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Introduction

Fuel cell and hydrogen (FCH) applications both in transport and energy sectors arrive to the market
today, and it is quite likely thd&rst Responders would deal with possible accidents/incidents in the
near future.The development oFCHechnologies requires a bettgin-depth understanding byArst
Responders of thehazards,risks processes and safety featurassociatedwith FCH systems dn
infrastructure. Hydrogen productionby electrolysis and natural gas reforming; decentralised
hydrogen production applicationgiaseous and liquefieklydrogenstorage hydrogen transportation
and materia$ handling applicationsFC vehicles (e.gars, bses, forklifts) hydrogen refuelling
stations; FC stationary applicationshydrogenbased energy storage systems remdargely
unknown to Frst Responders. In additiortio this, there is a lack obtandardizedprocedures for
intervention in the event of accidents or incidentn the above mentioned systems and
infrastructures

The purpose of this lecture is tmtroduce Frst Respondersto a number ofFCHapplicatiors, to
familiarise them with the specific ks, and to outline the main approaches ohydrogen safety
engineering First Respondersshouldrealisethat hydrogen is not more or less dangerous than any
other commonfuel. Hydrogen is different and the knowledge of its specific propertiedadilitate

in making appropriate decisions at the scene of an accidehirst Responders should be
professionally educated to deal with hydrogen systems at pressures up to 100 MPa and
temperatures down to-253 °C (liquefied hydrogen) both outdoors and indoofi$e developed
International  Curriculum in  Hydrogen  Safety Training for First Responders
(http://www.hyresponse.eu/curriculum.phpwas the first step in the establishmeoitthe European
Hydrogen Safety @iming Platformfor First RespondersThe trainees are encouraged to use this
document to assist them in their independent studies and to seek sources for further information.

Objectives of the lecture
By the end of tis lecturea Frst Responderatraineewill be able to:

Appreciate anovelty andawealth of FCHechnologiesn modemn society

Understand a role of hydrogen as a new energy carrier

Name the main route®f hydrogenproduction, transportation, delivery and es

Recognise thedifficulties of the public perception toward hydrogen and fuel cell

technologies;

91 Definethe main stream industrial hydrogen production methods. Although this ledtunet
designed to providéearners with an indepth knowedge of all production methalit gives
a descriptiveoutline of a reformer, PEM and alkaline electrolyseiith an emphasis placed
on safety feature and concepts

91 Describehe working principle o& fuel cell FQ and a fuel cell stack;

1 Explainthe operational principles and safefgpects of a range of FCH applications including
FC vehicles, refuelling stationstationary hydrogen storage, materials handling and
hydrogen distribution application®ackup power generation an&Csystems for combing
production of heat and power

1 Giveexamges ofincidents or accidenthat might occur on FCH applications;

1 Giveinsight into thehydrogen safety engineering framework.
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Why hydrogen is important?
The scarcity of fossil fuel reservf&gure 1) geopolitical fears associated with fodsiél depletion,
and issues of environmeal pollution and climate change as well as the need to ensure

independence of energy supply make the lomrbon economy with an essential hydrogen vector
inevitable in the coming decad¢s|.
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Figure 1. Prediction @ghe energy reserves for the coming years.

The role of enewable energy sourcas expected toincreasein the next decadesHydrogen as an
alternative to hydrocarbotbased conventionalfuels currently enters the markeZero emission

road transport with medium to largesize vehicless a viablesolution to negative environmentl
impact(Figure 2)Today first prototypes of FC buses and cars are already on the roads and hydrogen
refuelling stations are operating in different countries around the wofmilar to electricity
hydrogen is an energy carrier. Unlike the electritigdrogen can be storedver long periods of
times in extremely large quantities.
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Figure 2. The emissions associated with transport powered with different energy sources.



The expectedgrowth of hydrogen economy has raised many questions with regéwdsafety of
hydrogen production, transportation, storage and emske. Hydrogen safety engineering is defined
as an application of scientific and engineering principles aimed to protect life, property and
environment from adverse effects ofcidents/accidents involving hydrogen. The use of hydrogen as
an energy carrier presents several unusual hazarte. following sections will illustrate what we
already know about hydrogen and what is the public perception of emerging FCH applications.

Hydrogen usage in industry

Hydrogen has been used in industry and stored sadslg compressedor liquefied gasfor more
than 100 yearsHydrogen is widely used forrangeof applicationsgncluding:crude oil refiningas a
coolant in large turbine eledtal generators;as a propellant irrocket propulsion andmissiles
applications; during production of ammonia for fertilizeg in metallurgy for extracting pure metals
from their ores;in semiconductor, glass, pharmaceuticpktro-chemical chemicaland food
industries; etc. The satistics on incidents related to hydrogendicates thatcurrently incidents
occurring in laboratoriesre the most frequent gbout 32 %) [2]. The lowaccident ratecan be
explained bythe strict safety measurealreadyin place for the production and engse of hydrogen.
However this trend might change in the coming years due to the expan$iB@H applications into
public domainand more frequent use of FCH technologigsprivate individuals withou& special
safety raining The incident reporting also shows that from the total number of incidents recorded
so faronly a small proportion results in a loss of human life (4.63})Although hydrogen safety
issueshave been efficiently controlled in the industry untdday, additional safety approaches
especiallywith regards to emergency respongeocedures will be requiredboth in the transport
sector and in residential fuel markets mainly due to high pressures utilised for storing hydrogen

Hydrogenis na more or kss dangerous than other flammable fuels inclugietrol and naturalgas.

