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McKinsey & Company, “Preparing the world for zero-emission trucks” 2022/11

PwC Strategy&, “The Dawn of Electrified Trucking” (2022/10)
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Bloomberg NEF, “Zero-Emission Commercial Vehicles The Time Is Now” (2024/9)
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Strateqic Analysis SA

HDV
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Duty Vehicles” (Draft)

B. D. James, et al., “Mass Production Cost Estimation of Direct H2 PEM Fuel
Cell Systems for Transportation Applications: 2023 Update on Heavy and Medium-
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2023 HDV System 2030 HDV System

2023 HDV System
20-micron Nafion® (850EW)

2030 HDV System
15-micron Nafion® (850EW)

(KWpep) 344 (BOL), 275 (EOL) 340 (BOL), 275 (EOL)
(KWiross) 407 (BOL), 338 (EOL) 393 (BOL),327 (EOL)
) 0.779 (BOL), 0.70 (EOL)  0.779 (BOL), 0.70 (EOL)
@ (mW/cm?) 774 (BOL), 642 (EOL) 1143 (BOL), 953 (EOL)
Pt (MgPt/cm? (ot area) 045 —
(0.4 ca/0.05 an) (0.3 ca/0.05 an)
Pt (9/KWigros5) 0.700 0.367
50% 30%
: ECSA —
25,000 (based on ANIT durability (SA Estimate)
modeling)
(atm) 2.5 2.5
( ) (°C) 90 90
Air 1.5 1.5
H2 2 2
Q/AT (kW /°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
(KWigross/KQ) 1.81 2.76
(KWiross/L) 2.09 3.08
@ (%) 53%(BOL), 46%(EOL) 53%(BOL), 47%(EOL)

B. D. James, et al., “Mass Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for
Transportation Applications: 2023 Update on Heavy and Medium-Duty Vehicles” (Draft)

4— ePTFE Electrospun PPSU
150 ym 150 pm
GDL (105 pm GDL, 45 pm MPL, (105 pm GDL, 45 pm MPL,
uncompressed) uncompressed)
: Dispersed 0.4 : Dispersed 0.3
mgPt/cm? a-Pt/HSC mgPt/cm? a-Pt/HSC
: Dispersed : Dispersed
0.05mgPt/cm? Pt/HSC 0.05mgPt/cm? Pt/HSC
Gore Direct-Coated Membrane  Gore Direct-Coated Membrane
CCM with dual-side slot-die coated with dual-side slot-die coated
electrodes electrodes
MEA R2R PEN sub-gaskets R2R PEN sub-gaskets
BPP Flexiblg graphite_with resin Flexiblg graphite yvith 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 Screen-Printed Polyolefin

Elastomer (End)

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 BPP assembly, sub-gasketed MEA

Robotic assembly of graphite

(hrs)

Sensor every 3 cells

Sensor every 4 cells (low

(low volume) volume)
Sensor every 4 cells Sensor every 10 cells (high
(high volume) volume)
2.5 1
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H SA GDL BPP 75-80%
A50%

