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ABSTRACT

Although our energysystemis changng towards agreenrenergysystem(and
economy) there are stilsomeproblems that need toe solvedin orderto make clean
energies a feasible replacement of conventionat

Due to the promising potential sforinghydrogen to overcome the dlemge of
adopting clean energies, the aim of this researakeishnical analysis aralpresentation
of thedifferences betweetliversehydrogen storage methods.

In this thesiswe will analyze thestorage of hydrogen as a molecule (geological
storagecompressed, cryogenic and cifgompressed) and in materladsedstorage(in
metal hydrides and in Liquid Organic Carriers) from a theoretical point of view. After
this investigation we will implement an analysi®f some of the most important
characteistics of the mentioned systems with Excel, in order to defimeat least to
approachthe most convenient storage method for a certain amount of hydrogen.

PREFACE

Sebbene il nostro sistema energetico stia cambiando verso un sistema di energia
verde(ed economia), ci sono ancora alcuni problemi che dovrebbero essere risolti al fine
di rendere le energie pulite una possibile sostituzione di quelle convenzionali.

Dato il potenziale promettente di immagazzinare l'idrogeno per superare la sfida
delladozone di energie pulite, I'obiettivo di questa ricerca e un‘analisi tecnico e una
presentazione delle differenze tra i diversi metodi di stoccaggio dell'idrogeno.

In questo articolo analizzeremo lo stoccaggio dell'idrogeno come molecola
(stoccaggio geologiGaompresso, criogenico e crtompresso) e bassato in materiale
(negli idruri metallici e nei vettori organici liquidi) da un punto di vista teorico. Dopo
guesta indagine, implementeremo un'analisi di alcune delle caratteristiche piu importanti
dei sistem citati con Excel, al fine di definire, o almeno ingrandire, il metodo di
stoccaggio piu conveniente per una certa quantita di idrogeno.
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1. INTRODUCTION

With the technologymprovementsduring last years, human race is on track of
needing more electricity each day. Electricity became an essential part in our lives.
Nevertheless, if we continue producing the desired quantities of electricity without
focusing in the environmealtchangess going to be untenabénd in addition, someday
our sources are going to be finished.

Nowadays, accordinglyf the gained damageson earthand with the main
objective of reduce possible fut uigapbondamages
in cleanenergiesuchas solar, biomass, hydraulic, Eolic or geothermnvaich are endless
an dg riie ebecause of their compromise with earthhe hugeproblemin the usage
and integratiorof these energiesn our energy systens thar versatilityintermittent
charactersoit imposeghenecessity of an energetic vector in order to attach the produced
energy with the required ergy: hee is where the Hydrogen takes place.

For years, energy has been stored in batteries such astedshttery, Nickel
metal hybrid battery, Lithiurmon battery or Alkaline battery, but in the last years we have
realized that the specific energy of the hydrogen is higher than the specific energies of all
of the mentioned batteries, as shown in the fidqugdw [8]]. This is the main reason
why the interest in hydrogen storage has in
both technologies (and some hybrids) are going to compete for the dominance on the
roads, having each of them different strengthd weaknesses.
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Fig. 1: Hydrogen-vs batteries



The Hydrogenknownasthéi e ner get i ¢ v e ovasdinstddsaribedt he f u
by T. VonHohenhei m ( A P-a5413, ovbd obtaired thisl eleth@t mixing
metals with strong acidéfter that, in 1671, Robert Boyle-giscovered and rdescribed
that the reaction produced between iron awda filings generates gaseous hydrogen.
Later, in1766, Henry Cavendish coincidentally recognized the gaseous hydrogen as a
discreet substance while doing experiments with acids and mefdtimgugh he wrongly
assumed that the hydrogen was released by the mercury instead of the acid, he was able
to accuately describe fundamental properties of the hydrogen. Also, he realized that its
combustion generates water. Traditionally, he is the discoverer of this element. Few years
| at er , in 1783, Ant oi ne Lavo(Foomthe Greekned t hi
wor ds whi c h -f me anedterdand gemeta®r) when he and Laplace proved
that the Cavendish discovering which stated that that this gas generates water.

Regarding the importance of theally low boiling point of the hydrogen, orcé
its firsts gplications was the utilization in the aerostatic balloons &tdr, in other
aircrafts. The gaseous hydrogen was obtained from the reaction of sulfuric acid and
metallic iron. The high and fast inflammability of this gas was evidenced in the tragedy
of theHindenburg zeppelin in 193Which was burnt while landing, producing 36 deaths.
Because of its danger, was replaced for the gaseous helium, an inert gas.

On Earth hydrogen is rarely found in the pure form, but usually in a wide variety
of inorganic and organic chemical compounds, the most common being water (H20).
Also, hydrogen can bénd in big amountaboveearth buis not easy to reach it because,
due to itslightness and volatility, isrothe highest layers of the atmosph@nethat low
pressure, the hydrogen can exist in individual atoms because of their little chance to link).
Although the real problemis not he difficulty to catch it(becausets produdtion is
relatively easy and dives$ butis concentrated mainly in two things: the first one is its
smallvolumetricdensity due tothis, itoccupies large volumder storagea little amount
of gas andalso,its migration should be studied and controll€d.make this fact more
visible: gaseous hydrogen is 8 times less dense than methane, while in liquid is 6 times
less dense than liquid and 55 times less dense than gag@lindhe secondnain
problemis related with whats mentioned beforein general, people are really concern
about the securitgf this gas. Historically, the fe@ based in its ignition capacity, linked
with the colourlesaind odorless characteristieghich make it morelangerousecaise
of the Ai mpossi blnideadlty,gué to itsosmall elensityhe speeeat i t
which it goes upwards when is released can reach the 72kembel t 0 § difficala |
to reach the exaconditionsto ignite.

Is expected in the futuretat k about the called fihydr oge
some powerful reasons of being, such as: energy efficiency (due to the capacity of direct
conversion from hydrogen to electricity), energy independence and environmental facts
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[35]. Is conceivable that hydgen will be employed not only in the industrial sector but
in chemical usage, as a versatile energy carrier in the transport and in the energy utility
sector including generation and heatifthe European Union has sdats goal for
renewable energy inrgss final energy consumption to be 20% in 2020 which sets the
share electricity production at about-80% [4]. However, there are handicaps in all of
these applications. Theuggestion of Hydrogefueled vehicles as a feasible alternative
to fossitfueldependence has the main constraints of weight and volume. In the stationary
applications such as power supply, the cost of the hydrogen and the pressure cycle life
are the main issu¢4]. In addition,for all the previous applications, is require the tud
of an adequate delivery infrastructure.