In fact, some of its propertiesuch as buoyancgrovide safety benefits compared to other fuels.
However, all flammable fuels must be handled responsibly. Like gasoline and mgtsirélydrogen

is flammable and can behave dangerously under specific conditiodsodfgn can be handled safely

if simple guidelines are adhered tand the user has good level of knowledge oits unique
behaviour Understanding of hydrogespecificproperties and knowledge of FCH applications leads
to safe implementation of hydrogen as a fu€here is a need to establishnew safety culture in our
society, to develop innovative safety strategies and breakthrough engineering solutions. It is
expectal that the level of safety at the consumer interface with togen must be similar or higher
than that present withthe fossil fuel usage. Thus, safety parameters of hydrogen and fuel cell
products will directly define their competitiveness on the markigt

What we already know about hydrogen

As a unique gas hydrogen was discovered by Henry Cavendish in 1766. Seven years later it was given
GKS YIYS a6l GSNI F2NX¥Ay3IE o0& ! yiz2AYyS [ @2AaASNE
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(forming). However, it has to be mentioned that hydrogen was observed and collectedl’ 1by

Robert Boyle, who dissolved iron in diluted hydrochloric acid, i.e. long before it wasizet@s a

unique gas by Henry Cavendish.

Hydrogen (symboH) is a first element in the periodic table. Its atomic number, iardits atomic
mass is 1.008 g/oi. The hydrogen atom is formed by a nucleus with one unit of positive charge (a



proton) and oneelectron. The electron has a negative charge and is usually described as occupying a
GLINPOI 0Af AGE Of 2dzRé 6KAOK &dzZNNRdzyRa GKS ydzOf Sdza
proton and electron of each hydrogen atom cancel each other out, sardatidual hydrogen atom

is electrically neutral. The mass of a hydrogen atom is concentrated in its nucleus. Indeed, the
proton is more than 1800 times heavier than the electron K S NJ RAdza 2F G KS St SO
defines the size of the atom, &pproximately 100,000 times as large as the radius of the nucleus.

The size of hydrogen atom in its ground state i8°h (1 angstrom]1]. A reutron can be present in

the nucleus of hydrogen isotopedeuterium and tritium The reutron has almost theame mass as

proton and does not carry a charge.

Hydrogen is the lightest element in the periodic table and in the universe. Hydrogen is the most
abundant element in the universe and constitutes%%%f its elemental mass. Hydrogen is the third,
after oxygen and silicon, most abundant element of Earthis found in a free statejn trace
guantities in the atmospheredydrogen can be foundnly in compounds such as watdrydrides,
hydrocarbors and many other organisubstances; it does not exist in a pure form dhdrefore
should be produced from its compounds.

Hydrogen forms diatomic molecules with chemical formulaAd normal conditions it is colourless
odourless tastelessand nontoxicgasand hence cannobe detected by human sensel.is the
lightest of all gasege.q. it isabout 14 times lighter than aithat is why it was used to lift air balloons
and airshipsHydrogen ges and disperses rapidly a speeddf around20 m/s #]. Low weight and
smallsize of hydrogen molecudeontribute to high diffusivity of gaseous hydrogen and propensity
to leak through fittings, flanges, threadstc. Hydrogen reacts easily wittmany substanceslt is a
flammable gas and should be stored away from any sourcegatf bpen flames and spark§he
main physicathemical properties of hydrogen give rise dovariety ofspecific risks which wide
discussed later ithe Lecture on¥Yydrogen properties relevant to safedy

Public perception towards hydrogen

In theminds of people, hydrogen is often synonymous with a danger especially since the Hindenburg
disaster on 6 May 1930n that day, the Zeppelin inflated with 200,006 of gaseous hydrogen

ignited and burnt completelyin less than a minute resulting in theeath of 35 out of the 97
passengerswho in panicjumped out of the airshipPublic perception of hydrogen technologies is

still affected bythis catastropheand often referred to asii KS &1 AYRSy odiM&E &deéyRI
catastrophe is often associated with hyden as a reasqreventhoughthe dominating hypothesis

explainsan ignition by an electric spark due tilve electrical potentialdifference between the
zeppelinmooring linesand the ground duringt R2 O1 Ay 3¢ = th&dirigiile cangpy mady S R

of extremely combustible material. This was followedabgiffusive combustion of hydrogen in air

without generation of a significant blast wave able to injure pedftle Figure 3 shows a photo of

the Hindenburgdirigiblein a fre and demonstratesi K| ¢ G KSNB 615 y2 GSELX 2442

Contrary to popular misunderstanding hydrogen helped to save 62 lives iditftnburgdisaster.

