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1.2.1-1
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1.2.1-1 [1]
1.2.1-1 1lkg
1kg
39 4.7 kg 2050 FCV 370 / FC
FC 6.0 120 / 1
60 1.3 kg 2050 5 2 12 It
6.6 0.1 kg 2050 5,700 t/ 2
140 /kg
97 0.2 kg 2050 1,850GW 2 50% 12
/KWh
1 [2] 2050 FCv FC Marklines
2021 2023 70.7 OICA
4 FCV 400 / FC 2,000 /
FC FCV 0.45 kW 1 FC 120kwW FC 0.9
kw 1 FC 200kW 4.2
2 /kg FCV 5kg 60kg 1.8




2 [3] NZE Net Zero Emission
3 [4] NzE

1.2.1-2 1lkg
FC 370 x400 / 120 x2,000 / 388,000
FCV
370 x10,000km+150km/kg-H2 120 x100,000km+15km/kg-H2 82.5
kg-H2 816 't
1kg 388,000 <825 kg 4,700 /kg-H2
0.5 Fe203+1.5 H2+48kJ—Fe+1.5 H20
1t
601NmM3 67Nm3 1,600 85NmM3 753Nm3/t
— 75% 1,004 Nm3/t
1kg 120,000 1t +1,004 Nm3/tx11.12 Nm3/kg-H2
1,330 /kg-H2
3H2+C0O2—CH30H+H20 , CH30H—0.5C2H4+H20 to
1mol 1/6mol 37% 1mol— 1/6x0.37
0.0617mol
19 28.052g-C2H4/molx0.0617+2.016g-H2/mol  0.859¢g
1kg 0.859kg-C2H4/kg-H2x140  /kg-C2H4 120
/kg-H2
100 kw 30 t-H2
50% 12 /kWh
1kg 100  kwx8,760hx0.5x12 /kWh+ 30 x1,000 kg-H2
175  /kg-H2
1.2.2
CASE Connected
Autonomous/Automated Shared Electric
1.2.2-1 2
3 4
2024
2 4513 3 30
2030 3 % 2040
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2030 168.7 t-CO2 1% 2050
1,320 t-CO2 8% [
1.2.2-1 CO2
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7
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25% CO2
52 52
418
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16 16
9 9
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1.2 2021 2023 3
7,070 2035 7,870 2040
8,130 2050 8.570 2040
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1.2.3-1 FCV FC
2030 2035 2040
FCV 1.2.3-1 2021 2023 3
E SUvV
FCV FC
FCV
SUV D 2030
E SUv D
1% 2030 2040 CAGR
20% BEV 2020 CAGR 20% 2030 BEV FCV
2040 CAGR 5% 2050 FCV
1.2.1-1 370 1.23-3 FCV
FC 2030 2035 FC
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14.7 3 4
ROW Rest of World HDT
4 HDT 4 10
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120 (10]
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FCV 1.3 23 60 150
FC 0.2 17 45 120




FC

18

3616

oy (8H
® o N B

I XY RIDRE
onNn & O

500
450
400
350
300
250
200

FCViRTTEE (J05)

150
100
50

2021

T Q0 O 9O Q/QA‘?AQ)AOQOAQ/QA&‘,‘:
N N DN D T <Q
9 o 9 o) ) Q
\,‘9
Q\C'
1.2.3-1
2021 2023 3 Marklines
[2030)
E,F/SUVD,E
Pickup Truck
1%
[2030]
Pickup Truck

40/
/0

1.2.3-2 FCV




140

2030

~ 120 |

40 m 2035

R 100 |

~ m 2040

&

{0 80

B g0 L

o\

a

N 40

e

© 20 -

0
1.2.3-3 FC

[1] 4
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[2] IEA,““Net Zero Roadmap - A Global Pathway to Keep the 1.5

[3] IEA, “Net Zero by 2050”

[4] IEA, “Energy Technology Perspective 2023”

(3] 4

[6] 2024 Al
https://www.fcr.co.jp/pr/240705.htm

[7]

[8] PWC,“< EV

[9] PwWC Strategy&, “The Dawn of Electrified Trucking” (2022/10)
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77 2019/3

[10] McKinsey & Company, “Preparing the world for zero-emission trucks — The mainstays of commercial

road transport will soon benefit from cost-effective, zero-emission horsepower” (2022/9)

13
131

2030 FC



25

2030 25
44
2035
44
FCV
2035 Large-SUV SUV E
FC
1
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1.3.1-2 2030
44 2035,40
FC FC FC
[ b
[kw] [kw] [1] [kwi 1 [[ m] [L] [ka] [L] [ka]
25 300 200 | -30~50 5 3.5 3 502 230| 2500 1 400
5
44 425 325 | -30~50 5 a7 3 502 460| 2,500 1 400
5
(2035 )
44 450 350 | -30-50 5 35 3 502 460| 2,500 1 400
5
(2040 )
600 600 | -25-50 6 100 0.02 18,000 11,000 72,000 2
480 480 | -25~-50 3 100 0.02 7,000 4,000 24,000 3,000
2 800 400 | -30~45 5 6 13 1,300 1,000 5,086 2,000
120 120 | -30~50 1 1275 1,300 1,000 1,463 400
20
70 70| -30-50 1 105 400 500 1,280 400
13
30 8| -20-40 2 1.0 0.5 339 500 84 80
1-2
50kW~ 50KW~ | -30~45 1 1.14 2 125 250 500 120
50kW
1
2
1.3.2 FC
2030 2035 2040
1-V Pt
-V BOL/EOL
1.3.2-1 FC
-V 2030 2040 1-V
2035 2030
25 2035
2040 44
FC
-V ] A BOL
1-V 2.2
1.3.2-2 2035 1-V -V
2035 1-V
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3 07 |
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BOL ™, 20304 B#Z (HDT) ,105°C
05
0.4 ' | '
0 1 2 3 4
Current density A/cm?
1 BOL Beginning of Life EOL End of Life WHVC+ @ /cycle)
22030 IV (Pt 0.19g/KkW ) a 1.63A/cm?, 077V = 1.76A/cm?, 0.72V
32035 IV (Pt 0.13g/KkW ) a 2.18A/cm?, 0.76V m 2.37Alcm?, 0.71V
42040 IV Pt 0.07g/kW A 2.29A/cm?, 0.86V m 2.44A/cm?, 0.81V
5
1.3.2-1
2030 2035 2040 -V
1.1
1 L
0.9
> 20404 E14Z (HDV)
) 0s | e - BOL
S ~EOL
Tg 20354 B4 (HDV)
=07 r BOL
3 . = oL
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\\ \
\ \EOL
05
0.4 | : |
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FC

-V FC / 1.3.2-1 1.3.2-2
1.3.2-1 2030 2035 2040 HDV FC
2030 2035 2040
[h] 50,000 50,000 50,000 222
F [ kW] 0.9 2.3.1
F [ /kw] 0.45 2.3.1
Pt [mg/cm?] 0.24 0.22 0.14 2.3.3 251
Pt [mg/cm?] 0.04 0.04 0.02
bt [g/kW] 0.19 0.13 0.07 Pt
FC [kWiL] 0.6 0.75 0.8 2.3.2
FC [KWIL] 6.76 8.42 10.38 2.3.2
1.3.2-2 2035 FCV FC
2035
Ih] 10,000 2.2.6
F [ /kw]
F [ kw]
Pt [mg/cm?] 0.14 2.2.6
Pt [mg/cm?] 0.10 Pt Pt 0.14 mg/cm?
Pt [mg/cm?] 0.04 1
bt [g/kW] 0.1g/kW
1.3.3 FC
1.3.2-1 2030 1-v 105
2030 1.3.3-1
1.3.2-1 2035 2040 1-v
120 2035
2040 1.3.3-2
5 10
70
MEA
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1.3.3-1 2030

2030
Gen2
MIRAI
8
PGM (mg/cm?) 0.20 0.17 0.20
ECSA (m?/g) 60 48 61 | Pt/C
atl00 100%RH 1810 * * | TEC10V30E
(Alg) @0.9V | at80  100%RH 1740 500 95 9
(um) 6.0 9.1 7.4
at 80 , 80%RH 10 9.1 18.1
(s/m)
(um) 8.0 8.5 25 | Chemours
H at 120 , 30%RH 0.032 0.018 | 0.016 | Nafion™
(S/cm) at 100 , 40%RH 0.041 0.027 | 0.024 | NR211
1 at 80 , 80%RH 0.12 0.106 | 0.086 9
at-30 ,0%RH 2 * *
3 * *
4 * *
50 30
5 (MPa)
at 23 , 50%RH
* 250
(%)
at 23 , 50%RH
7 | H at 120 , 30%RH 0.032 — % | Chemours
y (S/cm) at 100 , 40%RH 0.041 — * | Nafion™
at 80 , 80%RH 0.12 — * | D2020
* at 120 , 30%RH 0.13 0.77 0.37
/ (Qcm?) at 100 , 40%RH 0.10 0.41 0.24 9
~ at 80 , 80%RH 0.035 0.10 | 0.060
GDL GDL (Qcm?) 0.0010 * | <0.01 | SGL
GDL at 80 , 80%RH 18 | 58.3 60.8 | CARBON
) ( ( SIGRACET®
(sl/m) 6 ) ) | 22BB
GDL/ / 0.0065 * — 10
(Qcm?)
GDL * 9
7 * 0.9
(N/mm) ~1.5
1 H
2
3
5
6 GDL
7
8 MIRAI  MEA FC-Cubic
9 TEC10V30E 0.2mg-Pt/cm? 0.1mg-Pt/cm?

Chemours Nafion™ D2020 1/C:1.0

10

MEA

FC-Cubic

Chemours Nafion™ NR211 GDL SGL-CARBON SIGRACET® 22BB

https://www.sglcarbon.com/en/markets-solutions/material/sigracet-fuel-cell-components/
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1.3.3-2 2040

2040 2035 2030 Gen2-
MIRAI 4
Pt (mg FCV:0.10
cm?) 0.12 HDV-0.178 0.20 0.17 0.20 PY/C
ECSA (m?g™?) 200 60 60 48 61 TEC10V30
@120 E 4
100%RH
O2 100 kPaabs 42,500 4990 o o o
09V (Ag?)
@80
100%RH
0> 100 kPaune 39,000 4630 1740 500 95
09V (Ag?)
8 10@80 |, 10@80 , | 9.1@80 , | 18.1@80
(sm) 80%RH 80%RH 80%RH , 80%RH
(um) 3.6 6.0 6.0 9.1 7.4
Chemours
H* Nafion™
0, 0,
@120 (ScmY) 0.15@12% | 0.05@30% . . * D2020
RH RH
1
5
1 5.0 8.0 8.5 25
™ @;Er;é s Chemours
cm ) 0.15 0.05 0.032 0.018 0.016 Nafion™
1 @12%RH @30%RH @30%RH @30%RH @30%RH | NR211 5
GDL GbL ’ 0.0010 0.0010 0.0010 * <0.01 SGL
(Qcm?) CARBON
GbL 16 3 16@80 18@80 585.330?/8I'—\(’)H 605%%8R(’)H ?CLGRACE
0 0, ' 0 ! 0
)(s/m) 2 80%RH 80%RH 22BB
GDL/ / 6
0.0004 (0'0065) 0.0065 * —
(Qcm?) 5
1 H 2030
120 55 125 12%RH
120 3 2537
2.5.3-10 2 125
2234
55
25.3-7 2.5.3-10 12%
2
3 NEDO 2022
4 MIRAI  MEA FC-Cubic
5 TEC10V30E 0.2mg-Pt/icm2 0.1mg-Pt/icm2
Chemours NafionTM D2020 1/C:1.0 Chemours NafionTM NR211 GDL SGL-CARBON SIGRACET®
22BB MEA FC-Cubic
6 https://lwww.sglcarbon.com/en/markets-solutions/material/sigracet-fuel-cell-components/
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134 FC

FC 1.3.4-1 FCV 80 2030
2030 / 20 /
TT 05 |/
15m/ 7 2
FC 20 0.5
METI DOE FC
FC
70 CN FC
1.3.4-1 FC
2025 2030 2035 2040
10 1500
HDV 2
FC 09 KW 1
HOV FC 045 kW
80 3 200 300-600 4
FCV 7,500 8
FC 04 KW 1
FCV FC 02 kW
s I -7 21 32 .50 120 /
HDV FCV -2
2,500 / 6,000 / 6,000 / 7,000 / . 10000 !
x1 -3 x3 x4
>
1/ 6 05 |/ 6 04 | 6 033 6
( 6m/ 7 5m/ 7 19m/ 7
S 25m/ 7
100 A70 5 A2 5 A74 5
100 A70 AT2 AT74
50% 80% . 100%
1 NEDO FCV HDV DOE2030

2 Hydrogen Council  Hydrogen Scaling up

3 METI
4 FCCJ 2015 IEA  Technology Roadmap Hydrogen and Fuel Cells
2050 80%
600

5 DOE Mass Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for Transportation Applications:2018
Update 2030 70 2050 DOE
Ultimate target 2035

6 125kw 300 250cm2 20 2 /

7 250cm? 320=<130 *3 /

8 IEA ““Net Zero by 20507~
16



135

20304

20404

1.35-1

20304

20404

1.35-1
1.35-1
1.35-1
2030 2035 2040 2050
[wth] 10 — 15 —
[g-H2/L] 28 2 — 29 234 —
[ /kg-H] 4 — 2 —
[wt] — 4 7 4 7 —
[9-H./1] — 28 29 _
[ /kg-Hg] — 2 1 —
[wit] — 20030 5 30040 5 —
[9-Ha/L] — 35 40 _
[wit] — — 8 26 8 2,6
[9-Ho/L] — — 70 26 70 26
kg / kg >100
g / L
1
2 L/'D 5
3 FRP loT DX
4HDV FCV
5
6 1MPa
7 Type3 2024
45000 | WNEDO m#E2.0 wDOE(CK) =M | 16 aNEDG = #H20 WDOECE) = &M
-
_ 20000 § i
% 25,000 % .
X 20,000 &
15,000 EoC
10,000 N
5,000 2
0 0

17



[1] DOE “DOE Technical Targets for Onboard Hydrogen Storage for Light-Duty Vehicles”, 2023

https://www.energy.gov/eere/fuelcells/doe-technical-targets-onboard-hydrogen-storage-light-duty-

vehicles

[2] Clean Hydrogen Partnership “Clean Hydrogen JU - SRIA Key Performance Indicators (KPIs)”, 2022

https://www.clean-hydrogen.europa.eu/knowledge-management/strategy-map-and-key-performance-

indicators/clean-hydrogen-ju-sria-key-performance-indicators-kpis_en

[3] “TECHNOLOGY ROADMAP FOR ENERGY SAVING AND NEW ENERGY

VEHICLES 2.0”, 2020

NEDO
NEDO 2030
2030
NEDO
1.3.6 DX
SDGs CN
DX
[ ]
® 35 30
DX
DX
1.3.2-1
DX

1.35-1

2020
2040
2040

Ml Pl MEI
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2.1
2030 2035 2040
6
25 44
2 20 13
1-2 50kwW
2.1.1
2030
2030 FC
2.1.1-1 Hydrogen
Europe Strategic Research and Innovation Agenda 2030 9.5 FC
20% FC (1]
CA FC 7 2035 [2] FC
30 2030 [3] (4]
2030 FC 10
2040
2.1.1-1 2030
[ /] 30 [ /]
FC
25 1,300,000
44 240,000
2 250 50
20 200,000 200 20,000
13 100,000 100 10,000
1-2 380,000 5,000
50kW

[1] Hydrogen Europe and Hydrogen Europe Research, “Strategic Research and Innovation Agenda”, Oct. 2020
[2] California Fuel Cell Partnership, “Fuel Cell Electric Trucks A Vision for Freight Movement in California
and Beyond”, Jul. 2021

[3] Fuel Cell & Hydrogen Energy Association, “Road Map to A US Hydrogen Ecomony”

[4] Global Market for Hydrogen Fuel Cell Commercial Trucks, 2021
19



2030

2030
2.1.1-2
2.1.1-2 2030
8 2020 5
2030 2040
CA 15 2030 Class7-8 30% Class7-8 50% ZEV
Class7-8 2045 2035
100%ZEV
CO2 2019 2025 15 2030
30
2035 100%ZEV BEV FCV
2025 3.1 2030 15.6 2035 45.8
2030
7
2030 C40
4 2030
CO2 ”Clean Construction Declaration”
CA  Clean Air Action Plan LA LB
2030
2024
2.1.2
2030
45
80
2.1.2-1
25 -30 50 0~5,000m -30 50
44 3,000 5,000m
-25 50 0~20m -25 50
-25 50 0~20m -25 50
2 -30 45 0~1,375m -10 40
20 -30 50 0~5,000m -30 50
13
1-2 -20 40 0~500m -30 80
50kwW -30 45 0~2,000m -30 45

20



2.1.3

FC
FC 2
2.1.3-1 FC
FC [kW]
25 303
44 350 400
600
480
2 400
20 120
13 70
1-2 30
50kW 51.5
2.1.4
-V EOL -V
2.1.4-1
[hr]
25 50,000 1% 90km/h
44
60,000 600kW 72 200kW 24
100kw 24
30,000 480kW 30 60kw 15
10 /
2 50,000 400kW
20 10,000 4 20
13
1-2 20,000
50kW 10,000 50kw
2.15 FC
FC
FC
2

21



2.1.5-1 FC
[L] [ka]
25 502 230
44 502 460
18,000 11,000
7,000 4,000
2 12 1,300 1,000
20 1,300 1,000
13 400 500
1-2 339 500
50kwW 125 250
1 https://www.jreast.co.jp/press/2020/20201006_4 ho.pdf
2 https://global.toyota/jp/newsroom/corporate/34799387.html
2.1.6
2.1.6-1
L [mm] W [mm] | H[mm] [L] [kg]
25 — — — 2,500 400
44 2,000
12,000 2,400 2,500 72,000 2 3
56,520
6,000 2,000 2,000 24,000 3,000
18,840
1,400 3,000 700 5,086 2,940+ 2,146 2,000
/ / 3,993 2,308+ 1,685
20 2,600 750 750 1,463 400
1,148
13 2,000 800 800 1,280
1,005 2,000
760 D375 — 84 80
1-2
50kwW — — — 500 120
1
2 40

22




2.1.7

2.1.7-1
2.1.7-1
1
25 1,000km
44
100m? 9
1 8
2 500km 5km/kg 2
1 250
1,000km
20 8 20 E/G
13 30 2 3 1
4 30
1-2 55% 1
50kwW 8
2.1.8
2.1.8
FC
2.1.8-1
2.1.8-1
25
44
2
PRD
20 30
13
1-2

23




2.1.8-2

2.1.8-2
25
44 -30 20
-10
2 10
FC
20
13
1-2
50kW 1 2
2.1.8-3
/
25 1,000km ST
44
5 ST
2 7
2 500km ST 500km
1,000km
20 4hr 20t
13
4.5hr ST( LiB
50kW 4hr
1 +2m( ) +1m( ) +2t

24



2.1.8-1 2.1.8-2

AN

AKR#A l_
I—(L ?ﬂl n%;;’;;:

