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1 .

CO2

CO2 75 120 kW

PEFC

[3, 4]

35 MPa 70 MPa

1 2 FCV

FC FC

FCV

4 5

FCV

FCV

1.1

19.6 MPa

1

45 MPa

[5] 70 MPa

2



–253 ◦C 1/800

145 350 L

2 46 m3 23 m3

1 %/

1/3 11.9 kWh/kg

6 kWh/kg [6]

–253 ◦C

0.1 %/

[7]

1/500

400 [8]
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1 .

[9]

CaH2 LiH KH

10 wt%

$150/kg–alloy

[9]

NaALH4 LiALH4

5–6 wt%

150–200

LiBH4 KBH4 Mg(BH4)2

Ca(BH4)2 Al(BH4)3 NaBH4 1.2

10.6 wt%

: Sodium Tetrahydroborate,

: NaBH4 NaBH4 1.5

[10] 1.3 [11] NaBH4

NaBH4

[9, 11–26]

NaBH4 + 2H2O = 4H2 +NaBO2 + 217 kJ (1.1)

CO CO2 FC

NaBO2

4



[27]

1.2 NaBH4

NaBH4 2000

NaBH4

FCV DOE

[16] NaBH4

“No Go” [20]

Medis NaBH4 2005 4 Washington

D.C. Small Fuel Cells 2005 [28]

2005 5

FC [28]

NaBH4

STEPS: Sodium TEtrahydroborate Power System

NaBH4 FC

[10,11,29–53] NaBH4 3

1.3 [] 1.3

NaBH4

1.4

1.4 NaBH4 10.6 wt%

1.4 7.5

400 NaBH4
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1 .

NaBH4 10.6 wt%

(1.1)

NaBH4 2 1.6

[11] 1.6 NaBH4 10.6w%

2 21.2wt%

FCV 4 5

FCV

NaBH4

1.7 NaBH4 1.7

NaBH4

NaBO2 NaBO2

NaBH4

[11]

NaBH4

NaBH4

STEPS

6



1.
1:

[5
–7
,9
]

(1
9.
6
M
P
a)

–2
53

=
/

F
C
V

1/
80
0

1/
50
0

1/
12
00

1
%
/

/
1/
3

/

7



1 .

1.2: [17]

( )

LiBH4 0.666 279

NaBH4 1.074 >400 300 400

a=6.1635

KBH4 a=6.7272 1.11 500 NaBH4

Mg(BH4)2 280 260

–40

Al(BH4)3 –64.5

150

1.2: NaBH4 [16, 20, 28]
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1.3: [11]
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1.4: NaBH4

[14]
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1 .

1.5: 1 g [10]

1.3: [11]

IUPAC

(Sodium Tetrahydroborate)

NaBH4

37.83

1.074g/cm−3

0 25g/H2O · 100g
25 55g/H2O · 100g
60 88.5g/H2O · 100g

400

500

300

: 10.6wt%

2

10



1.6: 2 [11, 53]

���

1.7: NaBH4 [11, 53]
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1 .

1.1 NaBH4 STEPS

NaBH4

NaBH4

STEPS

STEPS 1.8 [10,33,36,38] STEPS

Fuel feed unit Hydrogen reactor FC

NaBH4

NaBH4 FC

Raney Ni Raney Ni

[9, 22]

FC FC

STEPS FC

[32,33,35,37,38,41,43–45,50,52,53]
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1.1. NABH4 STEPS
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1.8: STEPS [10,33,36,38, 53]
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1 .

1.1.1

FC 5 kW PEFC

FC FC 45–55 kPa

[54] STEP FC

NaBH4

[32,33,35,37,38,41,43–45,50,52,53]

FC

ON/OFF

STEPS STEPS–FCV

[35]

1.9(a)

1.9(a) 52–72 s 11 km/h

1.9(b)(c) 1.9(b)

STEPS–FCV 1.9(c) 1.9(c)

50 kPa FC
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1.1. NABH4 STEPS

Speed
Control
11km/h

(a)

-500

 0

 500

 1000

 1500

 2000

 2500

 3000

 0  10  20  30  40  50  60  70  80  90  100

El
ec

tri
c 

po
w

er
 [k

W
]

Time [s]

Fuel cell
Inverter

Accessories

(b) STEPS–FCV

Pressure of the hydrogen supplied to the FC stack

Vehicle speed

Warrantied hydrogen pressure range of the FC stack

(c)

1.9: STEPS–FCV [35]
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1 .

1.1.2 STEPS

NaBH4

Raney Ni

Raney Ni

1.

2. Raney Ni

2.

FC

A. 1 [53]

A. 2

[10,31] STEPS

[10,31,39,46,48] 1.10 0.05 mm

Raney Ni 0.4 g 1.4 NaBH4

10 g 20◦C 100 g NaBH4

1.10

NaBH4

NaBH4

NaBH4

STEPS

70 ◦C A. 3 [39]

16



1.1. NABH4 STEPS

STEPS

STEPS

26 FC

FC 1.11 1.11

FC

70 ◦C

FC

70 ◦C STEPS
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1 .

1.4: [10, 31]

Condition No. Water Temperature Catalyst

1 20◦C Raney nickel (0.4cc)

2 50◦C Raney nickel (0.4cc)

3 20◦C 23wt% citric acid solution (22cc)

4 20◦C 23wt% citric acid solution (11cc)

5
0◦C

23wt% citric acid solution (22cc)
(30cc of ice is included)

 0

 5

 10

 15

 20

 25

 30

 0  200  400  600  800  1000  1200  1400  1600  1800  2000To
ta

l a
m

ou
nt

 o
f h

yd
ro

ge
n 

ge
ne

ra
tio

n 
[L

]

Time [sec]

Theoretical total amount of hydrogen generation

3 45

2

1

Condition1: 20°C, 0.4cc of rany nickel
Condition2: 50°C, 0.4cc of rany nickel
Condition3: 20°C, 22cc of 23wt% citric acid solution
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1.10: [10, 31]
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1.1. NABH4 STEPS
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1 .

1.1.3 STEPS

FC

STEPS

STEPS 70 ◦C 100 ◦C

FC FC

FC

[55]

[56]

STEPS

1. FC FC

2. FCV FC

1 FC FC

1.9(c) STEPS–FCV

[35] 1.9(c) 10 s

NaBH4

2 STEPS FC

FC

20



1.1. NABH4 STEPS

1.9(b) (c) 50 s

90 s 70 kPa

70 kPa

FCV FC

[3,4]

STESP–FCV

STEPS

1.1.4 NaBH4

FC STEPS

STEPS STEPS 70 ◦C

NaBH4 FC

[9,22]

FC

1.2kW 1 MPa

[57] 20 kW

1 MPa Li

3 kW

FC [26] 2

FC

FC

21



1 .

1.2

STEPS 70 ◦C 100 ◦C

FC STEPS

STEPS

FC

6

2 STEPS FC

STEPS

STEPS

STEPS-FCV

3 FC

NaBH4

NaBH4

STEPS

66.2 ◦C 86.2 ◦C Raney Ni

Raney Ni

4 5 3

STEPS
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1.2.

4 FC

FC

FC

NaBH4

3

FC 4 kW

FC

5 STEPS

STEPS–FCV

FC FC

MPC : Multiple Power Converter Control

MPC FC

MPC

STEPS-FCV 3

MPC

STEPS-FCV MPC

FC

MPC JC08
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1 .