The NASA research has demonstrated that the disaster would have been essentially unchanged even
if the airship was lifted by nogombustible helium, and that probably nobody aboard was killed by a
hydrogen fire §]. The 35%f thosewho died were killed by jumping out, or by the burning diesel oil,
canopy, and debris (thiabric skinwas coated withiron oxide and aluminiumimpregnated cellulose
acetate butyratewhich nowadaysserves as a solid propellant componentaaiocket booste). The



other 65% survived, riding the flaming dirigible ttee earth as the clear hydrogen flames swirled
harmlessly above #&m [1].

Source: Environmental graffiti alpha, 2010
Figure 3TheHindenburgdirigible fire [5]

Hydrogen safety studies were initiated a few decades ago as a result of accidents in the process
industries, and were supported by safety research for nugteaver plants and aerospace sector.

For example, a study of the Three Mile Island nuclear plant (USA) accident in 1979 demonstrated
that almost homogeneous 8% by volume of hydrogen in air mixture deflagréteBdrtunately, the
deflagration pressure ineases only to about 190 kPa that was considerably below the strength of
the large concrete containment building. Recent disasters involving hydrogen such as the Challenger
Space Shuttle explosion (1986) and the Fukushima nuclear tragedy (2011), demaonsiedteur
knowledge and engineering skills to deal safely with hydrogen even within these industries require
more investment, from both intellectual and financial perspeciije

FCHapplications and technologies

At normal temperatures hydrogen is notwery reactivecompoundunless it has been activated
somehow, e.g. by an appropriate catalyst. Hydrogen tieacwith oxygerat ambient temperaturds
extraordinarily slow. However, if the reaction is decated by a catalysdr a spark, it proceeds with
ahigh rate andr y WS E vidlefc&(Bq@afiof 1). Thisexothermic reaction between hydrogen
and oxygen is capable to generate a significant amount of energy:

2l + Qg =2HO + Energy (1)

Hence, hydrogen igonsidered to be a newvenergy carrier which does not have a negative
environmental impact as only water (i.e. steam) is produced during this reaciiba FCH systems
and infrastructure are growing and expandingwadays Fuel Cell Today8] mentions thee broad
fuel cell applicatiorcategories:



91 Portable fuel cells which encompass those designed to be moved, including auxiliary power

units (APU);

9 Stationary power fuel cells are units designed to provide power to a fixed location;

9 Transport fuel cells prade either primary propulsion or rangextending capability for
vehicles. Also an infrastructure related tohe production, storage and distribution of
hydrogen for fuel cetlshould be considere(Figure 4)The summary of FC applications and
technologies is given in Table 1.

Table 1. FC applications and technolotjies

Application Type
Definition

Portable

Units that are built into, or charge up, products that
are designed to be moved, including auxiliary power

Stationary

Units that provide electricity (and
sometimes heat) but are not

Transport
Units that provide propulsive
power or range extension to a

designed to be moved vehicle

units (APU)

Typical power range 5Wto20 kW 0.5 kW to 400 kW 1 kW to 100 kW
Typical technology PEMFC MCFC PAFC PEMFC
DMFC PEMFC SOFC DMFC

- Large stationary combined heat - Materials handling vehicles

- Fuel cell electric vehicles
(FCEV)

- Trucks and buses

- Non-motive APU (campervans, boats, lighting)
- Military applications (portable soldier-bome power, and power (CHP)
skid-mounted generators) - Small stationary micro-CHP

- Portable products (torches, battery chargers), small - Uninterruptible power supplies
personal electronics (mp3 players, cameras) ()

Source: The Fuel Cell Industry Today Review, [8D12
* PEMFQ, proton exchange membrane fuel cells; DMfdirect methanol fuel cellsMCFQ, molten
carbonate fuel cellsPAFE phosphoric acid fuel cellsSOFE solid oxide fuel cells.

Production Storage and Distribution

200 bars Cylinders

95% centralized

Source: AirLiquide, 2015
Figure 4An example ohydrogen and fuel ceihfrastructure
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What is a Fuel Cell?

A fuel cell(FC)is an electrochemicagenerator, i.e. electricity iproduced by the conversion of
chemical energy. In the case of a hydroged FCoxygen and hydrogen are combined to produce
electricity, heat and watel=C generates electricity but does not stord=i€ includetwo electrodes,
positive (cathode) and negative (anode), immersed in an electrolyte solution, which provides a
transfer ofthe ions in both directions, while a corresponding flow of electrons in an external circuit
provides electricity [9]. An electrolyte is a substance that conducts cHaoges from one electrode

to another [10], and an electrode is a conductor, through wlhielectrons enter or leave an
electrolyte. A singled=Cis usually made ofan electrolyte andtwo catalystcoated electrodesa
porous anode and cathod®&lormally several fuel cells are grouped together to form a fuel cell stack.