LA - hteps:/ /ishigochi-
group.com/ group/ishigochi /ishi
gochiservice/ refuelingservice/1t
sukarchi/

=R
http: / /www.toyotatsusho
petroleum.com/jp/busin
ess/

= b+ HER e PR ERERIOTRDENRITENSHBECHRTES
TR KRB RS TN
2.1.8-1 2.1.8-2
2040 FC
2.1.8-4 2.1.8-3
2.1.8-4
/
1
[kal [ka] [9-H2/kg] | [g9-H2/L]
[L]
25 1,000 km | 14.4 70 400 2,500 174 34.8
44 km/kg-H2 2,000
5 0.05 2416 2 72,000 170 2 | 427
(220 hr) hr/kg-Hz 56,520
2 0.06 231 | 3,000 | 24,000 77 12.3
(14 hr) hr/kg-Hz 18,840
4| — _ _ — — 270 43.1
2 414km | 3.6 114 2000 5,086 57 28.6
3 kmikg-Ho | 138 3,003 69 32.1
500 km
4| — — — — — 138 64.2
4hr 0.22 18 400 1,463 45 15.7
20 hr/kg-Hz 1,148

25




4 | — — — — — 90 31.4
0.35 11 400 1,280 28 11.3
13 hr/kg-Hz 1,005
4 | — — — — — 56 22.6
4.5 hr — 2 80 84 25 23.8
4 hr 0.45 9 120 500 73 22.4
hr/kg-Hz (393)
50kW 4| — — — — — 146 44.8
( )
4 hr 0.39 10 120 500 86 26.3
hr/kg-H2 393
50kw 4| — — — — — 172 52.6
( )
4 | — — — — — 330 35
12040 IV
2 2030
3223 8 500km
4
@:2022F0— K2y 7R i BEE
O KEAIBHEESEEEELAVBYE
70
KEFBHYATLE H‘.
JSTHE@20%04%F (=1 MPa)
60 - &
BERAM29-
@ (&k\E)
_ 50 =
= ol %--
= 40 !E § ¥RL379— @ wpsmh b TRAKER
| P~ SARDip] L
,ﬁ g&iﬁ - ° 44‘ron7‘L§£h5~‘/7 .m;;
g 30 _E %iIRAl .. omimEyaMb ‘ | =41
&= 74-7Y7b@  I3tong .&*;h j;zg‘:gpm) d . S
# 20 HES 2~ G RARKE BIEAKE
€ 2010n o == & 20354818 20404 B8
SHESaNIL
10 © i |
-m:,'ﬁl-‘iﬁ : BmEK BEKE
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+ )L EfE283cm?
7Y T — X MEE353kW
0.6 |
HEBRBERZ
05 L L L L L L L
0 0.5 1 15 2 2.5 3 35 4
Current density A/cm?
BOL Beginning of Life EOL End of Life WHVC+ @ /cycle)

2.2.5-2

a7



2.2.5-2 -V
EE 20354 B0 S3# 1 2040FEED
- BEI-VEEORER BEI-VEEORERR
ETER (RRIERC) RITRAZE BITD10%IER,
FCRIYI# [H] 2 2
IR [#4] 396 330
CIVEHE [cm2] 283 293
Bl + YT L | 2kEREE [KWh] 20 90
SYI-FHEE kW] 353 XE\AKIR120°C, AKIR45°C 263 XERAKIR120°C, AAKB45°C
FCERAKE [°C] 120 120
FCHHEEEBEN ACP:96.5%, WP:95%, HP:50%, ACP:93%, WP:90%, HP:0%,
¥XGen2%100%¢ LIz A ML= FDC:90%, RadFan:90% FDC:80%, RadFan:80%
! ae BRI H - A7 R - o
AT AT RE KGemdB 1L LB A DHE 1/21& 1/301%
1
0.9 +
>
o 08
o0
©
.
o
>
2 0.7 F
&)
0.6 [~ ~
05 | | | | | | |

1.5 2

2.5

3 3.5 4

Current density A/cm?2

1 BOL Beginning of Life EOL End of Life WHVC+ @ /cycle)
22030 -V (Pt 0.19g/kW ) A 1.63A/cm? 0.77V m 1.76Alcm? 0.72v
32035 -V (Pt 0.13g/kW ) A 2.18A/cm?, 0.76V m 2.37Alcm?, 0.71Vv
4 2040 -V Pt 0.07g/kW A 2.29A/cm?, 0.86V m 2.44A/cm?, 0.81V
51V 44 HDT

2.2.5-3 2035 HDV -V
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226 2035 FCV
1 2035 FC
(FCV) Large-SUV
2035 HDV IV
HDV
Large-SUV 2.2.6-1
WLTC+ (2 /cycle)
70
120
HDV EOL FC
I-v
1-v 2035 HDV
2.2.6-1 2035 FCV
Large-SUV SUV E
FC 1
283cm?
WLTC+ (1 /cycle)
70
1
120
FC ACP:96.5%, WP:95%, HP:50%, FDC:90%,
Gen2  100% RadFan:90%
Ca-Pt 0.1mg/cm? HDV:0.178mg/cm?
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-V 2035 HDV

1/2
Gen2 1
ACP: WP: HP: FDC:FC DCDC
RadFan:
2.2.6-1 HDV EOL FC
-V
-V 2035 HDV
Ca-Pt 0.1mg/cmz 1V 2035 -V (EOL)
2.2.6-1
2035 FCV -V HDV
-V HDV/(0.178mg/cm2) Ca-Pt
1-V 2.2.6-2 HDV AY; (BOL)
EOL IV
BOL 5% 10%
(Gen2) 1/2
| e EOL_40 7 km_J0/T )
B REES R /

& [kw]

\

FCRY R 71 [kwW]

2.2.6-1 EOL



——— 355 HDV_BOL

e 35 FEFCV_BOL
0.9 -\ -

= == 35%EFCV_EOL
A MBFES_BOL

°
®
{

B MAEFS_EOL

Cell volrtage [V]
A
/
/
/
//

0.6 N

0.5 \
0.4 T T T T T T
0 0.5 1 1.5 2 2.5 3 3.5 4
Current density [A/cm2]
1 BOL Beginning of Life EOL End of Life WLTC+ (1 /cycle)
2 A 1.8A/cm?, 077V m 1.92A/cm?, 0.73v
3 Ca-Pt 0.1mg/cm? |-V 2035
2.2.6-2 2035 FCV -V
2.3 FC
2.3.1
DOE 2030 HDV [1] 2030 FC
0.9 kW FC 0.45 kW 10
2021 110 / FC
BOP 2 DC/DC
DOE Ultimate Target LDV
80kw HDV 275kW FC HDV
8 15
2.5 FC 390kwW

80 /kW 2030

LDV 30 /kW HDV 60 /KW
LDV 40 /KW (2025) HDV 80  /kW (2030)

FC DFMA Design for Manufacture
and Assembly
R&D

51



HDV 2023 2024 M2FCT
PtCo/C-ZIF-8 Pt e-PTFE GDL
BOP Al2 KW 2025 $140/kW
5 20 KW LDV
55 KW 50 2025 40 KW 30
KW [2] PGM
BOP CCM
BPP
Strategic Analysis SA 2023 HDV FC
[31 NEDO
SA FC 2.3.1-1
2023 2030 23.1-1
2.3.1-2
FC 275kwW 2
500
2 2023
526cm?2 2030 343cm?2
2023 2030 Pt
SA 2023 2030 HDV FC 2.3.1-2
2 10 2/3 100
A35% 2 / A45% 10 /
BOP
2030
CCM GDL 80%
BOP 70% 15%
2.3.1-3 2.3.1-4 65%

80%

80%
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(:& Diverter 3-Way Valve
Compressed :
0 P:: Tanks ® H Over-Pressure Controlled 2-Way
H Injector @ Cut-Off Valve Valve
( myok ™ - pire |+ rowmimasous
rLine
...... Notlincludedin Cost Analysis ! LTL Coolant Line t Cur./Volt. Sensor
H, Purge Valve @J HTL Coolant Line — | | & Differential Pressure
Sensor
™ :Izo:‘!v?rlrtulmon * Components in grey
Check contain power input @ Thermocouple
CREDowa e, sz | @ e
VI-I\;. (Eq 1 FC &)
© = M= o
& | Coemister DB, e
Check Air Loop Air Mass exhaust
Valve & po 2, Temp Sensor Flow Somof@-
et - <P Air Pre- @
I x i ) S S e S
@ " b Airbleedfor [ ]Orifice b
ir
Humidifier beariog I
High-Ti L]
igh-Temperature Ljjch Temperature coolant Low Temperature
Radiator Particle
><a Coolant Loop
Thermostat (shared Radiator Fan)
& Valve Th;rm::snt
V
Coolant Bypass Coolant aive
Pump Reservoir Temp!
nt Coolant Radiator
Ol Fier Pump Coolant Bypass
Two stacks electrically in series
2.3.1-1 Strategic Analysis HDV FC

2023 HDV Stack and BOPa = + ($/kWnet)

Mixer

[3]

2030 HDV Stack and BOP3 X } ($/kWnet)

300.0 300.0
250.0 250.0
200.0 200.0
150.0 150.0
100.0 100.0
50.0 50.0 I
o0 10,000 20,000 40,000 100,000 200,000 0o 10,000 20,000 40,000 100 000 200 000
TOTAL ($/kWnet) $287  $214 5200 5182  $168  $159 TOTAL ($/kWnet) 5200 $142  $131  $118  $108  $101
W System Assembly & Testing 1.1 1.0 0.9 0.9 0.9 0.9 M System Assembly & Testing 1.1 1.0 0.9 0.9 0.9 0.9
= BOP TOTAL 94.8 78.0 73.6 68.6 62.6 58.8 = BOP TOTAL 75.7 62.2 58.6 54.6 49.8 46.7
W STACK TOTAL 190.8 134.9 125.3 112.5 104.8 99.1 W STACK TOTAL 1229 79.2 711 62.6 57.9 53.9
#5358 [unit/year] U3& 2 [unit/year]
2.3.1-2 Strategic Analysis FC [3]
2.3.1-1 FC [3]
2023 HDV System 2030 HDV System
(KWhet) 344 (BOL), 275 (EOL) 340 (BOL), 275 (EOL)
(KWogross) 407 (BOL), 338 (EOL) 393 (BOL),327 (EOL)
(v) 0.779 (BOL), 0.70 (EOL) | 0.779 (BOL), 0.70 (EOL)
@ (mMW/cm?) 774 (BOL), 642 (EOL) 1143 (BOL), 953 (EOL)
Pt (MgPt/cm? otal area) 0.45 0.35
(0.4 ca/0.05 an) (0.3 ca/0.05 an)
Pt (g/ngross) 0.700 0.367
ECSA 25,000 50% 30%
(atm) 2.5 2.5
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( ) (°C) 90 90
Air 15 1.5
H2 2 2
Q/AT (kWw/°C) 5.31 5.14
1,000 1,000
(cm?) 526 343
0.625 0.65
2 ( 2( )
67% 35%
(m?) 52.6 34.4
(KWogross’kg) 1.81 2.76
(KWgross/L) 2.09 3.08
@ (%) 53%(BOL), 46%(EOL) 53%(BOL), 47%(EOL)
2.3.1-2 [3]
2023 HDV System 2030 HDV System
20-micron Nafion® (850EW) 15-micron Nafion® (850EW)
ePTFE Electrospun PPSU
GDL 150 ym 150 ym
(105 pm GDL, 45 ym MPL) (105 um GDL, 45 ym MPL)
: 0.4 mgPt/cm? a-Pt/HSC : 0.3 mgPt/cm? a-Pt/HSC
: 0.05mgPt/cm? Pt/HSC : 0.05mgPt/cm? PYHSC
CCM Gore Direct-Coated Membrane Gore Direct-Coated Membrane
with dual-side slot-die coated with dual-side slot-die coated
electrodes electrodes
MEA R2R PEN sub-gaskets R2R PEN sub-gaskets
BPP Flexible graphite with resin Flexible graphite with resin
impregnation impregnation
BPP Embossed Embossed
BPP Adhesive Adhesive
MEA Screenprinted polyolefin Screenprinted polyolefin

elastomer seal on BPP

elastomer seal on BPP

Adhesive (Cooling)

Adhesive (Cooling)

Screen-Printed Polyolefin
Elastomer (End)

Screen-Printed Polyolefin
Elastomer (End)

Composite Molded End Plates
with Compression Bands

Composite Molded End Plates
with Compression Bands

Robotic assembly of graphite BPP
assembly, sub-gasketed MEA

Robotic assembly of graphite BPP
assembly, sub-gasketed MEA

Sensor every 3 cells (low
volume), 4 cells (high volume)

Sensor every 4 cells (low
volume), 10 cells (high volume)

(hrs)

2.5

1




2030 Stacka X F®AWER ($/kWnet)

$140.0
$120.0
$100.0
$80.0
$60.0
$40.0
$20.0
$0.0

TOTAL ($/kWnet)

W 10% STACK Contingency

m Others

m Stack Conditioning and Testing

M Cell Voltage Monitoring System

m Stack Assembly

M End Plates

m Screen Printed Gas Reactant Seal

W MEA Assembly and Gasketing - Subgaskets
GDL

® Membrane

M Biporar Plates

W Catalyst

2.3.1-3

2030 BOPO X A

$80.0
$70.0
$60.0
$50.0
$40.0
$30.0
$20.0
$10.0

50.0

BOP TOTAL

W BOP Replacement Cost

M 10% BOP Contingency

| Miscellaneous BOP Components

M Sensors

| System Controller

M Fuel Loop

W Low-Temperature Coolant Loop
High-Temperature Coolant Loop

m Air Precooler and Water Recovery Loop

= Air Loop

2.3.1-4
SA FC

2030 2035

2,000 10,000 20,000 40,000
$123 $79 $71 $63
$11.2 §7.2 $6.5 $5.7
50.7 50.5 50.4 $0.4
$1.4 $0.4 $0.3 $0.2
$4.0 $2.3 $1.6 $1.2
$1.7 $0.9 $0.7 $0.7
$1.0 $0.8 $0.7 $0.7
515 509 509 509
$9.8 $5.8 $4.7 $4.1
$16.9 $6.3 $4.3 $3.1
$14.4 $9.5 $8.1 $6.5
$17.0 $7.3 $6.8 $5.7
$433 $37.4 $359 $33.4

& S [Stack/year]

Strategic Analysis FC

R ($/kWnet)

2,000 10,000 20,000 40,000
$76 $62 $59 $55
$9.1 $7.5 $7.0 $6.5
$6.1 $5.0 S4.7 S4.4
S$3.4 $3.0 §2.9 $2.8
$4.0 $33 $3.0 $2.8
$1.0 $1.0 $1.0 $0.9
$7.4 $6.0 $5.6 $5.3
$S0.8 S0.7 $S0.7 $S0.7
$19.7 $16.2 $15.0 $13.9
$5.2 $4.0 $3.7 $3.3
$19.0 $15.5 $15.0 $13.9

BEE [Stack/year]
Strategic Analysis BOP
NEDO

2040

$1.1
$0.6
$0.6
50.8
$3.8
$2.2
$5.2
$5.4
$32.3

[3]

100,000
$50
$6.0
$4.0
$2.7
$25
509
$4.8
$0.6

$12.7
$3.0
$12.6

[3]

200,000
$54
$4.9
$0.3
$0.2
$0.9
$0.5
$0.6
$0.8
$3.5
$1.9
$4.5
$4.9

$30.9

200,000
$47
$5.6
$37
$26
$23
$0.9
$4.5
$06

$11.8
$27
$11.8
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SA FC
BOP OEM
SA
BOP
2.3.1-3 FC
BOP
e FC 2.3.1-1 BOP 0.8
BOP
[ J
65%
() Pt PEM
NEDO
SA LDV 2018 [4]
SS314, PVD TiOx NEDO
[ J
() 25,000 NEDO 50,000
Pt GDL
2.3.1-3
SA 2030 NEDO 2030 NEDO 2035 NEDO 2040
( 1) 7 8 10
FC (kWnet) | 275(Class8, 34t) | 200(25t) 325(44t) 350(44t)
2 2 2 2
/ 500 330 396 330
(cm?) | 343 273 283 293
(m?) | 17.15 9.01 11.21 9.67
EOL (W/cm?) 0.953 1.267 1.683 1.976
( ) (0.70V at 1.36Alcm?) | (0.72V at 1.76A/cm?) | (0.71V at2.37A/cm?) | (0.81V at 2.44A/cm?)
() 920 105 120 120
(hour) 25,000 50,000 50,000 50,000
Pt (mg/cm?) 0.35 0.24 0.22 0.14
PEM  (um) 15 8 5 1
BPP




2.3.1-5 NEDO FC NEDO
2030/2035/2040 Pt
2021 110 /
2030 1.1 1.26 kW 2035 0.93 1.07 kW 2040
0.79 0.91 kW 2030 0.9 kW
2040
BOP
AT L3R (FFA/KWnet)
1.40 20304
@70,0005/4 20354
120 @80,0004/% 2040
1.00 @100,0005/%F
0.80
0.60
0.40
0.20
0.00
70,000 80,000 100,000
TOTAL(J5 F3/kW net) 1.26 1.07 0.91
m System Assembly & Testing 0.01 0.01 0.01
m BOP TOTAL 0.65 0.59 0.54
B STACK TOTAL 0.60 0.47 0.36
SEE [unit/year]
A SA 2.0
AT LARE (FE/KkWnet)
1.40
20304
1.20 @70,0005/4F 20356
1.00 @80,000& /£ 20404
@100,000&/%
0.80
0.60
0.40
0.20
0.00
70,000 80,000 100,000
TOTAL(J5 F3/kW net) 1.10 0.93 0.79
m System Assembly & Testing 0.01 0.01 0.01
= BOP TOTAL 0.58 0.52 0.48
m STACK TOTAL 0.51 0.40 0.31
BYEE [unit/year]
B SA 1.5
2.3.1-5 NEDO FC
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HDV

TCO

TCO Total Cost of Ownership

TCO

2030

TCO

FC

FC

[1] “Hydrogen Class 8 Long Haul Truck Targets”, DOE Hydrogen and Fuel Cells Program Record #19006

[2] B. D. James, “Fuel Cell Systems Analysis”, 2024 DOE Hydrogen and Fuel Cells Program Review

Presentation

[3] B. D. James, et al., (Draft) “Mass Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for

Transportation Applications: 2023 Update on Heavy and Medium-Duty Vehicles”

[4] B. D. James, et al.,, “Mass Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for

Transportation Applications: 2018 Update”

2.3.2 FC
FC FC
2.3.2-1
2.3.2-1
FC FC Net 2
FC FC Gross
FC
FC FC /FC
FC FC /FC
FC FC
FC FC [1)/ FC [2]
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FC

2.3.2-2 23.2-3 44 2035 2040
FC 2030 FC

2030 FC 25

0.60kW/L 50kw
0.41kW/L FC
50kw 6.76KW/L 2040 FC
0.80kW/L 0.70kwW/L
FC 10.38kWI/L
2035 FC 44
0.75kW/L 0.65kW/L FC
8.42kW/L 2035
-V