STEPS-FCV

STEPS-FCV

FC MPC

STEPS-FCV

FC

6

24



2 NaBH4

2 STEPS FC

STEPS

STEPS

STEPS–FCV

2.1 STEPS

STEPS

2.1 2.2 STEPS 1.8 STEPS 2.3

2.4 2.5

2.1 STEPS 2.2 Horizon

FC H-5000 [54]

NaBH4 FC

[10,29–53]

1. NaBH4 NaBH4

NaBH4

16.7 wt% NaBH4 NaBH4

2. 2.5

Raney Ni Raney Ni 2.5

Raney Ni

NaBH4



2 . NABH4

[9–26,29–53]

NaBH4 + 2H2O = 4H2 +NaBO2 + 217 kJ (2.1)

(2.1)

[58]

70 ◦C 100 ◦C (2.1)

NaBO2

NaBH4 NaBO2

3. 2.2 FC FC

FC

FC

4. FC FC

FC

10 s FC PFC 2.3

[43, 45, 52]

FC

FC

26



2.1. STEPS

NaBO2(H2O)

NaBH4+2H2O

4H2

NaBO2

Electric 
power

H2O

Emission of NaBO2

Fuel feed unit

By-product 
storage tank

Hydrogen reactor

NaBH4

4H2O2H2O

On-board Hydrogen Generation System 

Citric acid
solution tank

cooling

NaBH4+2H2O= 4H2 +NaBO2+217kJ

4H2+2O2����4H2O

Hydrogen generation reaction 

Fuel cell reaction 

Purging at 
every 10 s

Fuel cell

2.1: STEPS [10,29–53]
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2 . NABH4
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2.1. STEPS
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2 . NABH4

PUMP

NaBH4aq

NaBO2+H2O

H2

��
������	

2.5:
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2.1. STEPS

2.1:

5 kW Horizon H-5000 1

PT–DP1–200–KA 1

SUS SS–43GS8MM 1

SUS 8 mm SS–T8M–S–1.0M–2MJK –

SUS 10 mm SS–T10M–S–1.0M–6ME –

PFA 8mm TA040×8.0 –

SUS304-US8 –

SUS304-UT8 –

TKMN–200 4

9187482 –

CVU8–8 1

SUS UTKM–15A 1

PLC KV1000 1

PLC D/A KV–DA40 2

PLC A/D KV–AD40 2

PLC 16 KV–B16TC 1

PLC KV–TP40 1

PLC KV–TF40 1

PLC VT3–X15 1

Azbil CMS0200GTTH2001DO 1

Azbil CMS0050GTTH2101DO 1

AP–33 1

k Tool house TCS–48150–K 1
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2 . NABH4

2.2: STEPS H-5000 [54]

Type of Fuel Cell PEFC

Number of cells 120

Rated power 5000 W

Performance 72 V @70 A

H2 supply valve voltage 12 V

Purging valve voltage 12 V

Blower voltage 24 V

Reactants Hydrogen and Air

External temperature 5 to 30 ◦C

Maximum stack temperature 65 ◦C

Hydrogen pressure 45-55 kPa

Hydrogen purity ≥99.995% dry H2

Humidification Self–humidified

Cooling Air (integrated cooling fan)

Weight (with fan and casing) 30 kg (±200 g)

Controller weight 2.5 kg (±100 g)

Dimension 65 cm × 35 cm × 21.2 cm

Flow rate at max output 65 L/min

Start up time ≤30 s at ambient temperature

Efficiency of stack 40 % @72 V

Low voltage shut down 60 V

Over current shut down 90 A

Over temperature shut down 65 ◦C

External power supply 24 V (±1), 8–12 A

32



2.1. STEPS

2.3: [43, 45, 52]

Output power of the FC PFC [W] Purging time [s]

PFC < 1600 0.2

1600 < PFC < 2800 0.4

2800 < PFC < 3600 0.6

3600 < PFC 0.8

33



2 . NABH4

2.1.1

Raney Ni

Raney Ni

Raney Ni NaBH4

Raney Ni

[9,22,30]

Raney Ni DL–2311 0.55 mm

2.38 mm, 4.05 mm 3 2.6 Raney Ni 2.4

Raney Ni 2.6

2.4

3 STEPS

STEPS Raney Ni

2.2

STEPS

A.1 [53]

2.5 [59]

STEPS

FC

(2.1)

STEPS

34



2.1. STEPS

A. 2 [10,31]

NaBH4

STEPS

[39]

70 ◦C A. 3
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2 . NABH4
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2.6:

2.4: Raney Ni

[mm]

0.55 (±0.05) 2.38 (±0.98) 4.05 (±0.70)

DL-2311

pH ( ) 9.0

Ni 88.6 75.7 70.6

[%] Al 7.7 22.7 1.6

Mo 3.7 1.6 1.0

Dcat[g/cm
3] 8.48 7.52 7.16

36



2.1. STEPS

2.5: [59]

IUPAC 2- -1,2,3-

C6H8O7

192.13

1.665g/cm3

73 g/H2O·100 (20 )

153

175

3
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2 . NABH4

2.1.2

FC

FC 5 kW

PEFC 2.2 FC [54] 2.2 FC

45–55 kPa

FC

[34]

p∗ p

1. p∗ 50kPa

2. p p∗ NaBH4

3. p p∗ FC

4. 1 2 p∗ FC

NaBH4 2.6

5. STEPS 70

STEPS NaBH4

2.7

2.6 STEPS FC

STEPS

STEPS
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2.1. STEPS

2.6: NaBH4 [32, 33, 35, 37, 38,41,44, 50,53]

Pressure difference [kPa] Supply rate of 16.7 wt% NaBH4 solution

p∗ − p < 0 0 g/min (The number of moles of NaBH4 is 0 mol/s)

0 < p∗ − p < 10 95 g/min (The number of moles of NaBH4 is 5.13× 103 mol/s)

20 < p∗ − p 120 g/min (The number of moles of NaBH4 is 9.54× 103 mol/s)

2.7:
Pressure difference [kPa] Supply rate of 16.7 wt% NaBH4 solution Supply rate of 50 w/v% citric acid solution

P ∗ − P < 0 0 g/min 0 g/min

0 < P ∗ − P < 4 70 g/min 44 g/min

4 < P ∗ − P < 24 130 g/min 81 g/min

P ∗ − P > 24 166 g/min 104 g/min
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2 . NABH4

2.2 STEPS

STEPS FC

STEPS STEPS–FCV

1. 1

2. STEPS FC 2

3. STEPS FC 3

STEPS

2.2.1 STEPS

1 NaBH4

STEPS 1200 s 2.7

STEPS 16.7 wt% NaBH4

PT–DP1–200–KA

118 g/min 48 L/min

Azbil CMS0200BTTH2101D0

Tool House K TCS–48150–K

KEYENCE KV-1000

0.1 s 2.8

2.8 47

L/min 20 950 L

STEPS

2 STEPS FC

2 FC

2.9 STEPS

14.7 MPa

FC STEPS

40



2.2. STEPS

16.7 wt% NaBH4

PT–DP1–200–KA Rload [Ω] 10 200

Ω FC

&

(WT1800 High Performance Power Analyzer)

