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原子力-‐高温水素製造に関する
話題	

九州大学総合理工学研究院	  
深田智	

1	

水素製造	

水素利用	

水素輸送	 水素貯蔵	

2H2O = 2H2 +O2 − ΔH

2H2 + O2 = 2H2O + ΔH

M +
n
2
H2 = MHn

水電気分解	 

熱分解、ISプロセス	 

水蒸気改質	 CH4+H2O=CO+3H2	 

部分酸化	 2CH4+O2=2CO+4H2	 

燃料電池 

自動車や航空機 

水素タービン	 

金属水素化物	 

カーボン	 

溶融塩(NaAlH4,	 NaBH4)	 

液体水素	 

水素ガス	 

メタノール2H2+CO=CH3OH	 

ベンゼン(シクロヘキサン)、	 

ナフタリン(デカリン)	 

水素エネルギシステム	

GTL, DME	

2	

Carbon	  dioxide	  Capture	  and	  Storage	

工業的	

(KOH水溶液)	

(NaCl電気分解)	
C+H2O=CO+H2	

(G値として整理)	

2K++2H2O+2e-=2KOH+H2 
2OH-=H2O+1/2O2+2e-	

3	

G値	

4	
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エネルギー収支	 

CH4 1mole 

水蒸気改質CH4+2H2O=4H2+CO2 

+200kJの熱供給	
燃焼CH4+2O2=2H2O+CO2 

H2 

O2 

O2 O2 

水素燃焼タービン	

マイクロガスタービン	

燃料電池	

H2 

~ 
~ 

効率50% 電気110Wh 

効率50% 
240kJの自由エネルギ	

電気106Wh 

システムとして一次エネルギー源をどう活用するかが重要。	 5	 6	

He	

ガス冷却Brayton	  cycle	

1	

2	 3	

4	

Q23	

-Q41	T	

7	

断熱膨張	断熱圧縮	

定圧冷却	

定圧加熱	

η=	

pL一定	

pH一定	
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0.4

pH一定	

pL一定	

ガスタービンの
効率進化	

8	
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On	  overall	  thermal	  efficiency	  of	  HTGR	

HTGR	

Genera@on	  of	  electricity	  by	  gas	  turbine	

Heat-‐to-‐H2	

Heat-‐to-‐electricity	

Thermo-‐chemical	  water	  spliDng	

H2-‐to-‐electricity	
~45%	

~90%	

PEM	  electrolysis	

u@liza@on	

9	

~50%	

ηmax=1-‐TL/	  TH	  
Carnot	  cycle	

水から水素を製造	

• 酸化法	  :	  A=Fe,	  Mg,	  SO2	  
A+H2O=AO+H2	  	  	  	  	  	  	  
AO=A+1/2O2	  

• 還元法	  :	  B=Cl,	  Br,	  I	  
B2+H2O=2BH+1/2O2	  

2BH=2B+H2	  

H2O → H2 + 1/2O2 

10	  

熱化学法による代表的水素製造法	

11	 12	
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Characteris@cs	  of	  Nuclear	  Produc@on	  of	  H2	  by	  I-‐S	  cycle	

•  AYer	  the	  Bunsen	  exothermic	  reac@on	  

•  Three	  different	  temperatures	  according	  to	  
endothermic	  reac@on	  	

H2SO4(aq)→H2O(g)	  +	  SO3(g)	  +	  ΔH1	  	  	  	  400-‐500°C	

SO3(g)→SO2(g)	  +	  0.5O2(g)	  +	  ΔH2	  	  	  	  	  800-‐900°C	

SO2	  +	  I2	  +	  2H2O→2HI	  +	  H2SO4	  –	  ΔH4	  	

2HI→H2	  +	  I2	  +	  ΔH3	  	  300oC	

ΔH0	  =	  ΔH1	  +	  	  ΔH2	  +	  ΔH3	  –	  ΔH4	

H2O	  =	  H2	  +	  0.5O2	  +	  ΔH0	  	

13	 14	  

15	  

Chemical	  heat	  pump	  to	  enhance	  heat	  
u@liza@on	  of	  HTGR	

H2SO4→H2O+SO3	


Bunsen reaction 	


2H2O+SO2+I2 →2HI+H2SO4	


HTGR	


TH	


chemical heat pump	

TM2	


TM2	


H2	

TM1	


TL	


~

TM3	

AHb+ΔH ⇄A+b/2H2	


TM1	
H2	


2HI→H2+I2	


B+b/2H2 ⇄ BHb+ΔH	


=TL	
Tin	
 Tout=TH (He gas coolant)	