EOL  3.44A/lcm2 939A

FC 2
23.2-2 FC
FC FC FC FC FC
1
[L] Net Net
[kW] [kW] [KW/L] [KW/L]
25 502 303 187 2 0.60 0.37 2
44 35 502 375 325 2 0.75 0.65 2
44 40 502 400 350 ? 0.80 0.70 2
18,000 600 600 0.03 0.03
7,000 480 480 0.07 0.07
2 1,300 400 400 0.30 0.30
20 1,300 120 101 0.09 0.08
13 400 74 63 0.19 0.16
50KW 125 51.5 51.5 0.41 0.41
1 FC Net /FC
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23.2-3 FC
FC EOL EOL
Gross [N [kWIL]
(kW] [A/cm ] [Al
25 228 3 36.72 6.21 3 3.44 939
44 35 371 3 44.06 8.42 3 2.88 815
44 40 381 @ 36.72 10.38 3 2.96 867
723 1316.91 0.55 3.04 829
578 512.13 1.13 3.30 900
2 475 96.00 4.95 1.88 513
20 120 95.11 1.26 1.97 537
13 74 29.26 2.53 1.29 353
50kw 61.8 9.15 6.76 3.19 872
3
[1] , MIRAI 2 FC ", TOYOTA Technical Review Vol. 66 Feb. 2021 p.12-
15 (2021)

[2] https://global.toyota/jp/newsroom/corporate/34799387.html

2.3.3 Pt
) 19%
15%
BEV
Pt
2.3.3-3 30
2050 FC
FC
2040 FC
0.07g/kW
2035
2035 FC
2035 FC
196 |/ FC

Pt 2.3.3-1 2000 100 |/
Pt 100 /
Pt 2.3.3-1 40%
2.3.3-1 ( 2
65%
1%
32
2.3.3-2 400 |/
CN 2050 FCV
FC 120/ (2050 )
1 Pt 2659/ =32 <120
FC 1 Pt 26.5¢ Pt
Pt
1 Pt 26.5¢ 2.3.2-3 381kW
2.3.3-3 LDV  HDV 80% 45%
HDV 10% FC 2.3.3-2
40 2.3.3-1
Pt 80% 45%
1 Pt 48.9g/ 2.3.2-3
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Pt

2035

0.13g/kW

371kW

Pt

Pt

Pt

Pt

FC

HDV

Pt

300
250
200
150
100

[Z5/u0]
BERHAICEHY

[Z/u0)]
BAUGV4d

m Electrical = Jewellery

= Autocatalyst

[1]

Pt

2.3.3-1

(2]

Pt

2.3.3-1

1,000 oz

o
o olo
NS |e|S
062,51
N
0
0 o
43222
05n/_|4
N
o
o o
SEEEE
o|®|N|Y
N

= ROW HD

m China HD

m North America HD

= Europe HD

2017

5,000

4,000

o
o
o
N

3,000

S)un 000°} x

1,000

0

2019 2020

2018

2016

ROW Rest of World

[3]

2.3.3-2
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Light-duty vehicles

80%
60%
40%
20%
0% —  — : : : :

100%

Heavy duty trucks

2020 2030 2050 2020

m Battery electric

= Plug-in hybrid electric

2.3.3-3 EV-PHEV-FCV

[1] Johnson Matthey
[2] Johnson Matthey

2030

2050

m Fuel cell electric

(4]

[3] World Platinum Investment Council, https://platinuminvestment.com/files/884932/WPIC_Platinum_

Perspectives_August_2021_JA.pdf

[4] IEA, “Net Zero by 2050 - A Roadmap for the Global Energy Sector”

234 CN FC
CN
CN
FC CN FC
e-Fuel 2
FC
FC
FC
FC 2.3.4-1
e FC
2.3.4-1 FC
ZEV P
[ J [ J
[ J [ J [ J
TCO e e
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e-Fuel

FC 2

300Wh/L

2.4

24.1
CFRP

FC

CFRP

CN

FC

2040

e-Fuel

FC

Tesla CATL ONE

800Wh/L FC
FC
2
2
2040 FC
FC
FW

24.1-1

200
70MPa
FC
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@YU H)LE

4
{0H

S IRIBERT TOCFRPIENDMEIGL (FEM)

30%
25%
20% |.
5% |

10%
5%
0%

. 5 s e s
CFRPOMESTEIS AL AN, MAX (BRiER)
rrrrrrrrr CFRPU)ZI&I_;_[; o\
BERMHHD
2.4.1-1 CFRP
2 FC-Cubic
FW
2030 2040
2.4.1-2
2.4.1-3
16
3;5;1-,7 (FRB1:PAPE) ) fgf,,u T
14 +— JAB061-T6) ;,_
o s
(AS061-T6) '
21— i -
gro waal g P
8 _
6 - —
4 - S
o -
2020% M-sBOMEE  BEmE(E CFRP8 HTAAL | REEmE(L 1A TR
22620 AuRE _ eN7E=s T
GTR(BE BrA | e 5
RBRE) cSn i B (CFRPT
o— A ~ A )
SRS -~ RBO AT
2030 2040
2.4.1-2
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7,100MPa

10

25

24

23

85mm

0.15x10-20 cm® cm/cm?/sec/cmHg 55

[1]

2020

CFRP

2.25.20
2030 2040 g
2.4.1-3
CFRP
2030 5,900MPa 2040
$10/kg
-60 1
70MPa
46ml/hr/L [1]
1,500mm 0.5mm

UNR No.134

80.5MPa 2035
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CFRP

FW FEilament Winding

CFRP
2020 35wt CFRP

CFRP

SHM Structural Hearth Monitoring
2024 GTR13 Phase2

CFRP

" 2040 SHM 1.8

24.2

24

(LNG)

CFRP
2035

FW

2.25—2.0

SHM

2412 ¢

-253
(BOG)

22
23

1,000km
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2.1.8

DOE

DOE
(HFTO) 2023 9
1,170 [1] H2@Scale

Clean Hydrogen Partnership

TAnk HYdrogen Automotive [2]
Thermoplastic Hydrogen tanks Optimized and Recyclable [3] STORAGE OF HYDROGEN:

ALTERNATIVE PRESSURE ENCLOSURE DEVELOPMENT [4] 2023 2023

COmposite COnformal LIquid
H2 Tank COCOLIH2T [5] Important Project of Common
European Interest 1PCEI Daimler Truck Baden-Wurttemberg

Rhineland-Palatinate
2 2600 [6]

[7]

8]

2020 10 2021 12
15Wt% 35g/L

[9] 2023 [10]
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85kg

15wt% 40g/L
8 LH:2
8%/kWh 2023 9 HFTO
3 (1]
2023 9
1,047km [11] 2023 1 Clean Hydrogen
Partnership
[12]
ISO 197
[13] 2023 2 COCOLIH2T
[5] 2024 SAE International EUROCAE
Hydrogen Fueling Stations for Airports, in Both Gaseous and
Liquid Form [14]
2024
6
[15]
2030
2024 FTXT
80kg 8wt%
1,000km [16]
2024
100kg 1,200km [17]
LNG
LNG 1,200 1,500km
UN-R110 Annex3B.2.7 LNG
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[15] 2 LNG CNG
LNG
LNG
2035 5 2040 7 -253
-161 LNG
2.8.2
DOE 20wt%
sLH:2 15wt%
NEDO
2.4.2-1 2.4.2-1
15%
GlI: Gravimetric Index 2.8.2
BxH|B NLTHE
LH:Storage Tank ~ Gas
258
Dé
lnsul/ation or |
vacuum &
2.4.2-1
2.4.2-1 2.4.2-2
Typel~3,5 Typel
2.4.2-1
SuUS Al CFRP
Typel Typel Typel Type2 Type3 Type5
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SUS316L XM-19 XM-19 XM-19/ XM-19/
CFRP CFRP | CFRP
366mm 372mm 362mm 362mm 361mm 351mm
10% 10% 10% 10% 10% 10%
0.6MPa 0.6MPa 0.6MPa 2.5MPa 2.5MPa 2.5MPa
35kg 35kg 35kg 35kg 35kg 35kg
50mm 50mm 40mm 40mm 40mm 30mm
4 3 3 3 3 3
Typel Typel Typel Typel Typel Typel
SUS316L SUS316L A6061-T6 A6061-T6 A6061-T6 A6061-T6
15 15 15 15 15 15
(a) (b) () (d)
NI : Typel M : Type2 A : Type3 M : TypeS
A48 Typel S48 Typel A48 : Typel A% Typel
24.2-2 Type5
50 -
g Type 5
S ®
I Type2
> 40 - "7 "l Type 3
M Egﬁj?i{g 9H§AI
oz ®
i HEFR(SUS) )
ko 1 BkKER| HEikk®R
X 354 HiE| 40FB1E
- BEKE
40FEHIE
20 1 1 T T 1 1
0 10 20 30 40 50 60 70 80
HEFREE(Wt%)
2.4.2-3
2.4.2-3 218. 3 44
1000 km 70 kg/ 35kg/ 2
SUS316L Typel
Iwt% A6061-T6
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18~25wt%

CFRP ( 3000 MPa) Type2, Type3, Type5
30~40wt
2035
20~30wt% 2040 30~40wt%
70 kg 90 kg 40 g-H2/L 300 kg
45 g-H2/L
CFRP
WG WG 2.4.2-2
CFRP CFRP 2
SUS SUS304 NEDO
2.4.2-2 CFRP
[0= ] [+20<=/-20< ]
1 1
(MPa) (MPa) (GPa) (g/cm3)
“2(Pa)
CFRP 250 3000 160 18 1><107 307
300 3500 180 18 750 ™
CFRP

*1 20K LNG
*2 1=10%Pa (20K)
*3
*4 2

[1] DOE “Selections for Hydrogen and Fuel Cell Technologies Office Funding Opportunity Announcement

in Support of Hydrogen Shot”, 2023

https://www.energy.gov/eere/fuelcells/selections-hydrogen-and-fuel-cell-technologies-office-funding-

opportunity

[2] European Commission, Clean Hydrogen Partnership “Tank Hydrogen Automotive”

https://www.clean-hydrogen.europa.eu/projects-dashboard/projects-repository/tahya_en

[3] European Commission, Clean Hydrogen Partnership “Thermoplastic Hydrogen tanks Optimized and

Recyclable”
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(3]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

https://www.clean-hydrogen.europa.eu/projects-dashboard/projects-repository/thor_en
European Commission, Clean Hydrogen Partnership “Storage Of Hydrogen: Alternative Pressure
Enclosure Development”
https://www.clean-hydrogen.europa.eu/projects-dashboard/projects-repository/sh2aped_en
European Commission, Clean Hydrogen Partnership “COmposite COnformal Llquid H2 Tank”
https://www.clean-hydrogen.europa.eu/projects-dashboard/projects-repository/cocolih2t_en
Daimler truck “Daimler Truck receives funding for fuel cell trucks from German federal and state
governments”, 2023
https://www.daimlertruck.com/en/newsroom/pressrelease/daimler-truck-receives-funding-for-fuel-cell-
trucks-from-german-federal-and-state-governments-52916055

“ 7, 2024
https://www.meti.go.jp/shingikai/sankoshin/seizo_sangyo/kokuki_uchu/pdf/20240409_1.pdf
NEDO “ 2023 WG 7, 2023
https://www.meti.go.jp/shingikai/sankoshin/green_innovation/industrial_restructuring/pdf/020_07_00.p
df
“Cost Assessment and Evaluation of Liquid Hydrogen Storage for Medium- and Heavy-Duty
Applications”, DOE Hydrogen Program Annual Merit Review and Peer Evaluation Virtual Meeting
2021, Project ID# ST223
“System Level Analysis of Hydrogen Storage Options”, DOE Hydrogen Program Annual Merit Review
and Peer Evaluation Virtual Meeting 2023, Project ID# ST001
https://www.hydrogen.energy.gov/docs/hydrogenprogramlibraries/pdfs/review23/st001_ahluwalia_2023_
p-pdf.pdf
Daimler truck “Daimler Truck #HydrogenRecordRun: Mercedes-Benz GenH2 Truck cracks 1,000
kilometer mark with one fill of liquid hydrogen”, 2023
https://www.daimlertruck.com/en/newsroom/pressrelease/daimler-truck-hydrogenrecordrun-mercedes-
benz-genh2-truck-cracks-1000-kilometer-mark-with-one-fill-of-liquid-hydrogen-52369346
ELVHYS, “ELVHYS "
https://elvhys.eu/
Pre-normative REsearch for Safe use of Liquide
HYdrogen”,2023https://cordis.europa.eu/project/id/779613/reporting
“Hydrogen Fueling Stations for Airports, in Both Gaseous and Liquid Form”, AIR8466
https://www.sae.org/standards/content/air8466/

, Daimler Truck

2024

https://www.khi.co.jp/pressrelease/news_240612-1.pdf

Great Wall Motor. “FTXT Debuts at IAA Transportation 2024 in Germany, Long-Haul Hydrogen Power
Solutions Garner Significant Attention.”

https://www.gwm-global.com/news/3403470.html
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[17] - ”. Science Portal China, 2024
https://spc.jst.go.jp/news/240702/topic_5_04.html

[18] Regulation No 110 of the Economic Commission for Europe of the United Nations (UNECE)”
https://eur-lex.europa.eu/legal-

content/EN/TXT/?uri=CELEX%3A42015X0630%2801%29&0id=1699956594789

2.4.3
1.3.5 2022
2022
2.4.3-1 CO2
80g-Ha/kg 70g-Ha/L 2050
1MPa
2050
60% 2040
40 85 11,000
10%
2025
80 ————
i BHAKRSkIDBBN—RDRE o RILTVEZT
~x 70 | (< BRIEPVEZT) @ kst E AV EBE02050FREE
T r80g-Hp/kgllk 7D 709-H,/L kI @EEEHNTMPaLT
[0)]
E 50 DOE ultimate target‘ AERIAMER. a2 EHER L. KR HE I MER
1 ® 2544@DOE
40 PUEZFRSY @ L UR) #tkkFE@DOE
E& iy v (50MPa&-165°C) iy A
iz S0 3 L o
¥ 50 MOE@DOE_® by =2E@2030FHEZ =E@2040FEBE
(10MPa. 80K) 2E@2020% (70MPa) (70MPa)
10 (70MPa)
0
0 20 40 60 80 100 120 140 160
BErREE [9-H,/kg]
2.4.3-1
2.4.3-1

(kobelco-gascylinder.co.jp)
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24.3-1

930L
1,188L =1/4x79.4cm?x1r%x240cm/1,000
500kg
88kg 500kgx3/17 3H/NH3
505kg
3.6MPa
SM5208
87g-Ha/kg =88/(500+505)
74g-H2/L =88/1188
2050 80g-Hz/kg 70g-H2/L

2.4.3-2 50% 2.4.3-3 80%

186kg-H2/kg 115 184g-Ha/L 80% 50%

2.4.3-2 2050
(SM5208 50% )
930L
1,188L =1/4x79.4cm?x1*x240cm/1,000
83kg =1,188x0.070
505kg
1,040kg =1,188x0.070/0.080
SM5208
89Kkg = 20%
33L =89/2.7( )
446kg =1,040-505-89
50%
4491 =(930-33)x0.50
448L =930-33-449
0.36kg-Hz =448x0.0008 (= @1MPa)
186g-H2/kg =(83-0.36)g-H2/446kg
184g-Ha/L =(83-0.36)g-H2/449L
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2.4.3-3. 2050

SM5208 80%
930L
1,188L =1/4x79.4cm?xTrx240cm/1,000
83kg =1,188x0.070
505kg
1,040kg =1,188x0.070/0.080
SM5208
89Kkg = 20%
33L =89/2.7( )
446kg =1,040-505-89
80%
718L =(930-33)x0.80
179L =930-33-718
0.14kg-Hz =179x0.0008 (= @1MPa)
186g-Ha/kg =(83-0.14)g-H/446kg
115g-Ha/L =(83-0.14)g-H/718L
(IMPa
)
SM5208 ( ) 2050 80g-H2/kg
70g-H2/L 2.4.3-4
50% 2.4.3-5 80%
115kg-Hz/kg 118 188g-Ha/L 80% 50%
2.4.3-4 2050
50%

930L

1,188L =1/4x79.4cm?xTx240cm/1,000
83kg =1,188x0.070

175kg =505x2.7/7.8

1,040kg =1,188x0.070/0.080

144kg = 20%

53L =89/2.7(

721kg =1,040-175-144
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50%
440L =(930-53)x0.50
437L =930-53-440
0.35kg-H2 =437x0.0008 (= @1MPa)
115g-H2/kg =(83-0.35)g-H2/721kg
188g-H2/L =(83-0.35)g-H2/440L
2.4.3-5 2050
80%
930L
1,188L =1/4x79.4cm?x1rx240cm/1,000
83kg =1,188x%0.070
175kg =505x2.7/7.8
1,040kg =1,188%0.070/0.080
144kg = 20%
53L =89/2.7( )
721kg =1,040-175-144
80%
702L =(930-53)x0.80
175L =930-53-702
0.14kg-Hz =175%0.0008 (= @1MPa)
115g-H2/kg =(83-0.14)g-H2/721kg
118g-H2/L =(83-0.14)g-H2/702L
2050 80g-H2/kg 70g-H2/L
2.4.3-6 2050 60%
69g-H2/kg 71g-H2/L 2040
2.4.3-6 2050
SM5208
1869g-H2/kg 115g-H2/kg
115 184g-Ha2/L 118 188g-H2/L
( 80 50% ) ( 80 50% )
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25 FC

25.1

2030

MBD
I-v

I-v

HDV FC 2030
2] 0.05[mgcm=2] [1,2] FCV
0.025[mg cm?] [2] HDV

0.24[mg cm-2]
25

2.3.3 2050 12.5¢g/
HDV TCO

BOL EOL
1-v -V
2
BOL 1-v
Pt
Pt 0.3[mg cm-2] 0.25[mg cm-
0.125[mg cm-2] 0.1[mg cm2]
FC FCV I-vV
Pt
0.2[mg cm-2] 0.04[mg cm-2]
FC 228kW 43¢/
309 2.3.1
309 10

[1] “M2FCT: Million Mile Fuel Cell Truck Consortium”, DOE Annual Merit Review and Peer Evaluation

Meeting 2021, Project ID# FC339

[2] “Fuel Cell System Analysis”, DOE Annual Merit Review and Peer Evaluation Meeting 2021, Project ID#

FC163
2035
2030 MBD
BOL EOL IV
44
44
2035
2030 330
3Acm-2
396
1-v
Pt 2030
BOL

2035 FC
2035 I-vV 2040
2030 FC 4
2040 FC 2
2035
2.5Acm EOL
Pt
1 BOL
2040 Pt
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1/30 2035 Pt 1/2

2040
2030 MBD 2040 FC
BOL EOL |-V HDV
FC 44
2 BEV
PEFC Pt
2.5 2030
PEFC 2040
2040 BOL BY;
DX
2.9
2040 2.5 2040 RY,
DX
2.5.2
BY;
2.5.2-1 [1]
MEGA
MEGA
1+1D
MEGA
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[1-4]