0.1 s 2.10 FC

– 2.11

FC – 2.10 2.11 STEPS FC

5 kW 2

FC

3 FC STEPS

400 W 1204 s NaBH4 FC

2.9 STEPS

16.7 wt% NaBH4 NaBH4

0.55

mm 250 g Raney Ni NaBH4

KEYENCE KV-1000 STEPS 16.7 wt%

NaBH4 PT–DP1–200–

KA FC

KEYENCE AP–33

Tool House K TCS–48150–K

Azbil CMS0200BTTH2101D0 FC

2.2

FC Rload [Ω] 10 200 Ω

FC FC

KEYENCE KV-1000

0.1 s &

(WT1800 High Performance Power Analyzer)

0.1 2.12

2.8 STEPS

41



2 . NABH4

FC FC 2.12

173.6 L @1 atm, 25

2.8 1204 s 16.7 wt% NaBH4 393.7

g NaBH4

393.7× 0.167 = 65.2 [g] (2.2)

NaBH4 65.2 g NaBH4

1 atm 25◦C NaBH4

37.83 g/mol

65.2

37.83
× 4 = 6.89 [mol] (2.3)

241826 J/mol =67.1738 Wh/mol [60] 65.2 g

NaBH4

67.1738× 6.89 = 462.8 [Wh] (2.4)

24.5 [L/mol]

@1 atm, 25◦C

65.2

37.83
× 4× 24.5 = 168.6 [L] (2.5)

173.6

168.6
× 100 = 103.0 [%] (2.6)

100% 1 %

@1 atm, 25◦C, 2< ≤40 16.7 % NaBH4

2.13 FC 2.13

50 kPa FC

FC

2.8 1204 s FC

127.6 Wh NaBH4 FC
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2.2. STEPS

NaBH4

127.6

462.8
× 100 = 27.6 [%] (2.7)

NaBH4 FC

100 % 27.6 %
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2 . NABH4
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2.2. STEPS
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2 . NABH4
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(A) Hydrogen generated from NaBH4
with dilute hydrochloric acid
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2.10: FC –
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(A) Hydrogen generated from NaBH4
with dilute hydrochloric acid
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2.11: FC –
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2.2. STEPS

Flow rate

Volume

Temperature

Fl
ow

 r
at

e 
[L

/m
in

],
 V

ol
um

e 
[L

],
T

em
pe

ra
tu

re
 [

°C
]

2.12: STEPS

Hydrogen pressure

Output power of the FC stack

2.13: STEPS FC
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2 . NABH4

2.8: STEPS FC

FC

NaBH4 393.7 g

NaBH4 65.2 g

462.8 Wh

168.6 L

173.6 L

102.3 %

127.6 Wh

27.6 %

( 100 % ) 27.6 %

48



2.2. STEPS

2.2.2 STEPS

STEPS STEPS

MIRAI 70 MPa

4

STEPS 70 MPa STEPS

2.14 5 kg

[61] 35 MPa 70 MPa 35 MPa

NaBH4

2.14 NaBH4

5 kg 22.0 L NaBH4 70 MPa

5 kg 207 L

70 MPa 24.2 kg/m3 (207 L/5 kg–H2)

185.0 L 70 MPa

FCV

STEPS 70 MPa

2.9 STEPS

100 L/min 26.5L STEPS–FCV

FC 30 kW STEPS

300 L/min 300 L/min STEPS

79.5 L 5 kg

NaBH4 22.0 L

5.9 L STEPS 10 L

NaBH4 FC

FC 50 %

20 L

15 L
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2 . NABH4

30kW

STEPS 149.2 L 5 kg

NaBH4 22.0 L NaBH4 171.2 L

STEPS 29.2 kg/m3

(171.2 L/5kg–H2) 70 MPa

FCV STEPS

NaBH4

2.15 FCV STEPS 70 MPa

70 MPa

1kg

100 km 2.15

STEPS
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2.2. STEPS

V
ol

um
e 

[L
]

2.14: 5 kg [61]

2.9: STEPS

[L]

79.5

10.0

20.0

2.3

4.6

2.6

2.3

KV–1000 3.0

9.9

15

149.2
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2 . NABH4

STEPS + NaBH4

70 MPa pressure tank

2.15: FCV STEPS 70 MPa
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2.3. STEPS STEPS–FCV

2.3 STEPS STEPS–FCV

STEPS FCV

STEPS

STEPS FCV

STEPS–FCV 2.16 STEPS–FCV 1.8 FCV

STEPS 2.17 STEPS–FCV [10,33,36–38,41]

FCV FC

( EDLC: Electric Double Layer Capacitor)

[3, 4] FC

FC

[62–66]

STEPS–FCV HIJET EV 20 (12 V 20 =240

V) STEPS EDLC [67–70] 5 STEPS-FCV

FC FC

( )

EDLC ( )

MPC: Multiple Power Converter

[67–69] FC FC

MPC : Multiple Power Converter Control

MPC Texas

Instruments DSP TMS320F28035 MPC

10 kHz

30 kHz

Myway MWINV-5022A

PE–PRO 2.17

HIJET EV 240 V

Horizon FC H-5000 60 110 V

FC 240 V 2.2 FC
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2 . NABH4

Power System EDLC BL-216 216V

(EDLC

) 2.10 EDLC BL–216

EDLC JC08

[71]

IPMSM

2.11 IPMSM [70] STEPS–FCV FC

EDLC 130 V

STEPS–FCV 5 STEPS–FCV

STEPS–FCV MPC
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2.3. STEPS STEPS–FCV

2.16: STEPS–FCV [10,33,36,38]
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2.17: STEPS–FCV [10,29,30,33, 36,38,67, 68]
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2.3. STEPS STEPS–FCV

2.10: STEPS–FCV EDLC BL-216 [72]

Maximum charging voltage DC 216 V

Capacitance 15 F

Internal resistance 69 mΩ

Energy capacity available 97 Wh

2.11: STEPS–FCV IPMSM [70]

Stator resistance 0.0230 Ω

d-axis inductance 0.03470 mH

q-axis inductance 0.08065 mH

Magnetic flux 0.0530 Wb

Back electromotive force 22.750 V/krpm

Viscosity coefficient 0.027 Nms

Moment of inertia of the IPMSM 4.18×10−3 kg·m2

Number of pole pairs 3
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2.4 2

2 STEPS FC

STEPS

STEPS

STEPS 100%

STEPS FC

STEPS

STEPS-FCV

STEPS

STEPS

STEPS

STEPS 70 ◦C

STEPS

FC
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3 NaBH4

STEPS

STEPS

3 FC

NaBH4

NaBH4

STEPS

66.2 ◦C 86.2 ◦C Raney Ni

Raney Ni

[36–38,41,43,45,50,52]

3.1

NaBH4



3 . NABH4

3.1.1

t v

[A], [B], [C]...

[23]

v = −d[A]

dt
= −kn[A]

p[B]q[C]r... (3.1)

n = p+ q + r... (3.2)

n

kn [s−1] n

kn

NaBH4

NaBH4

[23]

3.1 NaBH4

3.1

0 2 Raney Ni

70◦C

STEPS

STEPS

3.1 3.1 L Raney Ni

70◦C NaBH4

NaBH4

NaBH4

NaBH4 [NaBH4]

25 wt% NaBH4 6.0 mL

2.38 mm 80 g 1 L

0.55 mm 200 g

Azbil

CMS0050BTTH2101D0 0.5 L/min 50 L/min
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3.1.

