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1. Energy and Environmental Issuegt " e~ eam

History of Industrial Revolution

—
Coal Oil ( Natural gas ) Renewable energy
First Industrlal Second_lndustnal Third Industrial
Revolution Revolution Revolution
( 18th ~19th ( End of the 19th century
( 21st century ? )
century ) ~ Early 20th century )

Fossil energy economy Sustainable economy

12 billion ton of oil equivalent Secondary energy —H,




2. Research on Hydrogen Storage Materials

Hydrogen
career ?

Liquid
hydrogen

Liquid hydrogen(20K) , 7kgH,/100L
3.7 billion ton /year

Liquefying the hydrogen uses 30-40% of
the hydrogen’s energy content



Development of FCV ( 2000 ~ )

Honda FCX(35MPa) Toyota FCHV(/0MPa)

Cruising distance: 620km, Cruising distance: 830km

Internal volume: Internal volume:
171L, 3.9kgH- 156L, 6.1kgH>

130-160km/1kgH,

Toyota aims for $50,000 production hydrogen sedan by 2015
Hydrogen storage materials
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Hydrogen storage materials (1999 ~2012) K mosmuwesy gam @y

& o€ &% | . CH,
g

CHs

Organic
hydrides

Hydrogen Complex Inorganic Porous
absorbing alloy hydrides hydrides materials

Evaluation and characterization of 200 kinds of hydrogen storage
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Gravimetric and volumetric H,
densities of hydrogen storage

Gravimetric H, density /mass%
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3. Characteristics of NH,

Haber-Bosch process
10-25MPa, 573-823K
N, +3H, — 2NH,

Annual

production of the
world 153

million ton (2008)

California farmer, Injection of liquid ammonia in a sugar beet field

NH,: Inclusion of hydrogen

Renewable fuel independent of fossil fuel



NH;
0.18kgH,/kg material
0.107kgH,/L material

DOE Targets for Onboard Hydrogen Storage Systeras for Light-Duty Vehicles

Table 2 Technical Targets: Onboard Hydrogen Storage Systems

Storage Parameter Units 2010 2017 Ultimate

System Gravimetric Capacity: kKWh/kg 1.5 1.8
Usable, specific-energy from H:z (net (kg Ha/kg (0.045) (0.055)
useful energy/max system mass) * system)

System Volumetric Capacity: kWh/L 0.9 1.3 2.3
Usable energy density from Hz (net (kg H2/L system) (0.028) (0.040) (0.070)
useful energy/max system volume)

Storage System Cost b. $/kWh net

($/kg Hy)
» Fuel cost ° $/gge at pump
$2-4/gge

( 2010 ~ 2011)

Gasoline gallon equivalent
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H/M:2,H,:11mass% H/M: 3,H,:18mass% I

AH: -285kJ/molH, AH: -31kJ/molH,
Specimen Mg(BH,), NH, H, abso_rbing alloy
(LaNig)
H, content 15mass% 18mass% 1.5mass%
AH -57 ~-75kJ/molH, |-31kJ/molH, -31kJ/molH

:> ¢’

H,O Partial atomic charges NH;

B E
0— 5+

Stable under water and oxygen |




“*Safety Assessment of Ammonia as a TPansport

Risg National La

HIROSHIMA UNIVERSIT

poratory, Denmark (2005)

Substance Health | Flammability | Flash point
Ammonia  GwP: 0 3 1 1320
Natural gas cwe: 21 1 4 -1870
Methane GWP: 21 1 4 -1870
Hydrogen GWP: 0 0 4 -1570
LPG(propane) 1 A -1040
Methanol 1 3 60.40]
Gasoline(92 octane) 1 3 -430]

GWP: Global warming potential

From above it is seen that ammonia is the most hazardous due to health
effects, but the least hazardous due to flammability. All considered
substance /compounds are ranked as not reactive in emergency situations.

> Safety number: Ammonia=Hydrogen
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NH,
Energy
carrier
Gas turbine
SOFC
ICE vehicle
Hydrogen
carrier
FCV

Domestic
fuel



4.1 Large scale power generation using gas turbine ( Output power

Million kW, 1000MW )

Preliminary calculation of energy balance (WE-NET:

http://www.enaa.or.jp/WE-NET/report/1996/japanese/3 1.html

1956 Y
) Item Liquid H, NH; system
system
Input electric energy 100 100
Energy after production 72.9 70.3
Energy loss by transportation
(5000km) (2.5) (1.6)
Energy after transportation 70.4 68.7
NH,
Plant cost /million dollars 7400 5400 SOFC
hydrogen 32 1kW-
Ener :
(Efficiency: 60%) | energy | Hgas turbine 41 Efficiency:
Combined Cycle carrier (100-300MW) NH; gas turbine | 60%



http://www.enaa.or.jp/WE-NET/report/1996/japanese/3_1.html

4.2 Nextllgeneration vehicle development

Fuel consumption of nextllgeneration vehicle

Without emission of CO,

4

<

5 ——
S 3 200km Q Calculation
Q I R
- 830km Ammonia
- 5 630km  1300km ;o poip
a ' %SIG\S/ILP 88L 88L caustic
C C N 1700km ka 1IMPa  1MPa |l and
8 E 4 @jg 9 hazardous
O E 21 790km Hybrid-
T 30-40% | truck
— 0 ] (controlle
d fuel
Gasoline Hybrid  EV oy Ha o N ;
vehicle vehicle 294kg, enic yor
24kWh e Vehicl