[1-4]
GDL
Darcy Stefan-Maxwell
Butler-Volmer 2.5.2-1
I-v 1) )
/GDL 3 4
0z 1
PEMFC 2D-CELL —
A— ?J Component
I <
1D-MEA (1) -
c
5
(5}
H
o
<
=)
Air
()W ABE - 1K) (@) ZREMRERSARD) [(2),(3)GDLA#IBH - i)
0= Nuan J = -DF"vC, Vo = — ko /uVP
o=v'Nu°.u i 1 ACo.Jn( 0=V'N,
N‘“_“ = ‘N"-_“ - D,,,,g_"vcwu.u ﬁ - m RT Ve, = Zcul) - qla
FNyo s = =Ky s Vue st = K € Vtae m/F Joun = (18, )(&,’)"‘Plﬁm (L-l)l,o t : D‘f’lCuuz
= Wet? LR Ve T, N =+ G
’“‘"Pl%{(¢c u*+ O on =P Jl.)l
1
0, =
P |25 (S-n + Guem = B )] +1
25.2-1 FC
1 EW: Equivalent Weight
[4,5]
_ ] 15000 [ 1 1
Kk = 05(f — 0.06)"Sexp [ - (T—f - F)] (2.5.1)
J
f=ie (2.5.2)
7 = 'Zl" (2.5.3)
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_ C1Caw c16(c3—1)aw _ — —
= ea T Treeinay 1 T 2.671,¢c, =0.7677,c3 = 7.269 (2.5.4)
]70 Vm Pm
1 vy (2.5.3) EW
EW
1/3
/GDL
MEGA
GDL MEGA
3D
GDL
GDL Darcy Stefan-Maxwell
Stefan-Maxwell I
ijff GDL EGDL TGDL DU
DEff = %DU (2.5.5)
GDL Dy
__0.001T*75 1 1
D;; _W E+E (2.5.6)
T P Vi Mi [1'3]
/GDL I-v
/GDL /GDL
Rmol
/GDL Riol [6]
MEGA Pt
GDL Darcy
Knudsen
Knudsen
J; = —Dfftve; (2.5.7)
GDL Dieff EcL TcL
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TcL
D;
2rg (8RT\1/2
D=2 (%0)
Tk 40 nm
[7.8]
[8,9]
560 _
Rine = 2= (sm™)
i — LACOZ,int
4F  Rint RT
F
GDL 1-v
Rother
Rother
[1]
(1 ) (P92 excp [
i =(1-06y) (pref) exp[ p (
_ 1
Oox = exp[252xFy | +1
Do, Dref Et?RR
iO A
38 kJd/mol
17 kJd/mol
25.3
2030
2.5.3-1
20.8% 20%RH
280 kPa

Rint

ACOZ,int

[6]

__l)]l- ex [ﬂ ]
T T/100 P &7 MoRR

MoRR

770X

E(?RR

(2.5.8)

(2.5.9)

RF

(2.5.10)

(2.5.11)

(2.5.12)

(2.5.13)

aOX
[10]
[11]
0.75V (RHE)

16 %
280kPa

250kPa 2.0Acm=2

250 kPa

90

770X
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105

5
273cm?
250 kPa +10 kPa 1.3
1.25 GDL Rmol
Rother [61 8]
lcm?2 80 90%RH 1L/min
2 L/min 5% 100 250kPa
KRO.16
Hs Tout(°C) | Pwat (kPa)
105 62.4
H2-in (280kPa,St.1.25)
Tin(°C) | Pwat (kPa) | RH (%)
90 1351 193

Air-in (280kPa, 5t.1.30) Air-out(250kPa)

H2-out:(250kPa)

105 /

273 cm? Air / 280/ 250 KPaabs

20A Cm'z 240 KPa.abs
H2 1.25 16 %
Air 1.30 90
H2 / 280/ 250 KPaabs 105

2.5.3-1
MBD BOL -V
0.2Acm=2 iy
2Acm2 EW 3Acm2
GDL 2.5.3-1
2.5.3-2
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2.5.3-1

H* @120 1 8um EWG600
30%RH 0.032Scm 4, 5]
H* @100 B
40%RH 0.041 S cm 25.1) (2.5.4)
H* @ 80 .
. B EW
80%RH 0.117 Scm
Pt 0.2 mg cm™
ECSA 60 m? g
@100
100%RH o 38 kJ mol?
O: 100 kPaabs 1810Ag [10] [11]
0.9V
@80 17 kJ mol?
100%RH .
0: 100 kPaabs 174049
0.9V
H* 0.032Scm?? EW600
@120  30%RH (0.129 Q cm?) [4, 5]
H* 0.041Scm e
@100  40%RH (0.101 Q cm?) 1/7 oL Sol ket
(2.5.1) (2.5.4)
H* @ 0.117 Scm™?
80 80%RH (0.035 Q cm?) EW
20Scm?t
Pt ECSA RF
DE2020 [9] HOP!I
. [8]
O 10sm Rin=560/RF (s m1)
2.3.3(C)
I/IC 1.0
6 um 6 um
Pt 60 wt%
Pt 0.04 mg cm2
H* 1
@120 30%RH 0.032 Scm EW600
" [4, 5] (2.5.1)
-1
@100  40%RH 0.041 Scm (2.5.4)
o @ EW
-1
80 80%RH 0.117 Scm
20Scm?
I/C 1.2
2 um
Pt 20%
GDL 50 um 3D GDL
18 s m‘l gGDL:0-75 TGDL:7
/GDL 2.5.3-2 (C)
49Scm?t
GDL 150 um 3D GDL
/GDL 27Scm?
6.5 mQ cm? ! /GbL
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1.2

. oL ' —250kPa ——200kPa
MBD 2D-Sim 1.0 \I\150kPa 100kPa
1.0 S 0.8 |
(A) 06
04 |
0.2 | B
e | 00 LB .
. 0 1 2 3
b (A cm?)
80
06 | E 60 | ©
&40 B /
s
[e]
20 r
0.4 L L L 0 : :
0 1 2 3 0 1 2 3
(A cm-2) P/Po
2.5.3-2
(A) MBD: MBD -V 2D-Sim.: (B) (C)
Po = 100 kPaaps (C) Ro Rother

[1] N. Nonoyama and Y. Ikogi, ECS Trans. 16 13-21 (2008).

[2] A. Z. Weber and J. Newman, Chem. Rev. 104 4679-4726 (2004).

[3] A. Z. Weber and J. Newman, J. Electrochem. Soc. 153 A2205-A2214.

[4] A. Z. Weber and J. Newman J. Electrochem. Soc. 151 A311-A325 (2004).

[5] S. Shi, A. Z. Weber and A. Kusoglu Electrochim. Acta 220 517-528 (2016).

[6] Y. Ono, T. Mashio, S. Takaichi, A. Ohma, H. Kanesaka and K. Shinohara ECS Trans. 28, 69-78 (2010).
[7] R. Jinnnouchi, K. Kudo, N. Kitano and Y. Morimoto Electrochim. Acta 188 767-776 (2016).

[8] R. Jinnouchi, K. Kudo, K. Kodama, N. Kitano, T. Suzuki, S. Minami, K. Shinozaki, N. Hasegawa, A.
Shinohara Natur. Commun. 12 4956 (2021).

[9] A. Kongkanand and M. F. Mathias, J. Phys. Chem. Lett. 7 1127-1137 (2016).

[10] H. Uchida, K. Izumi, and M. Watanabe J. Phys. Chem. B 110 21924-21930 (2006).

[11] Z. Zhu, Q. Liu, X. Liu, and J. Shui J. Phys. Chem. C 124 3069-3079 (2020).
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2.5.3-2 MEA
2.5.3-2
2030
Gen2
MIRAI
8
PGM (mg/cm?) 0.20 0.17 0.20
ECSA (m?/g) 60 48 61 | Pt/C
at 100 , 100%RH, 1810 * * | TEC10V30E
(Alg) @0.9V 02 100 9
kPaabs 0.9V
at 80 , 100%RH, 1740 500 95
02 100
kPaans 0.9V
(um) 6.0 9.1 7.4
at 80 , 80%RH 10 9.1 18.1
(s/m)
(um) 8.0 8.5 25 | Chemours
H at 120 , 30%RH 0.032 0.018 | 0.016 | Nafion™
(S/cm) at 100 , 40%RH 0.041 0.027 | 0.024 | NR211
1 at 80 , 80%RH 0.12 0.106 | 0.086 9
at-30 ,0%RH 2 * *
3 * *
4 * *
50 30
5 (MPa)
at 23 , 50%RH
* 250
(%)
at 23 , 50%RH
H at 120 , 30%RH 0.032 — % | Chemours
(S/cm) at 100 , 40%RH 0.041 — * | Nafion™
7 at 80 , 80%RH 0.12 — * | D2020
at 120 , 30%RH 0.13 0.77 0.37
u (Qcm?) at 100 , 40%RH 0.10 0.41 0.24 9
*x at 80 , 80%RH 0.035 0.10 | 0.060
GDL GDL (Qcm?) 0.0010 * | <0.01 | SGL
GDL at 80 , 80%RH 18 | 58.3 60.8 | CARBON
) ( ( SIGRACET®
(s/m) 6 ) ) | 22BB
GDL/ / 0.0065 * — 10
(Qcm?)
GDL * 9
7 * 0.9
(N/mm) ~1.5
1 H
2
3
5
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6 GDL

7
8 MIRAI MEA FC-Cubic
9 TEC10V30E 0.2mg-Pt/cm?2 0.1mg-Pt/icm?2
Chemours Nafion™ D2020 1/C:1.0 Chemours Nafion™ NR211 GDL SGL-
CARBON SIGRACET® 22BB MEA FC-Cubic
10 https://www.sglcarbon.com/en/markets-solutions/material/sigracet-fuel-cell-components/
NEDO PEFC
FCV 2.5.3-3
NEDO FCCJ FC-
Cubic NEDO PEFC
25.3-3
ECSA C-2 -34cCV (ECA )
ORR 1 C-4 -3-2 ORR
(s/m) C-6
H 2 M-1  -1-1
H MEA 2 M-5
M-6 /
M-6 /
3
H 2 M-5
2 C-7
GDL (s/m) G-1
Qcm? 3
3
(N/mm) 3
1 80 100
2 80 80
3
2.5.3-2 FC 2531 2531
2D-Sim.
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2

Tmem
2030
-30 120
3
2.0Acm (A)
2 E
£
o
<
<
- -
0 > —

0.0 0.2 0.4 0.6 0.8 1.0

Relative position from cathode inlet

60

2.0Acm= (@)

Po2 (kPa)

20

0

0.0 0.2 0.4 0.6 0.8 1.0

Relative position from cathode inlet

2.5.3-3 2.5.3-2

(B) ©

2D-Sim.

Tinem 2.5.3-3
+5 10
120 105
100
2.0Acm=2 (B)
80
S
2
S 60
Qo
IS
()
€ 40
£
x
20
0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative position from cathode inlet
120
2.0Acm= (D)
110 F
< 100
|_
90
80 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative position from cathode inlet
FC (A)
(D) =
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2035

2030 1-v 2035 I-v
25.2
Pt
2.5.3-4
HDV  FCV 2030
120
20%RH 12 %RH
273 cmz? 283
cm2 HDV 330 396
1.63 Acm=2 2.18 Acm=2 1.76 Acm=2 2.37 Acm=2
FCV 1.80 Acm=2
1.92 Acm=2
HDV FCV
MBD
HDV FCV Pt HDV
0.178 mg cm2 FCV 0.10 mg cm=2 -V
Pt MBD 3 nm
Pt 15 1
1-v
2035
2035 3 nm Pt
1/2 I-v
HDV 50000
FCV 10000
25.2
(2.5.1)
x = 0.5(f — 0.038)5exp [15200 (Tif - %)] (2.5.14)
I-v MBD 1-v I-vV
25.3-5 I-v
2030 1-v
IR
2.5.3-4 2.5.3-6
HDV
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2.

5.3-7

BEBS (120°CEHFR

ENRERE cm2 283
B{Er Alcm2 2.18 =
H2 st. 1.25

Air St. 1.30

KT — FEBIRSYD

2.5.3-

FCV
GDL 2035
2035 2.5.3-5
MEEY 21—=)b: P ot
KRO.16 — 7=

RFITR

Teell out (°C) | Pwat (kPa)

- KEAQ
Teellin (C) [Pwat (kPa) |RH (%) (280kPa, St.1.25)
105 13.51 12% ;
ZEHERAO 502k 0: 120°C
(280kPa, St.1.3)
s e W
Sk AQ0: 105°C
KEREO
120 /
283 cm? Air 280/ 250 KPaabs
HDV: 2.18 Acm™? 240 KPaabs
FCV: 1.80 Acm™?
H2 1.25 16 %
Air 1.30 105
H2 / 280 / 250 KPaabs 120
2.5.3-4

HDV FCV
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1.2

11

1.0

0.9

W)

0.8

0.7

0.6

0.5

0.4

1.2

11

1.0

0.9

(%)

0.8
0.7
0.6
0.5

0.4

(A)

MIRAI

(A) HDV

1.2 500
H [ | H*
1.1 » ] H*
: 1.0
2035 (HDV) @120'ci 0.13 kW (2D-Sim) | 0.9
' >
0.8
I 07
i@enz@gz"c |:l \:
L 203><0(:g\é)m(l;@v$5t2| 0.6
0.5
: . : 0.4 : : :
0 1 2 3 4 0 1 2 3 4 2030 2035
(Acm?) (Acm?)
(B) FCV
1.2 ; 500
E n H*
w 11 = " He
L H*
1.0 u
n
2035 (FCV) @120°C_0.10 g,cm? (2D-Sim, 09 -
= S
’ 0.8
M 0.7
| \ o
0.5
0.4 :
0 2 4 2 4 2030 2035
(Acm?) (Acm-2)
(C) HDV FCV IR
1.0
09
S
0.8
E S
0.7
——2035-HDV (BOL) ----- 2035-HDV (EOL)
——2035-FCV (BOL) ----- 2035-FCV (EOL)
06 1 1 1
0 1 2(Acm'2) 4
2.5.3-5 -V 2D-Sim.
HDV (B) FCV IR (@)
-V 2030 -V 2035
-V 2D-Sim. MBD 2030 2035
-V 2030 2035 -V

Gen2
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2030

2035

25Acm?
1
2035 (HDV) @120
& 01
£
o
a
¥ 001
0.001 . .
00 02 04
25.3-6 2030 2035
Aw
5
22Acm? (A)
4 }
o 37
£
Q
22
1 F
0 A A A A
00 02 04 06 08 1.0
Relative position from cathode inlet
60
22Acm™ (C)
50
40
©
o
=30 t
<
20 |
10
0 A L A A
00 02 04 06 08 1.0
Relative position from cathode inlet
25.3-7 2035 HDV

06 08 1.0
a,,
100
2.2Acm™? (B)
__ 80
=
2
s 60
=1
£
Q
E 40
£
x
20
0 AL A A L
0.0 0.2 04 0.6 0.8 1.0
Relative position from cathode inlet
130
22Acm™ (D)
120 |
g
=
110 |
100 1 1 1 1
0.0 0.2 04 0.6 0.8 1.0

Relative position from cathode inlet

2535 2D-Sim.
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FC (B) ©) (D)
(@)
2.5.3-4
Pt
HDV
FCV
RF
HDV
FCV
H* @120 B
20%RH 0.028 Scm
H* @120 B 5um (2.5.14)
30%RH 0.050 Scm
H* @100 B (2.5.14)
40%RH 0.057.S cm 2.5.3-6
H* @ 80 B
80%RH 0.135Scm
Pt HDV: 0.178 mg cm2
FCV: 0.100 mg cm2
ECSA 60 m? gt
@120
100%RH
-1
02 100 kPaans 4990 Ag
0.9V 2030
- 17 kJ |1
@80 mo
100%RH
-1
02 100 kPaabs 4630Ag
o9V
H* 0.028 Scm?
@120 20%RH (0.147 Q cm?)
H* 0.050 S cm* (2.5.14)
@120  30%RH (0.083 Q cm?) xeft
H* 0.057 Scm? 1/7 ocL
@100  40%RH (0.073 Q cm?) doul el
H* @ 0.135Scm™!
80 80%RH (0.030 Q cm?)
2.0Scm?
Pt ECSA RF
DE2020 9] HOPI
o HDV: 10 s m™ [8] 10%
2 FCV: 14 s m!
Ript=560/RFx0.9 (s m™1)
I/C 1.0
6 um 6 um
Pt 60 wt%
Pt 0.04 mg cm2
H* 0.028 S cm-t (2.5.14)
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@120 20%RH
H+
@120  30%RH 0.050 Scm?
H+
@100  40%RH 0.057 Scm?
H* @ _
80  80%RH 0.135Scm™
2.0Scm?
I/C 1.2
2 um
Pt 20%
GDL 40 um
/GDL 16 sm1? 2030
49Scm? 3D GDL
GDL 150 um
/GDL 2.7Scm?
/GDL
6.5 mQ cm?
2.5.3-5 2035
HDV FCV 253-4
2035
Gen2
MIRAI
8
PGM (mg/cm?) HDV: 0.178 0.17 0.20
FCV: 0.100 Pt/C
ECSA (m?/g) 60 48 61 | TEC10V30E
at 120 4990 * * 9
100%RH,
O2 100
kPaabs 0.9 V
o) @1'310 V' Matso | 4630 500 95
100%RH,
O2 100
kPaabs 0.9 V
(um) 6.0 9.1 7.4
at80 , 80%RH HDV: 10 9.1 18.1
(s/m) FCV: 14
(um) 5.0 8.5 25 | Chemours
H at120 , 0.028 Nafion™
(S/cm) 20%RH NR211
1 at120 , 0.050 0.018 0.016 9
30%RH
at 100 , 0.057 0.027 0.024
40%RH
at 80 , 80%RH 0.135 0.106 0.086
at-30 , 0%RH * *
2
H at120 , 0.028
(S/cm) 20%RH
at 120 0.050 — * | Chemours
17 309%RH Nafion™
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at100 , 0.057 — * | D2020
40%RH
at80 , 80%RH 0.135 — * 9
at-30 , 0%RH
2
at120 0.147
(Qcm?) 20%RH
at120 , 0.083 0.77 0.37
30%RH
at100 , 0.073 0.41 0.24
40%RH
at80 , 80%RH 0.030 0.10 | 0.060
at-30 , 0%RH
2
GDL GDL (Qcm?) 0.0010 * | <0.01 | SGL
GDL at80 , 80%RH 16 | 58.3 60.8 | CARBON
) ( ( SIGRACET®
(slm) 6 ) ) | 22BB
GDL/ / 0.0065 * — 10
(Qcm?) 10
GDL * 9
7
* 0.9
(N/mm) ~1.5
19 2.5.3-2
10
11: 80 100%RH Pt/C
17 kJ/mol 120 100%RH
2040
2040 -V 2D- 2040
HDV FCV Pt
v 2D-
HDV
HDV FCV
25.2
Pt
Pt
-V 2030 105
120 FC
Tafel Pt
70 mVdecade™
120 -V
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Pt

2040

[1]
2.5.3-8

JH25

2.5.3-9

2040
2035

MBD 3nm
1/100 1/30
3nm Pt 1/30
I-vV
2035
293 cm? 1.6 Acm=2 2.3 Acm~2
2.3 Acm2 MBD
FC I-v
FC WHVC
70
25.2
(2.5.1)
2040 1-v
1-v MBD 1-v I-v
2030
2.5.3-6 2.5.3-3 2.5.3-7
2.5.3-10
25.3-5 2030 2035
2040 -V
Pt
0.14 mg cm™2 0.07 grv/kW
0.12 mg cm2 0.02 mg cm~2
Pt
Pt I-v
1-v 2.3 Acm™2 2030 130 mV
110 mV
100
Pt
Pt Volcano plot PtsNi(111)
18 mAcm=2 0.9V vs.RHE 0.1 M HCIO4 RDE [2]
200 m2g 34,000-
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42,500 Ag?

