waarie rmirimazl
cpgeromsan elk half jazr con LIVE  slanddowndag.
Cemmzndartar neme velighsid als standaarn
hespraskpunt mce in hel luncl creringsgespres,
Inzlcht In compliance

L " Torar wan bzaziest' wordt strociures inysregeld,
Lt omst bt opetellan van confralealannen. het
ncuden van Satetyaalks door corrmandanten
alamaca hel fouden van canlrolerondes met
Spcoiiake Clecklists Milrw Margunningrn (G )
KEuLring=n van vestgesd, procesivstallat o en
erbaidsmiddelen worden a0 crds gebrucht.

War arosessen waarhi] CMH stoffen of bestardilelen
wordan giebis ikl wordl sen wardispends BIAF
cpgesleld. Higrveor wordt gebmik grmazkt var de
applizaiis enmanager. Towal voryoer als opslag
wan gevaarlijks staffen veldocn aar de geldends

e Lo EH T

Kennls & ondersleuning
Cam arfen Temen Sl o
|zidirgoewendean an medicse wiorean get-aind in
kan s po vaard gheden g nel gebied van WEM. In
allz iniiele, koder on riveaver sidingen wondt
[wein i wn sovizle Yeilighed en Vilieu ean mpliciel
prnardeal van hat curriculum,
Corpateatios borodigd om op acada wijza t2

i up hol gebied van VEM, zijn vastgaste’] en

varerkard in de AKL's,

e Optimum reduction of risks to loss
of life, injury and property damage.

« Ensure a SAFE working environment.

« Honor mutual agreement on
establishing a safety culture.

e Learn from mistakes.

7 zijzael,

« Be Pro active.

= Besturing en lerend vermogen

« Be Compliant with law, legislation
and best practices.

Weilighaiv en Milieu - hel iz cen zaak van ons allenaal!

Nen Helder, 21 jangani 2010
> ZEESTRIIDEARACHTEN

Ft 4. Kramer
Vicg-zdmiraal
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Fossil => Sustainable fuels
OES ambition Department of Defense:

Reduction of fossil fuel consumption with:
20% in 2030

50% in 2050

The Age of Energy Gases
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Atomic Structure Hydrogen
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Hydrogen Molecule (H,)

Electron
Probability
Cloud

MNuclei

Figure 1-1 Atomic Structure of a Hydrogen Molecule

Hydrogen is the chemical element with the symbol H and atomic number 1. With a
standard atomic weight of 1.008, hydrogen is the lightest element in the periodic table.
Hydrogen is the most abundant chemical substance in the Universe, constituting
roughly 75% of all baryonic mass.[7][note 1] Non-remnant stars are mainly composed
of hydrogen in the plasma state.

https://en.wikipedia.org/wiki/Hydrogen
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https://en.wikipedia.org/wiki/Chemical_element
https://en.wikipedia.org/wiki/Symbol_(chemistry)
https://en.wikipedia.org/wiki/Atomic_number
https://en.wikipedia.org/wiki/Standard_atomic_weight
https://en.wikipedia.org/wiki/Periodic_table
https://en.wikipedia.org/wiki/Abundance_of_the_chemical_elements
https://en.wikipedia.org/wiki/Universe
https://en.wikipedia.org/wiki/Baryon
https://en.wikipedia.org/wiki/Hydrogen#cite_note-7
https://en.wikipedia.org/wiki/Hydrogen#cite_note-8
https://en.wikipedia.org/wiki/Stellar_remnant
https://en.wikipedia.org/wiki/Star
https://en.wikipedia.org/wiki/Plasma_state
https://en.wikipedia.org/wiki/Hydrogen

Main isotopes of hydrogen _
........................................ The most common isotope of hydrogen,

Iso- | Abun- | Half-life | Decay | Pro- termed protium (name rarely used, symbol
tope | dance | (fy2) | mode | duct 1H), has one proton and no neutrons.