0.5 L/min

Tool House K TCS–48150–K

KEYENCE KV-1000 0.1 s

3.2 3.5 3.2 3.2 66.2◦C 3.2

74.6◦C 3.4 80.9◦C 3.5 86.2◦C

loge
[NaBH4]
[NaBH4]0

1

v = −4
d[NaBH4]

dt
= −k[NaBH4] (3.3)

k [s−1] 1 (3.3) t = 0 t [s]

loge

( [NaBH4]

[NaBH4]0

)
= kt (3.4)

[NaBH4]0 NaBH4 (3.4) 1

k 3.2

3.5

Raney Ni 66◦C 90◦C

1 3.2 1

k k 3.2 3.5

1 k

E [J/min] A [s−1] k

[58]

k = −Ae
−E
RT (3.5)

R (8.31 J/mol K) T [K] A E

E A

(3.5) A E

logek = logeA− E

R
· 1
T

(3.6)
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3 . NABH4

E = −R
dlogek

d(1/T )
(3.7)

A = elogek (3.8)

(3.6) (3.7)

(3.8)

3.2 3.6 3.6 E

A

E = −R× (−4240) = 35.4 [kJ/mol] (3.9)

A = e9.61 = 1.50× 104 [s−1] (3.10)

Raney Ni 70◦C

v = −4
d[NaBH4]

dt
= −k[NaBH4] (3.11)

k = 1.50× 104e
−35.4×103

RT (3.12)
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3.1.

3.1: [23]

Catalyst/support NaBH4 (wt%) NaOH (wt%) T ( ) Activation energy (kJ/mol)

Zero order

Ru/IR–120 5.0 1 5–55 49.7

Ru/IRA–400 7.5 1 0–40 56.0

Ru/IRA–400 20.0 10 25–55 47.0

Ru/γ–AL2O3 12.0 1 10–60 54.9

Ru/Graphite 5 5 25–45 61.1

Co 0.9 10 10–50 41.9

Raney Co 0.9 10 10–30 53.7

Co–P 5 1 30–45 60.2

Co–B 20.0 5 10–30 64.9

Co–B/C 0.7 4 25–40 57.8

Co/γ–AL2O3 5.0 5 30–50 32.6

Co–Mn–Bb 5 5 16–36 54.9

Ni 0.9. 10 10–50 62.7

Ni–Ru nanoclusters 5 5 15–75 52.73

NixB 1.5 10 20–60 38.0

Raney Ni 0.9 10 10–30 50.7

Raney Ni50Co50 0.90 10 10–30 52.5

Ni–Co–B 4.7 15 8–27 62.0

First order

Pd/C 0.2–0.5 0.4 10–55 28.0

Ru(0) nanoclusters 0.15–0.76 0 30–45 28.5

Ru(0) nanoclusters 0.12–0.6 0 25–45 41.0

Ru(0) nanoclusters 0.12–0.6 10 25–45 43.0

Co(0) nanoclusters 0.57–2.8 2 20–40 39.0

Co nanoparticle 19.0 0 40–80 35.0

Ni(0) nanoclusters 0.8–2.4 0 25–45 54.0

Ru/γ–AL2O3 12.0 1 10–60 55.7

Intrazeolite Co(0) 0.57–2.9 0 25–45 57

Intrazeolite Co(0) 0.57–2.9 10 25–45 36

Intrazeolite Ru(0) 0.57 0 20–45 49

Intrazeolite Ru(0) 0.57 5 20–45 35

Second order

Pt/C 3.0–10 0.4 25–40 –

Pd/C 1.9–3.8 0 25 n.d

Ru(acac)3 0.1–0.9 0.4 20–45 60

Co(0) nanoclusters 0.57–2.8 0 20–40 65

Langmuir–Hinshelwood

Ru/C 0.8 3 25–85 67.0

Ru/γ–AL2O3 12 1 10–60 55.4
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3.2: NaBH4 @66.2◦C
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3.1.
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3.3: NaBH4 @74.6◦C
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-5

-4

-3

-2

-1

 0

 0  10  20  30  40  50  60  70

lo
g e

([
N

aB
H

4]
/[N

aB
H

4]
0)

Time [s]

y=-0.107x, R2=0.979

3.5: NaBH4 @86.2◦C

3.2: 1

Temperature (◦C) Rate constant k (s−1) R2

66.2 0.0532 0.995

74.6 0.0680 0.975

80.9 0.0892 0.988

86.2 0.107 0.981
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3.1.

-3.5
-3

-2.5
-2

-1.5
-1

-0.5
 0

 0.0027  0.0028  0.0029  0.003

lo
g e

k

1/T [K-1]

3.6: NaBH4
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3.1.2

[50]

3.7 3.7 80◦C 100 g

1.5 g NaBH4

PT–DP1–

200–KA 33 wt% NaBH4 90 mL/s 3

Azbil CMS0050BTTH2101D0

Tool House K

TCS–48150–K KEYENCE KV-1000

0.1 s 3.3 Raney Ni

3.3 Raney Ni r 0.55 mm 2.38 mm

4.05 mm 3 3.3 (3.13) (3.15)

Raney

Ni Dcat 2.4 r Raney Ni

1 mcat [g]

mcat =
4π

3
·
(r
2

)3

×Dcat (3.13)

Mcat [g] ncat [ ]

ncat =
Mcat

mcat

(3.14)

Mcat [g] Scat [cm
2]

Scat = 4π
(r
2

)2

× ncat (3.15)

100 mL 400 cm2

1 L 3216 cm2

0.55 mm 250 g

Sdensity [cm2/L] 3216 cm2/L Sdensity=4000

Sdensity
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3.1.

STEPS

3.8 [50] 3.8

0.55 mm 2.38 mm

(a)

A

NaBH4 A

400 cm2

3.9 4.05 mm

3.10

0.55 mm 2.38 mm A

(3.16)

A = aScat (3.16)

a Scat [cm2]

A A(=1.50× 104) 2.38 mm 80 g

Scat(=252.8 cm2) a

A = 59.3Scat (3.17)

(3.17) 0< Sdensity <3792

(3.12) (3.17)

0< Sdensity <3792

v = −4
d[NaBH4]

dt
= −k[NaBH4] (3.18)

k = 59.3Scate
−35.4×103

RT (3.19)
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3.7:
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Total surface area of the catalyst [cm2]

0.55 mm
2.38 mm
4.05 mm

without catalyst

3.8: [50]
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3.1.

3.9: 0.55 mm

3.10: 4.05 mm
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3 . NABH4

3.1.3

NaBH4 A

[36, 45, 50]

[36, 50]

3.11

MATLAB

Simulink (ver. 2016a)

1. rs [mol/min] rg [mol/min]

NaBH4 N [mol] rg

rs

2. NaBH4 C [mol/L] N V

1.0 L

3. rg (3.18) (3.19) T Scat

Rate equation

4. vg [L] rg

[36,50] 2.7

3.4 3.4

#1 #2

#3 #4

3.12 3.12(a) (b)

A B 59.0 g/min 118 g/min 0

g/min 24 L/min 48 L/min 0 L/min
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3.1.