B SA OEM A 50% +50%
+100% = GDL

2030 StackT X k DAER ($/kWnet) 2030 Stack 3 X F DAIER ($/kWnet) 2030 StackT X k DAER ($/kWnet)
A (%2 ~_q cfZ A 575 Ofiz
52000 52000 t7 Yy %EREE (05(5~1.5(%) 62000 e7 Yo% KRR (0.515~2.01%)
$180.0 M EA $180.0 $180.0
$160.0 $160.0 $160.0
- - - .
$1200 $120.0 $1200 ——
$100.0 - $100.0 —— $100.0
$60.0 - $60.0 $60.0
$40.0 - $40.0 $40.0
$200 5200 $200
$0.0 $0.0 $0.0
2,000 10,000 20,000 40,000 100,000 200,000 2,000 10,000 20,000 40,000 100,000 200,000 2,000 10,000 20,000 40,000 100,000 200,000
TOTAL ($/kWnet) $123 $79 $71 $63 $58 $54 TOTAL ($/kWnet) $152 $9% $86 $76 $70 $65 TOTAL ($/kWnet) $183 $114 $102 $89 $82 $76
= 10% STACK Contingency $112 $7.2 $6.5 $5.7 $5.3 $4.9 = 10% STACK Contingency $11.2 $7.2 $6.5 $5.7 $5.3 $4.9 = 10% STACK Contingency $11.2 $7.2 $6.5 $5.7 $5.3 $4.9
= Others $0.7 $0.5 $0.4 504 504 503 = Others 507 505 504 504 504 503 = Others $0.7 $05 $0.4 $0.4 $0.4 $0.3
m Stack Conditioning and Testing $1.4 $0.4 503 $0.2 503 $0.2 m Stack Conditioning and Testing $0.7 $0.2 $0.1 $0.1 $0.1 501 m Stack Conditioning and Testing $0.7 $0.2 $0.1 $0.1 $0.1 $0.1
m Cell Voltage Monitoring System $4.0 $2.3 $1.6 $1.2 S1.1 $0.9 W Cell Voltage Monitoring System $4.0 $2.3 $1.6 $1.2 S$1.1 $0.9 m Cell Voltage Monitoring System $4.0 $2.3 $1.6 $1.2 S$1.1 $0.9
m Stack Assembly $17 $0.9 $0.7 $0.7 $0.6 505 m Stack Assembly $2.1 S11 $0.9 $0.9 $0.7 $0.6 W Stack Assembly $2.5 $14 S11 S11 $0.9 $0.8
mEnd Plates $1.0 $0.8 $0.7 $0.7 506 506 mEnd Plates 508 507 506 506 $0.5 $0.5 mEnd Plates 508 $0.7 506 506 505 505
mScreen Printed Gas Reactant Seal $15 $0.9 $0.9 $0.9 $0.8 508 m Screen Printed Gas Reactant Seal $2.0 $12 $12 $12 S11 S11 m Screen Printed Gas Reactant Seal 526 $15 $15 $15 $14 $14
W MEA Assembly and Gasketing - Subgaskets $9.8 $5.8 $4.7 $4.1 $3.8 $3.5 = MEA Assembly and Gasketing - Subgaskets $13.0 $7.7 $6.3 $5.5 $5.0 $4.6 = MEA Assembly and Gasketing - Subgaskets $163 $9.6 $7.9 $6.8 $6.3 $5.8
GDL $16.9 $6.3 $43 $3.1 $2.2 $19 GDL $226 $8.4 $5.8 $4.2 $3.0 $2.5 GDL $28.2 $105 $7.2 $5.2 $3.7 $3.1
= Membrane $14.4 $9.5 $8.1 $6.5 $5.2 $4.5 = Membrane $19.1 $127 $108 $8.6 $6.9 $6.0 = Membrane $239 $159 $135 $108 $8.6 $7.5
= Biporar Plates $17.0 $7.3 $6.8 $5.7 $5.4 $4.9 = Biporar Plates $25.4 $109 $102 $8.6 $8.0 $7.4 = Biporar Plates $33.9 $145 $136 $115 $107 $9.9
= Catalyst $433 $37.4 $35.9 $33.4 $323 $30.9 = Catalyst $50.6 $43.6 $41.9 $39.0 $37.7 $36.0 = Catalyst $57.8 $49.8 $47.9 $44.5 $43.0 $41.2
§ . s,
B35 8 [Stack/year] #0358 [Stack/year] BERstack/year]

B. D. James, et al., “Mass Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for
Transportation Applications: 2023 Update on Heavy and Medium-Duty Vehicles” (Draft) R&T
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B SA

B SA

+100%

10

A20%
35%

OEM

BOP

100
15%

65%

A40%

80%
BOP
BOP

A 50%

80%

+50%

2030 BOPO % h @R ($/kWnet)

$100.0
$90.0
$80.0
$70.0
$60.0
$50.0
$40.0
$300
$200
$100
$0.0
BOP TOTAL
mBOP Replacement Cost
I 10% BOP Contingency
m Miscellaneous BOP Components
W Sensors
W System Controller
™ Fuel Loop
= Low-Temperature Coolant Loop
High-Temperature Coolant Loop
= Air Precooler and Water Recovery Loop
m Air Loop

2,000
$75.7
$9.1
$6.1
$3.4
$4.0
$1.0
$7.4
$0.8
$19.7
$5.2
$19.0

10,000
$62.2
$7.5
$5.0
$3.0
$3.3
$1.0
$6.0
$0.7
$16.2
$4.0
$15.5

20,000 40,000
$58.6 $54.6
$7.0 $6.5
$47 $4.4
$2.9 $2.8
$3.0 $2.8
$1.0 $0.9
$5.6 $5.3
$0.7 $0.7
$15.0 $13.9
$37 $33
$15.0 $139

38 & Stack/year]

100,000
$49.8
$6.0
$4.0
$2.7
$2.5
$0.9
$4.8
$0.6
$12.7
$3.0
$12.6

200,000
$46.7
$5.6
$3.7
$26
$23
$0.9
sa5
$0.6
$11.8
$27
$11.8

$100.0
$90.0
$80.0
$70.0
$60.0
$50.0
$40.0
$30.0
$200
$100
$0.0
BOP TOTAL
W BOP Replacement Cost
I 10% BOP Contingency
® Miscellaneous BOP Components
W Sensors
W System Controller
™ Fuel Loop
m Low-Temperature Coolant Loop
High-Temperature Coolant Loop
m Air Precooler and Water Recovery Loop
= Air Loop

2030 BOPa Z M AER ($/kWnet)

S A AR
< .