Along this project, we are going to expose and comfg@anost usual storage
systems.



2. HYDROGEN

Hydrogen, which symbol i s t heastleéghteser A HO

of all elements and itstom is the simplest of all elements. As we commented before, the
name came from Greek words that mean: the element that brings forth water. Is the most
abundant element of the univelsd just less than 1% is present in molecular fiej,
accounting fo 91% of our solar system by weight. Under normal conditions of
temperature and pressure (20C, latm) is colourless, odorless, tastelgssisnnous,

and flammable gasonsists of three isotopes.

As commented before, Hydrogen is abundantelement inour universe but is
difficult to catch. During the years, Scientifics have developed some processes to produce
hydrogen and to use it as fuel. Some of the methods to produce hydrogen are: electrolysis
(water), reforming (natural gas, coal, gasoline), gzsibn (biomass, coal),
thermochemical cycles (water) and biological production (biom&8) In the other
hand, some of the methods to its iméition are: direct electricity conversion from the
chemical energy of hydrogen and direct combustion irprecating engines and gas
turbine, as shown below [38]:

enewableg
SUPPLY solar| SV yaro
Wind
Iuclear
Natural ‘ i3
: N
H heat
2 Turbines,
IC engines
Process,
DEMAND

Fig. 2: Hydrogen supply and demand
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The hydrogen molecule is formed of two atomsHytdrogen andappears in two
different forms: orthehydrogen and parhydrogen, when the molecules have parallel
spins or antparallel spins, respectivelyUnder normal conditions, orthoydrogen
molecules are the 75% and the rest are-pgidrogen molecules, but iegends on the
temperature, as we are going to explain in further chajst&3].

The ordinary one, H, is callggrotium. The next isotope, discovered in 1932, is
present in the natural hydrogen to the extent of 0.015%, is stable and is called
A De ut e(D)withhad atomic weigh of Pone proton, one electron and one neutron)

The other i1isotope, di scoverTerd tiinuwmMdard 4T,) ,i s

atomic weigh of 3one proton, one electron, two protaridjie to the excess of neutrons,
it is unstable, and its halife is approximately a year. Its nucleon changes or is
disintegrated producing radiations [4].

At normal conditions, hydrogen is in gaseous state. It has the slevoest boiling
point and melting point of all substances, after helium. Hydrogen is a liquid below its
boiling point of-253 C (20 K)and a solid below its melting point €259 C (14 K) and
atmospheric pressuréaking the superconducting behavior asmps metal A phase
diagram of hydrogen is shown in the next fig{8é]. The boiling point of a fuel is a
critical parameter since it defines the temperature to which it must be cooled in order to
store and use it as a liquid.

108 _
H metal Liquid metal
106 [ O UIYY
5 104
& 10?7
Critical point
109 .Hz.
liquid
H2 ---------
5 | solid 1 H :
10 roogas
10° 10! 10? 10° 10* 10° 10°

Temperature [K]
Fig. 3: Phase diagram of hydrogen
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If we focus in tle energy content of the hydrogen, we should know that when it
reacts with oxygen, water fermed,and energy is released. This amount of energy is
which we callenergy densitywhen isnormalizedwith the quantity of hydrogereacting,
and we can express it in basis of mass or density. Comparing these energy densities of
hydrogen with another typical fuels, the mass energy density of hydrogen is the highest,
but its volumetric energy dsity is the lowest, as seen in the next figure [I3pending
of the state of water released in the reaction, we can distinguish two different values of
energy density: Low heat value (LHV) for vapor water (or net calorific value), and high
heat value (HV) for liquid water (or gross calorific value). Usually, the HH/higher
than LHV by about 10% [33].
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¢What about inflammability? Hydrogen is a flammable gas which can feed a fire
or an explosion under specific conditions, like mixed with oxygen in a certain
composition. The flammability range is the concentration range in air in which the gas is
capable of supporting a sgifopagating flame when ignited. Under ambient conditions,
hydrogen is flammable in a wide range of concentrationg5@%) and explosive in a
range (1559%) [39]. The upper flammabilityrange of hydrogen (the highest
concentration of hydrogen in air) is -B5% (depending on temperature), which has
Important consequences for hydrogen storage: is evident that hydrogen is not flammable
when stored (due to the lack of oxygen). Hydrogen besoflaenmable only in the
neighboring areas of a leak, where the mixing of hydrogen and air is within its
flammability range, but, due to the diffusion velocity of the hydrogen, the chances for a
fire and explosion may be encountered when leakage is irckosed environment [33].

Another important property of hydrogen is the aigpoition temperature
(minimum temperature required to star the -setained combustion in absence of an
ignition source) and the ignition energy (minimum energy required toatmi
combustion). In hydrogen, the augmition temperature is 585°C, higher than the auto
ignition temperatures of methane (540°C) and gasoline-4880C). In the absence of
such a high temperature, the hydrogen can just be combusted when thereree a0
ignition. In the other hand, its ignition energy (0.03 mJ) is lower than those of the
conventional fuel, therefore, Hydrogen can ignite more easily than the others [39].

Lastly, should be known that the hydrogen may degrade the mechanical
behavio of metallic materials used in the hydrogen infrastructure and lead them to failure.
This phenomenon is called hydrogen embrittlement and, being one of the major issues in
the applications of this gas, is needed to be considered{g@jogen embrittlen@ is a
physicochemical metallurgic process in which the hydrogen reacts with the metal and is
manifested in different forms depending of the type of interaction. Its effects are more
pronounced in steels, for example: reduce of ductility, ease of crack
ini tiation/ propagati on, change in the yield
adverse effects from the mechanical point of view.

In the following chapter we are going to analyze some of the different
technologies that are actually in use for hy@nogtorage. Hydrogen can be stored in the
free form of the molecujealso called physical storaggeological storage, compressed
and liquid) or being absorbed by otherterals, also called solid storajaetal hydrides)
and liquid storagglLiquid Organc Hydrogen Carrier systemsin those which the
hydrogen is storage as a molecule, temperature and pressure are change in order to store
the gas maximizing volumetric and gravimetric capacity
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3. THEORETICAL ANALYSIS OF HYDROGEN STORAGE SYSTEMS

3.1.GeologicalStorage

One of the limitations of hydrogeeled vehicles is the lack of infrastructures.
The challenge is to have economically feasible ways to produce, transport, store and
deliver the energetic vector. This is whgme S8ientifics are focusing imndeground
geological storageGeological storagean provide a sizable economic strength and
continuity of delivery in case of interruption in the supply chalso, another advantage
is that the geological storage is the only evfeéch can providdarge storage capacity
(more than 5GWh) for longderm grid stability[61].

