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AbbreviationgndSymbols

Abv. Description

AIT Auto Ignition Temperature

FC Fuel Cell Symbol Description

FL Flammability Limit Mass density
LA Liquid Hydrogen Efficiency

e Gaseous Hydrogen # Chapter finished

HFC Hydrogen Fuel Cell

ICE Internal Combustion Engine

MIE Minimum Ignition Energy

NTP Normal Temperature and Préssure
STP Standard Temperature and Préssure

2273 K (0 °C), 101325 Patm)

1293 K (20 °C), 101325 Patm)
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1. Properties

1.1. General

Hydrogen is theost common element in the univiersed s e st |
hydrogerT@ablel). It is also tHightest element with a densityoKdIB3$TH. Itis odorlesc an 6t ,be s
colorles§é ¢ a n 0 t,tadtekesé ceaenrd)t andl rotokidns ill effelc)s if inhaled in small quaBiiem)se

i tos

SO

we neetb produce it.

mated t hat 75% of

l ight it Rhas Eestchpesd gEawvt h §s i sif weadnitse m @

Giant molecular cloud formations, consisting almost entirely of hydrogen, are the most massive objects withi
Gravity eventually causes the hydrogen to compress until it fuses into heavier elements.
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Owaterstofd make reference to

name Ohydrogend (co

mi ng
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Tablel Current estimationlefeent abundance (% mass) in thessfiiy.Note: including the element being part of other molecules, i.e. not

only

in

ités pure form.

Rank Element (% mass

1 Hydroger 75

2  Helium 23

3  Oxygen 1

4  Carbon 0.5

5 Neon 0.13

Table2 Properties bfydrogenomparetb DiesgR).

Name Hydrogen Diesel
Formula H GiHugn
Density (kgAn 0.® 833tdB81
Auto ignition temperati@g ( 1131 806
Lower heating value (MJ/kg) 120 42.5
Molecular weight (gjmol 2.02 170
Flammability limits ir(\at %) 4 to75 0.7to5
Flame velocifg/s) 2.65 t3.25 0.3
Melting point (°@tm pressure) 259 -30to018
Boiling poigtC)(atm pressure) 2% 180to 360
Octane number 130 30
Min. ignition energy (mJ) 002 0.24
Explosiveoncentration with air ( 4.1-75 1<-10
State at NTP Gas Liquid
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There iacritical temperaturabove which a gaen no longer be liquefedmatter hawgh the pssure. In the
case of hydrogtre dtical temperatured89.96°¢33.19K) For wa't elflydrogerdisto b liqdefied,C )
itstemperature must be below this point.

Similarlypnce it reaches a sufficidngip pressure, a gas can nceeiobgjiquefied, ven by lowering the
temperaturirther. Thisgasuras known as thetical pressurgand for hydrogen it is 13.{ftwawater 220
bar)

If we set a fluid afcitsical temperature artitatipressued the same time, that setthpeisitical pointAt the
critical point of a substance thediglighs phase mefigg.1).

Thetriple pointorthree phase poirdf a substance is the poititdrphase diagram at walcthree stated
matteare ithermodynamic equiliior for hydrogen this poatt269.19°C and 0.077T.Ge triple point is also
thelowest point of the vgwessure curve. The vaporsprescurve indicates puestemperature combinations
atwhich the gas and liquigesaf hydrogen are in éoum. To the left of th@owaressure curve hydrogen is
liquid, to the right it is gaseous. To the right of ate abidical point, hydrdgeromes aupercritical fluid
which is neither gaseous nordinditdas propes irbetween the two

This is important to know becaasethme critical point, a supercritical fluid deviates considerably from ideal
behavior and small changes in pressure yield large changes in density. At temperatures muctichigher than
temperature fluids tend to be more gas like and may be close to ideal gas behavior.

Supercritical fluid

CRITICAL POINT

Pressure

Solid

TRIPLE POINT Gas

Temperature

Fig.1 Triple and critical point of a substance.

Comparedavith that of methane, the maqessure curve of hydrogen is stegp and shdrtover asmall
temperature and pressarge. As a consequenceefigtion takes place printayilgooling and less §o b
compression. By contrast,ctmpressed storagk hydrogen (at 350 or 700 dagys takes place as a
supercritical fluid.
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Fig.2Phase diagram of hydrpgedofwater for comparison.