Although there are diffeant types of fuel cells the working principle is simitdydrogen is fed to the
anode wherea catalyst separates hydrogen's negatively charged electrons from positively charged
ions (protons)as shown on Figure. At the cathode, oxygen combines with d@lens and, in some
cases, with speciesuch as protons or water, resulting in water or hydroxide ions, respectively. The
oxygen isusually obtained from the ambient air around tiWC In some cases where hydrogen is
produced by electrolysis, thpure oxygen coproducedin electrolysismay be used in thé&C The
half-reactions occurring on both electrodes are shown in equations (2) and (3).

At the anode . H2H" + 2 e, (2
At the cathode: %2 £+ 2H + 2e THH:O. 3)

®
- - ) r
' ‘Vll’llt(lul:f'u ”
Anode (-) Cathode (+) H20

SourceAreva, 2015.

Figure 5The operating principle of a FClL].

Hydrogen production

Hydrogen molecules J4tannot be found in theipure form in nature. Thus, hydrogen must be
produced from the compoundsn which it contained, for example from water, metigg methanol,
ammonia, ethanol, biomass, etcHydrogen productiorcan be dividedinto two categories: large
scale centralised production and decentralised productimina smallor medium scale.The
centralised production refers to establisheldyge scale chemical plantmass poducinghydrogen
which is then transportedo customes. In this case, hydrogen is transported, sometimes over long
distanceseither via pipelines, by road or by shiexamples include large steam reformers owned by
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the major gas companieush as Lind, Air Products, Aiiquideand others There are several
established technolgies currentlyavailable on the markefor the industrial production of hydrogen.
Thereare two commercialroutes for the hydrogen production: electrolysis of watg@tated backo
late 1920) and reforming technologies (introduced in 1960)

Water electrolysis
Water electrolysis is a process whichwater issplit into hydrogen and oxygen using electrical
energy as shown in the equation (4):

Hh Th+12Q (4)

This process occurs in afectrolyser thatconverts electrical energy into chemical energy and can be
seen as a device opposite ad-C. The electricity can originate from different sources and depending
on that the electrolysis can either be with or taut carbon dioxide C&&missions. If the lectricity

is produced from renewable sources (wind, hydroelectric, solar or tidal enexgy¢Q will be
emitted, if it is produced from fossil fuels then £i® emitted (though distantly) as a result of
hydrogen production Produced gaseousydrogen is very pure and can be utilized either
immediately or stored for a later usé K S St S QéphicRids gaagd MdnQess than 506/mto
more than 20,000 rih.

The electrolyser contains two electrodes (positewed negative), water and an electrolyte, i.e. a
substance containing free ions that make this substaatelectrical conductor. Theatomposition

of water takes place whethe electric current passes between two electrodes within the electrolytic
cell. Hydrogen is produced at the negative electrode (cathode) and oxygen is formed at positive
electrode (anode)

PEM electrolysers
When the electrolysigakes place in two rooms/chambers, which are separated by a Proton
Exchange Membrane (PEME will be dedéing with PEM electrolyserdBy application of alirect
current (DCwater dissociates into hydrogen fHat the negative electrodand oxygen (g) at the
positive electrode (Figure 6)he electrodes and the membrane usually form a Membrane Electrode
Assenbly (MEA) and a stacking similar &FC stackThe gases are collected in the recovery
containers PEM electrolysersperate atlow temperatures and PEM serves as the electrolyte.
As it shown in Figure 7 the PEM electrolyser consists of the follongnteals:
- a process cabinet containing all the process components such as valves, piping, gases and
water, stack, pressurized vessels, pumps, etc.
- an electrical cabinet containing all electrical components (i.e. instrumentation and control,
cabling, power coditioning).
- acooling system for electrolysis process heat dissipation.
- aweather proof enclosure.
The unwanted events that might happen are associated with the formation of ant FEEX3-O;,
explosive mixtures) either in the process compartment othi separator(i.e. a device to separate
gaseous Hand Q from water traces) usually installed downflow fromFC stackTo avoid the
accumulation of hydrogen in the process compartment, the following measures should be taken:
- control pressure and pressudifference between hydrogen and oxygen lines;

L ATEX stands féxTmosphéres=Xplosibles
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- control hydrogen concentration in the container (< 0.4 vol. £ H
- limit as much as possible the quantity of hydrogen in the gas layer of the separator to avoid
the formation of a flammable hydrogesir mixture in the container in case of a catastrophic

leak [L1].
H0 +H; permeable oeeite; ToT Y3
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SourceAreva, 2015.

Figure 6. A working principle of PEM electrolyser.

The formation of a hydrogeoxygenATEXn the separator may be caused by a malfunctioning of
the water transfer lineor by a membrane perforation. The following safety measures are considered
to avoidATE)event in the separator:

- impose a minimum water level in the gas separator above 55% of its height;

- control the water level in the Hand Qgas separators;

- control the pressure and pressure differenceliatween the Hand Q lines;

- controlhydrogenconcentration at the exit of thexygengas separator.