Furthermorejt seems to be something not really origihatause we can obtain
the knowledge of this storage from the currently storage of natural gas or town gas but,
thetruthis that hydrogestorage within the same type of facilities will add challenges to
the underground storage industry. Hydrogen is a small and light molecule that could
reacts easily with other elements and also with §t&dligh temperatures and pressjre
whichisthepr ocess cal |l ed fdeuneb rtio thcpedespamotlgheoof st e e
existing storage facilitieseed to be adapted to avoid it

The type of rock formation that we are considering will have wide effects on the
physical and economic viability to use the sWée are going to have a look throufglur
types ofgeologicaktorage: Saline aquifers, depleted gas/oil fields, salt casedmsined
rock caverns abandoned [4
3.1.1. Pore space of sedimentary rocks

The main different systems of glgical storage in porous rocks asaline
aquifersanddepleted gas/oil fielddJsually, aquifers are more expensive to develop due
to lack of infrastuctures and uncertain geolog.

Hydrogen storage in porous rocks requires a porous and permeable reservoir rock
that provides the actual storage volyene impermeable layer roclovering the reservoir
(which shouldhave a very low gas permeability ahigh capillary entry pressures for
hydrogen in order to avoidhe stored hydrogen from migration upwardad a three
di mensi onal st r[4] thdt confiees thecstorled hgdiogef tn & jpredéfined
area, in other words, is which consdhe lateral migration of the hydrogeldeal gas
traps are structural highs as anticlines, with impermeable caprock and sufficient
surrounding hydrostatic and threshigidessures.

1 The ability of a caprock to contain gas is expressed in terms of its threshold displacement pressure,
which is defined as the minimum pressure needed to initiate the displacement of a wetting phase by
a nonwetting phse from a porous medium 100 percent saturated with the wetting phase.
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The amount of porosity is related with the type of sedimentary rock ainison
history (for example, taking into account its chemical and physical transformations).
Typical reservoir rock aresandstoneand other class sediments ocarbonateswhich
provide volume of porosity. The sandstones have an amount of porosity thaeca
reduced due to compaction and cementation. Carbonates also show different porosity due
to dissolution processé4].

While the main geologic necessities and characteristics are similar for porous rock
storage, the pressure conditions are really giffeln saline aquifersthe space between
the rocks is filled with brine and can be assumed to represent approximately the
hydrostatic conditions, so, in order to inject hydrogen, the brine has to be replaced to
create available space for the gas. Thierhl displacement generates an increase of
pressure in reservoir above hydrostaticdepleted gas/oil reservoirghe pore space is
partly available (so thereds no need to fr
hydr ostati c p rbeferesthoeringectionTofithe tgas,sthe vesegvoir has-to re
raise the pressure to a level at which economic injection/extraction is achigMable

Depending on the type of geological trap, storages may be classified as open,
confined or semconfined.Eachof them has different pressurésr saline aquiferdpr
example, the confined reservoirs have more pressure due to injection that the open ones.
Consequently, its capacity is smaller because thelgiiaed fracture/threshold pressure
limit is reached wth less amount of injected ggy.

The pressure in the reservoir also depends on its size, its permeability for the
di spl aced f ormati on brine and t he I nject
compressibility and formation fluids. Larger reservoirs andigher permeability results
in lower pressure and greater horizontal spread of injected hydrogen.

However, if we compare the flow velocities in porous reservoirs and caverns
storage, are lower in the first one. And, also, porous reservoirs are morélafigith
respect to injection/extraction rates when comparing with hydrogen storage in caverns.
Due to these things (inflexibility and low flow rates), porous reservoirs are regularly used
for seasonal gas storaggthin the frame of natural gas storage[4
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3.1.2. Caverns
Thesecavities may be salt caverns

mined rock caverns or abandoned mines {
of them atrtificially created). Among whict
salt caverns are, definitely, the most typic
for natural gas storageonsequentlyve can
assume that also for hydrogen storddég

Salt caverns are usually cylindrically ;,
shaped and are constructed from the surfi |
by controlled injection of water down a we
drilled into the salt rock.Can be createc
within salt domes or within bedded sa
deposits. The latter have shallower depths
than domes but are structurally less stable ¢
to heterogeneity of rock types present.

Depending on the conditions and the technical possibility, caoh&tructed at
depths of down to 2000m, typical heights are of-2000m and diameters of HM0m.
Depending on the depth, the pressure can be up to 20MPa (or even ahaeptading
on the placemerj2 4]. It is the maximum cementation and casing sitign This high
pressurgermits the storage ekry large quantities of gas, for instance, a typical large
gas cavern can keep more than 60 times the volume of a spherical gas tank.

Depending on the pressure requirements, salt cavernsoresat a aushion gas.

If the cavern works under variable pressures, approximately 1/3 of its volume will contain
cushion ga$4]. Theaccurateamount of cushion gas needed is based on the minimum
pressuré requiredto prevent salt creeBesides if the cavern workswith constant
pressure, the cushion gas is no needed. While withdrawing these type of caverns,
saturated brine is injected in order to maintain the constant preskweyver, due to
excavation process, a quantitytiois brine will always remain at theottom of the cavern

and will increase the humidity, reason why depending on the predicted use of hydrogen,
drying after extraction could be necessary.

Because of the favorable specific properties of the salt, caverns are tight with
respect to gas and haleng-term stability. Due to this tightness, is not necessary an
additional gap rock. Moreover, is interesting to highlight that the salt is inert toomacti
with the injected hydrogen

.—-

VvV s

Y1

Fig. 6: Salt caverns

2We have to take into account that thaximum pressurés usually determined by fracturing tests and
applying a safety factor. However, minimum pressure is so difficult to formitlatepends not only on

the depth location but also on the strength and rheological properties of the rock salt, shape and volume of
the cavern.
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Contrary to salt caverngjined rockandabandoned mingsist play a secondary
role for hydrogen storagélthough mined rock caverngconstructed for storing gas or
liquid) have a very low porosity and permeability, they rbegakduring construction,
offering fracturing permeability andue to this, not ininsically tightness. The tightness
Is strengthened with engineering techniques. By the other hand we haatitoned
minesnot constructed for storing gas or liquid but to extract different natural resources.
Due to this, the type, quality and suitatyilis verydiverse Its tightness and inggity are
normally questionablpt].