TM2	


TM3	


gas turbines	


TH	
 TL	


utilization of heat	


2SO3→2SO2+O2	


16	

900oC	

500oC	

300oC	

Fig. 5 Chemical heat-pump system matched to temperature of I-S cycle and HTGR	
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Thermodynamic	  of	  hydride:	  M	  +	  (n/2)H2	  =	  MHn	  +	  ΔH	

17	

Equilibrium	  pressure	

ZrH2	  	  	  	  	  	  	  	  ΔH=	  -‐163kJ/mol-‐H2	  
LiH	  	  	  	  	  	  	  	  	  	  ΔH=	  -‐157kJ/mol-‐H2	  
LaH2	  	  	  	  	  	  	  	  	  	  	  	  ΔH=	  	  -‐200kJ/mol-‐H2	  
ZrV2H4.8	  	  ΔH=	  -‐200kJ/mol-‐H2	  

Fig.	  3	  Van’t	  Hoff	  plot	  for	  hydrogen-‐absorbing	  alloys	

ΔS=0.110~0.13	  	  kJ/mol-‐H2K	  	  	  	  	  
independent	  of	  alloys	  or	  metals	

y-intercept ΔS	 TM1 

TM2 

TL 

TM2 

TH 

pA,M2 

pH 

pB,M2 

pL 

t1 

t1 

t2 

t2 
t3 

t3 

t4 

t5 t6 

Equilibrium 
pressure 

H/M 

t4 

t5 

t6 

H2 

H2 

Hydrogen-to-alloy atomic ratio 
AHa or BHa’ AHb or BHb’ 

TM3 

TM1 Alloy B 

Alloy A 

Alloy A 

pM3 

18	

Equilibrium	  pressure	  of	  Zr(V1-‐XFeX)2	  alloys	  	

19	

ZrV2H4.8	  	  ΔH=	  -‐200kJ/mol-‐H2	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  pH2=10-‐8atm	  
ZrFe2H2	  	  	  	  ΔH=0	  
	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  pH2=100atm	  

Fig. 4 ΔH	  or	  pH2	  depend	  on	  composi@on	  of	  
C15-‐Laves	  phase	  of	  Zr(V1-‐XFeX)2	

ZrV2	  +	  ZrFe2	  also	  composes	  
C15-‐Laves	  phase	  hydride.	  	

Fig.	  6	  Heat	  pump	  cycle	  on	  van’t	  Hoff	  plot	

H2	

H2	

1/TH	 1/TM	 1/TL	

Ma+H2→MaHX	

MaH2→Ma+H2	

Mb+H2→MbH2	

MbH2→Mb+H2	

Heat	  supply	

Heat	  supply	

Heat	  extract	

Heat	  extract	

1/T	

Log(p)	  

PB,H	

pA,L	

pB,M	

pA,M	

Alloy	  B	 Alloy	  A	

20	

2SO3→2SO2+O2	
 2HI→H2+I2	

Reactor	  heat	

H2SO4→H2O+SO3	


900oC	 300oC-‐500oC	

Two	  alloy	  beds	  Zr(V1-‐XFeX)2	  are	  placed	  in	  parallel.	

MaH2→Ma+H2	

Mb+H2→MbH2	

H2	Heat	

TM	

TH	
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Experiment	  of	  heat	  genera@on	  in	  ZrV1.9Fe0.1	  alloys	

21	

Fig.	  7	  Experimental	  apparatus	  for	  basic	  study	  of	  Ze-‐V-‐Fe	  alloys	  heat	  pump	

Whether	  or	  not	  the	  alloy	  can	  absorb	  and	  
desorb	  H2	  at	  I-‐S	  cycle?	

Synthesize	  ZrV1.9Fe0.1	  alloy	  from	  Zr,	  V	  and	  Fe	  	

Set	  up	  absorp@on/desorp@on	  apparatus	

Ac@vate	  ZrV1.9Fe0.1	  alloy	  par@cles	  	  	

Introduce	  H2	  under	  constant	  flow	  rate	

Measure	  temperature	  in	  ZrV1.9Fe0.1	  alloy	  bed	

Temperature	  eleva@on	  of	  ZrV1.9Fe0.1	  alloy	  par@cle	  bed	

22	

Fig.	  8	  Temperature	  eleva@on	  vs.	  H2	  absorbed	  amount	

Desorb	  ZrV1.9Fe0.1	  par@cle	  bed	

Heat	  up	  to	  T0	

Supply	  H2	  under	  constant	  H2	  flow	  rate	

Cut	  off	  electricity	  of	  furnace	  (stop	  hea@ng)	

Measure	  T	  inside	  ZrV1.9Fe0.1	  par@cle	  bed	

Time	  (absorp@on)	

q0:maximum	  amount	  of	  hydrogen	  absorbed	

Temperature	  eleva@on	  during	  H2	  absorp@on	

23	
Fig.	  9	  Temperature	  eleva@on	  vs.	  temperature	  of	  introduced	  H2	  	

When	  W<3.5L/min,	  
ΔT	  depends	  on	  W.	  