Hydrogen hasibtopes protium, deuterium and tritium whose difference is thennorbasiafyneutrons
Protium only consist$ mfotorand no neutrgréeuterium dfproton antineutron and tritium, of one proton and
2 neutron@-ig.3). Dependingn whether the protons ofErcbimpound rotatgarallel or in opposite directions
about their own axis (nudear), the two modifications are known respectivelyhydragdro and par
hydrogen. Orthgdrogen {& ) has digher energyrdent than pargydrogen {gh)

-} - | o
n 0 oo
1 2 3
1H 1H 1H
protium deuterium tritium

Fig.3Schematic representation of the 3 isotopes of, iprdtagandeuterium and trig8)m.
Contrary to tritiurepteriunts stable and represents @h0a6% of all hydrogen.
References

(1) nl.wikipedia.org/wiki/Deuterium
(2) researchgate.net/figure/PROPERBRBESEIANDHYDROGEN?22 tbll 279192597
(3) wolframalpha.com/input/?i=elements+universe+abundance

1.2. Density comparisons

SpecifienergylensityJ/kgpf Hydrogeas highethan most gaskst volumeteénergylensityJL) is lower(Fig.

4).While 1L of gasolinél@malTemperature angressureg(NTP @0 °C, 1 atm) contains 31 MJ, 1L of hydrogen
inhe same conditions only cont ai n sEvedinflqgaidfdid, gasdlirea t ¢
has ~4 times more energy per volume than hybevges.actually more hydrogen in a liter of gasoline (116 g
than in a literlajuid hydrogen (76Td)is alone exposes the need for hydrogen to be stored at higbwressure
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temperatuiéwe want any sort of usable volumetric energy density.

50 Volumetric energy density MJ/!
40
Diesel
. Syn-Diesel
40 Biodiesel Peirol
LiQuip LIQUEFIED GASES
PG
20 Bioethanol LNG
HYDROGEN
10 NATURAL GAS
CNG 200 bar H,203K ()
CGH, 700 bar
0 Natural Gas EU-Mix CGH, 350 bar -~
I T I T I T ¥ Hydrogen I
0 20 40 60 80 100 120 140
Gravimetric energy density in MJ/kg
Specific energy Density Volumetric
density (kg/m3) energy density
MJ/kg MJ/L
Hydrogen 120 0.09 0.011
[ Methane | 0.65 0.032
50 18 0.09
28 2.5 0.07
| Gasoline | 45 700 31
[ Liion]| 1 400 0.4

Fig.4 Top)Energy density of f&)sBottom)Some prapties of common fuels and energy @ri&rB.
References:

(1) Shell KHStudy

2. Production
2.1. Intraduction

Currently ~958b hydrogen worldwglproduced from fossil &t as natural gasd coallhe end products
are usuallyydrogen and carbon monokieremaining 5% of hydrpgeauctiois fromelectrolysis of water or
biomass gasification. For this reason, currently using hydrogen is not aholeg &shieisas it is just a by
product of fossil fuel processing and results in considerable carbon emissions, usually as CO

Depending on the method of production of hydrogen, from less to more environmentally friendly we hav
names for hydrogen:

Grey hydrogeis the name wgéve to hydrogen obtained from fossil fuels.

Blue hydrogenis named for hydrogéso obtained from fossil fuelsticitcarbon emissioae captured and
stored to beusedin a process that mgiallgallCarbonCapture andtorage(CCS.

1As a side note, UraniumRintniurd39 have an energy density of 80 000 000 MJ/kg, so almost 600 thousand times more
energy density thanliquelld 2 mi I Il i on ti mes more than gasoline. We ¢
density of usable uranium alftefficiency losses are accounted for are less, but this gives still an idgmforpbieetal of

nuclear energy sources, if ever feasible.