Geological storage of gas isvarified and developed technology sired¢ew
decadesThis kind of hydrogen storage has lower specific construction costs compared
to surface gas tanks, have unlimited operating lifetime and a small surface foGipant.
of the weakness of this storage is thahé most relevant geological and technological
aspects of the hydrogen storage are known because of its similitude with tige stora
naturaland town gasut, is known thatthe organic and inorganic chemical processes
during hydrogen storage are different from those that happens during natutatggs s
SO0 not everything is precisén addition, hydrogen has a lower density and lower
viscosity, which affects in the performance of the reservoir becausenoéue the
subsurface behavior andlsq has a lower volumetric heating value than natges,
which affects the energy storage capacity.

An optimized implementation of hydrogen generation from renewable energies
and storage in salt caverns would have a really positive impact on power system. The
flexibility of this kind of storage enables pvoduce hydrogen from variable renewable
electricity without increasing C£emissions, can reduce the limitation of wind power
plants and hence help to integrate renewable energies into the power system.
Nevertheless, good geological conditions are lichitea few site$4].

If we analyze the infrastructural part, is more complex the geological storage
compared with a normal eground facility, mainly becausd the connected pipeline
system, but also becausetsafety masures involve more componerttse process has
to be monitored, controlled and optimizédioreover, the properties of hydrogempose
extrachallengesnentioned abovesince embrittlement and fissures can leadeaoous
incidents moreeasily compared to hydrocarbons.

The engineering npcessedike gas connection/transport (pipelines and tubing),
the gas compression/expansion, the monitori
achieve In the following paragraphs we are going toagiittle deeper on those topics.

-Pipelines and'ubing we could think that is a trivial point but, first of atl,order
to transport all the volumes needed, the standard diameters of pipes are in the range of
56-81cm.Also, they have to achieve laminar flow even at the maximum point of volume
going through itIn the other handypical pressug level is 1.88.0 MPa (lower pressure
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levels would require less material because the tube has less mechanical&2fess)
Height differences due to the background also influence the local pressure in the tubes
so, the pipelines are routed preferentially at constant height (although that hegdhse t
installation is longer). Another common issue is the electrochemical corrosion of the
pipelines since tubing is made of steel for economic rea®sKnowing that this
corrosion is due to big voltage drops, we can try to avoid it while decreasing eddy currents
(that are which present heating or voltage drop along the tube). In ocEré@se them,

Is prohibitedrouting the pipeline parallel to train tracks or electrical power lines, they
need an angle of 90 gradpY. Sometimes special polymers are used to electrically
insulate the tube from surroundings, but it increasestsess o it 6s only app
specific parts of the lin&imilarly, different pH values and chemical compositions of the
soil along the pipeline, which mean electrical potential diffeeencan produce high
currents.Thus,pipelines are covedwith standarccathodic protectios.

Hydrogen specific characteristics limit the material choice for the tubing materials
compared to the natural gas. Instead of using the same material to transport hydrogen that
to transport natural gas (that is a common reason ofdailue to the embrittlement), we
can used austenitic steels (18% chromium and 8% nickel) or chremalybdenum
blended stainless stegdgl]. Alternatively, tubing can also be embedded in concrete tubes
(especially applied when the pipeline crosses swagngynd).

-Compressorsthey have to provide high mass flow with a high efficientye
normal pressure for the grid is 1,5 to 8,0 MPla The lower the pressure differences to
bridge, the more efficient are these machines. Depending on this pre#éement,
diverse kinds of compressors can be used. The most common is the encapsulated
centrifugal compressd4], that is when high mass flow on the range of StMH2/day
iIs needed65]. The problem is that the compressors maiketimall, especiallyor the
large volume flux applications thete need at geological storage. The available can only
bridge small pressure differences.

-Metering:the most common are based on nue@g the real volumetric flux.
However, this concept is limited to small méles/s. There are a lot of different metering
methods but only a few of them are really accurate at high mass [@&7]. An
alternative design is the orifice meter, which measures the flux by pressure difference (no
movable parts are involved). Anothgption is ultrasound. The latter is used not only as
inspection tool but also for permanent monitoring because allows the measurement from
the outside of the pipeline.

-Controlling and Safety Componentse one of the most important parts of the
system. he valves are used tmntrol the gas flow not only limiting the flux, but also
generating or shutting down units by emergency. As in the compressors, there are
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movable parts involved. The material is mostly Duplex stainless steel (to handle
mechanical andhemical stresses, which came mainly from the gas stream [i&83If)

Also, there is a flame arrestor which prevents the backdraft of a flame in a tube
system in the case of an accident. Usually it element consists of finem meshes of metal
or ceramic which prevent the inflowing gas from ignition or, in the case of a serious
accicent, the gas is burned in a controlled maj#jer

Even if the geological storags really useful to save huge amounts of hydrogen
due to itselevatedpressureis more complexhan the orground storage because is not
only limited to the storagdtself but also to theconnected pipeline systenmdeed, for
examplethe safety measures involve more componttan at thethertypes of storage
and, also, the good geological conditions are limit€dking into account ttse
fweaknessd of the geological storage, and without being it useful for our research itself,
we are going to continue the project with the most comstationary types of hydrogen
storage: ompressed, liquid, MH, LOHC and NCT.

3.2Conventional Sbrage

Nowadays nearly dl hydrogen producedowadayss used in industrial secttut is
expected that in the future it will be employed to its curcheimical usage. It will be use
like a versatile energy carrier in transportationiroithe energy utility sector (power
generation or heating). Needing, bothlad utilities an adequate infrastructufs]

The most common methods for stationary hydrogen are: compressed, cryogenic liquid
and metal hydrides, but commonlgecause of its pricehe latter is used for small
amounts of hydrogef6], and & relativelynew in the commerce so, in this chapter of
conventional storage, we will focus on compressed and cryogenic hydrogen.

We are going to study how can we storage the hydr@agefiee macules)n vesgls
that can be locate botAbove ground or buried a few meters below the ground.