Access door for
process cabinet

Figure 7The scheme of REM electrolysejl1].
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In the case of the activation cfafety deviceshe electrolyser will shuoff, which involves not only
closing of the isolation electrealves connected to the storage tanks but also the depressurization of
the system through the normally opened electralves.

Alkaline electrolysers

Alkaline electrgfsis is a matured technology for hydrogen production and also the most employed in
industry. Alkaline electrolysis uses the same principle as the PEM electrolysis that is the conversion
of electrical energy into chemical energy.

Alkaline electrolyser haswo electrodes immersed in a liquid alkaline electrolyte, potassium
hydroxide or KOtdqueoussolution at a level of 25% at 80°C up to 40% at 16DHE.use of KOk
preferableover the use of caustic soda Na@tk toits higher ionic conductivity, its lav chloride
impurity contents and its lower saturated steam pressufde electrodes are separated by a
diaphragm as demonstrated on Figure 8. This diaphragm has two functions: first to keep the product
gases (namely hydrogen and oxygen) separate and gictm be permeable to the hydroxide ions
(OH) and water moleculesThe diaphragm allows ions to pass but not hydrogeenerally alkaline
electrolyser is made of a number of electrolytic cells consisting of a membrane with electrodes
sandwiched betweenipolar flow plates as illustrated in Figure 9.

'l

0,

1

Hy

1

|

|

|

|

|

I | Electrolyte
OI'I' (KOH)
—f—

|

I
Anode : Cathode

|

|

|

T

Diaphragm

Figure 8. A scheme of an alkaline electroly4é4t.

0, + electrolyte

— [ H, + electrolyte
T
=1l +

i

B

@ — ©

ﬁ OO o

M= membrane B= bipole

Figure 9A scheme of electrolysis stajddl].

The reactions occuring on both electrodes are shown below:
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At the anode At the cathode
2 OHY %0+ HO + 2 e(5) 2H0 +2eY H+ 2 OH(6)
Total reaction HOY H+%Q (7)

A typical alkaline electrolyser is composed of:
1 A power supply and a system of control and instrumentation;
1 An electrolysis system containing a unit for waperification, a unit for hydrogen
purification,agas dryer, and a separator.
1 A compressor.
The figureslOand 11 show the examples of industrial alkaline electrolysers.

Figure 10 Alkaline electrolyser, IHT typeb56, 760 riYh and 30 barg11].

Figure 11 Outdoor and indoor HySTAT from Hydrogenics electrolyses80af/h [11].

Similar to PEM electrolyséine main riskof alkaline electrolysisystemcomes from the formation of
a hydrogeroxygen mixturewhich may lead to aimternal explosion within the electrolyseBeveral
sensors aremplementedin order to detect an electrolyser malfunction

- measurement ohydrogen corentration in the oxygen line;

- measurement of/oltageand current



15

- measrement of the temperature at he entry and at theutflow of electrolysis cells;

- measurement of the ionic concentration of the electrolyte.
Another type of risk isassociated with an exposun® a correive solutionin the event of an
electrolyte leak. The specification sheet of potass hydroxide recommends the use of a leak tank
in order to avoid the contact d{OH with the surroundind41].

Reforming technologies
Currently the most common way of hydrogen production is by steam reforming of naturaltyas.
reaction of natural gagifethane Clj reforming is given inguation8:

CH + 20 - CQ + 4k (8)

natural gas steam -gas syn

This is an mdothermicprocess(i.e. requires high temperatures)f methane and steanconversion
into hydrogen ad carbon dioxide COThis is usually a twstep process with the typical lyroducts
of reforming being carbon monoxide CO and carbon dioxide £@eformer can be operated on
24/7 basis at a constant loadhe capacity of reformers ranges from 100 t@re than 100,000
m3h. The efficiency of the reformer rarely exceeds 8@®8& disadvantage of this method is that the
producedhydrogen is not purdit is contaminated with CO/C{p andit is at atmospheric pressure.
To improvethe sustainabilityof the reforming process C@capture and sequestratioare required
An example of steam reforming installation is shown on Figure 12.

Figure 12AirLiquide steam reformell1].

The steam reforming is\aell-establishedndustrial process and will not be treatén more detail in

this lecture. For further technical details please refer to the papers on safety in the reforming
industries provided in thelnternational Curriculum on Hydrogen Safetyraining for First
RespondersAs noted above the process occurshggh temperature and pressure, thus hydrogen
safety issues addressed in the coming lectures on leaks, fires, detection, mitigation etc. are of course
also relevant to steam reforming.