2Natural gas is the name given to gas extracted from the depths of earth and which cerdfistasafsanaimély Methane

(>85%) Ethane (8%), Propane-2%), Butane, Pentane, Carbon Dioxide, among others.
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Greenhydrogenis hydrogen produced using only renewable energy, typically through the process of electr
Have in mind that after production it also needs to stored (pfassymiezedyaygasrequires energyhich
may not come from renewable sources

Blue hydrogen might pose a good bridge for the switch betwegregriydinden as the cost of green
hydrogen becomes competitive with that of grey. The cagauarbd &8dAs fossil fuel prices increase, so will
the price of G&s much dfis a byroduct of fuel production. This increase in pacamhtz®e blue hydrogen

a cheaper alternative than grey, until greenugatotike two of them and becomesftwadehoice.

PRIMARY ENERGY SECOMNDARY ENERGY CONVERSION INTERMEDIARY PRODUCT FINAL ENERGY CARRIER
Solar, Wind .
:»-.-,_ \
o 4\
Algea from N
sunlight
wj BIOCHEMICAL HYDROGEN
Eameihan CONVERSION
Biogas
Biomass Ethanol
‘. » Vi ble Qils
e THERMOCHEMICAL
Natural Gas CONVERSION
SMR
Steam methane reforming
ail
POX
Partial axidation
Coal ATR
. Autathermal reforming

Fig.5Processes for produtindrogen.

Table3 Comparison absts oflifferent hydrogen produntiethod$2) SMR = Steam Methane Reforming, CG = Coal gasification, ATR = auto

thermal reforming.

Process Energy source Feedstock Capital cost (M$) Hydrogen cost [$/kg]
SMR with CCS Standard fossil fuels Natural Gas 2264 227

SMR without CCS Standard fossil fuels Natural Gas 180.7 2.08

CG with CCS Standard fossil fuels Coal 545.6 1.63

CG without CCS Standard fossil fuels Coal 435.9 134

ATR of methane with CCS Standard fossil fuels Natural Gas 183.8° 1.48
Methane Pyrolysis Internally generated steam Natural Gas - 1.59-1.70
Biomass Pyrolysis Internally generated steam Woody Biomass 53.4-3.1° 1.25-2.20
Biomass Gasification Internally generated steam Woody Biomass 149.3-6.4° 1.77-2.05
Direct Bio-photolysis Solar Water + Algae 50 $/m? 213
Indirect Bio-photolysis Solar Water + Algae 135 $/m? 142

Dark Fermentation - Organic Biomass - 2.57
Photo-Fermentation Solar Organic Biomass - 2.83

Solar PV Electrolysis Solar Water 12-54.5 5.78-23.27
Solar Thermal Electrolysis Solar Water 421-22.14 5.10-10.49
Wind Electrolysis Wind Water 504.8-499.6° 5.89-6.03
Nuclear Electrolysis Nuclear Water - 4.15-7.00
Nuclear Thermolysis Nuclear Water 39.6-2107.6 2.17-2.63
Solar Thermolysis Solar Water 5.7-16* 7.98-8.40
Photo-electrolysis Solar Water - 10.36
3C@in solid and liquid form is used for cool i ngdustigilst e ms

applications such as in the manufacturing of electronics, fire extinguishers, for coatings, adhesives ngoottrete, among ma
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As of 2013 centralized gas reforming,amkas the <ch
decentralized el ectrol y)qFig$). t he most expensive (

12 €/kg H, LBST/Hinico 2015; Grube/H&hlein 2013, own diagram

B Current

Projected

O Min. - Max.

10

8

<)

T =

Centralised Gas Reforming Decentralised Gas Reforming Centralised Electrolysis Decentralised Electrolysis Cenfralised Biomass Decentralised Biomass

Fig.6 Hydrogen production cfastsain production metiibds

The size and location of the production unit will dependamdthedisupply strategy from that user. Hydrogen
can be generated from large specialized power plantsabzegoesih@lants directly at the point of use or in
large andubsequdly transported by pipelit@riyrto the dispensing stations.

References

(1) LudwiegBolkow Systemtechnik (LBST), Hinico S.A.,Study on hydrogen frosscemeesmlle EU
(GHyPMinchen, Brissel 2015
(2) P. Nikolaidis, A. Poullikkas / Renewable and Sustainable Energy Reviews&/1(2017) 597

2.2. Thermochemical Processes

Hydrogen can be produced in several ways with different raw materials and also using different technology
However, the cheapest solution nowadays remains théiradiyeoeforming of fossil Referming dossil
hydrocarbonis byfar the maswidespread method of hydrpgsstuctionReforming is the conversion of
hydroarbons and alcolitig chemicalocessestmhydrogen, giving rise toypeodats water (vapor), carbon
moroxide and carbon dioxide.