From the types mentioned before, we can assumehthatost feasible application as
a road transport fuel should be the compressed hydrogen because ftubagas
analogies and technical similitudes to the existonghe natural gaf/,8]. In this context,
we can define two different kind of storage depending on the minimum and maximum
demandsshortterm (to compensate the hourly fluctuations in refueling station demand)
andlong-term (to compensate the seasonal fluctuations in refueling station desnan
production plant outagep)10,11].Consequently, we will have different sizes: shsakle
(final-user levelstoragecapacity up to 5tons), mediustale(up to 500tons) and large
scale, which covers everything abopme.
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The suitability of different storage methods for a certain application is best evaluated
with the appropriate parameters like gragiric and volumetric capacity, which are,
respectively, amount aghass of hydrogestoredper unit weight and volumeAnd, this
mentioned suitability is directly linked to the necessities and boundarytiomsdof the
future application [12,13].

In the next graphid14] we can see the difference between thesationeddensities
of liquid and compressed hydrogandcommon fuels:
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Fig. 7: Volumetric and gravimetric density of different fuels

In which is visiblethat hydrogen has the highest mass energy density but the
lowest volumetric energy density.
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3.2.1. Compressed hydrogen

Storing hydrogen under pressure has been used for many yearowaadays,
storing it in vessels is the most common storage fddB]. The advantages of
compressing a gas is increasing its dernsifysettingit the other way aroundeducing
volume.For getting and idea, at ambient temperature (20C) and pressure (1.013bar), the
hydrogen density is 0.084kg?nif we increase the pssure up to 100bar, the density is
7.197kg/mt and if we increase it again up to 1000bar, the density is 49.938kg/m
corresponding to the neadeal characteristics of hydrogen at elevated pres§diyeEhe
resulting deviation from the ideal gas law iclese the gas occupies more space than
the ideal gas law predic{83]. One of the simplest ways of correctiigy adding a
compressibility factor, usually derivate from data obtained from experimentation, and

now taken from the 08&g a[bo)isdrderAsnmakewvisidkethe on o f
nortlinearity at high pressures.
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Appendix 1 is related.
Fig. 8: Hydrogen noHinearity behavior

We can see that are not preciselgtching with those mentioned before b
really similar.

The necessary compression work is different depending on the type of
compression and the applied cooling. Isothermal compression poses the most energy
efficient methodand leads to minimum compression wdrlkt, in order to keep the
temperature constant during a gas compression, is necessary to do it slowly enough to
allow the heatincreased because of the increasing of internal enéoglye diffused
away.With the isothermal compression, the theoreticalimum work of compression
until 253 and 1013bar is 1,5 and 2,0 kwWh/kg, respectively. Since in the practice there are

also losses such as parasitic compression losses and the consumption of the compressor,
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the power demand rises to 2,5 and 4,0 kWiilkg1g. Which corresponds to 7,5% and

12% of the LHV of the hydigen. Some researches set the values in 5% and 20% of LHV
when compressingp to 350 and 700bar, [1%ven so, we can notice that the necessary
energy consumed for compressing the hydragen per cent age of LHV,
linearly with the pressurkut parabolic. Thereforan relative terms, we can notice that

iIs more efficientif we work at high pressures because increasing a huge amount of
pressure, the needed energy is flightly higher than increasing leamountof pressure.

In other words, the work required to compress hydrogen depends on the initial (suction)
pressure: the higher it idpwer the difference between pressurksyer the energy
demand for compression [33]his fact is more visible in the figure below:
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Fig. 9: Minimum needed energy in terms of LE&pending on the pressure
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In the next figurg20], we can see the difference between adiabatic and isothermal
idealgas compression of hydrogesompared to its higher heating value, HH\Iso, it
can be observed that the midtage compressors with intercoolers apebetween these

two limiting curves getting closer to the isothermal curve (less energy required) with the
number of stage83].
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Fig. 10: Adiabdic, isothermal and mukstage compression of ideghs comparedvith its HHV

There are different tymef compressorésuch as centrifugal, rotary displacement,
reciprocating or the nemechanical such as metal hydrides, electrochemical compressors
and high pressure electrolyzésit, because of the hydrogen special characteristics, only
the reciprocating displacementrapressors are being usedindustrial and chemical
applications [4]. In this category, we use reciprocating pistons for higlume
applications and pistons or diaphragms for smallime [15]. Another interesting
approach is the use of nomechanical copressorsas electrolyzes, metal hydrides and
electrochemical compressdfs].

One of the applications dahe compressedhydrogenis as fuel in vehicles.
Actually, is a mature technology andropared to other storage methods such as liquid
or chemical inrmetal hydridegthat we will see herafter)it is most advantageous with
regards to short refueling time, hermetically sealed system withoubthogystem
complexity, and gas handling. Regulations for vehicle approval are already in place
worldwide. Réueling technology is available; station network is currently being built up
iIn many countries and regis.

The followingparagraph areabout typical pressure vessels used for ssalle
bulk storage and mediustale bulk storagg5,21]

-Smaltscale bulk storagthe most common consist in a number of pressure tubes that
can be accumulated together to extend storage volumes, can be established vertically or
horizontally and can be sized according to customer use rates and purpose.

Generaly, we can differentiate four different types of high pressure vessels:

23



Type I: pressure cylinder all made with metal

Type Il: pressure vessel made of a |dsehring metal
liner hoop wrapped with a fibeesin continuous filament.

Type lll: pressure vessel made of a fload-bearing m\
metal liner axial and hodpolarfully-wrapped with a fiberesin W%\W
composite.