Other technologies for hydrogen production

An overview of hydrogen pduction normain stream methods is given in this lecture. First
respondersshould be awareof a variety of hydrogerproduction methods as FCH market is

expandingrapidly. For further information on alternative hydrogen production technologies please
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use the references from the International Curriculum on Hydrogen Safetynifigaifor First
Responders

Hydrogen can be produced

- from water by:
Nuclear methods (radiolysis trermolysis)
Photo-electrolysis (photovoltaic systems coupled with electrolysers)
Themo-chemical cycle
Ferrosilicon method (water, sodium hydroxide and ferrosiligon)
Photobiological water splitting (two steps: photosynthesis and H production catalysed
by hydrogenases)

1 Photochemical water splitting

1 Biological routeg¢fermentation,enzymatic, microbiologicand biocatalytic)
- from fossil fuels by:

9 Partial oxidation of ajl

1 Coal gasificatian

1 Plasma reforming (light hydrocarbons heated by plasma to A&@hd produce

hydrogen and carbon, no G&missions)

1 Dry reforming (natural gagformed in the stream C{

- from complex metal hydrides:

= =4 -4 —a A

1 NaBH + 4th s b 4 + 15H (36 wt. &)9) | . h
Sodium borohydride
1 LiIBH + 4kh ) [3A+h BH(46 wt. %) (10) | . h

Lithium borohydride
These comiex metal hydrides are currently under intensive reseamith the view to develomew
materials suitable for solid storage of hydrogen.

¢CNIRAGAZ2YIffe KERNRISY Ad LINPRAzZOSR dzaAy 3 NBET2NY.
fact that carbon digide is produced. Although hydrogen produced from natural gas is certainly a

viable shoriterm option, it is not viewed as a loARgS NY a2t dziA2y® LG A& Sy gda
production routes such as electrolysis and nuclear will play an increasinglgrtémp role.

Renewable resources for producing hydrogedude biomass, methanogthanoland landfill gas

wind farms, tidal energy, hydetectric energy, solar angravitational energy. As renewkbenergy

begins to play more significant role in megtimodern societyenergy demands the issues of grid

balancing and energy storage are the subject of much investigation amisttvhere hydrogen as a

new energy carrier comes.iA number ofprojects exist whereby wind or solar power is coupled to
hydrogenproduction and storage, e.ghe Pure project (Scotland) andlYRTBplatform (Corsica,

France, which will be discusses latierthis lecture

Overview of hydrogen storage options

This section provides an overview of hydrogen storage options. Hydrogen leaks, fires and explosions
as well as the interaction of hydrogen with materiated for storagare extremelyrelevantand will

be considered in subsequent lectures. Hydrogen siragan enabling technology across a range of
FCH applications froron-board storagein FC vehicles to stationary FC applications. There is no
universal storage solution that can be installed on all the systétgdrogen storage solution must

be selected @ suit the specific application. For example, size and weight are limiting factors for
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passenger vehicles whereas weight can be a desirable attribute for forKlifesstorage solutions
are one of the key challenges for the hydrogen economy and thesendémiies are a subject of
considerable interest both for scientific and industrial communities.

The storage of the large quantities of hydrogen for long periods of time is a key step in theuild
of FCHnfrastructure, which will regulate the hydrogenrisumption and production and will ensure
continuity in its supplyto customers Various underground hydrogen storage schemes are
investigated. One option includestorage of gaseous hydrogen in geological formations such as
depleted gas fields, aquifersy salt caverns. Another option is the underground storage in tanks
buried undergroundand hydrogen is storedither as compressed gas or in a liquid form. Geologic
storage is usually located close ddydrogen production site, whilst the buried tanksarloser to

the point of use, for example to refuelling stations.

Numerous hydrogen storage technologies are available and could be categorised into the following
groups:

1 Compressed gaseous storage

1 Liquefied storage

1 Solid storage

The most common watp store hydrogen as a comseedgasor as a cryogenic liquid is in metal or
compositecylinders ortanks (Figure 13). Cryapmpressed technology, when gaseous hydrogen
under high pressure cooled to low temperatures, is another useful alternafire. cyinders can
have different sizes, capacities (from 20 to 300 L) and presg@2@%0 MPa) and for some
applications can be connected into a bundle or gathered onto a basket for transportation.

Figure 13. O#board storage of hydrogen (a), a cylinder bundle (b) and a basket of cylinders for
transportation (c)

Hydragen gas caibe compressed to 2000 MPa.The primary issues with storing hydrogen as a
compressed gas is the amount of energy neededHercompression process, the inherent safety
issues with storing hydrogen at such high pressared the additional csts and weight of cylinders
designed to store hydrogen at higbressures. Issues such as permeation and embrittlement are
proportional to gas pressure therefore at higher pressures these may be a greaterlis&weope,

most of transportable cylinders ka only a valve as a safety feature. In USA transportable cylinders
are equipped with pressure relief devices. This prescription is very controversial because they often
become the sources of leakBhe storage of compressed gaseous hydrogen is usuatigrated for
stationary hydrogen storage systems and forlward storage of hydrogen in FC vehiglEs.
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Cryogenic hydrogen is formed when it is cooled to a temperatures below its boiling point 20K (

253°C) is the second major category of hydrogen sterdg this form hydrogen can either be stored

for some time or transported. This storage option is also very costly due to considerable energy
required for liquefaction. The cost and weight of suitable materials to store and maintain the

hydrogen at low tenperatures must also be considered.