14| g9ggsog stable Other forms of isotopes are:
.......... | * Deuterium

“H| 0.02% stable e Tritium

3H| trace 1232y | B~ *He

view -talk - edit | references

ortho para Ref: https:/Z/nl.wikipedia.org/wiki/ZDiwaterstof

Figuur 1 Ortho en Para waterstof
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Hydrogen and Periodic Table

Waterstof / Hydrogenium
1 18
H 2 Pericdiek systeem 13 14 15 16 17|He
Li  Be B C|N| O F | Ne

Ma Mg 32 4 5 6 7 3 9 10 1 12/8F Si| P | S |Cl| Ar
K | Ca |Sc{ Ti|V | Cr|Mn|Fe|Co| Ni |CulZnisal Ge As |Se Br|Kr
Rt | Sr | Y| Zr|Nb|Mo| Tc| Ru| Rh| Pd (Ag/CdRlinSm Skb| Te| | | Xe
Cs | Ba | | |Hf|Ta W |Re|Os| Ir | Pt Au/HgPTH PG BiNPal At| Rn
Fr | Ra BB Rf|Db| Sg| Bh| Hs | Mt | Os |[Rg|/CnjiNESERRIE L Ts | Og

= O n = L3 P =

Lanthaniden La Ce| Pr/Nd|Pm Sm Eu Gd|Th Dy Ho Er|Tm Yb Lu
Actiniden AcThPa U Np PuAmCm Bk Cf Es Fm Md No Lr
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Hydrogen Phase envelop
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Phenomena, hazards, and risks

Hydrogen release, Thermal and pressure  Development and  safety assessment  olanoards,
mixing and and missile effects from validation of and risk analysis guidelines, and
distribution fires and explosions  mitigation techniques legal requirements

Production

Transport and
distribution,
refueling stations

Hydrogen storage
(LH2,CGH2)

Tunnels, parking
and garages

Utilisation, portable
and stationary
applications

6666
66664
6664
66664
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Physical properties

Ref: H2Tools.org ER training
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Hydrogen Properties and Behavior

A gas at ambient conditions

Hydrogen is a cryogen: exists as a liquid at
-423°F (-253°C).
Compressing the gas does not liquefy it

No liquid phase in a compressed gaseous hydrogen storage
tanks

LH2 storage at relatively low pressure (50 psi)

Double walled, vacuum insulated tanks with burst disks,
vents, and PRDs

Volumetric ratio of liquid to gas is 1:848 Molecular Hydrogen

Compare water to steam (1:1700)

Energy content of 1kg of H, is approximately equal to 3.5 Itr
of gasoline (in BTUS)

Royal Netherlands Navy
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Hydrogen Properties: A Comparison

Hydrogen Natural Gas Gasoline
Color No No Yes
Toxicity None Some High
Odor Odorless Mercaptan Yes
Buoyancy 14X 2X 3.75X
Relative to Air Lighter Lighter Heavier
Energy 2.8X ~1.2X
by Weight > Gasoline > Gasoline 43 MJ/kg
Energy 4X 1.5X
by Volume < Gasoline 2 Cecae 120 MJ/Gallon

Source: California Fuel Cell Partnership
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Comparison of Fuel Odorants and Toxicity

Hydrogen No No
Compressed Natural Gas (CNG) Yes No
Liquefied Natural Gas (LNG) No No
Propane Yes No

NOT NEEDED

Naturally Strong Odor s

Gasoline Vapor

Royal Netherlands Navy November 18, 2019
Hydrogen Safety



Flammability Range

% gas-to-air volume ratio

75.0%

--=o0ptimal combustion conditions

15.0%
’ 10.1% 7 6%
5.0 21
Hydrogen Natural Gas Propane Gasoline Vapor
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Auto-ignition Temperature

1500° F —
1,085°F 1,003°F
585 gr C 539 gr C 914°F
490 gr C
1000° F —
450°F
254 gr C
500° F —
00 F —
Hydrogen | Natural Gas | Propane | Gasoline Vapor
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Relative Vapor Density