3.12(c) C 0 g/min

25.0 g/min 71.1g/min 0 g/min 0 L/min 10

L/min 30 L/min 0 L/min STEPS

16.7 wt% NaBH4

PT–DP1–200–KA Azbil

CMS0200BTTH2101D0

Tool House K TCS–48150–K

KEYENCE KV-1000

0.1 s MATLAB Simulink (ver. 2016a)

3.13 3.16 [36,50] 3.13(a) 3.14(a) 3.15(a)

3.16(a) 3.13(a)

3.14(a) 3.15(a) 3.16(a)

3.13(b) 3.14(b) 3.15(b) 3.16(b)

#1 0.82 L/min #2 0.82 L/min #3 1.00 L/min

#4 1.02 L/min

3.13(c) 3.14(c) 3.15(c)

3.16(c) 3.13(c)

3.14(c) 3.15(c) 3.16(c)

#1 0.32 % #2 0.77 % #3 4.0 % #4 2.9 %
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3 . NABH4

rs N1
s

rerr Rate1
V equation

C rg

1
s

Vg

rg

T S

3.11: [36]

3.4:

[36, 50]

Condition #1 Condition #2 Condition #3 Condition #4

Average temperature in the reaction field [◦C] 89.4 94.2 86.0 86.4

Diameter of the catalyst [mm] 2.38 2.38 0.55

Mass of the catalyst [g] 270 86.4 67.5

Total surface area

of all the catalyst [cm2] 853.2 273.0 868.3

Pattern of fuel supply Pattern A Pattern B Pattern C
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3 . NABH4

3.2

[38, 45, 50]

STEPS

3.2.1

FC

FC

: 2H2 4H+ + 4e− (3.20)

: O2 + 4H+ + 4e− 2H2O (3.21)

FC

3.17 FC [38,45,50] 3.17

FC

FC FC

FC 10 s 2.3

2.3

82



3.2.

Q = 240× S
√

(PL + 0.1)(PH − PL)

√
293

T
(3.22)

Q [L/min] S [mm2] PH (=

) [MPa] PL (= ) [MPa] T [K] 3.18

[45] 3.18 FC

rp

3.18 [38, 45, 50] 3.18

GCHP Greactor

GFC FC Gpurge FC

[45,50] MATLAB Simulink (ver.

2016a)

1. p∗ 50 kPa

2. p∗ p NaBH4 rs

2.6

3. rg T Scat

4. FC rc 3.17 IFC

5. n rg rc rp

3.18 rc rp

6. p n FC V (= 11.5L)

(3.23) [73]

p =
nRT

V
(3.23)
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Greactor

rFC

nvc 1
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perr

T

CHP: Controller for Hydrogen Pressure

R
V

nT
GCHP

rg

GFC Gpurge
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IFC

3.18: [38, 45, 50]
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3.2.

3.2.2

IFC [A]

T [ ◦C] [50]

2.9 3.5 [50] 3.5

FC

2.38 mm 270 g Raney Ni NaBH4

KEYENCE KV-1000 STEPS

16.7 wt% NaBH4

PT–DP1–200–KA FC

KEYENCE AP–33

Tool House K TCS–48150–K

2.2 FC

FC Rload [Ω] 10 200 Ω

FC FC

KEYENCE KV-1000

0.1 s FC &

(WT1800 High Performance Power Analyzer)

0.1 s

MATLAB Simulink (ver. 2016a) FC

3.19 3.21 3.6 [50] 3.19

3.21

3.6
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3.5: [50]

Condition (I) Condition (II) Condition (III)

Output current of the FC IFC [A] 5.28 12.5 19.2

Output power of the FC PFC [W] 485 1090 1640

Temperature of the reaction field T [◦C] 92.1 94.3 95.6

Catalyst 2.38 mm, 270 g

Total surface area

of all the catalyst Scat [cm
2] 853.2
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3.6:

[50]

Evaluation item Condition (I) Condition (II) Condition (III)

Simulation Experiment Simulation Experiment Simulation Experiment

Average amplitude [kPa] 24.0 25.2 24.6 26.5 24.4 28.9

Average cycle [s] 47.6 40.9 28.9 27.8 24.5 24.19

Average maximum pressure [kPa] 62.1 62.4 58.8 60.0 54.6 57.9

Average minimum pressure [kPa] 38.2 37.4 34.1 33.5 30.2 29.0

90



3.2.

3.2.3

FC IFC T

PI FC IFC T

PI

PI

[38,45] STEPS PI

0.55 mm Raney Ni 250 g

MATLAB Simulink (2015a)

Gm=3 10 dB Pm 20◦

[74] STEPS 85◦C

Gm=9.4 dB Pm=25◦ Kp=8.3 Ki=0.3

PI IFC

T [45] 2.9

3.22 FC Rload [Ω]

10 200 Ω

FC 70◦C

100◦C 0.55 mm 250 g

Scat=3216 [cm2] Raney Ni 2.2 FC

FC

NaBH4 KEYENCE KV-1000

STEPS 16.7 wt% NaBH4

PT–DP1–200–KA

FC KEYENCE
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AP–33

Tool House K

TCS–48150–K FC

FC KEYENCE

KV-1000 0.1 s FC

& (WT1800

High Performance Power Analyzer) 0.1 s

MATLAB Simulink (ver. 2016a)

3.22

[45] 3.22 70◦C 100◦C FC

FC

FC 680

s 860 s FC

45-55 kPa

FC FC

STEPS

STEPS
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3.3 3

3 STEPS NaBH4

1. NaBH4 Raney Ni 66◦C 90◦C

1

E A

2. 0.55 mm 2.38 mm Raney Ni NaBH4

A Sdensity [cm2/L] 3792

Scat

4.05 mm

3.

4.

70◦C 100◦C 0.55

mm 2.38 mm 0< Sdensity[cm
2/L] <3792

FC 4 kW

4 5 FC

STEPS
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4

4 5 3

STEPS

4 FC

FC

FC

NaBH4

3

FC

FC

[43,52]

4.1

2.1 2.2 STEPS 2 1 1 FC

FC

FC 10 s FC



4 .

PFC 4.1 FC

4.1 FC

[43,52]

4.1 [43, 52] 4.1

1. 4.1

3.22

Δt [s] PI

rs [g/min]

rsff [g/min] 0.5 s

0.5 s

4.1 (4.1)

rsff rsall [g/min]

Δt (4.1)

rsall = rs + rsff (4.1)

STEPS Δt

Δt

Δt

Δt
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4.1.

4.1: [43, 52]

PFC [W] [s] [L] rsff [g/min]

PFC < 1600 0.2 0.25 76.9

1600 < PFC < 2800 0.4 0.51 154

2800 < PFC < 3600 0.6 0.76 231

3600 < PFC 0.8 1.01 308

rsall

4.1: [43, 52]
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4 .

4.2

[43,52]

FC 500 W 4000 W Δt

pcon ppro

Δt pcon ppro

4.2 4.2 T

95◦C Kp = 9.978 Ki = 0.07682

0.55 mm Raney Ni 250 g (3.13)

(3.15) 6740 cm2

MATLAB Simulink (ver. 2016a) Δt 0 10 s

0.2 s

4.2 4.6 FC 500 W 1000 W 2000 W, 3000W 4000 W

[43,52] 4.7

4.3

4.8

4.3 5

pcon ppro 4.3 4.8 FC

4.2 4.6

4.3 4.8 4000 W FC

FC 4000 W

31 %

( ) =
pcon − ppro

pcon
× 100 [%] (4.2)

4.7 Δt 1.2 1.4 s

Δt 4.3
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4.2.