Hydrogen can also be stored either within the structure or on the surface of certain solid materials.
This storage option does require neither high pressures nor low temperatures as in previous two
methods; this offers dvantages regarding the safety of the materialdiere are threemain
mechanisms for storing hydrogen in materials: absorption, adsorpfigure 14a)and chemical
reactions(Figure 14, f). The examples of materials and compounds suitable for solidoggd
storage are shown below on Figure. 14
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Figurel4. Materials used as solid storage of hydroffE.

All these three options hauvheir own advantages and disadvantages, safety issues are also different
YR gAff 0SS O2yaARSNBR Ay RSGFAET Ay GKS [ SO0 dz2NB
Hydrogenstorage systems can be used for different purposes: as containers for its transportation; as

on-site (under or above the ground) stationary storage systems, or abaard storage tanks in FC
vehicles.

Hydrogen transportation/distribution

As you have learnt hydrogen was used in industry for many decAftes hydrogen is produced at

centralized production site it is usually transported to the enders or to the relevant FC
applications Hydrogen can be transported either agompressed gas or ascayogenidiquid. Thus

there are a number of routes fats bulk transportationby roadsin truckgtrailers andcontainers or

via pipes.

Trucks

Gaseous trucks

Truck fleets are currently used by industrial gas companies to transport seamless steel vessels of
compressed gaseous hydrog®GH) for the distances of 20800 kmfrom a centralizedproduction

site. Single cylinder bottles, multiylinder bundles or long cylindrical tubes are installed on trailers
(Figure 15). Storage pressuanges from 200 to 300 bar and a trailer can carry from 2,000 to 6,200
Nm? of CGH for trucks subject to weght limitation of 40tons. The amount of hydrogemmansported

this way is relativelylow (from 180 to 540 kglepending on the number of tubes bundles), which
represents approximately-2 % of the total mass of the truck. Current trailers utilize Tygerage
cylinders (e. all-metal). To increas¢heir performance, bundles of lightveight composite hoop
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wrapped cylinders or tubes (Type IlI) can be u3duls mode of delivery is relatively easy but it has to
be adapted to hydrogen quantities and distascto be cost competitiveThe mainrestrictions in
compressed gas truck delivery are capital costs, operation and maintenance including thbars'
and fuel costs.

() (b)
SourceAirLiquide, 2014.

Fgure 15.Two types ofcGHtrailers operated by Aikiquide in Europe: (a) tube trailer carrying 2,000
to 3,000 N of hydrogen and (b) composite cylinder trailers carrying 6,200 dfrhydrogen.

The transportation by gaseous truck (tube trailer, cylinderis) one of the most mature modes
selected for transportation orshort distances andor small amounts of hydrogerThe major
limitations are the low weight storage capacity fonstomers withhigh consumptions (iguiring
frequent delivery) and the low pressure of hydrogen delivered, which requires additional
compressionfor example at aefuellingstation. Thus, alternative technologies with higher pressure,
higher hydrogercarrying capacity and lowarost systemsare investigated as described hereafter.

Lincoln Composites developsmposite tubes of higher capacities. The material of a tankplasdic
liner fully wrapped withepoxy impregnated carbofibre for gaseoushydrogen tube trailer delivery.
For examplethe TITAN' tank (1.08 meters in diameter, 11.5 meters in length, 8,406s in water
volume, and )87 kg in weight) operateat pressure of250 bar It can deliver B times more
hydrogen compared tthe amount of hydrogen storgttansported in steeltanks ofsimilar masss
Figure 16hows the storage unit holding foaompositetanks capable of storing 600 kgdrogenat
250 bar.The tanks suitable for higher pressures are currently under development.

Source: Lincoln Compositez014.
Figurel6. A trailer carrying fouromposite tanks developed by Lincoln Composites.

Hybrid technologies are explored at the Lawrence Livermore National Laboratory (LLNL) such as
cryo-compression combining pressure and low temperature to increase the amount obdsfl
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that can be stored per unit volume and avoid the energy penalties associated with hydrogen
liquefaction. Compressed hydrogen gas at cryogenic temperatures is much denser than in regular
compressed tanks at ambient temperatures. These new vesseldwawe the potential to store
hydrogen at temperatures as low as 80 K under pressures o#i@0Mar. This approach requires
development of insulated pressure composite tanks. Alternatively one could consider using cold
hydrogen gas tanks that would regeitess cooling. There may be some optimum combination of
pressure and temperature over the range of-300 K. Recently, LLNL has identified inexpensive
glasdfibre materials for cold hydrogen gas storage (~ 150 K and up to 500 bar), expecting 50% trailer
cost reduction.

The main safety devisaised in gaseous trucks are manual safety valvagin@ transportation all
hydrogenstoragevesselsare isolated by a veé. h service, thereare different safety devices and
procedures:

1 The semtrailer changeoveprocedure takes place as follows:

0 The driver parks the sentrailer in the location provided,

o The driver pus chocks in position and deploys the leg stand,

0 The driver unhitches the tractor unit,

o The driver connects the hose from the full semaiiler, tests the seal on the drawff
hose and disconnects the empty setrdiler,

0 The driver hitches the empty se#mailer to the tractor unit and departs.

1 A manual leak tightness test when connecting to a seailier. This is done in the following
stages. Themerator connects the sentrailer hose to the installation's connection po3he
hose is pressurised. The operatohexls for a leak tightness using detection soap and
stabilisation of the pressure measured locally using a pressure gauge.

