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BASICS OF HYDROGEN SAFETY FOR FIRST RESPONDERS

Lecture. Introduction to FCH applications and hydrogen safety

.LFCH

%, &

Ly L)
Iy & 3
HYDROGEN W

0’4/(”,'[,-




Content

e

Main facts about hydrogen and fuel cells (FCH) technologies

Overview of hydrogen production, storage, distribution and
usage

FC vehicles

Hydrogen refuelling stations

Stationary FC applications

Overview of incidents and accidents involving hydrogen
Hydrogen safety engineering
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Objectives of the lecture

Appreciate a novelty and a wealth of FCH technologies in modern society
Understand a role of hydrogen as a new energy carrier

Name the main routes of hydrogen production, transportation, delivery and use
Recognise the difficulties of the public perception towards FCH technologies
Define the main stream industrial hydrogen production methods

Describe the working principle of a fuel cell (FC) and a FC stack
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Explain the operational principles and safety aspects of:
© FC vehicles, including materials handling forklifts
© Refuelling stations
© Stationary FC, including back-up power and FC systems for combined heat and power (CHP)
© Hydrogen distribution applications

© Give examples of incidents or accident that might occur on FCH applications
© Give insight into the hydrogen safety engineering framework

~\
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Energy Reserves(Billion Tonnes Oil Equivalent)

Why hydrogen?

Fossil Fuel Reserves are limited
Geopolitical fears: fossil fuel depletion
Independence of energy supply

Environment pollution: green hydrogen (zero emission): renewable energy (wind,
tide, solar, hydro) — hydrogen storage — fuel cells — vehicles, stationary and portable
applications
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How hydrogen is used

Hydrogen has been used in industry safely for more than 100 years

In semiconductor In pharmaceutical In chemical industry for the
industry industry as a | production of ammonia and
reduting agent methanol

For welding/cutting

metals as a
shielding gas

As a fuel in H2 99
aerospace \
In food industry as a In metallurgy to
hydrogenating agent or food reduce metal ores
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What do we know about hydrogen? (1/2)

HYDROGEN
‘Hydro’ (water) + ‘Genes’ (generate) =
“Water forming”

Chemical symbol H; first element in the
periodic table; atomic number 1.

Hydrogen atom (1 proton and 1 electron)

Hydrogen is the lightest element in the
periodic table and in the universe.

Hydrogen is the most abundant element
In the universe (75% elemental mass).

Hydrogen is the third (after oxygen and
silicon) most abundant element on Earth.

Hydrogen can only be found in
compounds (e.g. water, hydrides,
hydrocarbons and other organic
compounds); it does not exist in a pure
form.



http://www.rsc.org/periodic-table/video/1/Hydrogen?videoid=i6ckxn_doz4
http://www.rsc.org/periodic-table/video/1/Hydrogen?videoid=i6ckxn_doz4

What do we know about hydrogen? (2/2)
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iffard _dirigihle, built in France in 1852

Hydrogen forms diatomic molecules with
chemical formula H, (at normal conditions)

Colourless, odourless and tasteless gas (at
normal conditions)

The lightest gas (about 14 times lighter than
air)

H, rises and disperses rapidly!!

H, reacts actively and easily with other
substances

H, is a flammable gas and should be stored
away from sources of heat, flames and sparks

Experiments on hydrogen balloons!/?!

© Hydrogen was used in industry for more than

100 years

Sources: [1] - Introduction to Hydrogen for Code Officials, U.S. Department of Energy, Washington DC.

HyRespOnse [2]- The Royal Institution


http://www.youtube.com/watch?v=nLuOM9aOWvk
http://www.youtube.com/watch?v=nLuOM9aOWvk
http://www.youtube.com/watch?v=nLuOM9aOWvk
http://en.wikipedia.org/wiki/Giffard_dirigible

Public perception of hydrogen

The Hindenburg disaster

© German passenger airship Hindenburg caught fire and was
destroyed during its attempt to dock with its mooring mast at
the Lakehurst Naval Air Station, New Jersey.

© 36 fatalities.