When	  W>3.5L/min,	  
ΔT	  is	  independent	  of	  W.	

This	  is	  because	  ΔH	  due	  to	  
hydrogena@ng	  is	  consumed	  
for	  gas	  hea@ng.	

H2	  Desorp@on	  from	  ZrV1.9Fe0.1	  alloy	  bed	  by	  hea@ng	

24	

ZrV1.9Fe0.1	  can	  desorb	  H2	  only	  by	  
pressure	  difference	  between	  two	  
beds	  without	  any	  external	  force.	

Fig.	  10	  He	  desorp@on	  rate	  and	  temperature	  as	  a	  func@on	  of	  @me	

Heat	  supply	  rate	  is	  constant.	
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High-‐temperature	  H2	  u@liza@on	  system	  comprised	  of	  HTGR,	  	  	  	  	  	  	  	  
H2	  produc@on	  plant,	  heat	  pump,	  H2	  storage	  bed,	  ceramic	  fuel	  cell	

25	Fig. 2 High-temperature H2 utilization system	

水素によるクリーンエネルギーシステム（太田時男）	 

（サイエンス、Vol.3(5)	 (1974)	 p.68-80）	 

26	

燃料排ガス中のメタン分解回収のためのニッケル
製透過反応器の性能評価	

Separation Science and Technology, 37 (2002) 3065-3079. 

Journal of Nuclear Science and Technology, 38 (2001) 273-277, 42(2005) 305-311, 

Journal of Nuclear Materials, 333 (2004) 1365-1369, 348 (2006) 28-32. 

J. Radio-analytical and Nuclear Chemistry, 261 (2004) 291-294. 

International Journal of Hydrogen Energy, 29 (2004) 619-625, 861-866.  

Fusion Science and Technology, (2006) 

27	

H2	  permeable	  membrane	  tube	  supplied	  with	  CH4	  

Methods	  to	  produce	  H2	  from	  CH4	  

•  Water-‐reforming	  
•  Par@al	  oxida@on	  
Reac@on	  mechanism	  

CH4 +
1
2
O2 = CO + 2H2

CH4 + 2O2 → CO2 + 2H2O→ 4 CO + 2H2( )
3CH4 Prettre(1946) 

CH4 → C + 4H*→ CO + 2H2

(1/2)O2 
Hickman(1993) 

Direct catalytic oxidation of CH4 

Overall reaction (Texaco method) 

Complete oxidation 

No catalyst, no need to supply 
heat 1300oC 

reforming 

use catalyst, 700oC 

Two-step reaction of CH4 

CH4+O2 H2, CO, H2O, CO2, CH4, O2 

Catalyst bed 

CH4 +H2O = CO + 3H2
Need catalyst, need to supply 
heat, 800oC 

28	  
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Reac@on	  mechanism	  proposed	  

CO2 
CO 

O 

H2O 

Ni particle 

Support 
material 

H2 O 

CH4 

C H2 

CO 

H 

Ni particle 

CH4 

Support 
material 

C 
CO2 

O2 

O2 

H2O 

H 

Reactant 

product 

(Prettre & Hickman) (Prettre) 

30	  

ΔG	  values	  of	  CH4	  oxida@on	  

Material	  balance	  of	  C,	  H,	  O	  

-1000

-800

-600

-400

-200

0

200

Δ
G

i [k
J/

m
ol

]

12008004000
Temperature [K]

(1)CH4+(1/2)O2=CO+2H2
(2)CH4+CO2=2CO+2H2
(3)CH4+H2O=CO+3H2
(4)CH4+2O2=CO2+2H2O
(5)CO+H2O=CO2+H2
(6)CO+(1/2)O2=CO2
(7)H2+(1/2)O2=H2O

(1)

(2)(3)

(4)

(5)

(6)

(7)

(8)

(8)CH4=C+2H2

CH4 +
1
2
O2 = CO + 2H2

CH4 + 2O2 = CO2 + 2H2O
CH4 +H2O = CO + 3H2

CH4 + CO2 = 2CO + 2H2

CO + H2O = CO2 + H2
CO + 1

2
O2 = CO2

H2 +
1
2
O2 = H2O

upCH4
in = v pCOout + pCO 2

out + pCH4
out( )

4upCH 4
in = v 2pH 2

out + 2pH 2O
out + 4pCH4

out( )
2upO2

in = v 2pCO2
out + pCOout +2pO2

out + pH 2O
out( )

pCH4
in + pO2

in = pin

pCH4
out + pO2

out + pH 2

out + pH2O
out + pCO2

out + pCO
out = pout

p out = pin + ΔP

CH4+O2 
H2, CO, H2O,  

CO2, CH4, 
O2 

Catalyst bed 

、	

η =
vx

H2

out

2uxCH 4

in

conversion ratio 
Fig. 3 

(1) 