Type IV: pressure vessel made of a polymeric liner {n

£2

load-bearing, normetal liner axial) and fulhwrapped with a Z‘W
fiber-resin composite. The port is metallic and integrated in ..._ —
structure. Fig. 11: Types of smalscale

. . bulk storage.
For stationary gaseous storage, type | is the most com

becausgdthough is the weightiests the cheapesiThey seeno be first linked to the

high consumption of COfor beverage, with the necessity of keepately by the 1870

1880 approxIts pressure is limited to 300bd&for stationary applications with higher
pressure, type Il is preferred, although they cost maybe 50% more to manufacture, can
reduce the weight of storage by-80%. Types Ill and IV are more caostfective for

high pressure (up to 350bar is a mature technology) stationary storage. Thes# types
vessels were initiated specially for military functions, which technical performances
specially weight were important criterialts price is almost twice the price of type Il
vessels and 3,5 times greater than ty@@nla typical transit bus or conemtial truck, for
example, the use of Type Il and Type IV vessels easily could reduce the weight of the
gas containment system by more than 454 kg. This weight reduction would not only
improve fuel economy but also increase laagrying capacity and iraduce other
operational benefits, making it possible for the more expensive tanks to buy their way
onto vehicles. Second, composite vessels extend the practical limit for gas containment
pressures and provide better energy storage density. For maryréssiare applications.
Third, composite materials significantly
and overall safety. For composite vessels that incorporate carbon fiber tow as
reinforcement, the excellent fatigue resistance of these fiereale x t ends t he
service life. Carbon fibereinforced Type Ill and Type IV pressure vessels can remain in
use for as many as 30 years before they require replacémvite the interval allowed

for Type | and Type Il vessel80]
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The design of mssure vessels takes into account a lot of parameters such as: the
service and test pressures, external stresses (impacts, aggressive media, vibrations,
temperature of serviceé), real i fetime (c
dynamic condibns, which define the mechanical design and choice of materials. It is
also important to note that metallic and composite vessels are very different. The metal
IS isotropic, the composite is anisotropic (mechanical properties concentrates in the fiber
direction for the composite) and the failure modes and elderly are diverse.

Diameter, length and pressure of each tube determine the amount of hydrogen
stored. Higher is the pressure, higher is the capacity of hydrogen storage per unit volume
but higheriste vessel 6s wal |l t hi[dlkness, so the cos
-MediumScale bulk storagein the natural gas utility sector, storage vessels are gas

holders, spherical pressure vessels and pipe storage facHiiesg special attention

with the consequencethat hydrogercan producen some materials, such as hydrogen
embrittlement and fatigue, vessels have to be built with materials able to stand them and
able to maintain mechanical integrity under high pressure cycling environments.

Gas holdersvere builtaround 1900 and 196@2] and, at the beginnings of the
twentieth centurywere used to store gaswn just at afew mbar abve atmospheric
pressure level. For example, at operating pressures of up to 1.5bar a gas volume of
600.000700.000 Mcan be stordin some typef23]. Due to this low pressure, the space
needed is so huge. This is one of the reasons why this technique of storage is considered
obsoletgalthough until 2012 there were a few hydrogen storage gas holders still).

Spherical pressurgessés were built around 1930 and 19(2] and they offer
the possibility of store amounts of gas/nrelatively large in small spac&heir medium
operating pressure is up to 20laad can keep up to 300.00G [24,25]. In addition,the
shape minimizes theatio surface area/volumewhich means minimizing losses
Comparing gas holders with these vessels, we can say thadattir, also,reduce
operating costecause the thickness of the walls decredBas literature assures the
existence of a sphericatgssure vessel which stores 15.000atpressure in the range
of 12-16bar[26,27,28].Si nce evi dences of spherical cont
found, researchers used the technical data from natural gas spherical pressure vessels to
estimate hydrogn storage parameters.

Pipe storage facilitiebave been built since 1980 until toda®]. These tubes are
constructed from standard diameters of about DN 1400 and are able to resist high
operational pressures such asl®0bar[29], which makes possiblide storage in the
range of GWhThey are normally buried under ground, protected from bad weather
conditions and mechanical impaasd, also, allow the ground wsable to befor
example agriculturally usablé30]. Comparingit with spherical vessels is able to operate
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at higher pressure ranges with small storage volumes and teas$iricalconstruction,
which consequently translates in economic advantages: lower investment costs.
Is necessary to remark that the vessels habe tlesigned with materials resistant
to hydrogen embrittlement and fatigue. In addition, they have to conserve structural
integrity under higfpressure cycling environmerjtss].
New ideas are being created for the medagale bulk storage. One of thas
the use of prestressed concrete pressure vessels (PCPV) that can be spherical or
hemisphericabr silo shapedfor the hydrogen storage up to 100f2t]. To prevent
hydrogen leakage is necessary to install an impermeable coating, which have been
improving and developing using high molecular weight carbon composites and polymers.
Other approach is to use the wind turbine towers in order to store pressurized
hydrogen. The ideal pressure levels are recognized to be in the rangé&Sifat[B2].

3.2.2. Cryogaic liquid hydrogenstorage

Nowadays this kind of hydrogen storage is mostly used in space exploration and
science, but the volume reduction of liquid hydrogen makes it particularly attractive for
bulk in transportation. The huge problem with liquid hydrogen lies in the amount of
enagy needed to liquefy it and to maintain it in the require conditions and thefboil
[4].

The liquefaction of hydrogen is achieved by cooling hydrogen gas below its
boiling temperature 0f253°C (maximum temperature in which hydrogen is liquid)
[4,33], as mentioned in the first chaptdiere are different processes to obtain liquid
hydrogen, such as combining thermodynamic cycles with the following technics: heat
transfer using heat exchangers, isenthalpic expansion following compression in
reciprocatilg engines and cryogenic turbines oF dhrottle valves, taking advantage of
the JouleThomson effect [33].

The minimum theoretical liquefaction power can be influenced by parameters
such as feed pressure and temperaturepieitofthe most importanparanetes is the
equilibrium of t paahydrpggm o gharth@hydrofem, rwiish: A
have different properties due to the orientation of its nuclear spin.

Parahydrogen, whosauclear spis turrsin the oppogedirection(a), has a lower
energy level than orthbydrogen, whose electrons turn in the same ;
direction (b). The orthepara composition defines most of tf (&) | @ (a)
physical properties of the hydrogen (such as liquid density, tripie
point temperature and pressures).normal conditionsthe most ¢ e
common composition isthe so calledinor haldr o 8
(abbreviation:n-Hz): the molecule consists of approx. 75% ortho

Fig. 12: Para-hydrogen
hydrogen an@5% parahydroger{4]. Thisnormal composition will and orthehydrogen spins

R (b)
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be obtained when thenoled downs made rapidly (Hydrogen cdiquified in terms of
seconds or maximum minutes). At the boiling point of liquidrbgen, the equilibrium
shifts as: 0.21% of-&l2 and 99.79% {H2[4].