The reaction takes plaichi¢y temperatures (between apf@o and 900°C) and the convdssassisted by
a catalyst. In addition todahemateriakforming requires an oxigdmth supplies the necessary oxygen.

Based orhe oxidarand the direction of heatfiearfsr its inexistendbjee basic metheds be identified:

1. SteamReforming Pure water vapor is used as the oxidant. The ream®theequroduction of heat
(endothernjic

2. PartialOxidation Oxygen or air is ugethis method. Tipr@cess releases h@xbthermic).

3. AutothermaReforming This process is@nmbin@on of steam reforming artépexidation and operates
with a mixtugé air and water vapor. The ratio tefaloexidants is adjusted so that nodweekst to be
intoduced or dischargsdthermpl

Of these the most used one is steam redoiirtimg most commonly used fuel used in it is Tethprecess
consists of two steps:

1.Steamrmethane reforming reactst@am at 70G-1000C reacts with methari@laai 25 bar in the presence

4 A hydrocarbon is aletule consisting only of hydrogen and sai@dnAn alcohol is a molecule with the generic formula of
CiHen+ OH
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of a catalyst to form wad@or, hydrogenpnoxide carband a small amount of carbon diblise€omposition
forms what is callahgasorsynthesis gas

CHa(g) + H20(g) + heat z CO(g) + 3H2(q)
CHa(g) + 2H20(g) + heat z CO2(g) + 4H2(9)
Syngas = H20(g) + Hz(g) + CO(g) + CO2(9)

2.Wategas shift reactiothis monoxide carbon is then made to react with steam resulting in even more hydr
and a less polluting:@@@duct.

CO(g) + H20(g) 2 CO2(g) + Hz(g) + heat

2.3. Electrolysis

The biggs source of hydrogen atemstually one of the safest amolst availaldebstancesvateif hydrogen
could efficiently be extracted from water, its price would plummet and the number of applications where it
economically feasible to use it would skyrocket.

Hydrogen can be extracted from the watatenahea process westatitrolysisElectrolysisaprocessvhere

electrical ener@girect current) is used to create and maah@miaal reactidio the setughat makes this
reaction possiblee calklectrolyser The electrolyser consista ®C power source, two electrodes and an
electrolyte (ionic conducibe.voltage needed between the two electrodes to drive that chemical reaction is c
decomposition potentiaT he wor d O6decompositiond carersplgtingforr om t
decomposirignoleculedVhen we supply the decomposition potential to the aleetsmties currgrassing

from one electrode to another throughtovdesmompose water into oxygen and hyé&agerater, the
decomposition pdtalis ~1.23VThis means that if we supply, for example, 1.2 V between the two electrodes
decomposition of water intm#i Qwill occur.

2H0() VY .8)+1B(g)

4 N

O
912V ) )
v ,m“o
\_ ——
Fig.7 Diagranexplaining the basgétumeededoelectrolyzeater.

Efficiency of electrolysidefined by the amount of electricity used to produce an amount of hydrogen. Curr
electrolysis efficiency anesind 680%, meaning-20% of is wasted as heat/radiation, so not used to produce
hydogen. A 100% efficient electrolyzer would consume 39.4)kWHA4kgNHIThis means that we could
combine oxygen and hydrogen and then split water cyclically indefinitely. This means that wé @urrently nee
J to split water from which hydrogen we will then be able to extract 1 J by combining it with oxygen again.

Theefficiencys greatly increased through the additioal@fteniyt® such as a salt, an acid or a base. For

5An electrolyte is a substance that gets separated into ions when dissolved in a solsemt eBadtrla€hecause when you
dissolve it into water it separates into its iordf@® & he existence of ions in a solution facilitates electric current because of tt
fact that there are charged particles where the electrons thttatanstiartecan get propelled to/from.
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comparison distilled water has 1 million times less electrical conductivity than sea water. Electrolysis of dis
requires then a mgghater voltage.

There are currently 3 main electrolysis techtwlogiteén hydrogen from water (these are similar to the
corresponding fuel cell technology)

1) Alkaline Electrolysis Cel(l8EC).
2) Proton Exchange MembrdREM).
3) SolidOxide Electrolysi€ells(SOEC).