FC

Δt

STEPS Δt
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4 .

4.2:

[43, 52]

p∗ 50 kPa

T 95◦C

Kp 9.978

Ki 0.07682

Gm 11.4

Pm 49.7

Raney Ni

r 0.55 mm

Mcat 250 g

Scat 3216 cm2

100



4.2.

 35

 40

 45

 50

 55

 0  10  20  30  40  50

H
yd

ro
ge

n 
pr

es
su

re
 [k

Pa
]

Time [s]

pcon

(a)

 35

 40

 45

 50

 55

 0  10  20  30  40  50

H
yd

ro
ge

n 
pr

es
su

re
 [k

Pa
]

Time [s]

ppro

(b)
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4.3: FC

: 1000 W [43,52]
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4.4: FC

: 2000 W [43,52]
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4.5: FC

: 3000 W [43,52]
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4.6: FC
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4 .

 0
 0.4
 0.8
 1.2
 1.6

 2
 2.4
 2.8
 3.2

 500  1000  1500  2000  2500  3000  3500  4000

A
dv

an
ce

-ti
m

e 
: Δ

t [
s]

Output Power of the FC [W]

4.7: [43, 52]

4.3:

[43, 52]

[kPa]

[W] pcon ppro

500 2.46 1.94 0.52

1000 2.46 1.94 0.52

1500 2.46 1.94 0.52

2000 4.91 3.71 1.2

2500 4.91 3.71 1.2

3000 7.33 5.32 2.01

3500 7.33 5.32 2.01

3600 9.74 6.76 2.98

4000 9.74 6.76 2.98
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4.2.
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4.8:
[43, 52]
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4 .

4.3

Δt

STEPS

[43,52]

2.9 [43, 52] NaBH4

KEYENCE KV-1000 STEPS

16.7 wt% NaBH4

PT–DP1–200–KA FC

KEYENCE AP–33

Tool House K TCS–48150–K

FC 2.2

FC Rload [Ω]

10 200 Ω

FC FC KEYENCE

KV-1000 0.1 s

& (WT1800

High Performance Power Analyzer) 0.1 s

4.2 4.2

Δt

Δt 0.2 s

Δt

4.9 4.13 FC 511 3625 W

[43, 52] 4.14

4.4

4.15

4.7 5 pcon ppro
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4.3.

4.15 4.9 4.13

4.4 4.15 FC 1130 W

FC 3600 W

34 % FC

45–55 kPa 6.1 kPa

2.3 Pa 4.14

Δt 1.2 1.6 s

Δt

STEPS FC

4.16

4.17

4.16 4.17

4.14 STEPS
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W [43,52]
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4.3.

 0
 0.4
 0.8
 1.2
 1.6

 2
 2.4
 2.8
 3.2
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A
dv

an
ce
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m

e 
: Δ

t [
s]

Output Power of the FC [W]

Experiment
Simulation

4.14:
[43, 52]

4.4:

[kPa]

pcon ppro

511 W 2.52 2.58 -0.06

1130 W 2.38 2.12 0.26

1995 W 5.53 4.22 1.31

3040 W 7.52 5.25 2.27

3625 W 10.46 6.89 3.57
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4 .

4.4 4

4 FC

STEPS

Δt 3

Δt

Δt

Δt

1.

95◦C FC 4000 W

FC

4000 W 31% Δt 1.2 1.4 s

Δt

2. STEPS

FC

FC 3600

W 34% Δt 1.2 1.6 s

Δt

5 STEPS FCV

FCV
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5

5 STEPS

[37, 41] STEPS

FC

FC FC

( )

EDLC ( )

MPC: Multiple Power Converter

MPC STEPS–FCV 2.17 [37,41,68]

2 3 STEPS–FCV FC CO2

FC FC

[75,76] [67–69]

0.1 1 Hz PEFC

FC 0.1 1 Hz

FC 0.01 Hz

(LPF: low pass filter)

EDLC MPC : Multiple Power Converter

Control MPC FC

MPC

STEPS-FCV 3



5 .

MPC

STEPS-FCV MPC

FC

MPC

JC08 STEPS-FCV

STEPS-FCV

FC

MPC

STEPS-FCV FC

5.1 MPC

MPC [67–69] FCV

MPC MPC

2.17 MPC STEPS–FCV [10, 29, 30, 33, 36, 38, 67, 68]

5.1 MPC [37,41,67,68] 5.2 MPC [37,41,67,68]

EDLC

EDLC

PI FC

i∗FC 0.01 Hz LPF

LPF FC

0.1 1 Hz EDLC 130

V EDLC 240 V

FC

EDLC

FC EDLC STEPS–FCV

FC FC
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5.1. MPC

MPC
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5 .

5.1: [37, 41, 67,68]

ved
*

PI
�

�

PI
iFC

* i1err

�

�

PI
i2err

�

�
PI

i3err

iL1

iL2

iL3

Interleaved Chopper Contorl

Bidirectional Chopper Contorl

�

�

ved err

ved

LPF

vo
*

�

�

vo err
PI

vo

dbid

Carrier4

�

�

S4n

iFC LPF
*

dbst2

dbst3

dbst1
����
+

����
+

����
+

120°
delay

240°
delay

Carrier

S1n

S2n

S3n

LPF

LPF

LPF

S4p

5.2: [37, 41, 67,68]
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5.2. MPC STEPS–FCV

5.2 MPC STEPS–FCV

STEPS-FCV [37, 41] 5.3

STEPS–FCV 5.3

STEPS–FCV 3

MPC

3 FC

v [m/s] a [m/s2]

itrac [A]

R = Rr +Ra +Rc, (5.1)

Rr = Mμg, (5.2)

Ra =
ρλAv2

2
, (5.3)

Rc = a(M +ΔM), (5.4)

Rr [N] Ra [N] Rc [N] 5.1

[70] MPC io [A]

io = itrac + iaux =
vR

0.9× 240
+ iaux, (5.5)

iaux [A] STEPS

90%

240 V

MPC MPC

ic [A]

ic = ibo + ibidi − io, (5.6)

ibo [A] ibidi [A]

Gbo Gbidi

[67, 77, 78]
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5 .

MPC vo [V] ic MPC

PI

FC iFC [A]

[67, 77, 78]

iFC =
dbo − 1

Lbo

∫
vodt+

∫
vFC −RLboiFC

Lbo

dt, (5.7)

dbo Lbo [H]

vFC [V] FC RLbo [Ω]

MPC

iFC 3.17 FC rFC [mol/s] 3

2
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5.2. MPC STEPS–FCV

pp* rs
Greactor

rFC

n1
s

v

io

Gbo
dbo

PI LPF

dbidi

vo
*

vEDLC

voerr

vEDLC
*

vo

vEDLCerr

iFC
* iLPF

*

IFCerr

perr

ibo

ibidi

ic

Controller for multiple 

power converter

iaux

1
sC

Multiple power 

converter model

STEPS model

iFC vFC

GEDLC
iEDLC

Temp

GFC

CHP: Controller for 

Hydrogen Pressure

Kg

Vol

nTemp

Inverse vehicle

dynamics model

itrac

GCHP

rg rerr

GbidiPI

PI

5.3: [37, 41]

5.1: [70]

Mass of the vehicle M 1490 kg

Equivalent inertial mass of rotation of 0.07 kg

drive mechanism ΔM

Radius of a tire 0.288 m

Rolling resistance coefficient μ 0.015

Acceleration due to gravity g 9.81 m/s2

Density of air ρ 1.225 kg/m3

Air resistance coefficient λ 0.36 kgm2

Front projection area A 2.76 m2
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5 .