The Fukushima Daiichi nuclear disaster

© Hydrogen-air explosions 1 occurred in Units 1,3,4 of power
plant from 12 to 15 March 2011.

© In Reactors 1, 2 and 3, overheating caused a reaction
between the water and the zircaloy generating up to 1,000
kg of hydrogen gas.

© No casualties officially reported.
Challenger Disaster
© 73 seconds into its flight.

© 7 crew members
© afailure in the O-rings sealing

Fukushima nuclear disaster, a joint on the right solid rocket
March 2011, Japan | booster, which allowed pressurized
ﬁ \ Source 1l -NpponNews ot gases and eventually flame
\ 6 | to "blow by" the O-ring and make {

contact with the adjacent external tank,
HyResponse causing structural failure.

Challenger Space Shuttle, January 1986, USA



https://www.youtube.com/watch?v=j4JOjcDFtBE
https://www.youtube.com/watch?v=j4JOjcDFtBE
https://www.youtube.com/watch?v=j4JOjcDFtBE
hindenberg_explodes_512kb.mp4
http://www.youtube.com/watch?v=pVp2NnY16g0
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New FCH technologies

Hydrogen as an energy carrier

H, generation and
storage

"
Electricity
—» |

Source: Franck Verbecke, H2FC Technical School , 2014

Electricity
EEEEEER *

H,-CNG blends
or HCNG

i

Industrial Customers
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Power Generation
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What is a Fuel Cell (FC)?

How fuel cell works? (California FC Partnership)

W4 suite

Dans I'anode, les molécules
d'hydrogéne se dissocient.

© A FC stack used to power a
s car (provides a motor with

:3 electricity)

Membrane Electrode

Hydrogéne

Gas Flow channels
(Hz)

© A process reverse to the electrolysis of
water: 2H, + O,— 2H,0

Bipolar Plate !
© FC generates electricity but does not store it. s wmk) " “
It is stored in batteries of FCH vehicles. - i
Unit cells in series: STACK
®)
HyResponse

10


FC_animation_Feb14-02.mpg
FC_animation_Feb14-02.mpg
FC_animation_Feb14-02.mpg

How hydrogen is produced

« Hydrogen must be produced from compounds that contain it (e.g. from

water, methane, ammonia, ethanol, etc.)
« Two main technologies available in the market for industrial production of

hydrogen: electrolysis of water and steam reforming technologies

l electrolvysis l

Water
electrolysis

rogen
production

PEM electrolyser Alkaline electrolyser IHT type S-556,

Steam 760 Nm3/h
reforming and 30 bars

11




Water electrolysis (1/2)

Electricity

v

Electrical energy converted to chemical

energy (as opposed to fuel cell).

Water H,0 Electrolyser

Oxygen O,
Proton Exchange Membrane (PEM) electrolysis process

H;O 4 H; permeable permeable HO0 4O,
channel disk contact disk contact disk ' c’mannel disk
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Water electrolysis (2/2)

Electricity

y

The same principle:
Animation: how electrolysis works

Alkaline electrolysis process Water H,0 A
+| ] Oxygen O,
3 |
I
% | " « A well-matured technology in industry for
: ; : hydrogen production
‘ i « Two electrodes (cathode and anode)
ol — immersed into aqueous solution of
I W alkaline electrolyte, potassium hydroxide
ey | KOH
| | y
i » Operating conditions: pressure 1-30 bar;
T temperature 80-160 °C
Diaphragm « Commercial electrolysers usually consist of

a number of electrolytic cells arranged in a

At the anode (positive electrod8§! StaCkat  the  cathode  (negative
electrode):

%"%OH_ —1%0,+H,0+2¢
(@) 2H,0+2e —H,+2O0H
X/ Total reaction: H,O - H,+% 0,

HyResponse 13


https://www.youtube.com/watch?v=KrjSBR4rhZA

Comments on electrolysis

© Electrolysers produce very pure hydrogen (could be at pressure more than 1
bar)

© Produced hydrogen can be either utilized immediately or stored for a later use
© Electrolysers capacities range from less than 45 kg/h to more than 1,798 kg/h