(2) 

(3) 
(4) 

(5) 

(6) 

(7) 

u v 

H2 mole in 
product 

2CH4 mole in feed 

= 

31	  

Effects	  of	  temperature	  and	  contact	  @me	  on	  outlet	  concentra@on	  

•  CH4-‐to-‐H2	  conversion	  was	  almost	  independent	  of	  contact	  @me	  

•  T	  <	  900K	  :	  CH4	  →	  H2O	  and	  CO2	  

•  T	  >	  900K	  :	  CH4	  →	  H2	  and	  CO	  

0.5
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H2  
CO  
CH4  
O2   
CO2  
H2O

H2

CO

CH4

H2O

CO2

O2

xCH4

in=0.67, xO2

in=0.33, W=0.6sec-1

Fig. 4 Fig. 5 

Conversion is very fast 

Hydrogen permeability through Ni and comparison with Pd 

CH4-O2供給透過率の温度依存性	

各種金属材料の透過係数の比較	

32	  
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Ni/SiO2のCH4直接分解率のCH4濃度と流速依存性	

分解率（xCH4,out/xCH4,in）はxCH4に依存せず、接触時間に比例する	

分解率の濃度依存性	 分解率の流量依存性	

33	  

Ni/SiO2触媒のCH4分解率の温度依存性	

•  CH4→C+2H2	  （総括反応）	

   CH4 + 2* → CH3* + H*                                  (3)
   CH3* + * = CH2* + H*                                    (4)
   CH2* + * = CH* + H*                                     (5)
   CH* = C + H*                                           (6)
   2H* = H2 + 2*                                           (7)

律速段階	
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 H2-CH4 system
 Ar-CH4 system

kdecomp=3.09x101exp(-29.5[kJ/mol]/RgT)

800 700 600 500 [C]

€ 

pCH4 ,out − pCH4 ,s

pCH4 ,in − pCH 4 ,s
= exp −

kdecompV
W

⎛ 

⎝ 
⎜ 
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V:触媒容量 

Ｗ：流量	

kdecomp:物質移動容量係数(1/s) 

kdecomp = kFaV　kF:物質移動係数	

34	  

35	  

Advantages	  of	  ceramic	  fuel	  cell	  operated	  at	  high	  temperature	  

•  Direct	  energy	  conversion	  supplied	  with	  CH4	  and	  H2O.	  
•  Endothermic	  heat	  can	  be	  converted	  to	  electricity	  directly.	  
•  It	  can	  work	  even	  when	  CH4	  is	  supplied.	  
•  The	  temperature	  condi@on	  is	  almost	  the	  same	  with	  HTGR.	  
•  The	  use	  of	  Ni	  can	  decrease	  the	  cost	  of	  electrodes.	  

Fig. 2 Mass and charge transfer on proton-conducting ceramics cell	 36	  

SEM	  photo	  and	  deposi@on	  of	  carbon	  in	  porous	  Ni	  electrode	  	  

Carbon	  deposi@on	  profile	  

(A) (B) (C)
0

5

10

15

20

25

(C) Electrode-Electrolyte interface
(B) Electrode internal
(A) Electrode surface

 

 Position

 

 

C
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n 
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ou

nt
 [A

tm
%

]

 Depsited Carbon 

Direct decomposition might occurred at the 
interface between electrode and electrolyte. 

CH4 + H2O = CO + 3H2 

CH4 = C + 2H2. 
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Ceramic	  fuel	  cell	  without	  CH4	  reformer	  

CH4+H2O|Ni|SrCe0.95Yb0.05O3-‐a|NiO|O2+H2O	  

38	  

I-‐V	  curves	  for	  SrCe0.95Yb0.05O3-‐a	  ceramic	  

Cell	  poten@al,	  E,	  can	  be	  expressed	  by	  a	  linear	  curve	  of	  E=E0-‐Id/σΑ.	  
EMF,	  E0,	  was	  correlated	  by	  the	  Nernst	  equa@on.	  

39	  

Proton	  conduc@vity	  of	  SrCe0.95Yb0.05O3-‐a	  

PEM-FC 

Other proton-
conducting ceramics 

Oxygen-conducting 
ceramics 
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EMF	  of	  ceramic	  fuel	  cell	  supplied	  with	  CH4	  

•  Nernst	  equa@on	  
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E0 = −
ΔGH2O

2F
−
RgT
2F

ln
pH2O,cathode

pH2,anode pO2,cathode
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H2 + (1/2)O2 = H2O + ΔGH2O 

EMF versus H2O vapor pressure at anode 