Their main way of working can héngeg.8. By far the most used is the PEM.

AEC PEMEC SOEC
| - *| - * -
o2 H2 I }
T OH- H* | o2
L e— —> G pr——
A\ ol BB 8| 2= ([ f8ls —M %% ggg =M
o [l S o IS R 5] 2
el 8| | £ E| & E |8
= =] Bl |3 - Ho = | % 2|3 < S| —no
KOH KOH T
H,0
Fig.8 Functional diagram of the 3 main electrolysis technologies.
2020 2030
6
” 5 -
& :
2a AEC
“<_3 PEMEC
é 3 SOEC
1
g
R&D RD&D R&D RD&D
Fig.9Predicted technology suitability withitanut production sapléRD&D and R&D)
Resources

(1) sciencedirect.com/science/article/pii/S0360319917339435

2.4. Other production methods

Biogenic productimith or without the use of microorgafigmB,e r mo c h e migma | a nwla t aerrt
photosynthesis, are at eathgres of development but are other possible ways of producing hydrogen.

3. Purification

3.1. Introduction
The purification process takes place after hydrogen psodigctionnot get 100% pure hydigee are
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alwayscontaminantsEven in production processes such as water electrolysis, where pure or distillated we
used, a purification step is often nedesshigin the desired purity.

Impuritiesr contaminarntsfuel cells reduce workingegfty and longevity of the sy8)dror exampleir is
the most practical and economical way to feed @dutdeekygemjowever it usually contains oxides (nitrogen,

sulfur and carbon oxidHsgse contaminants not only redace  Rg&vaydut dlse fowerThis effecisually
gets worse with increasing concentrationsofinafftig. 10).

a) 0807 b)oiao

Poiits: measired dita ...~ Contaminant switched in

Solid curves: model simulted 0.70 = /,2-5 ppm H,S
>
0.604
> >
1 o 050
g 5
2 S 0.40-
% = —— Measured H,S + NO, + SO,
@ 4
6] o 0.30
0.20+4
500 mA/cm?
0.104
«— Summarized H,S + NO, + SO,
0 5 10 15 20 25 30 0.00 T T T v v T T
Lifetime, Hour o 1 2 3 4 5 6 7 8 9 10 1 12
Lifetime, Hour
1.200
C) d ) b?osed on the IEPE data (Schmidt et al, 1995
r pure platinum anode catalyst (1mg/cm?)
1.000 4 -stack = 80°C
> p-anode=2.2 atm
[y s p-cathode=2.4atm|
4 ; 0.800 0 ppmv CO A=4cm?
E g
= S 0.600 25 ppmv CO
3 >
[} =
g & 0.400 50 ppmv CO
2 100 ppmv CO
* 0.200 4 50 ppmv CO
0.705 0.000 . :
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0 200 400 600 800 1000

24 Hour Air Contaminant Average Concentration, ppm Current Density (mA/cm?)
Fig.10a)Effect of 4 contamination on cell performance andbifeidivedual and combined effespof Ng£and 5ppm SO 2 in air and

2.5ppm £ in fuel on cell voltageslifetimec) Average cell voltage as a funcdh afzerage NO x concentrdiBffects of CO
concentration on cell perform@)ce

Purity is defindy mass percentage as
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Note: it does not preclude impurities not tested for (e.g. Sodium, Lithium, Potassium, etc.)

A tydrogen FC can requirsstipplied hydrogenhave a purity of up to 99.9999%.

3.2. Adsorption/desorption processes

This technology is based on the binding of gas molecules to an adsorbent materigdhdeuebatpayities
adsorbed over a porous solid, like a filter. The separationseffeonislifiarences in binding forces to the
adsorbent material. Highly volatile components with low polarity, arelprastidally rasorbable as
opposed to molecules likdrocarbons, G@d HO. Indeed, these compounds that act as impuarities c
adsorbed from a hydrogen rich stream and thus, a high purity hydrogen stream can be obtained.

Bond - 3 Bond
dipole ‘ _— ’ dipole
Molecular adsorbent
dipole

Fig.12Left)Polarity of arr® molecul®ight)Molecules adhertoghesurface of an adsorbent material.