[1].
© No carbon dioxide (CO,) emissions as opposed to reformers

© Safety concerns:

- ATEX atmospheres (i.e. formation of H,-O, explosive mixtures ) due to a
membrane degradation/rupture or due to a failure of water transfer line;

- fires either due to hydrogen leaks and/or overheating of high current electrical
components;

- aleakage of corrosive electrolyte (for alkaline electrolysis);
- short circuits due to the electrolyte leaks;
- hydrogen leaks within high pressure electrolysers may lead to possible

‘ %efl%{ations

(| o \\ Source: HyFacts (2013). Chapter PD: Safety of applications, including coverage by standards: production and distribution.

HyResponse 14



Overview of steam reforming of natural gas

¢ <
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at atmospheric pressure.

(&

Matural Gas (CH,)

Steam (H,0)

Reformer

The most common way for hydrogen production
Endothermic (i.e. requires high temperatures) conversion of
methane and steam into hydrogen and carbon dioxide CO,
Two-stage process that emits CO,

A reformer can be operated on 24/7 basis at a constant load
The efficiency of the reformer rarely exceeds 80%
Produced hydrogen is not pure (contaminated with CO/CQO,) and is

To improve sustainability of the process CO, capture and
sequestration are required

Hydrogen (H,)

Carbon Dioxide (C0O4)

CH,  +

(natural gas)

T=350-850°C (heat)
Catalyst (Ni), p=25 bar

2H,0

(steam)

co, +

(syn-gas)

4H,

HyResponse
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https://www.youtube.com/watch?v=pNFY3GiobPw&ebc=ANyPxKrXVW1ih07Ni9sLk6sqNfo3ROc7rPkC7tI_49BRnogV8PgjHx53EQBwGWWSZLl3Y9tfplcrDJXB6bO3Us9txyN2YoTD0w

Other hydrogen production methods (1/2)

From water:
» Nuclear methods (radiolysis; thermolysis)

» Photo-electrolysis (photovoltaic systems coupled with
electrolysers)

» Thermo-chemical cycle

» Ferro-silicon method (water, sodium hydroxide and
ferrosilicon)

» Photo-biological water splitting (two steps: photosynthesis
and H production catalysed by hydrogenases)

» Photo-chemical water splitting

» Biological routes (fermentation; enzymatic; microbiological;
d%io-catalytic)

HyResponse 16



Other hydrogen production methods (2/2)

From fossil fuels:
» Partial oxidation of oll
» Coal gasification

» Plasma reforming (light hydrocarbons heated by plasma to 1600°C
and produce hydrogen and carbon, no CO, emissions)

» Dry reforming (natural gas reformed in the stream CO,)

From complex metal hydrides [1;
NaBH, + 4H,0 — NaOH + HBO,+ 5H, (36 wt. %)

Sodium borohydride

LiBH, + 4H,0 — LiOH + HBO,+ 5H, (46 wt. %)
Lithium borohydride

Used for hydrogen production and storage

Source: [1] Zuttel, A (2003) Materials for hydrogen storage.
Materialstoday, Vol. 6, Issue 9, pp. 24-33

HyResponse 17



Renewable routes to hydrogen

Renewable electricity sources: solar panels; wind turbines; tidal energy;
hydroelectric energy etc. Currently in place for power-to-gas schemes.

Production of hydrogen from biomass, methanol, ethanol or landfill gas.

Biomass conversion (no commercial plants yet).

Gasification and pyrolysis are the most promising technologies for commercial
production of hydrogen from biomass.