5.3 MPC

STEPS-FCV STEPS-FCV

MPC

MPC JC08

STEPS-FCV

STEPS-FCV

5.3.1 MPC

MPC

2

1 2.17 FC EDLC

HYBRID 1 5.4 FC

SINGLE

5.2

5.2 0.55 mm Raney Ni 250 g 5.5

STEPS–FCV

EDLC 130 V

5.6

20 km/h NaBH4

KEYENCE KV-1000 STEPS

16.7 wt% NaBH4

PT–DP1–200–KA FC

KEYENCE AP–33

2.6

Tool House K TCS–48150–K

STEPS–FCV

61128 FCV
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5.3. MPC

&

WT1800 High PerformancePower Analyzer

0.05 s FC

KEYENCE KV-1000

0.1 s

5.7 5.14 5.7 5.11 SINGLE HTBRID

5.7 5.11

MPC

5.8 5.12 SINGLE HYBRID MPC FC

FC 5.8 5.12 MPC

Po 5.8 , SINGLE

FC PFC

FC

5.12 HYBRID EDLC

FC PFC

45–55 kPa 5.9

5.13 SINGLE HYBRID FC FFT 5.9 5.13

HYBRID FC FC

0.1 1 Hz SINGLE

MPC FC PFC

FC

5.3.2 MPC STEPS–FCV

MPC

STEPS–FCV

5.2

5.2

MATLAB Simulink

(ver. 2016a)

SINGLE 5.8 5.12 5.10 5.14 SINGLE
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5 .

HYBRID MPC FC

5.10 5.14

STEPS–FCV
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5.3. MPC

Inverter
Fuel-cell 

stack

Power converter
iFC io

vov FC

Hydrogen reactor

H2

NaBH4

H2O recycling

system will be 

developed

STEPS O2

Boost chopper

i trac

iaux

ibo

ic

Auxiliary 

equipment

5.4: SINGLE [37,41]

5.2: MPC [37,41]

T 100◦C

Raney Ni

r 0.55 mm

Mcat 250 g

Scat 3216 cm2
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5.5:
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5.6: MPC [37,41]
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5.3. MPC
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5.10: SINGLE MPC FC [37,41]
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5.3. MPC
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5.13: HYBRID FC FFT [37,41]
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5.14: HYBRID MPC FC [37,41]
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5.3. MPC

5.3.3 MPC

STEPS–FCV MPC

JC08 mode

MPC

5.3 MPC

5.3 95◦C

3216 cm2 5.15

JC08 STEPS-FCV

JC08 mode

22 kW JC08 mode 1/5

5 kW STEPS–FCV FC

5 kW JC08 mode 1/5

FC 50 kPa

2.6

95◦C

STEPS–FCV 300 W

MATLAB Simulink (ver. 2016a)

5.16 SINGLE FC

5.17 HYBRID FC

5.16 SINGLE FC

FC SINGLE FC

45–55 kPa FC

FC FC

5.17 HYBRID FC EDLC

SINGLE FC

HYBRID FC

5.4 FC

5.4 SINGLE
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5 .

359.3s HYBRID 131.2 s 228.1 s

SINGLE

29.8 % HYBRID 10.8 % MPC

5.17 150 s 320 s 440 s 650 1150 s FC

ON/OFF

FC

FC

MPC
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5.3. MPC

5.3: MPC

[37,41]

p∗ 50 kPa

T 95◦C

Raney Ni

r 0.55 mm

Mcat 250 g

Scat 3216 cm2

Paux 300 W
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5.17: HYBRID FC

[37,41]
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5.3. MPC

5.4: FC

SINGLE HYBRID (MPC ) MPC +

FC 359.3 131.2 0

[s]

29.8 10.8 0

[%]
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5 .

5.4 MPC

MPC

FC

ON/OFF

FC

MPC

5.5 MPC

95◦C 3216 cm2 300 W

5.15 JC08 mode 1/5 4

δ 4.7

1.4 s

FC FC

MPC FC

MATLAB Simulink

(ver. 2016a)

5.18 MPC

FC

5.4 FC

5.18 5.4 MPC

FC 0 s 5.17

359.3 s MPC

STEPS
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5.4. MPC

5.5: MPC

p∗ 50 kPa

T 95◦C

Raney Ni

0.5 mm

250 g

Scat 3216 cm2

Paux 300 W

Kp 9.978

Ki 1.5

Gm 8.56

Pm 32.6

Pressure of the hydrogen supplied to the FC stack

Output power of the FC

Warrantied hydrogen pressure range

5.18: MPC

FC
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5 .

5.5 5

STEPS STEPS–FCV FC

FC

5 MPC STEPS–FCV

FC

MPC STEPS–FCV

MPC

4

1. STEPS-FCV

3 MPC

2. STEPS-FCV MPC

FC

MPC

FC 0.1 1 Hz FC

3. MPC JC08

STEPS-FCV

STEPS-FCV

FC 228.1 s 131.2 s

FC

4. MPC STEPS-FCV

FC

FC 359.3 s 0 s
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5.5. 5

MPC

STEPS
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6

NaBH4 STEPS–FCV

70 ◦C 100 ◦C FC

FC STEPS

1 NaBH4

2 STEPS FC

STEPS

STEPS STEPS–FCV

STEPS STEPS

100% STEPS

FC STEPS–FCV

STEPS

3 STEPS NaBH4

70◦C 100◦C 0.55 mm 2.38 mm

0< Sdensity[cm
2/L] <3792 FC 4 kW

STEPS

4 FC

3

Δt Δt=1.2 1.4

s FC 4000 W



6 .

FC 4000 W 31%

Δt

Δt=1.2 1.6 s FC

FC

3600 W 34%

5 MPC STEPS–FCV

STEPS–FCV MPC

FC STEPS–FCV

MPC

FC 359.3 s 0 s

FC

MPC

NaBH4

FC STEPS

STEPS–FCV FC STEPS

STEPS–FCV

STEPS

STEPS
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STEPS

STEPS
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[10,31,34,39,46] A A.1

A.2

A.3

A.1

NaBH4 ⎧⎨
⎩

NaBH4
( )−−→ Na+ + BH−

4

BH−
4 −→ B3+ + 4H−

(A.1)

H−( ) (H+)

H2

1.

(A.1) B3+ (OH−)

B3+ + 3OH− −→ B(OH)3 (A.2)
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B(OH)3

B(OH)3 ⇀↽ B(OH4)
− +H+ (A.3)
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3.
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(A.1) H− (A.4)
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A.2.

A.2

1 3 1 Raney Ni

1. 500 W

2. Raney Ni

1

FC

2

FC FC

STEPS FC

1.

1

2. FC FC

2

A.1 A.2

A.1 A.2

500 W

1

[10,31] 20◦C

16.7 wt% NaBH4

50◦C
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A .