Relative to Air

Hydrogen’s low vapor density
results in the gas being very
buoyant compared to other fuels

and vapors.
1.52
"""""""""""""""""" o5
0.07
00000 ]
Hydrogen | Natural Gas Propane Gasoline Vapor
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Comparison Flammability limits

Fuel Lower | Lower | Stoich. | Upper | Upper | Minim. | Auto- | Lamin.
Hamm. | deton. | fuel deton. | lamm. | ign. ign. burn.
limit limit CONC. limit limit energy | temp. | veloc.
vol. % | vol. % | vol. % | vol. % | vol. % | mJ °C cms !

Hydrogen (Hs) 4.0 18.3 20.5 50.0 5.0 0.0.L7 K85 225

IMethanol (CHsOH) | 6.0 - 2.8 - 36.5 Bulird 385 48

Methane (CHy) 5.3 6.3 0.5 135 17.0 0.274 h3T 37

Propane (CsHg) 1.7 Sl 4.0 8.2 10.9 0.240 450 47

Gasoline (CgHqg) 1.0 11 1.9 33 6.0 0.240 215

Royal Netherlands Navy
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Flammability limits/

Explosion limits

|
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Hydrogen Hazards
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Ref: 1SO 15196

The primary hazards and Issues:
Flammability:

» Thermal effects;

» Pressure effects;

» Easy ignitability of some mixtures;

Small size of the molecule:
» Low viscosity;

» High diffusion rate;

» High buoyancy;

Royal Netherlands Navy

24
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The primary hazards and issues (continued):

Interactions with materials
(embrittlement of certain metals);

AsphyxXxiation hazard if oxygen is replaced;

Hazards associated with the storage

procedure:

» elevated storage pressure for gas;

» low temperature for cryogenic liquid;

» others for other methods, like metal hydrides.

Royal Netherlands Navy

25
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Designing Safe Systems — Gaseous Hydrogen

Characteristic Potential Hazard Control

» Colorless » Impossible for human  Detection sensors

« Odorless senses to detect

* Tasteless

 Low Viscosity » High leak rate  Leak detection systems

 Embrittles certain e Ventilation
materials; can result in
structural failure

 Very small molecule

(can be absorbed into » Material selection

materials)
» Low Volumetric Energy » Stored at high pressures » Storage container design
Density « Pressure-relief devices

Royal Netherlands Navy
Hydrogen Safety



Designing Safe Systems — Gaseous Hydrogen

Characteristic Potential Hazard Control

» Asphyxiant  Potential for accumulation « Ventilation

in confined spaces (any « Leak-detection systems
gas that displaces oxygen
in sufficient concentrations

will not support life)

» Wide flammability range « Can ignite or explode over < Ventilation

(4% — 75%) a wide range of « Leak-detection systems
concentrations; leaks of all

Sizes are a concern

Royal Netherlands Navy
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Designing Safe Systems — Gaseous Hydrogen

Characteristic Potential Hazard

« Low ignition energy e Minimal energy (small * Ventilation
spark) can ignite

» Grounding

» System design/removal of
possible ignition sources

* Burns with a pale blue  Potential for undetected » Flame detectors
flame that is nearly flame
invisible in daylight and
does not produce smoke

e Low heat emission

Royal Netherlands Navy
Hydrogen Safety
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Designing Safe Systems — Liquid Hydrogen

Characteristic Potential Hazard

» Low liquefying » Cryogenic burns » System design
';eSrgEg;ature (-423°F/- « Lung damage « Leak-detection systems

» Personal protective

equipment
» Rapid phase change from ¢ Over-pressurization » System design
liquid to gas « Pressure-relief devices
* Ventilation
 Spill may cause liquid e Shock-sensitive surface  Ventilation
oxygen to form on asphalt area
surface

Royal Netherlands Navy
Hydrogen Safety



Risk Assesment
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Prevention of ignition sources