Cryogenic liquid trucks

Hydrogen caralso be transported by roaslin a liquid form (cooledbelow 20 K or-253 °C) to
distribute larger quantities (hundreds @fi*/h). In terms of weight capacity, supersulated liquid
hydrogen [H) trucks can transport up to 10 times more hydrogen than the tube trailers used for
conveyingCGH. LH; trucks operatingat atmospherigpressures haveolumetric capacities of about
50,000¢ 60,000litres and can transport up to 800 kg (Figure 17}t is apreferred distribution
mode for mediim/large amounts of hydrogean long distances, which explains thie, business has
been developed most extensively in North America (the hydrogen liquefaction capacity in North
America is about ten times larger than Europe). The liquid hydrogen transported in the truck is
then vaporized to a highressure product for use at@istomer site.

Source: AirLiquide Image Bar@015

Figure 17A road tanker operated by Air Liquide for conveyirdgto the enduser.
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The main issue for this transportation route is a capitatensive liquefactionprocess The
liguefaction process is costly as well. Bmergyinput for liquefaction accounts for about 35% of the
lower heating value of hydrogen (compared to 10% requiredgs compression). Electricity costs
account for 5680% of the liquefaction costs. Distance is the main deciding factor between
transportation of Lkl and gaseous hydrogen C&Hhe number of LHrucks will depend on the
hydrogen demand and the localizatiar the liquefaction point. However, the liquid truck capacity
being much higher than that of a compressed gas truck, this mode of delivery is less dependent upon
the transport distance. The truck capital cost and operating cost (fuel, labour) are mutiarsiha a
consequence, liquid trucking is more economical than gaseous trucking for long distances (from
approximately 400 km to thousands of kilometres) and medium amounts of hydrogen.

However, one has to consider the availabilityldd. Currently the ndustrial hydrogen market is
served by four liquefiers in Europe and ten in North America. Larger markets would justify the
construction of newliquefaction plants. Significant cost reductions due to scaling effects of
liquefaction equipment are possiblelowever, this mode of delivery relies on the price of electricity
and on the decision to install new liquefaction unB&tter technologies could offer opportunities to
reduce capital costo improve energy efficiency of liquefaction process andeduce the amount

of hydrogen lost due to beiff during storage and transportation (the evaporation rate which
depends on the size, shape, insulation of the container and time of storage, is typically of the order
of 0.2 %/day for a 100 frcontainer). A numbe of sudies are underway to improve liquefaction
technologies ando propose novel approaches (for example, improvement of ofqthoa conversion,
development oimagnetic refrigerationetc.).

Pipes

A number of commercial hydrogen pipelines are used towaglistribute large quantities (tens of
thousands of rffh) of gaseous hydrogen to the industrial market. THengths range from less than

one kilometre to several hudreds The major actors aréhe industrial gas companies, namely Air
Liguide, Air Products, Linde and Praxair. In response to an increased demagdrfigen bymostly
refineries existing networks are expamg) and new portions are built. For example, in March 2009
Air Products hee announced 6Bm extension to the U.S. Gulf Coast hydrogen pipeline network in
LouisianaThe hydrogen network is estimated at aroun®d0 km in Europe and 1,100 km in North
America. Most of the pipelines are located where large quantities of hydrogercansumed in
refining and chemical sectors. These include systems in the North of Europe, (covering The
Netherlands, Northern France and Belgium), Germany (Ruhr and Leipzig areas), UK (Teesside) and in
North America (Gulf of Mexico, Texlasuisiana, Cdtirnia, Alberta). Smaller systems also exist in
South Africa, Brazil, Thailand, Korea, Singapore and Indonesia. Ovenalhgties of thee pipelins

are smallcompared to the worldwide natural gas transport pipeline system, which exceed 2,000,000
km.

Figure 18 displays parts of the worldwideydrogenpipeline network. For example, the 240 km long

pipeline in the Ruhr area of Germankigure 18 pacquired by Air Liquide in 1998 has been in
operation since 1938W\ithin thed %S NBE WS 3IA 2y ¢ D hipk@edSheygy dppligatdsO 0 F
Lindehas installed apnn 6 NJ KERNRISY LIALISEtAYS omé Ay RAFYS
FrankfurtHoechst industrial park to supply fuel cell passenger vehicles.
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Figure 18Main hydrogenpipelines in the world(a) Air Liquide hydrogen pipelines in Benelux,
France and Germany (Ruhr arg@); Air Liquide hydrogen pifines in the Gulf Coast (USK); Linde
hydrogen pipelines in Germanfg) Praxair hydrogen pghines in the Gulf coast @A);(e) Air

Product hydrogen pipelines in the Gulf Coast (USA)


























































































