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HISTORICAL ENERGY RESOURCES
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HISTORICAL ENERGY RESOURCES
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WORLD ENERGY CONSUMPTION
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ENERGY CONSUMPTION
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POLUTION DUE TO THE COMBUSTION OF FOSSIL FUELS

-
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WORLD CARBON RESERVOIRS
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Ref.: Climate Change 1995, published by the IPCC



THE VOSTOK SENSATION
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Petit, J.R.etal., ,Climate and atmospheric history of the past 420,000 years from the Vostok ice core, Antarctica.” Nature,
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CO, CONCENTRATION IN THE ATMOPHERE

THE RISE IN ATMOSPHERIC CARBON DIOXIDE
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LONG TERM WORLD TEMPERATURE CHANGE
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Millennial Northern Hemisphere (NH) temperature reconstruction (blue — tree rings, corals, ice cores, and historical records)
and instrumental data (red). Ref.: Mann et al., Geophys. Res. Letters 26 (1999), pp. 759
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ENERGY DEVELOPMENT

Time
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PRIMARY ENERGY
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RENEWABLE ENERGY
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WORLD ENERGY DEMAND

World energy consumption
(2020): 140-1012 kWhl/year

® Solar constant: 1369 W/m?2

® 50% reaches the surface of the earth
® 50% is night

® Efficiency of photovoltaics: 10%.

Minimum surface area of
photovoltaic cells:
473'000 km?
or 80 m?/person

Andreaz Zittel, IFRES (2€05)



RENEWABLE ENERGY CONVERSION

h = O 85 (Hydro 66%) 1.2 kWh/kg , ideal Zn/air
h = O 1 (Solar. 100%) - h =063
Battery
7 kWhikg
18 mass% 3
150 kg Hme 2800 KWh/m
h=0.9 h=0.6
— h =0.46
Fuel Cell
0.4

Gasoline:
13 kWh/kg

.....

10°000 KWh/m3 | " Internal combustion engine
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HYDROGEN CYCLE
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HYDROGEN PRODUCTION FROM FOSSIL FUELS

-CH,- + H,0 — 2 H, + CO
?H =194 kJ -mol-
CO+H,0 — H,+CO,

?H =2kJ -mol?l

—

H, +0.5 0, H,O
?H =-285 kJ-mol-*

Process raw material T[°C] p|[bar] -catalyst gas components
steam reforming - CH, -, H,0 > 850 25 NiO H,, CO
plasma reforming - CH, -, H,0 > 1350 3 - H,, CO
partial oxidation - CH, -, H,0, O, >1200 10-100 - H,, CO

coal gasification C, H,0, 0,  800-1200 1-40 - H,, CO

CO conversion CO, H,0 200-500 3 Fe,04 Cr,04 H,, CO,

Andreas Ziittel, IfRES (2005)



HYDROGEN PRODUCTION BY ELECTROLYSIS

20H +® H,0+e+0,,
EO = +1.228 V
H,0 + e ® OH +H_,
E0O=0V

S electrolyte
| KOH 25%

2 HyO0 —= 2 H, + 0,

Cathode Anode
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HYDROGEN DISSOCIATION: THERMODYNAMICS

N E,+IR
Cathode: H,O+e ® OH + H_4 E [V]

Anode: 20H+® H,O+e+0,_4

Cell reaction: H,00 ® H,©® + % 0,© 14807

DHO,.. = 286 kJ mol-
DSO, g = 163 kJ K1 mol-t
DGO,q0 = 237 kJ mol

Am7

Enthalpy change: Pressure dependence of the potential:
oE 6 U )
DH=DG+TxDS = n><F><eE+T Sl y _
5 >T‘:ﬂ-l-q)g DEp:DEO+R T)4 |p(H2) \()[I;(;;y

Gibbs free energy:.

I pU
W=DG=nFE,, F=96495Asmol! DE, = DE _., +0.0189 xnj 5%%
|
Efficiency: E T xDS
o :_D.(.B. h — DH —_ n>F

Andreas Ziittel, IfRES (2005)



Energy [kJ]

WATER DISSOCIATION

H2 1 OZ
0
-50 - DW DG,
-100
DH
150 -
200 - DQ T-DSy
-250 |
H,O
DH,
-300 A
'350 I I I I I
0 500 1000 1500 2000 2500 3000

Temperature [K]

ndreas Zittel, IfRE:

S (2005

)



22

WATER ELECTROLYSIS
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ELECTROLYSER

P ———

!