— A Bertieer
F Toraw ~— NERT (A
T—— o 3 = ENERTRAG 3!5 Fughifen

fe\
Integrated renewsables snd hydrogen are s reslity in Germsany. Image: Romer Grafik, from TOTAL

HyResponse 18
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How hydrogen is stored (1/2)

Hydrogen can be stored as a gas, as a cryogenic liquid or as a

cryo-compressed gas
In tanks: High pressure Low temperature T
p=20, 35, 70 MPa <20 K (-253°C)

i R

e ——

Compressed Gas Cryogenic Liquid

Note: pressure, p.
Units: MPa or Pa, bar.
1MPa =10 bar; 1MPa = 10°% Pa

®

HyResponse N - | 19




How hydrogen is stored (2/2)
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How hydrogen is distributed: trucks and

trailers
« Single cylinder bottles,
Hydrogen transport by road multi-cylinder bundles or
Gaseous trucks long cylindrical tubes are

installed on trailers.
Storage pressures range
from 200 to 300 bar
Amount of hydrogen:
from 180 to 540 kg

Two types of compressed GH, trailers operated by Air Liquide in Europe:
tube trailers carrying between 2,000 to 3,000 Nm3 of H, and Type || Cryogenic liquid trucks
composite cylinder trailers carrying 6,200 Nm?2 of H, (540 kQ)

Road tanker operated by Air Liquide
for conveying LH, to user.
Source: Air Liquide Image Bank

Container with 4 composite tanks developed by Lincoln Composites.
Source: Lincoln Composites

21



How hydrogen is distributed: pipelines

LAKE CHARLES
Rodleben

Hydrogen transport via pipelines

Dessau

Commercial hydrogen pipelines Biterfeld
e A Halle O

Schkopau _—
Merseburg O O Leipzig | INGLESIDE

CORPUS CHRISTI
Leuna

VICTORIA
NG

Bahlen
leitz
@ Linde sites

Linde hydrogen pipelines in
Germany, 100 km

FRANCE

Air Liquide hydrogen pipelines in Benelux,
France and Germany (Ruhr area); 240 km

Fiber-reinforced polymeric composite pipeline

« The hydrogen network is estimated at around 1,600 km in Europe and 1,100 km in
North America

« Major players: Air Liquide, Air Products, Linde and Praxair companies

« Locations: North of Europe (The Netherlands, Northern France and Belgium); Germany
(Ruhr and Leipzig areas), and UK (Teesside)

« QOperating pressures: between 4-7 MPa; diameter of pipelines: 10 to 300 mm

» Current pipelines are made of steels

* Research for new pipeline materials: polymeric and fiber-reinforced polymers



FC vehicles

Hydrogen
tank

FUEL CELL

Batteries

Power electronics

Membrane
Cathode Electro engine

=i | Tower Gateway KVI

5 PR LT
= 1 Tsthrred s
— F\ ong green for LONDON —=

Vi

Source: Intelligent Energy
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FC vehicle: key elements

Fuelin
g o

Capacior| /TR | ( (A) Hydrogen fuelling system
XY Bateres R s (B) Hydrogen storage

Controller
N Hyrogen | - ‘ v | SYyStEM |
SaEae iy B (C) Hydrogen fuel delivery
— S Z system
~ (D) Fuel cell system
b X B, 3 ?:ﬁ'n::we age \\
| T o o Fuslalspeen St ooy
Fueli 1] Delivery i .
: RE::PLZZG : I — I Batteries m
I i cathode | anode N [Super7 How does FC car work?
S S —- Exhaust Exhagstl Ultra . )
I oo Deheck | e i What is it like to drive an FC car?
l»T/PRD § e Euﬁl i ; EPIectric
| c Mangg“:r:ent
i o S|
1 Air Drive Motor .
[ [ SR | oter
: B. Hydrogen Storage | —
N S S e e — e e e el

Source: GTR, Proposal for a global technical regulation (gtr) on hydrogen fuelled vehicles, 2013 24


https://www.youtube.com/watch?feature=player_embedded&v=LSxPkyZOU7Eml
https://www.youtube.com/watch?feature=player_embedded&v=LSxPkyZOU7Eml
https://www.youtube.com/watch?feature=player_embedded&v=LSxPkyZOU7Eml
http://www.wsj.com/video/toyotas-hydrogen-car-a-test-drive/DE0A006A-9E71-4EDD-BC3F-F4DF843DE785.html
http://www.wsj.com/video/toyotas-hydrogen-car-a-test-drive/DE0A006A-9E71-4EDD-BC3F-F4DF843DE785.html

Hydrogen refuelling stations (1/2)

Operating principle:

! Station Building _§

HP storage -
= 1 1=l
For
D
Compressor
RSN RSN RS RS
i safety valve or fuse p{ Hand valve non- Flow control valve Gf) Pressure andjor
Automatic  isolation ;)g;e:eustlve list) D‘l Non-return valve temperature  drop
valve P measurement

Main components:
« Storage

« Compressor Car 3 min
« Dispenser Bus: 20 min
Semi-trailer: hydrogen stored at p=200 batr.