Pt 2534 2035
-V 2.3 Acm™—2
2035 -V
-V
2035 5um 1pm
55 125 12 %RH 0.15S cm™!
40
0.15S cm[3,4]
120 3 2.5.3-10
2
70
55
2.5.3-10 12 %
0.4x108 QOm=—2
12 %RH
GDL
2035 GDL
2022 2040
2030 18sm? 2023
m1 2035 2035
2023
2040 16sm?

[1] Lopes et al. Nature Mater. 19 1207 (2020).
[2] Stamenkovic et al. Science 315 493 (2007).

GDL

16s
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[3] Greenwood et al. J. Chem. Soc. 3485 (1959).

[4] Aihara et al., J. Phys. Chem. B 110 24999 (2006).

[5] H. Yano, E. Higuchi, H. Uchida, and M. Watanabe J. Phys. Chem. B 110 16544-16549 (2006).

[6] Z. Zhu, Q. Liu, X. Liu, and J. Shui J. Phys. Chem. C 124 3069-3079 (2020).

MEET 31—l

KRO.16

=

Teellout ('C) | Pwat (kPa)

KEAO

Tcellin (°C) | Pwat (kPa) |RH (%) (280kPa, St.1.25)
105 13.51 123
S A FaEIZkEO: 120°C
(280kPa, St.1.3)
e o
MEIZKAR: 105°C
120 /
293 cm? Air 280 / 250 KPaabs
2.3A cm2 240 KPaabs
H2 1.25 16 %
Air 1.30 105
H2 / 280 / 250 KPaabs 120

2.5.3-8
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1.2 500
' | | H*
1.1 5 H
= e
; 400
1.0 | |
2040 (HDV) @120
0.07 gpkW-L (2D-Sim J
09 | < 300
S £
08 2035 (HDV) @120 =
0.13 g(;ptk\X)/-l 2D-_Sim)J
07 | I ; 200
0.6 F){(HI\JV) @105
: 0.19 gprkW 100
05 | =
0-4 L L L 0
0 1 2 3 4 2030 2035 2040
(Acm-2)
2.5.3-9 -V 2D-Sim.
Gen2 MIRAI -V 2030 HDV -V
2035 HDV -V MBD 2040 HDV
FCV -V 2D-Sim. MBD 2030 2035
HDV 2040 -V
2030 2035 2040
25Acm?2
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2.3Acm2 (A)
4 }
& 3
S
(&)
<
= 2
1 -
0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative position from cathode inlet
60
2.3 Acm ©
40
<
o
<
)
o
20
0 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative position from cathode inlet
2.5.3-10 HDV

© (D)

T (°C)

RH in membrane (%)

100

2.3Acm>? (B)

(0]
o
T

(2]
o
T

N
o
T

N
o
T

O 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0
Relative position from cathode inlet

130

2.3Acm (D)

120

110 |

100 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0

Relative distance from cathode inlet (-)

(A) (B)
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2.5.3-6 2040 -V 2D-Sim.
HDV FCV
1 um
2D-Sim.
H @55- B 120
125  12%RH 0.15Scm
70
55
Pt 0.12 mg cm
ECSA 200 m? g! Pt
@120 2030 2035
100%RH B 17 kJ mol*
0: 100 kPaabs 42.500Ag
o9V
@80
100%RH .
0: 100 kPaabs 39.000Ag
o9V
H 0.15Scm™? / =1/5
@55-125  12%RH ' x -
20Scm?t
02 8smt
I/IC 1.0
3.6 um 3.6 um
Pt 60 wt%
Pt 0.02 mg cm
H* 1
@55-125  1296RH 0.15Scm
20Scm?
IIC 1.2
2 um
Pt 20%
GDL 50 um 2030 2035 3D
16smt GDL
/GDL
49Scmt SGDL:O-75 TGDL:7
GDL 150 um 3D GDL
/GDL 27Scm?t
0.4 mQcm?
1-V
2.5.3-7 2030
MEA
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2.5.3-7 2040

2030 HDV 2035 HDV FCV HDV FCV Pt
2040 HDV FCV
2040 2035 2030 Gen2-
MIRAI 4
Pt HDV: 0.178
(mg cm™2) 0.12 ECV: 0.100 0.20 0.17 0.20
ECSA(m?2g™?) 200 60 60 48 61 Pt/C
TEC10V
@120 30E 5
100%RH
0» 100 42,500 4990 — — —
kPaabs
09V (Ag?
@80
100%RH
02 100 39000 4630 1740 500 95
kPaabs
09V (Ag?
HDV:
10@80 , 18.1
8 80%RH 10@80 , | 9.1@80 , @86
(sm™) FCV: 80%RH 80%RH 80% RI-;
14@80 , °
80%RH
(um) 3.6 6.0 6.0 9.1 7.4
Chemour
H* S
@120 0.15 0.050 0.032 0.018 * Nafion™
0, 0, 0, 0,
Scm?l 1 @12%RH @30%RH @30%RH @30%RH D2020
5
(um) 1 5.0 8.0 8.5 25 Chemour
s
H* @120 0.15 0.050 0.032 0.018 @;3%%/% Nafion™
(Scm?) 1 @12%RH @30%RH @30%RH @30%RH ¥ ? NR211
5
GbL GbL ) 0.0010 0.0010 0.0010 * <0.01
(Qcm?) SGL
5 | et | Soneon
GDL 16 3 16@80 18@80 @80 80% RI-’I ET®
)(s/m) 2 80%RH 80%RH 80%RH °
22BB
6
GDL/ /
0.0004 (0'0065) 0.0065 * — 5
(Qcm?)
1 H
2030 120 55 125 12%RH
120
3 2.5.3-7 2.5.3-10
2 125
70 2.2.34 55
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2.5.3-7 2.5.3-10 12 %

2 GDL
3 NEDO 2022
4 MIRAI MEA FC-Cubic
5 TEC10V30E 0.2mg-Pt/cm? 0.1mg-Pt/cm?
Chemours Nafion™ D2020 1/C:1.0 Chemours Nafion™ NR211 GDL SGL-
CARBON SIGRACET® 22BB MEA FC-Cubic
6 https://www.sglcarbon.com/en/markets-solutions/material/sigracet-fuel-cell-components/
254
231 HDV FC 0.45 kW
GDL SA FC
OEM
2.3.1-2 SA
2.3.1-3 NEDO
( Pt PEM
( SA
( Pt 50,000 GDL
( 2021 110 /
2030 2035 2040 254-1
254-1
SA 2030 NEDO 2030 NEDO 2035 NEDO 2040
/ 70,000 70,000 80,000 100,000
Im? 29,000 26,900 24,100 16,600
Im? 5,100 7,000 4,900 4,500
GDL Im? 2,400 3,800 3,600 3,400
2030 Pt 0.35g/cm2 NEDO 2030
0.24g/cm2 2035 0.22g/cm2 2040 0.14g/cm2 Pt
Pt/HSC

High Surface area Carbon
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GDL

255
MEA

NEDO

PPSU
50,000

NEDO
PAN

NEDO PEFC

2.55-1

M-9 -3-1 OoCv

M-11  -1-8

c-8 -33

c9 32

C-10

C-11

2.55-1
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2D+ )LSim.
(AR RE, BE, BREE,...)

70°CEY gocEMS T ' 105°CEM S %
25t, KIEREX, Pomax = 125 [kW], EOL, FC-Temp ’
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22 b LRA=(AXXa+agA x Xb+0acA x Xc+...anA x Xn) X B §5 Bt

MBD
(YR T ALSIm.)

RHTST

o 8 8 8 8

00 02 04 08
Relative

PRE(IVIERE) |, SEFES
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o
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FC Coolant Temp. [°C]
BRRH | |

MELEREBRTO R 50,000H
(Accelerated Stress Test) %

2551
FC
FC 2.2 -V
FC
MBD
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m S
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o
#
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2.5.3 2D-Sim. FC

2.5.3-3
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50,000

:(AxXa+abxXb+aCxXC+---+anxXn)><

X Xp, Xeo o X
abvacv'”lan A
MEA
x<
FC
FC
ECSA
MIRAI MEA MEA
NEDO PEFC C-9 -3-2 [1] 20
km MEA ECSA

2.5.5-3
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3s 3s 80°C, 100%RH (@) s0
4 —re— 095V 7/'—I\‘2H2 < Load cycle
RE PI—KiNe & 40
30, o
/-o—o ----- . N& 30 1 4=
es/cycle 08V E oo 20 kmE TR -
... b(; 20t Real-world driving (Ave.)
i - QS 10} : 55% of BOL
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2.5.5-3 20 ECSA
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50 ;
ECSA BREISETA 2 VEER(SIM) i
2 45 30keyc
[2] 40 | EmmEYOLERE |
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2030 -V 2.53-1

1,550k
ECSA15m2pig-lpt ECSA  15mZ2piglpt
2030 I-v 2030
Nafion ECSA
1-v 2531
GDL
2030
-V 1,550k ECSA 15m2ptg-lpt
MEA
ocv
OH
[1.4]
/ /
ocv
ocv MBD
[5.6]
2.5.5-6 [71
%cﬂcpl)-_;-g% CF,CF))._COOH |:> C_’ Scission of(gam Chain <_°'
Lr &
CF, ;
F—C—0~=CF,CF,~ SO;H" | O — O -0
cs, & &
Chemical Structure of Nafion 4

~ V= V- -

& & & &
4
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/

107



2.5.5-2
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2,100 89.5
Ce
MEA

HDV

PFAS

[1] NEDO
NEDO PEFC 2022 3

[2] S. Katayama, “Analysis of MEA Degradation through FCV Real-World Driving Test”, The 63rd Battery

Symposium in Japan, Fukuoka, Japan, Nov. 2022,
The Committee of Battery Technology, The Electrochemical Society of Japan.

[3] T. Watanabe, M. Shibata, N. Fukaya, T. Nagai, T. Suzuki, Setting Development Targets for Fuel Cells and
Systems for Heavy-Duty Trucks Using a Comprehensive Model-Based Approach, 242nd ECS Meeting,
MA2022-02, 1468 (2022)

[4] FCCJ

[5] ¥ R
Honda R&D Technical Review, Vol.30, No.2, p. 99-105

[6] . -

Honda R&D Technical Review, Vol.28, No.1, p. 45-53
[7] Hommura, S., Kawahara, K., Shimohira, T., Teraoka, Y.: Development of a Method for Clarifying the
Perfluorosulfonated Membrane Degradation Mechanism in a Fuel Cell Environment, J. Electrochem. Soc.,
155(1), p. A29-A33, (2008)

26 FC
2030 35 40 FC 253 FC
FC

(M1) (MEI) (PI)
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2.6.1 PFAS

2023 1 13
10,000 (per- and polyfluoroalkyl substances, PFAS)
(European Chemical Agency, ECHA)
3 6
5,642
[1-3]
2024
18
(
) PTFE
PFAS
PFAS
18 5 [4]
12
/ ECHA
(
A PFHxA )
NEDO
FCV HDV
(~2025 2 )
2032~2039
PFAS

( )

[1] ECHA, ANNEX XV RESTRICTION REPORT, PROPOSAL FOR A RESTRICTION, SUBSTANCE
NAME(S): Per- and polyfluoroalkyl substances (PFASs), 2023,

[2] ECHA, ECHA publishes PFAS restriction proposal, 2023,

[3] , PFAS ,2023 2

[4] (PFAS) , 2023, (AGC( )
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2.6.2 2030

-30 120°C
HDV
Pt
Pt
FC
Pt
Pt
Pt
HDV
Pt
FC
-30 120°C HOR
02
OH OOH
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H20:2
Pt
0.1 ppm H2S <4 ppb
02
CO
S
S
Ir Ir
FC
(RH) =30
() 80 80%RH

()

Had H
H202
(6{0) <0.2ppm
CO H2S CO
CO
HOR
HDV
H2S
Pt/C
IrOx OER
OER
20%
120°C
2030
120

202

HOR

HOR
Pt

H2S
40

0% 100%

30%RH

10pm
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2.2.2

m-1

) Pt

FC

(6)

80

10pm

2030

80%RH

GDL MPL

120
>120
120°C
Pt
10 s
-V 2030
GDL

MPL

[s m-] [m]
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[m2s]
() ()
()

MEA GDL MPL
() )
GDL GDL
GDL MPL
GDL MPL
GDL MPL
MEA

MEA Memnbrane Electrode Assembly

2.6.3 2035
-30°C 125°C BOL:4630A g%,
HDV-EOL:1090A g, FCV-EOL:2270A g, @80°C,100%RH ( 2035 ) HDV: 50000
FCV:10000 ( 2035 )
Pt
( 2030 )
Pt
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30°C 125°C

Ml

13% 0% 100% (RH) -30
125°C
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50,000

2035
() 80 80%RH 125 13%RH
2035
() Sum
()
()
100 30%RH
S5um
()
S5um
(vi) (v) Roll to Roll
()
() -30 125

Pt
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(

)

MPL

MEA

GDL

2035

GDL

GDL

GDL

GDL

DX

GDL

GDL

GDL

MEA

GDL

GDL

GDL

GDL

10 s
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MEA Membrane Electrode
Assembly

RDE
MEA
DX
MEA

125 130

in Situ
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/ 35
35
PFAS
2.6.4 2040
2040
2.6.2-2

2006

30

120

10

2

Pt
o
(&)

o
S
<
<

o
()
<
<
«
<

o
—

Overpotential [V] for j, =2 mA cm;
o
()

Qi smenas SoRERERE S SES TS SE SR S A
2006 2008 2010 2012 2014 2016
Publication date [Year]

2.6.4-1

Kulkarni, A., Siahrostami, S., Patel,
A., & Ngrskov, J. K. (2018).
Understanding Catalytic Activity
Trends in the Oxygen Reduction
Reaction. In Chemical Reviews
(Vol. 118, Issue 5, pp. 2302-2312).

2030

100mV
2.6.4-1
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2023

MEA

DX

[1-3]
[4]

120



1,000

Ml

2023

70 mV

10

[5]
[6]
[7-11]

0.0 0.5 1.0 1.5 20
AGox(eV)

(b) Bifunctionality Promoters

P e P
OCSOOOOOO OO 000

Functionalization Electrolyte engineering

t
OO§OOOOOO OOO0000000
Interfacial sites Confinement

0000e0e e
(8]8)

oodisS eotoedece
2.6.4-2 ORR 2
(a)
(b)
Kulkarni, A., Siahrostami, S., Patel,
A., & Nagrskov, J. K. (2018).
Understanding Catalytic Activity
Trends in the Oxygen Reduction
Reaction. In Chemical Reviews
(Vol. 118, Issue 5, pp. 2302-2312).

[12]

121



[13]

2.6.4-2a
2.6.4-2b
[14]
a-
Fe203 Fe Pt 14.9 Amglpt (0.95 V vs RHE)
[15] 2023
2
4
4
2
[16]
Pt Pt
Pt Pt-Pt
[17-20] 2.6.2
2.6.3 68
Vs MIRAI
Pt
2.6.4-2b
Pt
[21-24]
PtCo Co-Nx-Cy
[25] Pt
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[26]

24nm Pt 30%
Pt

[12]
Fe Pt Fe Pt

[15]

Ti Pd Rh
[27]
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[28]

[30]

2.6.3

Cytochrom c

[29]

[29]
2.7 295

Nafion

[31,32]

120

264 3

30

120
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[33]

100

CsHSO4
[34]

[35]
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[35,36]

CO2

[33]

1/3 1/2 [33]

[37,38]

[1] S. Steiner, J. Wolf, S. Glatzel, A. Andreou, J. M. Granda, G. Keenan, T. Hinkley, G. Aragon-Camarasa,
P. J. Kitson, D. Angelone, L. Cronin, Organic synthesis in a modular robotic system driven by a chemical

programming language. Science. 363, 1-126 (2019).

126



[2]

(3]

[4]

(3]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

C. W. Coley, D. A. Thomas, J. A. M. Lummiss, J. N. Jaworski, C. P. Breen, V. Schultz, T. Hart, J. S.
Fishman, L. Rogers, H. Gao, R. W. Hicklin, P. P. Plehiers, J. Byington, J. S. Piotti, W. H. Green, A. John
Hart, T. F. Jamison, K. F. Jensen, A robotic platform for flow synthesis of organic compounds informed
by Al planning. Science. 365 (2019), doi:10.1126/science.aax1566.

A. Adamo, R. L. Beingessner, M. Behnam, J. Chen, T. F. Jamison, K. F. Jensen, J. C. M. Monbaliu, A. S.
Myerson, E. M. Revalor, D. R. Snead, T. Stelzer, N. Weeranoppanant, S. Y. Wong, P. Zhang, On-demand
continuous-flow production of pharmaceuticals in a compact, reconfigurable system. Science. 352, 61-67
(2016).

B. Burger, P. M. Maffettone, V. V. Gusev, C. M. Aitchison, Y. Bai, X. Wang, X. Li, B. M. Alston, B. Li, R.
Clowes, N. Rankin, B. Harris, R. S. Sprick, A. I. Cooper, A mobile robotic chemist. Nature. 583, 237-241
(2020).

S.H.Jang, Y. Tateyama, R. Jalem, High-Throughput Data-Driven Prediction of Stable High-Performance
Na-lon Sulfide Solid Electrolytes. Adv. Funct. Mater. (2022), doi:10.1002/adfm.202206036.

M. Zhong, K. Tran, Y. Min, C. Wang, Z. Wang, C. T. Dinh, P. De Luna, Z. Yu, A. S. Rasouli, P. Brodersen,
S. Sun, O. Voznyy, C. S. Tan, M. Askerka, F. Che, M. Liu, A. Seifitokaldani, Y. Pang, S. C. Lo, A. Ip, Z.
Ulissi, E. H. Sargent, Accelerated discovery of CO2 electrocatalysts using active machine learning.
Nature. 581, 178-183 (2020).

M. M. Noack, G. S. Doerk, R. Li, J. K. Streit, R. A. Vaia, K. G. Yager, M. Fukuto, Autonomous materials
discovery driven by Gaussian process regression with inhomogeneous measurement noise and anisotropic
kernels. Sci. Rep. 10 (2020), doi:10.1038/s41598-020-74394-1.

S. Ament, M. Amsler, D. R. Sutherland, M. C. Chang, D. Guevarra, A. B. Connolly, J. M. Gregoire, M. O.
Thompson, C. P. Gomes, R. B. Van Dover, Autonomous materials synthesis via hierarchical active
learning of nonequilibrium phase diagrams. Sci. Adv. 7, 4930 (2021).