Each material design needs to be assessed In its
own design as per EU directive 94/9/EC &
2014/34/EU (ATEX 114)

Each system use needs on its work place needs to
be assessed In its own use as per EU directive
1999/92/EC (ATEX 153)

Documented in an Explosion safety document:
- AtEX zoning

- Ignition analysis

- Risk Assesment results

- Action registers

Royal Netherlands Navy
Hydrogen Safety 18 november 2019
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Project risk control

RBD-1 RBD-2 RBD-3 RBD-4
‘ Design Screening HAZID Bunkering Safety Study HAZOF
Design and Revision Final
Risk Critena ; .
Safety | [T s Satisfied Supporting Design
Statement Studies Assessment

Royal Netherlands Navy
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Safety Management System

1. Danger 2. Risc
Identification Assessment

NNe

What is the root cause?
What can go wrong? Management

4. Improvements

What can | do to prevent it happening
if it goes wrong? Is it sufficient? How

What improvement/ mitigationsare
P / g effective are the controls elements?

required?

Risc = Probability x Exposure x effect

Royal Netherlands Navy
Hydrogen Safety
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Hiérarchal Danger reduction (ALARP)

Isolate/Seperate
Technical Solution

Organisation

Least effective '

Royal Netherlands Navy
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Prevention of ignition sources

Document into Explosion Safety Document

Use of NPR 7910-1 guideline in 7 step approach:

=

Is a flammable liguid or gas present?
Are limited quantities established or is there a basis
for zoning useful?

Which kind of danger sources are
Is ventilation present

Apply AtEx zoning

Estimate leak quantities
Determine zoning distances

N

NOoOOsW

Royal Netherlands Navy
Hydrogen Safety



AtEX zoning
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Meteodata (Ref Den Helder de Kooy)
Average year temp. DHR 10 gr C
Airpressure 1014.9 Hpa

Humidity: 78% (12 uur ‘s middags)

Calculations done:

Blow down time,

Max length gasplume with 4% LEL,

Jet Flame,

Heatflux,

Explosion effects

Case 6 (Hydrogen Storage 200 bar, 50 Itr)
Case 1 mm lekkage (pin hole)

Case 3 mm lekkage (line break)

Royal Netherlands Navy
Hydrogen Safety



Engineering volume, mass & TNT equivalent for 200 Bar, 50 Itr gas
storage

Engineering Toolkit Engineering Toolkit B

Temperature, Pressure and Density  Tank Mass  Mass Flow Rate  TNT Mass Equ Temperature, Pressure and Density  Tank Mass  Mass Flow Rate  TNT Mass Equivalence

Temperature Celsius w |1ﬂ' |

Flammable Vapor Release Mass: | Kilogram “ |{|'.T15| |
Pressure Bar e | 200

Explosive Energy Yield (%, 0-100): |10 |

Vilume Liter w |5||} |
Net Heat of Combustion: Kika ~| (120000 |

| Calculate Mass |
Equivalert TMT Mass: (Gram ~ | 1.95067E+000 |

Mass Kilogram | 0.756647473352704

Royal Netherlands Navy
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200 Bar 50 Itr 1mm leak Blow downtime 200 Bar 50 Itr 1 mm leak Gasplume

0.099
0.008
0.088
Case 6a leak 1mm 20 MPa

= White contour is at 0.04 0.077 .
2 0.006 1 5
o 0.066 3
= a
2 ]

H 0.055
5 0.004 =
a o
o 0.044 m
= o
a
0.002 - 0.033 5
=

0.022

0.000 1
T T T T T 0_011
0 100 200 300 400
Time [s]
0.000

200 Bar 50 Itr 1 mm leak Temperature Jet Flame

2080
1880
1680
1480

1280

(o) eamesadwa

1080
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Safety plot Heatflux for jetflame 200 bar 50 Itr tank, 1 mm leak

Perpendicular Distance (z) [m]

Height (y) [m]

i‘

N ©

1x=10.86

1y =1.00

-2 0 2

Horizontal Distance (x) [m]