@

il
v . 5 2 D @
o

Andreas Zittel, IfRES (2005)

23



24

ELECTROLYSER

High pressure electrolyser (30 bar), 40‘'000 Nm3H, per day (8 MW), Djeva, Giovanola, Julich
Technical data:
Voltage: 1.48V(1.85V)

Energy:  39.4 kWh/kg H, (49 kWh/kg H,) (1 kg H, = 11.2 m3 H, at 1 bar)
Efficiency: 80%

Andreas Ziittel, IfRES (2005)
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PRIMITIVE PHASEDIAGRAM OF HYDROGEN
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Ref: W. B. Leung, N. H. March and H. Motz, Physics Letters 56A (6) (1976), pp. 425-426
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HYDROGEN STORAGE
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HYDROGEN STORAGE

Storage Media Volume Mass Pressure Temperature
max. 33 kg H,,m=2 13 mass% 800 bar 298 K Composite cylind.
tablished
- establishe
c—g 71kg H, m3 100 mass% 1 bar 21K Liquid hydrogen
O
Q
)
S
20 kg H,-m=3 4 mass% 70 bar 65 K Physisorption
max. 150 kg H,-m= 2 mass% 1 bar 298 K Metalhydrides
[
& = — .
I =) O 150 kg H,-m-3 18 mass% 1 bar 298 K Complex hydrides
&
o) reversibility ?
@®©

>100 kg H,-m-3 14 mass% 1 bar 298 K Alkali + H,O
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PRESSURIZED HYDROGEN
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PRESSURE CYLINDER

Material density
[g-cm~]
stainless steel AISI 304
Fe/Cr18/Nil0 7.93
stainless steel AlISI 316
Fe/Cr18/Nil0/Mo3 7.96
Cu 8.96
Al 2.70
V 6.1

L: low carbon, composition in %

Ref. http://www.goodfellow.com

1400-1455

1370-1400
1083
660.4
1890

Youngs tensile
modulus [GPa] strength [MPa]

190-210 460-1100
190-210 460-860
129.8 224-314
70.6 50-195
127.6 260-730

Andreaz Zittel, IFRES (2€05)
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HYDROGEN STORAGE DENSITY
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LIQUID HYDROGEN

eooling and
purfication

liighaed bryctrogn Lk

OFiMo-PErD Cerrarie

Claude process for liquefying hydrogen

75% Orthohydrogen DH(T<77K)

523 kJ-kg1
at RT
DHvap(T:21.2K)

25% Parahydrogen | 452 kJ-kg*

31

Energy use for liquefaction:
W, = 3.92 kWh-kg*
W__ =10 kWh-kg

prac
Density (H, lig.) = 70.8 kg-m-3

Plant for liquefying hydrogen (Linde)

Andreaz Zittel, IFRES (2€05)
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AIR AND SPACE APPLICATION

Tupolev 155 (1988), one engine on H,

Space Shuttle
1535 m3 lig. H,, 120t

Andreaz Zittel, IFRES (2€05)
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HYDROGEN STORAGE
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HYDROGEN STORAGE
Metalhydride
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HYDROGEN ABSORPTION IN METALS
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EMPIRICAL MODELS: GEOMETRY

1) Size of interstitial site:
r>0.37 A

Westlake criterion
Ref.: D. G. Westlake, J. Less-Common Metals 91 (1983), pp.275-292

Number of hydrogen atoms:
Number of interstitial sites for which 1) and 2) applies.

2) Distance between hydrogen atoms:
d>21A

Ref.: A. C. Switendick, Z. Phys. Chem. N.F. 117 (1979), pp. 89

ry <245 kg m




THERMODYNAMICS OF HYDRIDES

G - Gu. =DG =0 = DGC - R *T ¥n&P_2
MH - GH, =DG=0= - ”gpoé
%]

ep 0
DGO =R xT ¥ P == DHO - T>ps?
Po g
zep 6_ DH® 1 Ds?
X~ 4 ——
s R T R

per H,

»
DHC

forp=p, |Tdec :@

Elements
1 Alloy

DH? DH?
| Hydride 1 Complex

ndreas Zittel, IfRE:
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HYDRIDES
Dngc (HZ)
Tdec 0
S°(H,)

Material H, [mass%] T, [°C]1 bar
LaNiH, 1.49 15
TiMn, H, . 1.76 -61
FeTiH, 1.86 -10
ZrH, 2.16 696
TiCry gH; ¢ 2.43 -120
Mg,NiH, 3.62 300
VH, 3.81 -10,
TiH, 3.98 780
NaH 4.20 430
CaH, 4.79 1000
Li,NH + LiH 5.50 600
LiNH,, + LiH 6.50 300
NaAlH, 7.46 30, 120
MgH, 7.66 320
AlH, 10.07 <RT
LiAIH, 10.62 -93
NaBH, 10.66 620
LiH 12.86 900
Al(BH,), 16.90 <100
NH, 17.75 -32
LiBH, 18.51 230

Andreas Ziittel, IfRES (2005)
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COMPLEX HYDRIDES

Allred-Rochow Electronegativity Ref: Huheey, J.E. Inorganic Chemistry ; Harper & Row: New York, 1983

202 220 248 274
sn Sh Te I Xo
0.89 0.99 1.11 1.22 1.23 1.30 1.36 1.42 1.45 1.35 1.42 1.46 1.49 1.72 1.82 2.01 2.21
Cs Ba La Hf Ta w Re Os Ir Pt Au Hg TI Pb Bi Po At Rn
0.86 0.97 1.08 1.23 1.33 1.40 1.46 1.52 1.556 1.44 1.42 1.44 1.44 1.55 1.67 1.76 1.90
Fr Ra Ac
1.00
Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
1.06 1.07 1.07 1.07 1.01 1.11 1.10 1.10 1.10 1.1 144 1.06 1.14
Th Pa u Np Pu Am Cm Bk Cf Es Fm Md No Lr
1.11 1.14 1.22 1.22 1.22 1.2