These processes are cyclic, that means when all adsorbent material is full of impurities, the adsorbent mate
cleaned. As a result of the cleaning process, the impurities on the adsorbent materiat areiseimoved a
adsorbent material is regenerated. This process is called regeneration. After regeneration the cleaning of
flow starts again.

The adsorbent material solids most used in this kind of purification process are:

Zeolites
Activated chaaio
SilicaSiQ) gel

1 AlumingAbOs) gel

Moreover, there are characteristics of the adsorbent materials that should be understood to design this kine
purification process:

= =4 =

1 Contaminargdsorbent affinity (only oenenlecules with certhiemicathaacteristics are retained).
1 Pore size (moleculeth\a certain size are trapped).
1 etc.

All those characteristics have to be studied to choose the proper one. Through the combination of different
adsorbent materials, several compounds can be eliminated.

Two adsorber vessels working in parallel are required to provide continuous hydrogen supply. Whilst one i
the hydrogen gas, the other one is regenerating. Once the purifying vessel saturates, gas flows are switct
valves with intercortmegr piping. Ten or more vessels operate simultaneously at different pressures

6 Zeolites are microporous, aluminosilicate (At&i@)commonly used as commercial adsorbents and catalysts
7 Activated charcamh form of carbolstained from burning carbon rich materials suchpasoeeseld to have smalt, low
volume pores tlatrease the surface aealable for adption or chemical reactions.
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temperatures depending on the processes.

Depending on the regeneration process there are several types of purification systems, the most used are
following:

3.2.1. PSA (Press@ Swing Adsorption)
The PSAs the most commonly used adsorption/desorption process, dadribsiovssegsid.13:

Adsorption
Depressumtion
Regeneration
Repressumtion

N PE

The PSA process works at constant temperature and uses the effect of alternating pressure, in the range o
bar, to perform adsorption and desorption.

REGEN/RELEF VEMT »

4 Adsorption

FE=0 A HIEL Tt
x’- .P o " ] —
p—— & -
P L Regeneration -
‘ »‘ 4 \. T—’ '/:h T}—E "}) ) <
FOR IS e 0 L [
d ok

& ,L b
[y

Repressurisation
g

Vessel working

Inversion
v

£~ Depressurisation
s  J FUAE D BAS CUIL=T

Fig.13PSA process block diagram

3.2.2. TSA Temperature Swing Adsorpjion

Contrary to PSA, in T&Aderaturis made to vaiyith increasing the vessel temperature, the impurities that are
in he solid move towards thelgesnsists in 4 steps:

1. Feed
2. Rinse
3. Heang
4. Cooling

The last two are to regenerate shebadt.

3.2.3.PSA + TSA

Some purifiers use a combination of PSA + TSA system.

3.3. Selective reactors

The selective reaction, or the partial oxidation of impurities, allows the removal of trace contaandants, main
O.. This system enables continuous operation.

In gas streams with CO @nalaces, CO removal has the priority over the oxygen elimination. For this purp
mixtures of catalysts like ruthenium and copper with lanthanucatalysésisopported on alumina are used.
The reaction is highly selective, as it mainly cotee2@Zaut not H2 to H20. However, some hydrogen is usec
to remove oxygen when the process only shows oxygen traces, thanks to the presence of catalysts. Such
are sensitive to the presence of sulphur, so it must be removed before beggering the p
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When water electrolysis is the source of the hydrogen, particle beds with a little platinum supported on al
mainly used to promote the oxygen removal reaction with the hydrogen reaction. As a result of this reactio
the reductiaf Q content to level3df10 parts per million (p@xyo, the amount of hydrogen is reduced because
of the trace amounts of hydrogen and so hydsagenrioaal.

Later, a purification stage for separating the H2 from the other gererstedagh 653 stage is really important
since it enables further separation with membranes or with the adsorption/desorption process.

3.4. Membranes

This purification system is mainly used for hydrogen producticacahea Baikithd of purification ey
membrarsthat are permeable to hydrogen bootio¢r substansesh as GOCO, kD, HSandCH,. Usually
additional steps are needed, depending on the membranes and hydrogen quality required. For instance, de
membranes reach highypurionly one step, whereas with polymer membranes intermediate compression
cooling stages are necessary.