4

-2 0 2
Perpendicular Distance (z) [m]

-

1 3 10 35
Heat Flux [kW/m~™2]

Legend:
1 KW/m2 personnel
3 KW/m2 first aiders
10 KW/m2 effect buildings
35 KW/m2 lethal
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200 Bar 50 Itr 3 mm leak Blow downttime 200 Bar 50 Itr 3 mm lek Gasplume

0.08 0.099
0.07
0.088
— 0.06
) 0.077
w 0.057 Case 6b leak 3mm 20 MPa 3
g 0.04 4 White contour is at 0.04 0.066 %
i=} —_ =
e E 0.055 =
E > %
0.044
0.02 ré”
001 00 25 50 75 100 125 15.0 17.5 20.0 0.033 &
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(I) 1‘0 2‘0 3‘0 4‘0 Sb
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m
05 1080 2
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Safety plot Heatflux for jetflame 200 bar 50 Itr tank, 3 mm leak

E 5 o] {x=2.58

= ] ]
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10 KW/m2 effect buildings
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Overview Gasplume/ Jetflame effect results
200 Bar, 50 Itr storage

Dist Dist Dist
jetflame First Aider personel

[m] [m] [m]

Pin 470 1 4.2 1.8 1.8 1.9 2.2 2.8
hole

Line 52 3 13 6 6 6.5 7 9.5
break

Reference

Royal Netherlands Navy
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BST method

Distance applied via Baker-Strehlow-Tang - S
method via interpolation from datatabel en b PelwOwrpramrivnDetma

graphics: e T ]

(Ref: ProcessSafetyProgress v18 p235t0240 1999 “A New Set of RIER,) 1B

Blast Curves from Vapor Cloud Explosion” FIGURE 1. Pasitive Overpressure vs. Distance for Various
Flame Speeds

100

Met beschermde kleding,
gehsorbeicharming, Dn G
20 egeaipmnny

10, BGE gr H2 (@ 300 b

.L.I..r
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AtEX Iignition analysis
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on analysis EN1127-1 1/3

Potential ignition source Equipment | Surrounding

EN1127-1

o1
=

Hot Surfaces

Flames and hot gasses

Mechanical cause sparks

Electrical Installations

Electrical circulation currents, kathodic

corrosion protection

5.6 Static electricity

. ol ool o
a| W] N

Royal Netherlands Navy
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Ignition analysis EN1127-1 2/3

Potential ignition source Equipment | Surrounding

EN1127-1

cl
N

Lightning strikes

Electric Magnetic fields 9 kHz - 300 GHz

Elektromagnetic radiation within the reach of
frequency from 300 GHz - 3 x 106 GHz or

waves 1000 um - 0,1 um (optical spectrum
5.10 lonic radiation

5.11 Ultrasound

5.12 Adiabatic compression

o | o
(e} (00)

5.13 Exo thermal reactions

Royal Netherlands Navy
Hydrogen Safety



Use of equipment
within AtEx zone
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“AA. A 1212.01, UL 60079-0, UL 8007811,
SSA E60079-0, E60079-11 /
s‘A .B € D Classsfod

ABCD 2 puge |
< @5k
BT -'j_wc;.-m.:‘ L

.’ ’ \
T’iﬁ :
l ¥
3
| y

@

»
>~

L _‘0

Flirr thermal imaging camera

49 Royal Netherlands Navy
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MICA
ML.808 ATEX |

&

Safety lamp

50 Royal Netherlands Navy

Hydrogen Safety



L earned lessons from incidents
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Older incidents:

i

Recent:

Propane fire and explosions, Dallas
Explosion at a chemical plant producing rocket fuel, Nevad:
Fire and explosion (domino effect) at a cracking unit on a
refinery site (3rd September 2000, Gonfreville I'Orche .
Havre, France). = g

Explosion and fire at a chemical plant (8th Ji~  J38, e
Auzouer-en-Touraine, France) 7