In general, lhe equilibrium between these forms changes towards a bigger fraction
of parahydrogen (lower energy level) wittecrasingtemperaturas is seen in the figure
below[33], or simply with time.
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Fig. 13: Equilibrium percentage of paraydrogen as a function of temperature

With this, 5 understandable that if we store for a long period liquid hydrogen that
has not achieved its equilibrium point, the ortharogen existing will slowly shifts into
parahydrogen through an exothermicalipnd slowconversion(maybe days or weeks)

The slowness of this process is due ttee weakness interaction between the atomic

nucleus and the electrondlowever, this process is not insignificant: because of its
exothermic characteristicgroduces a neneglectableamount of heatleading -

irremediably to vaporization antbss of liquid stored hydrogeBue to this, the pressure

inside the vessel will increase, so it has to be regulated by a pressure relief system that, at

the same time, cont bailb & Blgexplained fohward)r ogen | oss

Becausef the issues mentioned before, the challenge is that the liquefaction and
conversion have to baccomplishedsimultaneously This is possible through the
modification of thenormal hydrogerwith the assistance of catalyzed reactions, which
reduceup t o the mini mum-htylle ogmoontduof ngiot hbo
process. Therefore, the ortpara content of the liquid hydrogen will correspond to the
equilibrium combination at the liquefaction temperature (mostly containing and
being appopriate for largaerm storage)Normally, the liquefaction plants operate with
a minimum fraction of 95% of pattaydrogen4].

In order to design a liquefaction processhasicto take into accourthe Joule
Thomsoneffed. Contrary of ideal gases,hat donodt present a chan
while isenthalpic pressure change, the real gased it is whythe JouleThomson
effect appears only in real gas@érottling a real gas through an adiabatic valve, results
in the reduction of its pressuretiviacorrespondinghange in its temperature (increasing
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or decreasinglepending on the substance and its initial tempenatlephrasing, under
certain conditions a JoulEhomson expansion will produce heating rather than cooling,
determining tle designof cryogenic equipment [40\When the JT is negative, the
temperaturef the gas increases in an isenthalpic expansion, and when the JT is positive,
the temperature decreases in an isenthalpic expansion. The change from negative
coefficient to positive onés achieved at8 3 AC [ 3 6] afintde mptedrsat wa lel eo
i nv e r(athercsources settle it #69°C [33]).This is the reasowhy the ideal process,
shown in the figure below [33]Jn a liquefaction process is compressing in order to
decrease temperatu(negative JT coefficient) and increase pressure until the inversion
point and then, expanding from this pressure to ambient pressure, to further reduce the
temperature (positive JT coefficient), which, however may not be enough to liquefy
hydrogen [33]. Even so, the gas that has been cooled by throttling is used to cool the
feed/incoming gas, thus lowering even more the gas temperature. Hence, after successive
cooling cycles, the temperature of the gas is lowered to such a temperature that, after
throttling, some liquid can be formed [41].

GH2—>D—><}—> LH2

Isothermal Isentropic
Compression Expansion

Fig. 14: Ideal liquefaction of hydrogen

The liquefaction processes are so diverse but, nowadays only few of them are
applied in the plantsThe conventional way to do the hydrogen liquefaction consists in:
compression, cooling (with heat exchanyersd expansiofwith valves)
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In the figure below4], we can see the scheme of the conventional process with
flash gas

Feed GH2 v e
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Fig. 15: Conventionahydrogen liquefactioprocesswith flash gas

The first step within the liquefaction is compression of pure and dry hydrogen in
order to increase its pressuradatemperature (approximatebmbient temperature)
before entering in beat exchanger (constant pressure) to cool down the hydrogen by two
sters before going to the valve. The first step sdbk hydrogen down t80OK and the
following, down to 2245K. After that point, the hydrogen pass throustcalled
At hr ot t | prodgcings sorhev leudd, The cooled géso-called flash ga$ is
separated from the liquid and returned to the compressor to undergo the samg4yrocess
33].
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Sometimess used a similar process but, instead of cooling the feed hydoogen
with the flash gas, we get some help from nitrogen. Is calleditieen precooling,
and among the nitrogen precoolithgre aralifferent processes: basic one ariderones
which integrae the ortheto-para conversion. In the following scheme we will see the
basic one[4]:

— 2 g- --------- g 8 ---------- Tamb =ca. 300 K
1
-
LIN 4} © 7
. T
Liquid .Y
nitrogen bath
] T ; ---------- Tprec = Ca. 80 K
ZASY DY
> | 5%
g
4 o =
4
throttle“‘g
5’ o6
................... To=ca. 20K
LH2 - )

Fig. 16: Basic hydrogen liquefaction process with nitrogen precooling

At the beginning of the co@own process, the warm compressed hydrogen flows
through the liquid nitrogen bath and becomes colder. The liquid aitregaporates and
flows through the heat exchanger (HEX1 in the figure) and then to the ambient.
Someti mes thereds a vacuum pump installed
In the final cooling, the hydrogen feed is cooled with the second heat gerhdBX?2
by the cold flash to temperatures of 40K approx. and then is expanded in a throttling valve
to low pressures of 1-2.4bar approx. and cooler temperatures. It partially liquifies and
is separated (as before) from the cold vapor in a separat@i.véss cold vapor flows
back through the second heat excharmgel cools the inlet feed stregdj.
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Focusing in temperatureisefore the throttle valve, there are three different
behaviors: from temperatures above F@krk blue line in the following figure [4jy o n 6 t
occur any I|liquefaction, so itoés -2bKoand appl i c
latm (pink line), the liquid fraction at the outlet is more than 85% (having on
disadvantage that the 15% of vapor remaining is not enough for cooling of the feed before
the valve) And, if temperature is around 4Qked line) the liquid fraction will be around
50 % ( he nsaeonsiderébk aneodnt of gas able to cool of the feed before throttling
device, hence is atefrigerated process but it has higher thermodynamic |bessesise
of the amount of liquid fractigr4].

