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g AAFa AA7)se dg Feio]l A
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ol wat & FAAE B AAA
 F U 52 289 dAFE Qe
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LM E F£4 AL A oL U
g 71Ed3g s, FA9357|E9 7]
s "3 9 Ve A UEs A s
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WA F=A2ALH2)E v, dAdEF o] #
E o] m-$ w¥e sEA(-25281C)9 T,
Fakol dAZ, AAZ AAHAES o =
o] Z1A4=A(GH2)ol Hla)] 865H)e] A AL %
Z 7HAY, 24472350710l s A
T 2899 & dulx] &g H4sta 3l
of, dAFihe NF FFo HAsld n¢
Fartaet gEo] F4A5 AiAqA oy
A GavAgoen AAHRE A I TF
& 4 e Az Zsgdan 9o

Fae dANA F2R ZANA, F2AF
zh, A4 o ydri#e] dg, dgAx
5ol &85 Ut FAE d3seE e
& AA 429 £2E LT -2528
TR Fztale 714, ortho $4a(0-H2)E
para £42(p-H2)2 WHIdEe 7l&, F402
A= 7leR A FEE & ok

A4, of2& F9o vl Jlae ¢
o2 43 F FES HHAE AINE &
7F Aadte] dAE AAY ¢ Jdoy, Fi,
dF 9 EF3 Jlars ALda EELS
PGS A 2 Loy} AS5stE A
UEldth olet o] AFeHT dAL:
(inversion temperature)’} W& 7}28 &%
& BAL B3 A2 W] YaxE

AA 2% o|3l2e] o Wl(pre-cooling)o] &
HH(Fig. 1, Table 1). 256 7|ge g2 &9
Fao AE dALEE o 192 Ko, 4
£ 943717l fEld e dedd FAE
15205 kJ/kg °olde dugg B 192 K
olgtZ JYI F FEE LS FYdloiok

gt

MAXIMUM INVERSION
TEMPERATURE
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Fig. 1. Isenthalpic expansion of a real gas.

Table 1. Maximum inversion temperature.

Maximum
Inversion
Temperagture
Gas K b 23

Helium-4 45 81
Hydrogen 205 369
Neon 250 450
Nitrogen 621 1118
Air 603 1085
Carbon monoxide 652 1174
Argon 794 1429
Oxygen 761 1370
Methane Q39 1690
Carbon dioxide 1500 2700
Ammonia 1994 3590

297 B F4E o-H2¢ p-H2 4
2 FEIY, FaiAe FUxre 2¥0)
2o Higko|H o-H2, witiwgkol™ p-H2 &
AR FRAYG ALY FiE FIAEHAA
25%2] p-H2, 75%%] o-H2& FAHY, &+
HQROK) A= B3 gddA 99.8%< p-H2
2 FAEY o-H27) p-H2E WHEsts 33
2 670 kJ/kge <ol Al AFEEL
3 FEAFos ou A= ES F
WA (4487 kJ/kg) BT A A3E B3 4
o MAFa S Yooz ey HfE
o e e AAFAE AY] HHAE o

lo
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354 ol o-H2E p H22 ¥@de &
M-S Fastoiof drt Aatd P g

Uxjgdol7] miEo @ =& AV =y
Bl AAFE Y (Fig. 2), ©h e 49 & A
Az Ygo 2 RE grEoizT)

LEY 50% o1 Far Agvg QA
2RE AU o, A& 5E Fi
AL AANE dA Fh AR sl A
welolof Brh(Table 2). $24715Y 2

A H] & Table 3o Vebigich
renawabie non-rencwable
::;gy Siomass R‘i?;:fﬁ' f:: L Wms| Natra W G @ Coal Crute cit
: ! 1
Conversion L_me
Yy 4
F‘;’[“:’? F&emmrya%’:ﬂsmmn -—74 Retormer
L LTt ]
Secondary Ui’“““‘
energy (i}

Comeri F@F@ L e | ] e

Femnen-
tation

Gasﬂcm" Rafnery

Hydrogen

Slogas Hatarx | atharsl l Basoine/

Secondary 1y } E

energy (i) — | ——

Conversion ‘ m Combustion
Bl 0 21

l
Useful energy P—

Fig. 2. Hydrogen production paths®.

Table 2. Hydrogen production processes
addressed”.

Feedstock Production process
Electncity Electrolysis
- Alkaline electrolyser
- Membrane electrolvser (PEM)
- High temperature electrolyser (Solid Oxide Electrolyser Cell)
Natural gas Steam methane reforming
Pyrolysis (Kvaerner process)
Solar methane reforming
Heavy fuel otl Partial oxidation
Coal Gasification

- Gasification + Pressure Swing Adsorption (PSA)

- Gasification + Pressure Swing Adsorption + COr-capture

- Gastfication + Hydrogen Separation Memibrane Reactor
(HSMR) + COx-capture

Biormass Gasification
Pyrolysis

Orthers Phetoelectrochemical water splitting
Photobiclogical hydrogen production
Thermochemical cycles

F2 o0 |

Table 3. Floor cost estimates for hydrogen
production options®.