Massive explosion at a polyethylene ~ _.ction plant (23rd

October 1989, Pasedena, Texas =~ ) 3

Pressurized hydrogen tank - &: a tank containing

100m3 of hydrogen at 4% pressure burst without any . Top '
apparent reason (19  .anau, Frankfurt, Germany) Dv
Hydrogen tank explosion kills 2 in Gangneung 23 mei 2~
Hydrogen Gas Explosion and Fire at Air Products and
Chemicals, Inc. in Santa Clara 3 Juni 2019 no injuries
Recent explosions shutdown hydrogen vehicle refueling in
NorCal and Norway 11 Juni 2019 No injuries

https://odin.jrc.ec.europa.eu/giada/

52



https://www.youtube.com/watch?v=n85R3OXK3bs
https://www.youtube.com/watch?v=n85R3OXK3bs
https://www.youtube.com/watch?v=_KuGizBjDXo
https://www.youtube.com/watch?v=3l2PQEjMnnM
http://www.koreaherald.com/view.php?ud=20190523000739
https://www.svvoice.com/hydrogen-gas-explosion-and-fire-at-air-products-and-chemicals-inc-in-santa-clara/

Application of the Hazid methodology

Royal Netherlands Navy
Hydrogen Safety



What is a Risc?

RisC

Probability x Exposure x Effect

Royal Netherlands Navy
Hydrogen Safety



Objective of the Hazid

The objectives of the HAZID procedure are to identify
main hazards, to review the effectiveness of
selected safety measures and, where required, to
expand the safety measures in order to achieve a
tolerable residual risk.

In compliance with the Seveso Il Directive, besides
facility safety concepts for new installations, also
safety concepts for existing operational facilities
have to be reviewed.

Royal Netherlands Navy
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Brainstorm sessions/
Check list guidewords

Royal Netherlands Navy
Hydrogen Safety 18 november 2019



Heatmap risico’s voor maatregelen
Klant Min Def Rev 0.1
Ref Nederdrone project Datum 26/07/2019

Reduce risk before
mitigation towards
after mitigation

EFFECT

Heatmap risico’s na maatregelen

Klant Min Def
Ref Nederdrone project

:0's geindentificeerd

Totaal nummer van risico's geindentificeerd

Royal Netherlands Navy
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Documentation

Hazid register

RI&E

Action plan/Action register
Hazid report

Explosion Safety document

Royal Netherlands Navy
Hydrogen Safety



Spill onto soil

2
=

bid Hydrogen Storage

Spill on water

11
T

Cfriyo Hydrogen pumping

Il
T

id Hydrogen transfer

4
T

1
5
0
— —

ash fire/ Explosion

w
J

Liquid to Gas VVaporizer

of containment

>
2
S

hospheric Dispersion

Il
T

fal
T

as Hydrogen Storage

—)
+

Gas compression

1
5
0
— —

AT

!

hospheric Dispersion

—
}

Sgs Hydrogen transfer

Explosion

—
}

0
=

ogen usage in fuelcell

BLEVE Fireball
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Location: Waterstofdrone op de Guardian

Prepare MAH Sheets for

Code Hazard Sources Threats Top Event Consequences Controls
[separate with ;) [separate with ;) [separate with ;)

H-01 Waterstofgas

H-01.01 |Waterstof onder OVErpressure; Loss of Containment Unignited Release; Pressure relief valves; |=1 / year in location|Multiple
druk Dropped Object; Fire; Continuowus monitoring fatalities
Human Error Injury/Fatality of well test operations;
Restrictions on lifting
operations;

Permit to work and Well

Test Procedures
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More course material:

www.h2tools.org

https://wwwl.eere.energy.gov/hydrogenandfuel
cells/

https://www.hydrogen.energy.gov/training/code
_official_training/

https://knowhy.eu/

https://hysafe.org
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http://www.h2tools.org/
https://www1.eere.energy.gov/hydrogenandfuelcells/tech_validation/pdfs/fcm01r0.pdf
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