HP storage: p=450 bar (forklift/bus) or 700 bar (car)

HyResponse 25

Average refuelling times:
Forklift: 3 min



Hydrogen refuelling stations.(2/2)

200 stations around the globe (2015)
Tested in the last 10 years
Hydrogen either delivered to the station or produced on-site.

Map of hydrogen refuelling stations is available at:
http://www.netinform.net/h2/H2Stations/Default.aspx

How does it operate?
SAE TIR J2601 (fuelling protocols)
What can go wrong?

Let’'s watch the videos: fire at propane refuelling station In
S.Korea; other type of accident.

)

HyResponse 26


http://www.netinform.net/h2/H2Stations/Default.aspx
https://www.youtube.com/watch?v=sACg-SnsLws
http://standards.sae.org/j2601_201003/
Korea-propane-refuelling station.wmv
camera21.mpg

Stationary FC applications

FC backup power coupled to the IP energy data center
FR T ke oY | _

e

| e

Back-up power systems (e.g. telecoms market)
FC for residential micro-combined heat and power (CHP)

©

HyResponse 27



Hydrogen-based energy storage systems

Compartments of the Greenenergy Box™

ELECTROLYSER COMPARTMENT
Vents

Fire
sensors

Mechanical
ventilation

Mechanical
ventilation
Detectors:

|
- Hydrogen ~——_

button

Isolation
valves

FUEL CELL COMPARTMENT
ELECTRICAL COMPARTMENT |

—

Permanent natural
ventilation

HyResponse -



MYRTE platform

Hydrogen Storage Project for Renewable Energy Management _
Corsica, France 7

HyResponse | a o N 29
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Hydrogen incidents and accidents:
Information

Databases of incidents and accidents:

© Hydrogen lessons learnt from incidents to near-misses:
http://h2tools.org/lessons/

© Hydrogen Incidents and Accidents Database HIAD
database: https://odin.jrc.ec.europa.eu/engineering-
databases.|sp

© Incidents on hydrogen releases and their ignition is
analysed by Astbury, GR and Hawksworth, SJ (2007)

© Hydrogen tools app
H2 Safety best practices is useful: http://h2bestpractices.org/

\)
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http://h2tools.org/lessons/
http://h2tools.org/lessons/
https://odin.jrc.ec.europa.eu/engineering-databases.jsp
https://odin.jrc.ec.europa.eu/engineering-databases.jsp
https://odin.jrc.ec.europa.eu/engineering-databases.jsp
https://odin.jrc.ec.europa.eu/engineering-databases.jsp
spont ignition incidents.pdf
http://h2bestpractices.org/
http://h2bestpractices.org/

Incidents and accidents: hydrogen production

© 400 bar electrolyser (Japan):

© Titanium electrolyser before
and after the accident

Explosion at the Silver

Eagle Refinery,
Woods Cross, Utah (US)

®
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silver_eagle_security.wmv

Incidents and accidents: refuelling stations

© Hydrogen gas release at Emeryvile fuelling station: PRD failed; 300 kg of
hydrogen released and subsequently ignited. The gas ignited at the exit of
the vent pipe and burned for 2.5 hours until technicians were permitted by
the local fire department to enter the station and stop the flow of gas.
During this incident the fire department evacuated nearby businesses and
schools, closed adjacent streets.

© Root-causes:
« the use of incompatible materials in the manufacturing of the PRD,
« improper assembly resulting in over-torqueing of the inner assembly,
« over-hardening of the inner assembly materials by the valve manufacturer.