One of the more important factors is the transfer area between the gas to be purified and the membr
temperature is another critical dlesiece hydrogen mobility through membranes is directly proportional
temperature. However, high temperatures can cause membrane breakage.

There are four types of membranes that are, or can be, used in industrial applications. The mechanisms tt
hydrogen purification change depending on each membrane type:

1 Polymer membranes, diffugirough the polymer maité?allymer Membrane Difusion.
1 Porous membranes (ceramic materials, coal or metals), via gas size separation
1 Dense metaiembranes, hydrogen diffusion and dissolution through the metal

1 lonconducting membranes, hydrogen selective diffusion

Palladium is very commonly used as a membrane because hydrogen is the only atom capable of diffusin
palladium membrane. Tifiesibn is driven by a pressure difference and this transference occd@9at.approx
To prevent impurity buildup, a small amount of hydrogen is used to vent along with the impurities in the
outlet.

L)

inlet :‘i:I.t. 3 rr R I:r": pure H, outlet

H, -_,_C a0 O %90 & 9 o %90 # ® @#Pimembrane M impurities

B2 HEY l,u,'-rli

Fig.14Princig of operation of a Palladium membrane.

3.5. Other

Cryogenic separatidinthe stream of gas is cooled to cryogenic temferajpexy all impurities with the
exception of heliunvhich has a boiling point even lower than hydrogetCatiaGBe9system. This technology

H, flow rate: Inside / Out

8The cryogenic temperature range hasg. been defined as fr
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is mostly used for large scale to offset the running costs of maintaining the system atattyegenic tempe
Metal hydriélseparation

Solid Polymer Electrolyte Cell

Catalytic Purification

References:

(1) htps://www.researchgate.net/publication/320129097 High Purity Hydrogen Guidelines to_Select
st_Suitable Purification _Technology

3.6. Combined production + purification

It is common that hydrogen i s puHydrbgeregdnerattmnsne di at
purifiersA few examples fol(Big.15).

PEM / Palladium diffugeocessi The hydrogen gas molecule coming into contact with the palteidinen me
surface dissociates into monatomic hydrogen and passes through theenengasewis press@e the
other surface of the palladium membrane, the monatomic hydrogen is recombined into diatomic hydrogen.

Palladium electroer /purifieri This process is based on usimieatrolyzerell with palladium as cathode.
Since only hydrogen is capable of passing through it, at the end we get UHP hydrogen.

Research suggests that the processes that use Palladium are capabliefdresiymimgst hydrogen. So the
above two processes are actually the ones that result in the highest quality hydrogen. For less demanding a
the following two processes can be used.

PEM / Adsorbent PSA Procés€ontaminated hydrogen flawmatively through two columns packed with
adsorbent material, acting as a molecular sieve.

PEM / Silica Desiccant Proceéswydrogers produced in a PEM cellsubsequently flows throwghirdess
steel desiccahtartridge for moisture remdkaldesiccant is commonly made up of siliadgel be

9 Metal hydrides are materials cogtaiatals or alloys bounded to hydvélgen.pressurized, most metals bind strongly with
hydrogen, resulting in stable metal hydrides that can be used to store hydrogen conveniently on board vehatles. Examples
hydrides are LaMi Mgk, andNaAlkl

10Desiccation is the state of extreme dryness, or the process of extreme drying. A desiccant is a hygrosahpiesubstance th:
or sustains such a state in its local vicinity in a moderately sealed container.
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Fig.15Most common hydrogen purification prddeg3esUItra High P{e(modified)

Note in referencedieet hydrogedWe say a gasdietvhen there is some amount of liquid presEme iteitn
describga range of conditions varying from a humid gas which is gas saturated with liquid vapor to a multipt
with &least ®0% volume of gaemembehep-v diagrantig.16. Th e o0 p p o sbwhicle contasmo 6 d r y
liquid phase.

Not e i n delerfizedrwatéi@e®nizédoNatér: Water obtained liygptissugh ion exchange resins.
Result is water without chapgetitlesions. Organic particles, for e.g., can go thrsulgd Water: Water
obtained after vaporization and condefgidhis water with few to noreofatrie compounds.

Fig.16Genergbv diagram.
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