€KW

Electrolyser

- small scale on-site 480

- large scale 380
Steam methane reforming

- smali scale 400

- large scale 240

- Solar methane reforming 280
Heavy oil partial oxadation 360
Coal gasification 670
Biomass gasification 673
Bio o1l reforming {from Pvrolyus) 400

3.2. ¥4 MF

Oﬂfis} A AgHtae mE AAE ol
UAdEe =W JUxU=ZE Fig. 39
el et FhduA] = dgely JtEd
Sol vg AAH AUALEE AT, F
F uUAEEE o Fon, AAFLAE

At ad HlE] AEGE AL =rt o
./I:_/;\_ xix]—ﬂ/\o 5]_7{] oﬂxﬂ 2~ x]z]—ﬂg,
FEFAE A7le 3 adTFas AR
2 UE 4§ Utk

AA 4 A7) ElA FaAst FAFL
Bxetn dl#@e ARt avlEE 2ol
th o]2Ao® F4E 208 K(25T)EHH
20.3 K(-2528C)7HA W@ z3sta 53817 ¢
3 & A= 142 MJ/kgo|th Faod

8
AH L& FAE vl§ R S22 Yist
3, Joule Thomson HH T FAL HH
HUle Ea Loz Wzkss szl
3 normal hydrogen (75% o-H2, 25%
p-H2)& para hydrogen(p-H2 4, 99.8%)
oz Wgeles HAo| wlf- F 8Tt
qUuA = AAFLe FLAUAET lﬁopﬂ
WA Fh AFZAN FAE FEANIV] o
B ortho-para Mg g vyl 2 a3}
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Vorrmnelric energy density
kWh par Biter

Ligud Hy (20K, ¥ im} |
My {1500 atm) |
Hy {700 atmy
Fiy (350 aim)

Ol {350 atmy}
CH, {1000 atm}
Liguid CH, 4112 K 1 atm}

Cabta (gasoine) o T s
CH;CH:OH {ethanal) oo TR v b Liguia dydrocashon huels
CHLOH (methanol) %2 M 53 E
Flywhes! (10 GPa C.fosr) -
NIkt batenes (Lakishe] 48 o8 |
Lend-acic batteries. o oz | B
PR B0) :
Liquid air (79 K, 1 atmy avr §om
Compeessed air (1500 atmy st fow
Compressed ait [T00 st} : .40 ‘ o4 e i:.} m%w}
Compressad air (360 aim) 208 | Gte ' Debvarabia snorgy
Elovated water (370 m) 22 A Water

Fig. 3. Theoretical intrinsic gravimetric

fuels(Encyclopedia of Energy)®.

9} &< (multi-layer insulation) 71& £

o] A&Htt VIEZQ FAL AqAFL A

A NEEE Fig. 491 YeEhidh
T3 FAE weo 2xA F43 g3

TTALYT R

87 $A3E(hydrides)S A8t} ol#
_/J\_x-} XJ—H}\:H o} FEFAZE

b3 %%2‘125"& ofj o}

7S o] &3t
Aot o] W

e wgurgolr,

Fig. 4. Sketch of the insulation of a
cryogenic tank for liquid hydrogens®.

and volumetric energy densities of

Metal + H2 --> Metal Hydride + Heat

FadAe #5244 ZEEH 22
EA 2gEn, $ia9 FAL Axe] A
71E F7HAIF) 7] dE B4 4R &S
7] Y3te] FE BEUFge FHo07 ALE
A},

E3 A &2t E(Zeolite), 8l T-&(glass
spheres)¥ Z2 HFE THAY dgEe
(CH:O0H), ¢ =UYol(NHs)9} wWEAIZZ 4t
(CHsCeHi2)®t Zol el AFwHE A}
L3171 % g}

Fhe dAFLAGEAd g ugF
o FdE AFHV = k. °“‘£: ?ﬂ’é}
011 D‘?ﬂ tube FEjo] nYHa R A FdAr)

2454 Tube B3 FAE @39 A
A wlE syl wWFEo] tube B =7 E
AN B & 2FET v MR
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, Gaseous H,

Fig. 5. Hydrogen transport and dispensing®.
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Fig. 6. Process flow for the H2 Liquefier
of J. Dewar?.
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Fig. 7. 94 ton/day Hydrogen liquefaction
plant(Germany).

Fig. 8 6,000 l/hour Hydrogen liquefaction
plant (Japan).
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Table 4. Commercial hydrogen liquefaction plants worldwide

Location
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Alr Products
- AlrLiquide
Canada In¢.
Air Liquide
BOC .
L BOC:

AirProducts

© Air Products
Air Products
Air Products
Praxair
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. Air Products
1+ Alr Products
' Praxair
Air Products

" West Palmh Beach
Mississippi

- Praair ;

Ingolstadt
Leuna

 Iwatani HydroEdge)
. Twatani; buil by Lindé - -
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