These problems could have been avoided by adequate quality
assurance/quality control procedures during the design and safety reviews.

© Two explosions near Rochester airport (US) at a refuelling station

© |Ignition caused by static electricity (not hydrogen!)

HyResponse 32


http://www.fuelcelltoday.com/news-archive/2012/may/hydrogen-leak-occurs-at-linde%E2%80%99s-emeryville-fuel-cell-bus-filling-station
http://www.fuelcelltoday.com/news-archive/2012/may/hydrogen-leak-occurs-at-linde%E2%80%99s-emeryville-fuel-cell-bus-filling-station
http://www.fuelcelltoday.com/news-archive/2012/may/hydrogen-leak-occurs-at-linde%E2%80%99s-emeryville-fuel-cell-bus-filling-station
https://www.youtube.com/watch?v=3NSvWRZVBNE
static fire powerpoint.mpg

e

Main terminology (1/2)

Accident: an unforeseen and unplanned event or circumstance.

Hazard: chemical or physical condition that has the potential for
causing damage to people, property and the environment.

Consequences: expected effects from the realisation of the
hazard and severity, usually measured in terms of life safety
exposure, property damage and environmental impact.

Risk: combination of the probability of an event and its
consequence.

Deterministic  study: methodology, based on physical
relationships derived from scientific theories and empirical results
that, for a given set of initial conditions, will always produce the
same outcome.

Probabilistic study: systematic development of numerical
estimates of the expected frequency and/or conseguence of

P/ote\n\tial accidents.
/[ © \
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Main terminology (2/2)

© Trial safety design: package of hydrogen safety measures
which in the context of the system and/or infrastructure may
meet the specified safety objectives.

© Acceptance criteria: term of reference against which the
performance of a design is assessed.

© Scenario: set of circumstances, chosen as an example, that
defines the development of accident.

© Hazard distance, as per draft ISO TC197 definition, iIs a
distance from the (source of) hazard to a determined (by
physical or numerical modeling, or by a regulation) physical
effect value (normally, thermal or pressure) that may lead to a
harm condition (ranging from “no harm” to "max harm”) to
people, equipment or environment. (will be used In later
lectures).

HyResponse



Hydrogen safety engineering (1/3)

B Hydrogen safety engineering (HSE) is defined as an application of scientific and
engineering principles to the protection of life, property and environment from
adverse effects of incidents/accidents involving hydrogen (Molkov and Saffers,
2012).

B HSE comprises a design framework and technical sub-systems.

Phenomena, hazards and risks

Vil V2 V3 Vé VS

Hydrogen releases Spontaneous ignition Pressure effects from | [ Mitigation Regulations,
and dispersion and thermal effects deflagrations and technologies, safety codes and standards
from fires detonations devices, etc.

O [E4 “\9
= Hydrogen " 1

o .

= production and

&) | distribution

- A®
5 [H2 \\
Automotive and other

i |transportation “g
= @ et

=) |storage and other o‘

¢S | hydrogen and fuel 6
(6% | cell components

2 [H4a 99“

& ©) | Inftastructure: parking,—————— o
© - |refuelling stations, 6
([ | o || g |g9arages, tunnels, etc. s
R ‘ a
N\ :

= M5

E—P Utilisation, stationary, |
{25 | portable, micropower
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Hydrogen safety engineering (2/3)

© The viability and public acceptance of the hydrogen and fuel cell
systems depend on their robust safety engineering design,
education and training of the workforce (P up to 1000 bar and T
down to -253°C). This can be provided only through building up
and maturity of the hydrogen safety engineering (HSE)
profession.

© Design for hydrogen safety should be treated as an engineering
responsibility rather than as a matter for detailed regulatory
control; designers should develop a greater understanding of
hydrogen safety.