J. H. Montoya, K. T. Winther, R. A. Flores, T. Bligaard, J. S. Hummelshgj, M. Aykol, Autonomous
intelligent agents for accelerated materials discovery. Chem. Sci. 11, 8517—-8532 (2020).

S. Sun, N. T. P. Hartono, Z. D. Ren, F. Oviedo, A. M. Buscemi, M. Layurova, D. X. Chen, T. Ogunfunmi,
J. Thapa, S. Ramasamy, C. Settens, B. L. DeCost, A. G. Kusne, Z. Liu, S. I. P. Tian, I. M. Peters, J. P.
Correa-Baena, T. Buonassisi, Accelerated Development of Perovskite-Inspired Materials via High-
Throughput Synthesis and Machine-Learning Diagnosis. Joule. 3, 1437-1451 (2019).

P. Nikolaev, D. Hooper, N. Perea-Lo6pez, M. Terrones, B. Maruyama, Discovery of wall-selective carbon
nanotube growth conditions via automated experimentation. ACS Nano. 8, 10214-10222 (2014).
X.Wang, Z. Li, Y. Qu, T. Yuan, W. Wang, Y. Wu, Y. Li, Review of Metal Catalysts for Oxygen Reduction
Reaction: From Nanoscale Engineering to Atomic Design. Chem. 5 (2019), pp. 1486-1511.

A. Kulkarni, S. Siahrostami, A. Patel, J. K. Ngrskov, Understanding Catalytic Activity Trends in the
Oxygen Reduction Reaction. Chem. Rev. 118 (2018), pp. 2302—-2312.

J. H. Montoya, L. C. Seitz, P. Chakthranont, A. Vojvodic, T. F. Jaramillo, J. K. Ngrskov, Materials for
solar fuels and chemicals. Nat. Mater. 16, 70-81 (2016).

R. Gao, J. Wang, Z. F. Huang, R. Zhang, W. Wang, L. Pan, J. Zhang, W. Zhu, X. Zhang, C. Shi, J. Lim, J.

J. Zou, Pt/Fe203 with Pt-Fe pair sites as a catalyst for oxygen reduction with ultralow Pt loading. Nat.

127



[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

Energy. 6, 614—623 (2021).

V. R. Stamenkovic, B. Fowler, B. S. Mun, G. Wang, P. N. Ross, C. A. Lucas, N. M. Markovic, Improved
oxygen reduction activity on Pt3Ni(111) via increased surface site availability. Science. 315, 493-497
(2007).

Q. Li, L. Wu, G. Wu, D. Su, H. Lv, S. Zhang, W. Zhu, A. Casimir, H. Zhu, A. Mendoza-Garcia, S. Sun,
New Approach to Fully Ordered fct-FePt Nanoparticles for Much Enhanced Electrocatalysis in Acid. Nano
Lett. 15, 2468-2473 (2015).

L. Bu, N. Zhang, S. Guo, X. Zhang, J. Li, J. Yao, T. Wu, G. Lu, J. Y. Ma, D. Su, X. Huang, Biaxially
strained PtPb/Pt core/shell nanoplate boosts oxygen reduction catalysis. Science. 354, 1410-1414 (2016).
J. Li, Z. Xi, Y. T. Pan, J. S. Spendelow, P. N. Duchesne, D. Su, Q. Li, C. Yu, Z. Yin, B. Shen, Y. S. Kim, P.
Zhang, S. Sun, Fe Stabilization by Intermetallic L10-FePt and Pt Catalysis Enhancement in L10-FePt/Pt
Nanoparticles for Efficient Oxygen Reduction Reaction in Fuel Cells. J. Am. Chem. Soc. 140, 2926-2932
(2018).

J. Li, S. Sharma, X. Liu, Y. T. Pan, J. S. Spendelow, M. Chi, Y. Jia, P. Zhang, D. A. Cullen, Z. Xi, H. Lin,
Z.Yin, B. Shen, M. Muzzio, C. Yu, Y. S. Kim, A. A. Peterson, K. L. More, H. Zhu, S. Sun, Hard-Magnet
L10-CoPt Nanoparticles Advance Fuel Cell Catalysis. Joule. 3, 124—-135 (2019).

T. Kumeda, H. Tajiri, O. Sakata, N. Hoshi, M. Nakamura, Effect of hydrophobic cations on the oxygen
reduction reaction on single-crystal platinum electrodes. Nat. Commun. 9 (2018), doi:10.1038/s41467-
018-06917-4.

B. Genorio, D. Strmcnik, R. Subbaraman, D. Tripkovic, G. Karapetrov, V. R. Stamenkovic, S. Pejovnik,
N. M. Markovi’cmarkovi’c, Selective catalysts for the hydrogen oxidation and oxygen reduction reactions
by patterning of platinum with calix[4]arene molecules. Nat. Mater. (2010), doi:10.1038/NMAT2883.

D. Y. Chung, S. W. Jun, G. Yoon, S. G. Kwon, D. Y. Shin, P. Seo, J. M. Yoo, H. Shin, Y. H. Chung, H. Kim,
B.S. Mun, K. S. Lee, N. S. Lee, S. J. Yoo, D. H. Lim, K. Kang, Y. E. Sung, T. Hyeon, Highly Durable and
Active PtFe Nanocatalyst for Electrochemical Oxygen Reduction Reaction. J. Am. Chem. Soc. 137, 15478—
15485 (2015).

X. Zhu, X. Tan, K. H. Wu, S. C. Haw, C. W. Pao, B. J. Su, J. Jiang, S. C. Smith, J. M. Chen, R. Amal, X.
Lu, Intrinsic ORR Activity Enhancement of Pt Atomic Sites by Engineering the d-Band Center via Local
Coordination Tuning. Angew. Chemie Int. Ed. 60, 21911-21917 (2021).

L. Chong, J. Wen, J. Kubal, F. G. Sen, J. Zou, J. Greeley, M. Chan, H. Barkholtz, W. Ding, D.-J. Liu,
“Ultralow-loading platinum-cobalt fuel cell catalysts derived from imidazolate frameworks,” (available at
https://www.science.org).

X. Shen, T. Nagai, F. Yang, L. Q. Zhou, Y. Pan, L. Yao, D. Wu, Y. S. Liu, J. Feng, J. Guo, H. Jia, Z. Peng,
Dual-Site Cascade Oxygen Reduction Mechanism on SnOx/Pt-Cu-Ni for Promoting Reaction Kinetics. J.
Am. Chem. Soc. 141, 9463-9467 (2019).

Y. Yamamoto, S. Kasamatsu, O. Sugino, Scaling Relation of Oxygen Reduction Reaction Intermediates
at Defective TiO2 Surfaces. J. Phys. Chem. C. 123, 19486-19492 (2019).

C. H. Kjaergaard, J. Rossmeisl, J. K. Ngrskov, Enzymatic versus inorganic oxygen reduction catalysts:

Comparison of the energy levels in a free-energy scheme. Inorg. Chem. 49, 3567-3572 (2010).

128



[29] P. Colonban, (Symbols) Proton conductors Solids, membranes and gels-materials and devices
(Cambridge online, 2014).

[30] A. Potier, 1 The hydrogen bond and chemical parameters favouring proton mobility in solids (Cambridge
online, 2014).

[31] P. Colomban, (Index) Proton conductors Solids, membranes and gels materials and devices (2014).

[32] S. Tominaka, A. K. Cheetham, Intrinsic and extrinsic proton conductivity in metal-organic frameworks
t. RSC Adv. 4 (2014), doi:10.1039/c4ral1472f.

[33] S. Gottesfeld, D. R. Dekel, M. Page, C. Bae, Y. Yan, P. Zelenay, Y. S. Kim, Anion exchange membrane
fuel cells: Current status and remaining challenges. J. Power Sources. 375, 170-184 (2018).

[34] P. Colomban, A. Novak, in Proton Conductors: Solids, Membranes and Gels - Materials and Devices, P.
Colomban, Ed. (Cambridge University Press, Cambridge, 2014), pp. 165-182.

[35] S. Hu, M. Lozada-Hidalgo, F. C. Wang, A. Mishchenko, F. Schedin, R. R. Nair, E. W. Hill, D. W.
Boukhvalov, M. I. Katsnelson, R. A. W. Dryfe, I. V. Grigorieva, H. A. Wu, A. K. Geim, Proton transport
through one-atom-thick crystals. Nature. 516, 227-230 (2014).

[36] Y. Jiang, J. Ma, C. Yang, S. Hu, One-Atom-Thick Crystals as Emerging Proton Sieves. J. Phys. Chem.
Lett. 2021. 12, 47 (2022).

[37] K. Tadanaga, Y. Furukawa, A. Hayashi, M. Tatsumisago, Direct ethanol fuel cell using hydrotalcite clay
as a hydroxide ion conductive electrolyte. Adv. Mater. 22, 4401-4404 (2010).

[38] P. Sun, R. Ma, X. Bai, K. Wang, H. Zhu, T. Sasaki, “Single-layer nanosheets with exceptionally high and

anisotropic hydroxyl ion conductivity,” (available at https://www.science.org).

2.6.5
DX
2.6.3 2.6.4 2035 2040
Ml
DX
2.6.5-1 X XRD X XAFS X
SAXS X PDF

129



DX

tuo::um "‘?‘;;_"
: & _—

2.6.5-1 DX

2.6.5-2

operando

L ‘#

[zar¥—sudExro | [el—saxs | 7
SEEIERE

i . ;@"’;jﬁ%gmgj‘—‘g, 7 élﬁiﬁ
o /
18845 lr ( ;
s S : v )

ORISR FI-WHR

Operandozt#l (%

BEIRLF¥—XEE - 28E GI-WAXS, GI-SAXS X/ AaEEL (SAX)
T L BE BAEIRE O AILE S %78 OBRIE ORI
A > & O ELEHE BIRLF—XBRA X -S> Tk
BHEERBOMELS, T
2.6.5-2 DX

130



MEA

MEA

DX

PEFC

PEFC

2040

2040

DX

operando

MEA

[1]

[2.3]

131



[1]

[2]

(3]

A A= IR

Coherent x-ray diffraction 53RREE 20-70nm
imaging (CXDI)

Nano CT

TR

ORI T
finp i
F ] [ w5

k: )L =
AIBHHERXRD Y
TR - AEE  LEIE e
;s ’ é?’iwfx%éél SAXS . {géﬁﬂgXRD
BRI AR BT RL+— X4l - PDF . i S
XRXATS SXHEXAFS = | 7 el
LI .
2ZBIXRD - XAFS it T/ AL (SANS) 7% : SPring-8
[REIE, HAXPES %% : J-PARC
2 . SIRERFL

TSI, BFAE S HIB
EBTO— TS

2.6.5-3

T. Morimoto, M. Nagai, Y. Minowa, M. Ashida, Y. Yokotani, Y. Okuyama, Y. Kani, Microscopic ion
migration in solid electrolytes revealed by terahertz time-domain spectroscopy. Nat Commun 10, 2662
(2019).

T. Motegi, K. Yoshimura, Y. Zhao, A. Hiroki, Y. Maekawa, Direct Observation and Semiquantitative
Analysis of Hierarchical Structures in Graft-Type Polymer Electrolyte Membranes Using the AFM
Technique. Macromolecules 54 (9), 4128-413 (2021)

R. Kempaiah, G. Vasudevamurthy, A. S ubramanian, Scanning probe microscopy based characterization

of battery materials, interfaces, and processes. Nano Energy 65 103925 (2019)

SPring-8
J-PARC X
3GeV NanoTerasu 2024
operando DX
SPring-8 X NanoTerasu
X J-PARC
3 DX

132



SPring-8 FTITIR
TREEXHER

- BILE— A EXR) (ETRLF— 3R (HXER) .
i bl e e - 9 FER)
H% TIAA—T T - T Z2Ra SRR RIRFA A~
TOEREIM %Jﬁﬂﬁﬂﬁﬂ% 7} B anbaRE
BIRIF—XIRON - LEE BXEEXAF J
FEHE T DRSS URBARD J’kﬂseﬁ!ihmﬁﬂ%@%ﬁﬁ%i@@ii@) I'?*H"“ #
RS BTG BATESE KIKDTRRIE
X8 AL (SAX) BB ERIX ST IEL(SANS)/ R STSE (NR)
il FHEIGETOBREDYIORT—ILD FHE —Lﬂ@‘FO)mﬁ&&Uﬁﬁﬁﬁ?E %30)) PAX /R BRER, ZEREDT /R T—
(FE—Z0)  FAUEORAT BREOBT S e JUAE
GIWAXS. GI-SAXS BABIBXRS(II50— _ _ BETEMMEEQENS)
4“%@%#}@?@?41/7—@&@ EE g;ﬂ&il%m@ﬁ—mﬁﬂ{t\ PAX I ID=RTTHE ﬁ%ﬁfux BREBRDK 7O DD FER
& (HRER- ) - [E185)
B AM  ERROEE Y1FIvOLKEER FE
2.6.5-4
NanoTerasu X
35
2040 X
XAFS RIXS AP(Ambient pressure)-PES NanoTerasu X
2040
XAFS XES XAFS 2p RIXS
2p
NanoTerasu
SPring-8 X
X X
X
DX
operando

Ml PI

133



DX

operando

BAH
e RULAOKST RULAOK/ K5

20¢ 5C
RiEF * l

(@Q)TA=I>

= BROMBEE ]
LEE S BF 3
(b)/AERiELE B RIRA SV DIBEE ) BUSRBRDPA 1S
T — ( : v
L
el
FIRT—-INOBEERE
(c)RERE Pt/PAAIEAREDT IRy —IUBE
T P
T s PAAJI+H,0
Pt
m\m
(d)%EMTERRELE R P E:;"‘ 2
BT —y HFEE JON ORFES OIS :
T 43TRY
2.6.5-5
X
X
MLF J-PARC
RADEN BL22 2 MIRAI
300 cm? [4]

RiAfE600A (2.2A/cm?) WiA{300A (1.1A/cm?2) 0.075

0.060

0.045

0.030

0.015

WIAME27A (0.1A/cm?) WiFABOA (0A/cm?) 0.000
k43 & [mm]

2.6.5-6 [4]

134



% [5]

( ) (6]
SANS
[7,8] NR [9]
QENS [10]
J-PARC SPring-8
J-PARC SPring-8
[11] cm
pm
PEM
Ir Operando
Operando
operando
DOE
2002 NIF
[12]

[4] https://www.nedo.go.jp/news/press/AA5_101558.html
[5] Y. Higuchi, D. Setoyama, K. Isegawa, Y. Tsuchikawa, Y. Matsumoto, J. Parker, T. Shinohara, Y. Nagali,
Pulsed neutron imaging for differentiation of ice and liquid water towards fuel cell vehicle applications.

Phys. Chem. Chem. Phys., 23 (2), 1062-1071 (2021).

135



[6] Y. Higuchi, W. Yoshimune, S. Kato, S. Hibi, D. Setoyama, K. Isegawa, Y. Matsumoto, H. Hayashida, H.
Nozaki, M. Harada, N. Fukaya, T. Suzuki, T. Shinohara, Y. Nagai. Experimental visualization of water/ice
phase distribution at cold start for practical-sized polymer electrolyte fuel cells. Commun Eng 3, 33 (2024).

[7] B. Loppinet, G. Gebel, C. Williams, Small-Angle Scattering Study of Perfluorosulfonated lonomer
Solutions. J. Phys. Chem. B, 101 (10), 1884-1892 (1997).

[8] M. Harada, H. Kadoura, S. Takata, H. Iwase, S. Kajiya, T. Suzuki, N. Hasegawa, A. Shinohara, S. Kato,
Equation Elucidating the Catalyst-Layer Proton Conductivity in a Polymer Electrolyte Fuel Cell Based
on the lonomer Distribution Determined Using Small-Angle Neutron Scattering. ACS Appl Mater
Interfaces 2023, 15 (36), 42594-42602.

[9] K. Ito, M. Harada, N. Yamada., K. Kudo, H. Aok, T. Kanaya, Water Distribution in Nafion Thin Films on
Hydrophilic and Hydrophobic Carbon Substrates. Langmuir, 36 (43), 12830-12837 (2020).

[10] K. Ito, T. Yamada, A. Shinohara, S. Takata, Y. Kawakita, Dynamics of Water in a Catalyst Layer of a Fuel
Cell by Quasielastic Neutron Scattering. J. Phys. Chem. C., 125, 21645-21652 (2021)

[11] W. Yoshimune, Y. Higuchi, A. Kato, S. Hibi, S. Yamaguchi, Y. Matsumoto, H. Hayashida, H. Nozaki, T.
Shinohara, S. Kato, 3D Water Management in Polymer Electrolyte Fuel Cells toward Fuel Cell Electric
Vehicles. ACS Energy Lett, 8 (8), 3485- 3487 (2023).

[12] https://physics.nist.gov/MajResFac/NIF/

2040
[13-15]
[16]
operando [17,18]
MEA
3D-TEM
3 [19-21]
3 [22] TEM
SEM [23] SEM
DX [24]

136



[13] S. Dai, Y. Hou, M.Onoue, S. Zhang, W. Gao, X. Yan, G. W. Graham, R. Wu, X. Pan, Revealing Surface
Elemental Composition and Dynamic Processes Involved in Facet-Dependent Oxidation of Pt3Co
Nanoparticles via in Situ Transmission Electron Microscopy. Nano Lett. 17 (8), 4683-4688 (2017)

[14] J. Li, H. Yin, X. Li, E. Okunishi, Y. Shen, J. He, Z. Tang, W. Wang, E. Yucelen, C. Li, Y. Gong, L. Gu, S.
Miao, L. Liu, J. Luo, Y. Ding, Surface evolution of a Pt—-Pd—Au electrocatalyst for stable oxygen reduction.
Nat Energy 2, 17111 (2017).

[15] S. Bals, B. Goris, L. Liz-Marzan,G. Van Tendeloo, Three-Dimensional Characterization of Noble-Metal
Nanoparticles and their Assemblies by Electron TomographyAngew. Chem. Int. Ed. 53, 10600-10610
(2014)

[16] J. Shimanuki, S. Takahashi, H. Tohma, A. Ohma, A. Ishihara, Y. Ito, Y. Nishino, A. Miyazawa,
Microstructural observation of fuel cell catalyst inks by Cryo-SEM and Cryo-TEM. Microscopy, 66, 204—
208 (2017)

[17] T. Altantzis, 1. Lobato, A. De Backer, A. Béché, Y. Zhang, S. Basak, M. Porcu, Q. Xu, A. Sdnchez-Iglesias,
L. M. Liz-Marzan, G. Van Tendeloo, S. Van Aert, S. Bals, Three-Dimensional Quantification of the Facet
Evolution of Pt Nanoparticles in a Variable Gaseous Environment. Nano Letters 19 (1), 477-481 (2019)

[18] S. Dai, Y. You, S. Zhang, W. Cai, M. Xu, L. Xie, R. Wu, G. W. Graham, X. Pan, In situ atomic-scale
observation of oxygen-driven core-shell formation in Pt3Co nanoparticles. Nat. Commun. 8, 204 (2017).