There are different forms of the integrated proce$shydrogen

TEMPERATURE - K

ENTROPY, cal/GM K
Fig. 17: Relationship between tliemperaturebefore the throttle valve and the liquefaction fraction

liquefaction with ortho-to-para conversion As mentioned before, with the reduction

of temperature orthbiydrogen is transformed into pangdrogen with a current release

of energy, thus increasing the temperature of the liquid hydrogen atingesn losses

due to evaporation. To overcome this issue, catalysts are used during the liquefaction
processes [33]0One of them consists in three separate @actors placed on three
temperature levels. The transformation is focused on few positsanst causes a
relatively high local heat generation inside of reactors and therefore additional
thermodynamic losseH.is one of the very early designs of hydrogen liquefi@rsother

one, more sophisticated and modeconsists in catalyst placed idsiof the heat
changers, so the-p conversion is made through the whole temperature range
homogenous|y4].
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The most common option employed to cool the hydrogen feed to liquid nitrogen
temperature levas the nitrogen Brayton proce@sompessor, heat exchanger, turbine).
Strictly speaking, when referring to cooling we should call this thermodynamic cycle as
Afeverse Brayton cycled as the original Br a
propulsion via gas turbine, but these terms are used indiffer&hib/kind of machines
can be built to operate at many cryogenic temperature ranges and can rangeomsize f
tens of kilowatts in cooling power to small cryocoolers producing just a few watts of
cooling [42]. In the following figure we will see the twstage version of the Brayton
process (two Brayton cycles in paraliielven by the same compressor).

Figure 18 shows the swalled twostage version of the Brayton process (in
simplified form), which consists of two Brayton cycles switched in parallel and driven by

Tamp = Cca. 300 K
38
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. |integrated o-p
conversion
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] ®

6
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Fig. 18 Two-stage version of thiguefactionBrayton process

the same compressor. The warm cycle is marked by a black line, the cold cycle by a green

line. Similar to the gas turbine process, the working fluid (air in the case of gas turbines

or nitrogen in low temperature processes) is first compressad ic o mpr es s or (nAnA
Figure 1§ from low pressure (usuallyi&bar) to high pressure i(80bar). After

compres®n the gas is cooled to ambient temperature by means of cooling water or

cooling air and then expanded to low pressure maas expander [ ABO i n
producing mechanical power and driving a generator device.
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A considerable amount of mechanical govws produced during the expansion of
the high-pressuregas in this expander, which means that the enthalpy of the gas at the
expander outlet is lower than at the inlet. This leads to a significant temperature reduction
(601 100 K dependingn pressure ratd). The temperare of the gaat the expander outlet
reaches 40 t8 0 A C 12B808K) & @ven colder. This cold stream flows through the
heat exchanger HEX1 back to the compressor inlet and cools the hydrogen feed to the
corresponding temperatures.

To producethe cold at temperatures bel80 AC anot her igas expa
Figure 1§ in combinationwithhet exc hanger ){sised A fractionfof gur e 1
pressurized nitrogen after compression is cooled here in the kehanger to
temperatures bel 80 °C and Her that expanded to low pi®s#e in expander D resulting
in a remarkabléemperature reduction. The ¢gated temperature range for the gas after
expandemD is in the range of 150 antP0 °C (80120 K), depending on the overall
process desig The hydrogen feed gas can be cooled to the corresponding temperature
by the cold stream from outlet of expander D. It first flows through the lower part of the
heat exchanger HEX1 and subsequently through the heat exchanger C and cools the
nitrogen befoe expansion in expander D.

The common fact ishat all of thedifferent processebave arequiranent of
upstream purifications in order to reduce the concentration of impurities up to 1ppm,
otherwise these materials would be the reason of an obstructioa liquefierbecause
they are solid at 20K [4].

Nowadays, only few plants existorldwide, and their exergy efficiencies are
around 2630%. The proposals to the future are to reach@¥ and, in the largscale
hydrogen production, is essential to increase liquefaction capacity and decrease the
specific power necessiti¢4].

For more than 4@ears, the cryogenic tanks have existed to store medical gases
like helium[21]. The storage of liquid hydrogen is similar to the latter and, nowadays, is
a stateof-art[43], specially to applications in space fliglgcause we can take advantage
of its hgh energy density, light weight and low envineantal impact by using as fuel.

The tanlk can be built with a spherical (more advantageous on siipghndrical form
-both: horizontal and verticaftransportation via railway or truckAnd, like in thecase
before, these tanks can alsddodlt under/above ground and canused inrmodular way.
Although the costs for underground liquid hydrogen would probably be higher than for
aboveground compressed tanks, this option combine the advantages ajronddrand
liquid storage: the first advantagelies in its higher densitywhich means less space
needed, and the other advantage retigke free space above ground for other purposes.
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In order to reduce
lossesin the system the
sphericakhapés better for
a longterm storage
because guarantee a minor
ratio surface/volume and,
this is translate into the
reduce of evaporation
lossesas we can see in the
provided grapi44]. Thus
the spherical shape is alsr
more economic because
allows the vesel to have
low wall thickness. Additionally, attention should be given with the vessel 6 s

Fig. 19: Relationship between storagapacity and the boibff

of liquid hydrogenn different tanks

constructionamaterialsnot justin orderto minimize the lossedut also protecthem
from thehydrogenembrittlement commented at the beginning, taking into account that
this phenomenooan be neglected at the boiling point because the hydrogen solubility is
low [18,21].
To minmize the losseghe storage of liquid hydrogen must have great insulation
to minimize heat transfer into inner (convection, conduction and radifi@3]. Then,
the cryogenic vessels have an external protective container with an isolating vacuum
layer. There ardiverse types for isolatiotine inner vessel which contains the cryogenic
hydrogen but, the most typicatemultilayer of alternating aluminum ifaand glass fiber
matting or perlite vacuum insulatiofio protect from embrittlementyen if this process
can be neglected at the boiling poitie brittleness of metals at cryogenic temperatures
restricts the choice of materiathe nickel ferritic geels or stabilized austenitic stainless
steels and aluminum alloys, are frequensed in this form of storage [43, 21, 44, 45].
Notwithstanding an excellent isolation of the tank, evaporation occurs, so the
pressure is increasdd5]. Due to this extrgressure, cryogenic vessels have to be
designed with a pressure relief system which leads some hydrogen outside the vessel in
order to control and return to the regular pressiinese lossesra the secalled (and
mentioned before)boil-off lossesand @ n 6 t be avoided buate mi ni mi
below 0.03% per day for large storage spherical tanks with perlite vacuum insulation,
0.4% per day for vacuwsuperinsulated tanks and2% per day for large tanks with
vacuum powder insulation depending oeitlgeometry [33]. The hydrogen released can
be directly stored in an auxiliary system or can be returned to the liquefaction plant [18,
44]. Usually, the installation with following gaseous hydrogen use have a cryogenic
storage tank, ambient air vaporizend controls. The size and liquid storage can be
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