40 wt% 50◦C

101 cc/min A.3 A.4

A.3 50◦C

4

18 L/min 51 s ( 86 cc)

2 FC FC

FC

[10,31] 26◦C 16.7 wt% NaBH4

60◦C

40 wt% 40◦C 101 cc/min

A.1 A.5 100 W Horizon FC H–100

A.2 A.6 A.2

74 s 167 s 500W

74 s

500 [W]× 74 [s]

3600 [s]
= 10.2 [Wh] (A.7)

DC 28 s

52 s DC 0.1 [A]

24 [V]

0.1 [A]× 24 [V]× 28 [s]

3600 [s]
= 0.018 [Wh] (A.8)

FC

1/3 DC
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A.2.

10.2 Wh

A.6 100 W FC

A.6 FC 108 W
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A.1: [10, 31]

A.2: [10, 31]
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A.2.

 0

 50

 100

 150

 200

 250

 300

 350

 400

 0  200  400  600  800  1000  1200

Fl
ow

 ra
te

 [L
/m

in
], 

To
ta

l a
m

ou
nt

 [L
]

Time [sec]

(A)

(B)

(A) Flow rate of generated hydrogen
(B) Total amount of generated hydrogen

A.3: [10, 31]
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A .

A.1: Horizon 100W H–100 [54]

Type of fuel cell PEFC

Number of cells 24

Rated power 100W

Peak power 120W

Rated performance 12V@8.4A

Purging valve voltage 12V

Size and weight 129×109×94, 0.835kg

Rated H2 consumption 1.3	/min

Hydrogen pressure 5.8-6.5PSI

External temperature 5-30◦C (41-86◦F)

Max stack temperature 65◦C (149◦F)

Hydrogen purity 99.999% dry H2

Cooling Air (integrated cooling fan)

System efficiency 45%@12V

A.5: Horizon 100 W H–100 [54]
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A.2.

A.2: [10, 31]

Conventional Heating time Energy consumption Time to power

method by heater generation

74 [s] 10.2 [Wh] 167 [s]

Proposed Citric acid Energy consumption Time to power

method adding time by pump generation

28 [s] 0.018 [Wh] 52 [s]

Initial water temperature is 26◦C.
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A.3

70 ◦C

[10] [34] 70 ◦C

[39] 70 ◦C

[39]

A.3.1

70 ◦C

STEPS

16.7 wt% NaBH4 32.8 g/min 20 L/min

NaBH4 125.3 g/min

50 L/min

A.3 2

0.05 mm Raney Ni 30 g A.3 (B) 50 w/v%

78.3 g/min 50 L/min

A.7 A.11 2 s NaBH4

A.7 A.11 50 L/min

A.12 A.13

ra [%]

ra =
T − Tacid

T
× 100 (A.9)

T [s] Tacid [s]

A.7 A.11 A.12(1)

(1)

A.7 A.11 A.12(A)(B)

(2)

95 ◦C
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A.3:
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A .

A.3.2

NaBH4

STEPS

A.4 A.4

NaBH4

50 ◦C 16.7 wt%

NaBH4 99.1 g/min 75 ◦C

5 ◦C A.4 2

A.3 (B) 50 w/v% 61.9

g/min 75 ◦C

0.55 mm Raney Ni 250 g

A.14 A.16 A.5 A.14 A.16 A.5

60 ◦C 65 ◦C 70 ◦C
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(24.5 ◦C)

70 ◦C
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A.5: [39]
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( A) 29.3 s 38.5 s 60.1 s 114.7 s

( B) 26.1 s 37.6 s 54.5 s 119.0 s
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A.3.3 A

A

A.1

A.2

A.3

1. STEPS

2. 100 W FC FC

1/3

10.2 Wh

FC

3.

50 ◦C

60 ◦C 65 ◦C 70 ◦C

70 ◦C 75 ◦C

70 ◦C
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B

STEPS

[45]

B.1

STEPS STEPS

10

2 [58]

10◦C 1.7 [36]

2

[45]
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B.1.1

PI MATLAB Simulink (2015a)

B.1

[45]

Gm 3 10 dB Pm 20◦

FC FC

B.1 6 dB B.1

B.1

Kp
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B.1: [45]

Temperature of Proportional Integral Gain Phase

the reaction field [◦C] gain Kp gain Ki margin [dB] margin [◦]

60 18.85 0.08151 6 6.01

65 18.23 0.09315 6 7.48

70 17.40 0.1033 6 9.38

75 16.36 0.1108 6 11.6

80 15.11 0.1140 6 14.3

85 13.64 0.1108 6 17.9

90 11.91 0.09877 6 21.6

95 9.978 0.07682 6 24.8

100 7.843 0.04169 6 20.7
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B.1.2

95◦C 75◦C 2

B.2

4 FC 500 W( ) 3000

W( ) (I) FC 0 100

s 500 W 100 280 s 3000 W 280 380 s 500 W

(II)

75◦C 0 30 s FC 500 W

30 150 s 3000 W

MATLAB Simulink (ver. 2016a)

B.2 B.3 95◦C

I B.2(b) 75◦C

( B) B.2(b) 500 W 3000 W

37 kPa FC

18 kPa(Peak to Peak) 3000 W

500 W 70 kPa

B.2(a)

95◦C ( A) B.2(a) 75◦C

8 kPa

b

95◦C 95◦C

75◦C (II) B.3(a)

95◦C ( C) B.3(a)

35 kPa
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FC 50 kPa

B.3(b) 75◦C

( D) B.3(b)

40 kPa 50 kPa

75◦C 75◦C
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B.2:

Conditions

(I) (II)

A B C D

Temperature 95◦C 95◦C 75◦C 75◦C

Condition of gain deriving 95◦C 75◦C 95◦C 75◦C
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B.1.3

[45]

B.3

B.3 95◦C 75◦C 2

(I)

FC 0 100 s 500 W 100 280 s 3000 W 280 380 s 500 W

(II)

75◦C 0 30 s FC

500 W 30 150 s 3000 W

STEPS

(III) B.4 4

IGBT IGBT ON/OFF FC

500 W( ) 3000 W( )

KEYENCE AP–33 FC &

(WT1800 High Performance Power

Analyzer) 0.05

Tool House K TCS–48150–K

B.5 B.6 95◦C I

B.5(b)( 75◦C ( B)

B.5(b) 500 W 3000 W

33 kPa FC

20 kPa(Peak to Peak) 3000 W 500

W 80 kPa

B.5(a) 95◦C

( A) B.5(a) 75◦C

10 kPa

a
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95◦C 95◦C

75◦C (II) B.6

B.6 B.6(a) 95◦C ( C)

B.6(a) 35 kPa

FC 50 kPa

B.6(b)

75◦C ( D) B.6(b)

40 kPa

50 kPa 75◦C

75

STEPS

(III) 14.7 MPa

CMH–B503–LV B.7

(I) B.7

10 kPa

B.5(a) B.6(b) STEPS

STEPS
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FC

A

Rload

STEPS

H2

V

B.4: [45]

B.3: [45]

Conditions

(I) (II) (III)

A B C D E

Temperature 95◦C 95◦C 75◦C 75◦C High pressure

Condition of gain deriving 95◦C 75◦C 95◦C 75◦C hydrogen tank
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