[19] M. Lopez-Haro, L. Guétaz, T. Printemps, A. Morin, S. Escribano, P.-H. Jouneau, P. Bayle-Guillemaud, F.
Chandezon & G. Gebel, Three-dimensional analysis of Nafion layers in fuel cell electrodes. Nat. Commun.
5, 5229 (2014).

[20] M. Ko, E. Padgett, V. Yarlagadda, A. Kongkanand, D. Muller, Revealing the Nanostructure of Mesoporous
Fuel Cell Catalyst Supports for Durable, High-Power Performance. J. Electrochem. Soc. 168 024512
(2021)

[21] R. Girod, T. Lazaridis, H.A. Gasteiger, et al. Three-dimensional nanoimaging of fuel cell catalyst layers.
Nat Catal 6, 383-391 (2023).

[22] J. Shimanuki, H. Imai, Y. Ito, Y. Nishino, A. Miyazawa, Microstructural observation of the swollen
catalyst layers of fuel cells by cryo-TEM. Microscopy, (2022)

[23] J. Shimanuki, S. Takahashi, H. Tohma, A. Ohma, A. Ishihara, Y. Ito, Y. Nishino, A. Miyazawa,
Microstructural observation of the swollen catalyst layers of fuel cells by cryo-TEM. Microscopy, 66, 204—
208 (2017)

[24] H. Yu, M.l J. Zachman, K. S. Reeves, J. Park, N. Kariuki, L. Hu, R. Mukundan, K. Neyerlin, D. Myers, D.
Cullen, Tracking Nanoparticle Degradation across Fuel Cell Electrodes by Automated Analytical Electron

Microscopy. ACS Nano 16, 12083-12094 (2022)

137



PEFC

GDL
FC
2.6.5-7 PEFC
nm
m ps
hour
NEDO
PEFC PEFC
1ps 1ns Tus 1ms 1s 1h
Tm
RN - | e
(FVM/FEM) :ﬁ;ii 488, 229412 (2021)
1mm LBM/Phase Field .
BIEEBOERERT —5 EDEHE
B-vIal—23arvnson
E%BE ’E?JDZT}E%@\ Mﬂ ‘%ﬁﬁ Mabuchi et al. Macromolecules
BRE(DE 54 115 (2021)
HRIEDFENZF
1pm e
——— Mabuchi et al. Macromolecules
II. 54 115 (2021)
Bl  [cpEeRcHREERN
ERFATONT 4 | pFEEEE . - 3
S | vy Conman 2o |
S oo ooy | IRABHBIESERR
EEmEemTS  ag.
Hg&m Wang et al. AC’%“C?I
. &m&*ﬁ. &mizrg . Sc:' 2019 i
nm AFUARBR i
2 %Em%ﬁﬁ UIlssl‘Nét‘ure Comm;/;m 501 7
2.6.5-7 PEFC

2.6.5-8

138



(

7572

EMAREMTH  AAVGEEETH
IR

b o

&

IS

Log(J (mA cm™))

FHREN g S \\
Eggﬁiﬁ '471317} . e G.::ev» o
WE-HRINUPH o
b = B Wang et al. ACS Energy Lett. 2020. Seong-Hoon Jang et al. Adv.
*ﬁ %ﬂ'r%: = EJZ quﬁﬁ Lgle: al. Nature Cagg/ 2021 Energy Mater. 2206036 (2022)
s, o= Py THEDRIFTHRN 5D
2 —t— e W, -
Slo= = BER D) — =l
5 L SEMETIV
g b R
: e, BFPIVTUR L
Reaction Coordinate ﬁ%\‘ @%‘E%ﬁu&ﬁﬁ
=..7| Zhou et al. ACS Energy Lett. 2 a EI*}I/#$§QIJ
-4 7993 (2022 =
o (Y TRTI—)
Wang et al. npj Comput.

PEFC

STENF

Y2alb—v3Y)

e U7 IFT—%

SCBR - AR

Mater. 6 160 (2020)

2.6.5-9

PEFC

o MBFERMEFICLD
PERERET L

ETIVEREL ZMRT—IV-RR
STEEEE DK

o EHEH DR
® HElX -

BETIVIREE

RS - - PR AT .

2.6.5-9

139



2.5.3-6 2.5.3-7

HDV
2.6.2
MD [1-4]
[5-13]
[14-16]
[17-21]
2.6.5-10a Volcano plot [1,4]
b OOH
OH OOH OH
[1.4]
Pt
Pt 2040
2.6.5-10a  Volcano plot
OH OOH Pt
2.6.5-10a 2.6.5-
10d 1
OH OOH
Volcano plot 2.6.5-10a
2.6.5-10d 2
(4]
2.6.5-11a
[5-7,22-30]
[31-35]

[5-11,19,20,36]

140



2.6.5-11b

[4,17-20,37]
Volcano plot[4] 2.6.5-10d Volcano plot
2.6.5-11c
[38]
[10,11]
SRR (123 THE) b EEETRG @ © EEEAKLOBREE  d Bl EEEAPEETEE
PATRE_12VCRE) ) o#m:n: ﬁf&ﬁfﬂi EI%B’J‘:EE%H‘%:H*%L
[ ]
o (Vanesng ® . oo ° 0000
TN wmes—eshe :| |\
& N 2 #12) OOHD B £ RE(LT
& Ty ° "4 > BTAT—AA FiEES
EEY A L ORLT v A R X )
(EeH. TFRE. HEIEM, etc) -bw AL %
OH[E
2.6.5-10

141



77Aa—-F1:

> MRHBE L REMY - FELofMoiEN/N 2 — > HHER < BRI
> FT=R2ZR-2FOBFHBE, oFLLHIBELTEHEK

> BRORENE - FUHEFHNTINAZANL-T v FtE

> EREXZDT—2~R—RHFE

»n
o
o

77a—-F2:

> BRE/ATAREY A b OEETRRXN

> HEAREOLRIGERE TR

> INo%EXZ5EE - SAEETERT 0%
WEE -E&Farba—-F47%)

10000

a £ o -
ik 100 10 E£
g 50 1 E
% 0.1 e
0 001 F
2010 2020 2030 2040 1
%
. o C _ 10 -
EE - REN ’E \éi(i L2015 & 2010
- 5 2021
wi "0.001 0.01 0.1 1 10
X (ms/MD step)
2.6.5-11 2.6.5-10 b
Materials Project [17] [1, 19, 21] c [38]
Volcano plot
Volcano plot
PEFC Volcano plot
1 kcal/mol
[39,40]
MD PF LBM

142



[41,42]
[43-47]

[5-
13]

10 20

[48]

[49,50]

[51,52]

[53-55]

[56,57]

143



[58]

2.5.3-7
GDL MPL 2030
2040
GDL MPL
FCV HDV
MBD Model Based Development FC
2.6.5-12
MPL GDL
FC
GDL MPL
253 MPL GDL
MPL
GDL
2030 2040
FC 105 120
5 10
LBM PF CFD [59-62]
[63-65]

144



AR BT BB - 2 - 289048 1 BE - URRIRAEZEE

I SIS ‘
Ill=

~10pm

~100pm ~$10cm

ﬁ!i) 123

RIAW600A (2.24/cm?

Bl ki DR R
2.6.5-12 PEFC

[1] Narskov et al., J. Phys. Chem. B 108, 17886 (2004).

[2] Rossmeisl et al., J. Phys. Chem. B 110, 21833 (2006).

[3] Muhammady et al., J. Phys. Chem. C 126, 15662 (2022).

[4] Kulkalni et al., Chem. Rev. 118, 2302 (2018).

[5] Behler and Parrinello, Phys. Rev. Lett. 98, 146401 (2007).

[6] Bartdk et al., Phys. Rev. Lett. 104, 136403 (2010).

[7] Shapeev, Multiscale Modeling & Simulation 14, 1153 (2016).

[8] Jinnouchi et al., Phys. Rev. B 100, 014105 (2019).

[9] Batzner et al., Nature Commun. 13, 2453 (2022).

[10] Vandermause et al., Nature Commun. 13, 5183 (2022).

[11] Mikkelsen et al., Phys. Chem. Chem. Phys. 24, 9885 (2022).
[12] Jinnouchi et al., J. Chem. Phys. 154, 094107 (2021).

[13] Jinnouchi et al., Phys. Chem. Chem. Phys. 24, 15522 (2022).
[14] Hansen et al., J. Phys. Chem. C 118, 6706 (2014).

[15] Medford et al., Catal. Lett. 145, 794 (2015).

[16] Nagai and Okazaki, J. Chem. Phys. 157, 054502 (2022).

0005 10 15 20125 30 35
Current Densayfiom?)

\\__‘\"q

FCIATADIERE - S1ENHE TR

[17] https://materialsproject.org/; Jain et al., APL Materials 1, 011002 (2013).

[18] https://opencatalystproject.org/

[19] Wang et al., ACS Energy Lett. 5, 2905 (2020).

[20] Kalhara et al., ACS Energy Lett. 5, 3778 (2020).

[21] Lee and Jinnouchi, J. Phys. Chem. C 125, 16963 (2021).
[22] Drautz, Phys. Rev. B 99, 014104 (2019).

[23] De et al., Phys. Chem. Chem. Phys. 18, 13754 (2016).
[24] Bartok et al., Sci. Adv. 3, €1701816 (2017).

[25] Huang and Lilienfeld, Chem. Rev. 121, 10001 (2021).
[26] Deringer et al., Chem. Rev. 121, 10073 (2021).

[27] Darby et al., npj Comput. Mater. 8, 166 (2022).

145



[28] Willatt et al., Phys. Chem. Chem. Phys. 20, 29661 (2018).
[29] Mahoney and Drineas, PNAS 106, 697 (2009).

[30] Imbalzano et al., J. Chem. Phys. 148, 241730 (2018).

[31] Oganov and Glass, J. Chem. Phys. 124, 244704 (2006).
[32] O'Boyle et al., J. Cheminformatics 3, 33 (2011).

[33] Curtarolo et al., Phys. Rev. Lett. 91, 135503 (2003).

[34] Fischer et al., Nature Mater. 5, 641 (2006).

[35] Wang et al., Phys. Rev. B 82, 094116 (2010).

[36] Patel et al., Phys. Chem. Chem. Phys. 21, 35323 (2019).
[37] Greeley et al., Nature Materials 5, 909 (2006).

[38] Lysogorskiy et al., npj Comput. Mater. 7, 97 (2021).

[39] Nagai et al., npj Comput. Mater. 6, 43 (2020)

[40] Kulik et al., Electron. Struct. 4, 023004 (2022)

[41] Nishihara and Ohtani, Phys. Rev. B 96, 115429 (2017).
[42] Haruyama et al., Phys. Rev. Mater. 2, 095801 (2018).

[43] Takenaka et al., J. Phys. Chem. C 118, 10874 (2014).

[44] Suzuki and Nagaoka, J. Chem. Phys. 146, 204102 (2017).
[45] Kasamatsu and Sugino, J. Phys.: Condens. Matter 31, 085901 (2019).
[46] Kasamatsu et al., J. Chem. Phys. 157, 104114 (2022).

[47] Nagai and Okazaki, J. Chem. Phys. 157, 054502 (2022).
[48] Kasamatsu et al., J. Mater. Chem. A8, 12674 (2020).

[49] Adachi et al., Comput. Phys. Commun. 241, 92 (2019).

[50] Gereben and Pusztai, J. Non-Cryst. Solids 407, 213 (2015).
[51] Mendels et al., J. Phys. Chem. Lett. 9, 2776 (2018).

[52] Bonati et al., J. Phys. Chem. Lett. 11, 2998 (2020).

[53] Henkelman and Jénsson, J. Chem. Phys. 115, 9657 (2001).
[54] Stamatakis and Vlachos, ACS Catal. 2, 2648 (2012).

[55] Reuter, Catalysis. Lett. 146, 541 (2016).

[56] Valsson et al., Annu. Rev. Phys. Chem. 67, 159 (2016).

[57] Sprik et al., J. Chem. Phys. 109, 7737 (1998).

[58] Hirai and Jinnouchi, RSC Adv. 12, 23274 (2022).

[59] Shimpalee et al, J. Electochem. Soc. 166(8), F534 (2019).
[60] Niblett et al., J. Power Sources 555, 232383 (2023).

[61] Tardy et al., Int. Heat and Mass Trans. 145, 118720 (2019).
[62] Zhou et al., J. Power Sources 437, 226933 (2019).

[63] Vinuesa et al., Nature Comput. Sci. 2, 358 (2022),

[64] Wang et al., J. Comput. Phys. 466, 111419 (2022).

[65] Qiu et al., Phys. of Fluids 34, 052109 (2022).

146



MEA

MEA 2.5.3-6
120 lcm2 HDV
50000
( )
mm —_—
NS
e e Nllonmm —°
oumm —b TR
Gas flow fiid —“ :
ij
, g
Gas Inlot
2.6.5-13
https.//pubs.rsc.org/en/journals/journal/ee
2.6.6

2040

2040

2.6.6-1
2.6.6-2 2.6.6-3

147



kAT dHES <> S M D >

400
350 BR
- e R [FH
300 *E
/\/ ~ e KA
250 | xz
i ———eTISUR
200 k.- P g
/;4‘/‘::--------"""""~ %E
150 | _iaeslo==" —— thE
Miedeitiel S ot =
100 | #2E
50 Kr"“"‘—*—H—-‘_._H
0 A 1 ' 1 1 1 1 A1 L L A L 1 AL 1 L J
2000 02 04 06 08 10 12 14 16 20174 %
2.6.6-1 [1]
8000
FE
7000 m Ay
6000 €$
L eS|
5000 m7AYh
4000 B gﬁ
3000 . E§f§ & t‘»’j i !;§§ Eaj o gj Eﬁ% fi §
m
2000 B -
1000 - I I I
0Ellll
S 588258 REEREREEEEEEER
2.6.6-2 [2]

g

T
= ~
5
R
8z -
:-E.g&l*/f‘/
8 mAX
o EEE
.IT’XU?J
_______ E 2 o2 g
& & |

[3]
148



2.5 2.6
/GDL /GDL

58%
56%

2.6.6-5

2.6.6-4
36

149



BARLKE DS FIZPSE ORUR S

RE mAFHE nREEEE mlUtos

B* RRIP%S
20195 %E 36.0%

(n=3,702)

KE Eff®s
20176E 56.2%
(n=815,100)

0% 20%  40%  60%  80%  100%
nKF m RRIERE m s SN OED

2.6.6-4 (4]

HINT1HI
BRI OVU T IV MNRE
R VAT LERREDFED

JORPRAIRATN
-, SBBEOEMER
-FFRALE )

o AELT +ig

EERAR DK -

HURBL AT
L2 (53

2.6.6-5
[1] “ ” 2019

https://www.nistep.go.jp/sti_indicator/2021/RM311_34.html
[2] Google Scholar
[3] World Intellectual Property Organization “Patent Landscape Report, Hydrogen fuel cells in transportation,
2022”7
[4] 2 , 2022

150



2.7 FC
2.7.1
METI [1] FCV
80 2030
2711 2030
20 | 2030 80
20 |/

ERERBIE80RAE

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

2.7.1-1

2030

FC

2.7.1-2 2030 FC
2030 20

EEDEFERE

500

N
o
(=}

Hyundai(32EH)
Fraunhofer (i) .

. FaE/E

w
o
o

Symbio(7 5 ¥ Z) |
FEEEE)

EERE

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

2.7.1-2

151



2023 6
2] FCV 2030 80
/
80
20 FCV
2.7.1-2 2030 20
2030 20
20 FCV HDV FCV
HDV
HDV 2030 2030
25 | 44 /
HDV 2.1.1-1 HDV FCV
HDV FCV
2030 2035 2030
2.7.1-3 2035
2035 34
2035 200
FCV
FCCJ, 2016 [3] 2040 300 600 IEA “Net Zero by
2050” [4] 2030 2050
2,500 2,500.00
2,000 RELRAEH 200554 20355F 2,000.00
o 4o
ﬁ ’/’ H‘
40 1500 ~ 1,500.00
H‘ ’r', ﬂ
R EREELREH -~ b
82 1,000 e 1,000.00 #I
iﬂ RELREH 807 & 20305F /" Hm:
”’ M
500 g RS 500.00
0 0.00

2018 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030 2031 2032 2033 2034 2035

FE
2.7.1-3 2035

152



2.7.2

2030 TT 05 / 13m/
273cmz 330 7 6,000 2
TT 2 4
TT
10
TT 0.5
2.7.2-1 05 1.0 /
TT
2035 TT 04 |/ 15m/ 2030
8 7,000 2030
2035 6,000 7,000
2035
1
10 °
é Hyzon Motors ()
3| e Symbiods) 9
3 e Fraunnoters) \ o §5505
9 gEsBE .\ | JO0kW)
O 1 b 2288@30F 1\ .
E 3
5 ARE ok
3
=EE :
0.1 - .
2020 2025 2030
2.7.2-1
2.7.3
METI DOE FC FC
2.7.3-1 2030
2040
2.7.3-1 DOE
70
GDL BPP

153



2.7.3-2 DOE 2.7.3-1 2.7.3-2 DOE
targets DOE 2050
HDV DOE Ultimate target 2035
2.7.3-1 FC
(2030)
FCV F 0.4
[ kW] 231 2030 2040
FCV F 0.2
[ /kw] 2.3.1
HDV F 0.9 2030 2040
[ /kw] 2.3.1
44 L
50000 222
HDV F 0.45 Pt 0.24mg/lcm? 251
[ kw] 2.3.1 FC 2030 0.6 [KWI/L]
44 2035 0.75 [KW/L], 2040 0.8 [kWIL]
2.3.2
140
§ 100
80
£ 6o L—2%
X 0 0.4575 F3/kw* .
DOE 20214 DOE 20304
DOER Xy 7 AX b * 115/ $
2.7.3-1 DOE
1 NEDO HDV
2.7.3-2 DOE 2
Units (2016$) DOE Targets DOE Ultimate Target
Cost of LDV FC Power Systems $/KWhet 40 (2025) 30
Cost of HDV FC Power Systems $/KWhet 80 (2030) 60 (2050)

2 Brian D. James, Strategic Analysis Inc., “Fuel Cell Cost and Performance Analysis 2022”, DOE

Hydrogen and Fuel Cells Program Annual Merit Review and Peer Evaluation Meeting Presentation

154



2.7.3-3

LCA
2.7.3-3 FC
2025 2030 2035 2040
10 1500
HDV 2
FC 09 kW 1
HOV FC 045 kW
80 3 200 300-600 4
FCV 7,500 8
FC 04 KW 1
FCV FC 02 kW
s I -7 21 32 .50 120 /
HDV FCV -2
2,500 / 6,000 |/ 6,000 / 7,000 / 10000
x1 -3 x3 x4 '
>
1/ 6 05 |/ 6 04 | 6 033 6
( 6m/ 7 5m/ 7 19m/ 7
S 25m/ 7
100 A70 5 A2 5 A74 5
100 A70 AT2 AT74
50% 80% . 100%
1 NEDO FCV HDV DOE2030

2 Hydrogen Council

3 METI
4 FCCJ

600

2015

2050

Hydrogen Scaling up

80%

IEA  Technology Roadmap Hydrogen and Fuel Cells

5 DOE Mass Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for Transportation Applications:2018

Update
Ultimate target
6

7

2030

125kw 300

250cm?2

8 IEA ““Net Zero by 20507~

[1]
[2]

320><130

2035
250cmz?