Fuel consumption o« Tank to wheel « efffciency



http://ja.wikipedia.org/wiki/%E3%83%95%E3%82%A1%E3%82%A4%E3%83%AB:2009_Toyota_Prius_01.jpg
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4.3 Energy and hydrogen career Koo 6im G

Ammonia storage issue (Energy and hydrogen careers for
gas turbine, SOFC, ICE vehicle FCV)

1. High flash point, High Decomposition
temperature (above 400°C)
2. Toxic to humans

Research purposes @

1. Conversion from ammonia to hydrogen
(mixture of H, and NH;, generation of high
purity H,) , Cold start

2. Ammonia storage materials (lower vapor
pressure), Harmless NH;



(1) Conversion from ammonia to hydrogen at RT n oam

: e 12 H, generation at
L|H+NH3 — LlNHz +H2 (1) room temperature

AHO: -43kJ/molH, H, content:8.1mass% |

Y. Kojima, K. Tange, S. Hino, S. Isobe, M. Tsubota, K. Nakamura, M. Nakatake, H. Miyaoka, H. Yamamoto and T. Ichikawa, J.
Mater. Res., 24, 2185 (2009)

_ ) _ Hydrogen desorption curves of LiH-
Molecular dynamics simulation | | NH, system(room temperature)

100 ]
© - TiCl;-doped(1mol%) LiH -
< 80f ;
O - ° -
.1; 60| Activated LLH__
S 40}

o |

o [ _
= 20T LiH
> .

T

970 5 10 15 20 25
A Y , F. Shimojo, K. Hoshino, T. Ichikawa, Y. Koji ' '
3 Mol. Struct, THEOCHEM 944, 137 (9Cpp)a(2810) e Reaction time /h



L Y H
Conversion system between NH, and H, | ®4™ G
NH;+LiH&LINH,+H,

oroors (@) [

’ Pressure Gas ' Hydride
Gauge 2 densitometer
- 0.5¢g

Reaction
Gas sampler Heater

cell
50-400°C
=@ @ Tw

100-900rpm  Gas circulation Pressure NH; Flow NH, flow rate
pump gauge 1 meter ~50cc/min

(0°C, latm)

Collaborative research with Toyota Industries



Electrolysis of NH,

E(H,0)=1.23V—E(NH3) ? 1&#

Power supply E = — AGY3F + RT In(pN,?pH,32)/nF

AG®: Standard Gibbs free energy
difference=13.1kJ/mol

N n=3:. Electron number responsible

Anodsd

Liqguid NH; containing electroly

for reaction
E : Theoretical decomposition

voltage Vapor Pressure of
NH (25 °C )

NH; —1/2N, +3/2H>

E(NH3)=0.038V+
© 0.039V=0.077V(theory)

o~

(metal amide)

Cathode
3NH; + 3e”

— 3/2H, + 3NH>™

Anode :
3NH, — 1/2N, + 2NH3 + 3e™ O'SV(experlmentaI)

=222 University of Tsukuba
BB KA

N. Hanada, S. Hino, T. Ichikawa, H. Suzuki, K. Takai, Y. Kojima, Chemical Communications, 46, 3982-3984 (2010) @& "
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We have detected hydrogen and nitrogen gas when SrTiO, and BaTiO,
powder is mechanically milled under ammonia gas at room temperature.

.. ®® Steel ball NH,
H2 .. —

g
= }

O

3 o \

> o0 Milling ATIO; (A:Sr, Ba)
Tz N SrTio,

g L BaTiO,

06 08 10 12 14
Time /min

B. Paik, M. Tsubota, T. Ichikawa, Y. Kojima, Chemical Communications, 46, 3982-3984 (2010)
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(2) NH; absorbing materials \ st sy @AM @l
P-C isotherm for CaCl,-NH; system

0.8
T
E 0.6 Vapor /
= pressure of ‘
w04 NH; at 19°C
D
0.2 -

X 0.06MPa .
T - ~
2 B e
115g/L  107g/L
/ NH /CJCI /moI/moI
69-63kJ/mol  42kJ/mol 41kJ/mol

102kg 56kg
Ca(NH,;),Cl, Liquid NH,

T. Aoki et ai., Abstract of MH2012, Kyoto Japan (2012)
Rasmus Z. Sgrensen et al., J. AM. CHEM. SOC. 130, 8660 (2008)



ab initio molecular-dynamics (MD) simulation based on
density functional theory (DFT) .

L ower
vapor
pressure

A. Yamane et ai., Abstract of
MH2012, Kyoto Japan (2012)

Absorption energy



5.Future perspective
H, production

|\|H3

Passenger car

ooooe

/:‘“Ea
v“c“\
NH,
production
Truck
l I\IH3 ruc
Controlled fuel
\ Passenger car
9000km - #n ] I\
NH; power plant O— Ly

SOFC



Best mix of NH;, H, and electricity



R tiRostima unversiTy —
6Summary AN @

1.

2.

Ammonia has advantages in cost and convenience
as a fuel for vehicle, electric power plant and SOFC.
LiIH-NH; system with TiCl; desorbed 6 mass% of H,
at room temperature.

Hydrogen gas was generated by the electrolysis of
liquid ammonia.

We have detected hydrogen and nitrogen gas when
SrTiO; and BaTiO4 powder is mechanically milled
under ammonia gas.

. The vapor pressure of ammonia was decreased In

metal chlorides.

NH; economy Is a practical H, economy
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Emerging Fuels(DOE) j> Alternative Fuels ?

http://www.afdc.energy.gov/afdc/fuels/emerging.htmi




Thank you for your attention.
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