© Hydrogen safety engineering (HSE) is the application of
scientific and engineering principles to the protection of life,
property and environment from adverse effects of accidents
Involving hydrogen.
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Hydrogen safety engineering (3/3)

© The HSE process includes three main steps: 1) a qualitative
design review; 2) a quantitative safety analysis of selected
scenarios and trial designs; 3) the performance of a hydrogen
and/or fuel cell system under the trial safety designs is assessed
against predefined accentance criteria.

l Unsatisfactory

@ Qualitative Quantitative R esesSMent
design review analysis of - .
(QDR) design against criteria

The approach is similar to the British Satisfactory
standard BS 7974:2001 “Application of
fire safety engineering to the design of .

- : R d
buildings - Code of Practice”. pr:gg:tlgtgilo?'nnof

results

HyResponse by



Main stages of HSE process

© Qualitative design review (QDR). A QDR team (see later) carries out:
review of design; definition of safety objectives; analysis of hazards and
consequences; establishment of trial safety designs; definition of
acceptance criteria, scenarios to study. Key information is compiled to
evaluate trial design in the quantitative analysis.

© Quantitative analysis. Engineering methods and tools are used to
evaluate the trial safety designs identified in QDR following
scenario(s). Quantitative analysis can be time-based analysis using
appropriate sub-system guidelines to give numerical values of the impact
of accident on people, property and environment.

© Assessment against acceptance criteria. The output of the

guantitative analysis is compared against the acceptance criteria

identified in QDR. If the safety performance of a hydrogen system does

not match acceptance criteria, the design is unsatisfactory and the

objectives are not fulfilled it is necessary to restart a new study from QDR

a
©

O)
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Technical sub-systems and guides

To simplify the evaluation of hydrogen safety design, the process is broken down
into Technical Sub-Systems (TSS):

TSS1: Initiation of release and dispersion.

TSS2: Ignitions.

TSS3: Deflagrations, detonations, blast waves.
TSS4: Fires.

TSS5: Impact on people, structures and environment.
TSS6: Mitigation techniques.

TSS7: Emergency service intervention.

e ¢ 0 ¢ ¢ 0 o ©

Plus “Guide to design framework and hydrogen safety engineering
procedures”.

© Plus “Guide on probabilistic hydrogen risk assessment”.

o
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Parameters
Site layout

Building and structure characteristics
Hydrogen system characteristics

Leak parameters

Exit flow parameters

Dynamic of hydrogen blow-down
Flammable envelop of non-reacting releases
Pressure dynamic of non-reacting release in enclosure
Accumulation

Potential for ignition

Initial flame propagation

Jet explosion

Source: Saffers, J-B and Molkov, V Deflagration

(2014). Hydrogen safety engineering
framework and elementary safety
design tools. International Journal of
Hydrogen Energy. Vol. 39, pp. 6268-
6285.

Detonation

Physical explosion of storage
Jet flame length

Radiative heat flux
Convective heat flux

Impact on life safety

Impact on property

Impact on the environment
Evacuation strategy
Ventilation system

Impact of barriers

®)

Venting of deflagration

Time to detection

Time of emergency services intervention

HyResponse

Intervention strategy

On site accident control equipment



HSE: reporting

The report on HSE could contain the following:
© Objectives of the study;

© Full description of the HFC system/infrastructure;
© Results of the QDR;

© Quantitative analysis:

© 1) Assumptions;

© 2) Engineering judgments;

© 3) Calculation procedures;

© 4) Validation of methodologies;

© 5) Sensitivity analysis;
Assessment of analysis results against criteria;
Conclusions:

© 1) Hydrogen safety strategy;

© 2) Management requirements;

© 3) Any limitations on use;
,%6) \References, e.g. drawings, design documentation, technical literature, etc.

e O
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Hydrogen safety engineering: benefits

© Provides an engineer with a disciplined approach to
hydrogen safety design.

© Allows safety levels for alternative designs to be
compared.

© Provides a basis for selection of the most appropriate
hydrogen safety systems.

© Provides opportunities for innovative design, including
new engineering tools (not yet in RCS).

© Provides information on the management of hydrogen
safety.

Source: Molkov, V (2012). Fundamentals of hydrogen safety engineering, Part | and Part Il. Available from:
www.bookboon.com, free download e-book.
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