*3

20

70

2

2050

2023/6

DOE

155



[3]
2016/3
[4] IEA, “Net Zero by 2050” (2021/5)

2.7.4
FC
2.7.4-1
KPI
1
=+0.5mm, +0.5mm
2.7.4-1
2030 2035
HDV 0.9 kW HDV
HDV 0.45 kW HDV
FCV 0.4 KW FCV
FCV 0.2 kW FCV
KPI A70% AT2%
A70% A72%
20 34
7 lyear 8 lyear
0.5 J/cell 15m/ 0.4 J/cell 19m/
+0.5mm, +0.5mm,
+0.5mm +0.5mm
Strategic Analysis FC
2.3.1-3 BPP
GDL MEA 80%
2023 2030 3 / 7 /
2.7.4-1

Strategic Analysis
2.7.4-2 BPP

FC

156



MEA

$15,000 $14,864 X hg'j )@gtig}ﬁﬁﬁd)g%% (@N@)
P - 20239 520305 MDHDV RS v ZELICHE S NI BN I Z T
$14,000 DRy I EER  EFNANETHOME. MEFHEE, RHI ~HIE
- JORROBW/ER (I—Y VD, BEEE)
$13,000 %{f_ﬁijﬁﬁ <‘ ginnagg Iiﬂ ’éﬁﬂ]ﬁ
$12,000 = =
20231 52030F DHDVR A w DHELICHESFHREDIZ RS
- AR E (AR, MARM) ([CET BEERITORER
$11,000 - « FHIERTNOEE T 1 YADILREA
S &R \l ‘
$10,000
$9,000 EEMSENCHESIR T
$8,357 - TiR0OERb 5
$8,000 « REMARO@QLE QT
’ 47,532
7000 m DEIZRY, FRTFAMR
E3hA - E£3HH - EIRE
“Mass Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for Transportation Applications:
2023&2/9 W g 2030&29 W g 2023 Update on Heavy and Medium-Duty Vehicles (DRAFT) "ZEICH TERGTTIERN
2.7.4-1 Strategic Analysis FC
SAZEHDVI 2 3% * BPP29.5%
(RB v DI HDOAIR) 20,000 stack/yr . ND—RYTIL—F—
AR« T=IVT
Oun - Bk 20.3%

0.4% | 0:2%
0.3%

N

4.2% ‘
MEA(E - 2)U1E .\
13.4% /

BPP (fiE8AkEY)

0.0%

3.8% 1%

BOMR 1 > D RS
* ARSI R

2.2%

“Mass Production Cost Estimation of Direct M2 PEM Fuel Cell Systems for Transportation Applications:
2023 Update on Meavy and Medium-Duty Vehicles (DRAFT) =

2.7.4-2 Strategic Analysis FC

GDL MEA

Gore Membrane

MEA{L « IUE 17.6%
MEA Assembly, Gasketing, Seal

« BIERSA/INOSF -G 13.3%
- BESH. P-—UVT
s I—IV7 6.8%

Stack Conditioning and Testing

A5yt 6.5%
Stack Assembly

ARIEBIZAK 3.8%

VD8NS CERS) |
Catalyst Application (Slot die)

BPP
MEA

157



CCM BPP

2.7.4-2

MEA

GDL

2.7.4-2

MPL

MEA

2.7.4-3

2.7.4-3

158



MEA

2.7.4-4
2.7.4-5
2.7.4-4
GDL+MPL
2030
A70%
MPL 2030 AT70
2030
2035 A 90%
/
2030
Pt
2030 Pt 98%
Pt
Pt 99.9%
2035
MEA
2030

159



2030 +0.5mm@50m/
A70%
2030 MEA
2035
2035
2030 A70%
3D
2035
10
2030
A 80%
2035 8 |/
A 85%
2030
3D
2035
2035

160



2030 A 80%
0
2035
A70%
2030
A70%
X
X
Al
2.7.4-5

161



2.7.5
2.7.5-1 FC 2.7.5-2

TS ol Al *&@‘f“

N1#K—-5TL—N (BPP)
2XL-5mxT tl(l/—9
Eﬁmg

F Siwlibrinbize *"wm»é» =18
)55 #lw»l

EA/BPPSEE“~Z9‘¥ I—&éd > AT hEbEiET

2.7.5-1
A2 K—ANRE CCM. GDLR/ 2 7res)R B : 0.5/ LKL, 2085 F

vmux BEANER AR % 20051 hain408 =

KY)- BIEREOREIZ M
MTIZND3~5EEUnHS

BiZ : 301/ELTHL. 12088 - éiwpn@f":zg
NAKR—=32V—b (BPP) A9y

EA/BPPREBE~AYY I-I>Y. JATASP@MEM

E*i égﬁég‘;byﬁi B : 0.51/4%(xL. 209D L 4l RE

oo 1EO§H®PVD§ﬁﬁ"4OZ§ ,‘ ; - .
x FVARE 3-5455 :5‘:55‘ ’@ ‘ —L

f’ ‘ -_.-'-: e li> g BIE : 549/2990ICHURBT > 2B RN £
e © -160BAoRTEEEF24R4E
2.7.5-2
2030 2035
2.7.5-1
MPL

162



GDL MPL

2030

Pl

Pl
2035

Pl

MEA

2030

2030

GDL MPL

163



to

uv

to

2035

2030

164



2035

D
HDV
SUS
PVD CVD
CvD
ALD
2030
2035
to
FC
10
6,000 3 /

165



60

2030

2035

2030

2035

100kw

MEA

MEA

to

20

166



2.75-1

MPL

Pl

Pl

MEA

MEA

Pl

MEA

to

167



2.8
2.8.1

2040

CNT

24.1-1

2023 2024
225-20
CFRP

PAN

2025~30

CFRP

FW

CFRP
FW

ATP

GTR13

7 GPa

FRP

CFRP

UN R134

FRP

CFRP

2/3

CFRP

168



CFRP

CFRP

CFRP

CFRP
CFRP
CFRP

Pl

DX

DX

CFRP

Type5

CFRP

Ml

DX
DX

CFRP
ub

Type4

169



design by test

design by analysis
SHM
SHM

[1]

FEA
design by test

SHM

170



CFRP

CFRP

SHM DX

Structural Health Monitoring

SHM

SHM

DX

UN R134
GTR13 UNRI134

GTR13 UN R134

CFRP
SHM SHM
In-Situ

SHM

SHM

GTR13

6
HDV

FCvV

171



2.8.1-2

CFRP

BPo

(e WA
I e 180%NWP
ETE A
R P ERER £ +—150% NWP
W\ Ereennmitle——T" +—125%NWP
= r— 80%NWP
#*
v
B P
e I
=] 15’01»525'& 1 20%44 2 L
3 488%M0 G40 +85°C. 95%RH
15°CM525°C B 2006441 & LB
-40°C

BETHNE | «——
e REAE

2.8.1-1 Verification test for performance durability (hydraulic)

. RERRICES R
N e U 2— —
A4 ~ 180%NwP
4%
0 <« 125%NWP
R - +—115%NwP
I:H 80%NWP

B4
150 +s5c ~° +55°C
59414 2 1L 40°C* 8 g 5% 2 1L +50°C 1§

R =
t 5% 4 5 )L +50°C* \ & 5% 4 5L -40°C \&
g 40%% 14 oL 15°C B & 40%44 21 15°C B .

MHi25°Ce hi525°C
a 40°COPMM L AT LV IREIZ L 540 COMBIEN/BrEd A 74, 20 COMPTSH A 70, <35 COMHATSHA 71
b +S0°COYM - AT LV MINE S4S0 COMBRIM /i £ 210 35 COMHTSH A 20
CH—=VR (ATFR) BOBHIMRLEERIZLDISCHO2S COMBMEN/TRES AL 20, S0%AL 21

Verification Test for Expected On-Road Performance (Pneumatic/hydraulic)

172



[2] GTR13 Phase2 https://unece.org/sites/default/files/2022-09/ECE-TRANS-WP.29-GRSP-2022-

16e.docx P.23

Science and Technology of Advanced Materials, 22, 2021, p.532-541,

7 2020 p252-253.
CFRP

CFRP
CFRP

[1] JIVAS-F32 2020

[2] 2022

CFRP
CFRP
CFRP

CFRP

32

CFRP

173



GX

St.

Type4

CFRP

CFRP

LCA

ELV

FRP

174



BOP Balance of Plant

ICE

BOP

DX

DX

2.8.2

175



-253

CFRP

FC

sLH:2

sLH2 Subcooled Liquid Hydrogen
LH:2
BOG

176



PTFE

24.2
WG
LNG

LNG

177



CFM Cryogenic Fluid Management

BOG
BMW Hydrogen7 BOG
Boil off converter [1]
LNG
CO2
CO2 4
[2] CO2
2050 2040
100% 30
[3. 4]
3
500 km/ 1,000 km/
218. 3 1
1,000 km
CFRP CFRP
sLH:
WG
LNG 25mm 35mm

178



MLI 80
120 10-3Pa 10 -2Pa
10-1Pa MLI
LNG
UNR110
700mm 800 mm 800 mm 1,500
1,600 mm 2,000 mm
600 mm
1m
[5] 1m
LNG
LNG 5 UNR110
2021 10 IATA 2022 10 ICAO
2050 2022
7 ICAO 2050
SAF
2025 9 50
60 50 100 30 90
2035 100 250 45 150
[6]
33 wt 2
[7] FAA EASA
[8]
0.06 /

179



03 / [9]

10
8 I 8]

NEDO

Gravimetric Index Gl Gl

[1] F. Amaseder, and G. Krainz, "Liquid Hydrogen Storage Systems Developed and Manufactured for the
First Time for Customer Cars," SAE Technical Paper 2006-01-0432, 2006
https://www.sae.org/publications/technical-papers/content/2006-01-0432/

[2] * ”, 2024
https://www.mlit.go.jp/sogoseisaku/environment/sosei_environment_tk_000007.html

[3] <« >> 2021
https://www.isuzu.co.jp/company/investor/financial/results/assets/pdf/carbon_neutral.pdf

[4] <« LNG > 2022
https://wwwtb.mlit.go.jp/hokushin/content/000275464.pdf

[5] <« ,2024 7 9
https://www.mlit.go.jp/policy/shingikai/content/001754339.pdf

[6] “ 77,2023 10 10
https://www.meti.go.jp/shingikai/sankoshin/green_innovation/industrial_restructuring/pdf/020_04_00.p
df

[71] NEDO , 2021,
https://www.nedo.go.jp/news/press/AA5_101488.html

[8] “ 62 ,2024 10

[9] e >
https://www.khi.co.jp/news/detail/20231211_1.html

2.8.3

10 30 g-Ha/kg 2.4.3-6 2050

180



Ml Pl

2050
100 MPa
Ml PI
w/
LCA
2.9 DX
SDGs CN
2.9-1
DX
DX
DX
DX
DX Ml Pl MEI
2.9-1
199 (2021 )| 49 (2021 )
187 (2018 ) | 48 (2018 )
149 (2020 )| 73 (2021 )
70 (2022 )| 18 (021 )
2023 -328 2023 8

181



291
DX

FC
DX DX

DX FC

DX

® 2035 2030

DX 29.1-1

HERERER-MI/PITHERNICER
1? .fl'ﬁﬂ—?— ETIIEERUVLEECTRER(RIU—=17)

p kN B717 MR/ o0 HEIER/ 18 ST BHET S
TOtRExR S T AR MR TOEREST RS R/ 7O0EX

SRR L bl Bl ot s SRR
5

MEI, E‘fﬁﬂ—?—’(“&%ﬁﬂ'ﬂkéﬁi
KR FHAITERVWRROERICEFHERFEER

29.11 DX
DX
Ml 20 100 29.1-2 PI
20 100 MEI 10 30
1/100 1/250 DX

182



PROWSELZSNEDD

100 r -
' HaoBiz
2 , DXIC & B0k
Eul = > X14
£ 10 NEDO champakor "SR
= ! o R
S 0o SRRERRsS
% T BREICEBHYEN
203 & VoasmoiiE
1 WMFA
2015 2020 2025 2030 2035 2040 2045 2050 2055 2060
a3
29.1-2
29.2 DX
DX
DX
NEDO
NEDO PEFC
[1]

183



[1] NEDO TSC Foresight (2022)

DX
Al
Ml
NEDO MIX
Ml
Ml
DX

184



2.9.2-1

2040 2035 10

2.9.2-1

2.9.3

M

Ml

185



2.9.3-1 M

- 1
- 2
. 3
1 Process Informatics 2.9.3-(2)
2 Measurement informatics 2.9.3-(3)
3 Natural Language Processing 2.9.6
Mi
MI
MlI
MI [1,2] 2.9.3-1
MI [1,2,3]
2.9.3-2
2.9.3-2 Ml
. (<100)
. DB

186



NEDO Ml 2.9.3-1
Ml

1060
109 [4]

Ml

Al

[1] Himanen, Lauri, et al. ““Data—driven materials science: status, challenges, and perspectives.””
Advanced Science 6.21 (2019): 1900808.

[2] Morgan, Dane, and Ryan Jacobs. "Opportunities and Challenges for Machine Learning in Materials
Science.” Annual Review of Materials Research 50.1 (2020).

[3] Citrine Informatics Inc. "Challenges in Machine Learning for Materials and Chemicals - And how to
overcome them." (2020)

[4] Reymond, Jean-Louis. "The chemical space project.” Accounts of Chemical Research 48.3 (2015): 722-730.

Pl

187



2.9.3-1

[1]

Pl

KPR )R-[TAI-MEF

EESEHAR
;Z?Q BERE | WEELHR 7'417@!1:}0 m;{
=Lt | (B ==
NG RmtHEZ| |2 ' ; K
& iﬁ b3
"&’EIG 1Y frL° 7-530% BERHR TED 4 AV%Z01E [& V8 ERE

B H2RBLHRESEA BE. 20X m?%ﬁr’l
KRR INIMEE BBy BB BN, R i ;
NIV R M (743-H) A0 AV sei>
DR, HUEE

MEA+8T7H25vh

CCM b apab

N1KR—=32V—b (BPP)

) L—-5T
FEHRRREY

i ' A "‘mm»é» S
F 4 #IM- '

tKlz—G EA/BPP§§M~Z9‘¥ I—:;d > AT hEpamilft

2.9.3-1
Ml Pl
Ml
NIMS MatNavi
[2] Pl
2030 Pl 2030 2030

188



mP| 2030

3D
Pl
[3-7]
Pl
Pl
Pl
Pl
Pl
Pl
mP] 2030 2030
Pl FC
Al [8-9]
[10-13] PI
[1] FC 1 MEA (2022)

https://www.chubu.meti.go.jp/b35innovation/meetupchubu/event/vol8.html

[2] (2022)

189



[3] H. Numazawa et al. Experiment-Oriented Materials Informatics for Efficient Exploration of Design
Strategy and New Compounds for High-Performance Organic Anodo. Adv Theory Simulations 2. 1900130
(2019)

[4] N. Ishida et al. Quantifying Hole Transfer Yield from Perovskite to Polymer Layer: Statistical Correlation
of Solar Cell Outputs with Kinetic and Energetic Properties. ACS photonics, 3, 1678-1688 (2016)

[5] Y. Zhang et al. A Strategy to apply machine learning to small datasets in materials science. npj Comput.
Matter. 4, 25 (2018)

[6] G. R. Schleder et al. From DFT to machine learning: recent approaches to materials science- a review. J.
Phys. Mater. 2, 032001 (2019)

[7] L. M. Ghiringhelli et al. Big Data of Materials Science: Critical Role of the Descriptor. Phys. Rev. Lett. 114,
105503 (2015)

[8] K. Kitai et al. Designing metamaterails with quantum annealing and factorization machines. Phys. Rev.
Research 2, 013319 (2020)

[9] S. Rendle. Factorization machines. in Proceedings of the 2010 IEEE International Conference on Data
Mining, 995-1000 (2010)

[10] S. J. Pan et al. A Survey of transfer Learning. IEEE Trans. Knowl. Data Eng. 22, 10, 1345-1359 (2010)
[11] C. Tan et al. A Survey on Deep Transfer Learning. arXiv: 1808.01974 (2018)

[12] S. Wu et al. Machine-learning-assisted discovery of polymers with high thermal conductivity using a
molecular design algorithm. npj Comput. Mater. 5, 66 (2019)

[13] H. Yamada et al. Predicting Materials Properties with Little Data Using Shotgun Transfer Learning. ACS
Cent. Sci. 5, 10, 1717-1730 (2019)

MEI

MEsaurement Informatics

Ml PI

[1] SIN [2]
[3]

190



[4]
[5] (6]

MEI
SPring-8 3GeV NanoTerasu
J-PARC

Ml PI

MEI

[1] Ueno, T., Ishibashi, H., Hino, H. et al. npj Comput Mater 7, 139 (2021). https://doi.org/10.1038/s41524-
021-00606-5

[2] Saito, K., Yano, M., Hino, H. et al. Sci Rep 9, 1526 (2019). https://doi.org/10.1038/s41598-018-37345-5

[3] Ueno, T., Hino, H., Hashimoto, A. et al. npj Comput Mater 4, 4 (2018). https://doi.org/10.1038/s41524-017-
0057-4

[4] Baliyan, A., Imai, H. Sci Rep 9, 18241 (2019). https://doi.org/10.1038/s41598-019-54770-2

[5] Ichiro Akai, Kazunori lwamitsu, Yasuhiko Igarashi, Masato Okada, Hiroyuki Setoyama, Toshihiro
Okajima and Yasuharu Hirai, Journal of the Physical Society of Japan, 87(7), 074003 (2018)

[6] Ozaki, Y., Suzuki, Y., Hawai, T. et al. npj Comput Mater 6, 75 (2020). https://doi.org/10.1038/s41524-
020-0330-9

294

Al

8 688 9 8100

[1]
Al

191



Ml
2040
2040

MEA

Al

[1] Burger, Benjamin, et al. "A mobile robotic chemist.” Nature 583.7815 (2020): 237-241.

295
DX
DX
Al

192



Intermediate-Scale Quantum device

Computer

Al

Al

10

[1]

Ml

NISQ: Noisy

FTQC: Fault Tolerant Quantum

193



[1] Choubisa, Hitarth, et al. "Accelerated chemical space search using a quantum-inspired cluster expansion

approach." Matter (2022).

2.9.6 NLP

NLP : Natural Language Processing

NLP
MiI
2.9.6-1
fr f f f
Single Layer Neural Network
rt t 1t f f f f
‘ ‘ | Encoded
Inputs
rtr 1 1 f f f f
BERT based encoder
ot ! f 1
‘ blended | ‘ with | ‘ exhibited ‘
2.9.6-1 [1]
L ] BERT [ 1
[ 1

[1] Shetty, Pranay, et al. "A general-purpose material property data extraction pipeline from large polymer

corpora using natural language processing." npj Computational Materials 9.1 (2023): 52.

194