Examples:
NaAlH,
Mg(AlH,),
LiBH,
Mg(BH,),
Al(BH,),

Andieaz Zittel, IFRES (2€05)
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COMPLEX HYDRIDES

f® o ®
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199 : .
201 _ & Desorption isotherms
10 ; i - Absorption isotherms
0.0 0.5 1.0 1.5 2.0 25 3.0
H/Al
I I | | L I |

Weight Percent H,

Ref.: B. Bogdanovic et al., J. Alloys and
Comp. 302 (2000), pp. 36-58
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METAL HYDRIDES COMPLEX HYDRIDES

PdH, E, = 40 r
2 Li
£ 30 -
= S P S
5 - = s 20} :
< £ @
2 10} } }\W’
5 m A
. . . . 8 0 /J\ ) i ! : 3 gy !
-8 -6 4 -2 0 2 -8 6 4 2 0 2 4 6 8 10
Energie [eV] EHE'FQNEW
Ref. K. Miwa, N. Ohba, S. Towata, Y. Nakamori,
X MHZ/X _ X M + H2 S. Orimo, Phys. Rev. B 69 (2004), 245120
2 2 2
/;ABH, — 2/,AH +2/,B +H,

_DHY
DsY

Andreas Ziittel, IfRES (2005)

Tdec (p = po)
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HYDROGEN DENSITY

density: 5gom” 2gcm” tgem” 07gcm”
160-
60 H+ _ AlH, AI[BH4}3‘
A dec.373 K
140 -;Bsi?:l;la Mg FeH; e m.p. 208 K HCOV
o = " 820K, 1 baf _
E= LaNizH, NaBH g~ LiBH -
5 1207 weigana MgH, e 60K~ . NH, o Sl o> che;msarbed
: 620 K, 5 bar A C.H,. - bp 297K on carbon
ET FET"_T1 T 2":?5’2':4 o .a v " LiH i Q,.. 1__l- ................ et .I
—_— ] : Al : dec. 650 K " oo it
= 100+ 200k, 14bar ™ NaAH, , LiNH," a . o CH,"
bt ligg, . I .
E dec. =520 KlKBH LlAiHﬂ C_,,Hm 1 ] b.p. 112 K
5 80— dﬁ,__: 5340  dec. 400 K b.p. 2T2 K
©
IN H p Hz lig
(& 60- 2 20.3 K
2 |
8 | [ ferss
5 401 (B0 1, physisorbed ™./
g _‘ i/ %Y -oncarbon !
20+ {1/ % g0 pres. H," .., 20,5 pressurized H,™"
3.__»*1 3 (steel) .;‘ (composit material)
0- i p[MPa] p [MPa]
] I I I I I
0 5 10 15 20 25

gravimetric H, density [mass%)]
Ref: A. Zlttel, “Materials for hydrogen storage”, materialstoday, Septemper (2003), pp. 18-27

Andreas Zittel, IfRES (2005)



VOLUME OF HYDROGEN STORAGE

4 kg hydrogen 3 I gasoline / 100 km = 0.3 kWh / km

-

Mg,FeH, LaNiH, H, (liquid) H, (200 bar)

Ref.: Louis Schlapbach & Andreas Ziittel, NATURE | VOL 414 | 15 NOVEMBER 2001 | pp. 353-358

Andieaz Zittel, IFRES (2€05)
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ENERGY CONVERSION DEVICES

Steam turbine Combustion turbine

Fuel cell

Andieaz Zittel, IFRES (2€05)



ENERGY CONVERSION ENGINES

Réflexions sur la puissance motrice du feu (1824)

Sadi Carnot
(1796-1832)

On the Correlation of Physical Forces (1846)

2 H,0 \ 4
2 H, 4 e 0,

Sir William R. Grove
(1811-1896)

45

h :D_G =1- Th xiDS
DH DH

Andreaz Zittel, IFRES (2€05)



WATER FORMATION
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EFFICIENCY

100%
T. =298 K
80% -
DS
Npe =1- T x—
FC h DH
> 60% -
-
(D)
o
S 40% A
20% -
O% I I | [ I I I
0 200 400 600 800 1000 1200 1400

Th [K]

1600
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LZ 129 "HINDENBURG”

New York / Lakehurst, May 6t 1937, 6 pm

7

Accident:

While the airship was landing she has got on fire
about 80 meters above ground level and crashed.
Fatalities:

13 of 36 passengers,

22 of 60 crew members

1 member of 228 ground staff holding the ship.

Andreas Ziittel, IfRES (2005)
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AF 4590 CONCORDE

Paris / July 25" 2000, 4:44 pm

Accident:

While the jet was taking off flames were
noticed at the rear side of the left side wing.
All on board were killed:

9 crew, 100 passengers

4 people were killed on the ground.

5 injured on the ground, one seriously

Andreas Zittel, IfRES (2005)



HYDROGEN FOR MOBILITY
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DEMONSTRATION PROJECTS
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