v vl

2,000
$742
$9.1
$6.1
$3.4
$4.0
$1.0
$5.6
$0.8
$29.5
$5.2
$9.5

10,000
$61.1
$7.5
$5.0
$3.0
$3.3
$1.0
$a5
$0.7
$24.3
$4.0
$7.7

20,000 40,000 100,000 200,000
$572 $533 $48.6 $45.6
$7.0 $6.5 $6.0 $5.6
$4.7 sa4a $4.0 $3.7
$2.9 $2.8 $27 $2.6
$3.0 28 $2.5 $2.3
$1.0 $0.9 $0.9 $0.9
$4.2 $3.9 $3.6 $3.4
$0.7 $0.7 $0.6 $0.6
$22.5 5209 $19.0 $17.8
$3.7 $33 $3.0 $2.7
$7.5 $7.0 $63 $5.9

#552 [Stack/year]

B. D. James, et al., “Mass Production Cost Estimation of Direct H2 PEM Fuel Cell Systems for
Transportation Applications: 2023 Update on Heavy and Medium-Duty Vehicles” (Draft)

R&T

$100.0
$90.0
$80.0
$70.0
$60.0
$50.0
$40.0
$30.0
$20.0
$10.0
$0.0
BOP TOTAL
m BOP Replacement Cost
W 10% BOP Contingency
W Miscellaneous BOP Components
B Sensors
W System Controller
¥ Fuel Loop
® Low-Tempe rature Coolant Loop
High-Temperature Coolant Loop

W Air Precooler and Water Recovery Loop
m Air Loop

2030 BOPa X b DA ($/kWnet)

N Ny o e

_._._._._-—-_

2,000 10000 20,000 40,000 100,000 200,000
$84.0 $69.2 $64.7 $60.2 $54.9 $515
$9.1 $7.5 $7.0 $6.5 $6.0 $5.6
$6.1 $5.0 s4.7 $4.4 $4.0 $3.7
$3.4 $3.0 $29 $2.8 27 $2.6
$4.0 $33 $3.0 $2.8 $2.5 $23
$1.0 $1.0 $1.0 50.9 $0.9 50.9
$5.6 $4.5 s4.2 $3.9 $3.6 $3.4
$0.8 $0.7 $0.7 $0.7 $0.6 $0.6
$39.3 5324 $30.0 $27.9 5253 $23.7
$5.2 $4.0 $3.7 $33 $3.0 $27
$9.5 $7.7 $7.5 $7.0 $6.3 $5.9
#8 E(Stack/year]
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. DOE2030  INED0O2030 __ [NEDO2035 ___ [NEDO2040 |
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 1.36A/cm?) (0.72V at 1.76A/cm?) (0.71V at 2.37A/cm?) (0.81V at 2.44A/cm?)
(°C) 90 105 120 120
(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
GDL Hm 150 50 40 40
BPP
. BOP 0.8 BOP
. 65%
. Pt PEM BPP DOE NEDO
DOE LDV 2018 DOE SS314, PVD TiOx
NEDO

. Pt GDL BPP
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[ 2030 7 / 2035 8 / 2040 10 /
[ NEDO Pt
m 2030 1.1 1.26 /kW 2035 0.93 1.07 /KW 2040 0.79 0.91 /KW
2030 0.9 /KW 2021 110 /
A SA 1.5 B SA 2.0
Y257 LR+ (AA/kWnet) A7 LR (AA/kWnet)
1.60 1.60
SA 20304  NEDO 20304 SA 20304
140 ~@7000067/4% @T0,00087% NEDo 20354 140 “@70,000&8/% NEDO 2030%
1.20 @80,0005/%F NEDO 20404 DOE 1.20 @70,0005/%  NEDO 20354
NEDO2030
1.00 @100,0005 /& BOUSH/ W 1.00 @80,0004/4 NEDO 20404
09 /kw = |-———---———---J8EEEL._______EESEl . ____ ----@100:0005 4%
0.80 0.80
ploj= L IR WNRNSRN  RSRSRE  P— -—-
0.60 60USD/KW 0.60
0.40 0.66  /kW 0.40
0.20 0.20
0.00 0.00
70,000 70,000 80,000 100,000 70,000 70,000 80,000 100,000
TOTAL(/3 FH/KW net) 1.25 1.26 1.07 0.91 TOTAL(/3 F3/kW net) 1.25 1.10 0.93 0.79
m System Assembly & Testing 0.01 0.01 0.01 0.01 ™ System Assembly & Testing 0.01 0.01 0.01 0.01
W BOP TOTAL 0.57 0.65 0.59 0.54 = BOP TOTAL 0.57 0.58 0.52 0.48
M STACK TOTAL 0.66 0.60 0.47 0.36 B STACK TOTAL 0.66 0.51 0.40 0.31

& & [unit/year] SLHEE [unit/year]



FC 20/20

| DOE R&D
- R&D

B Strategic Analysis

« HDV DOE 2030
. 2,000 / 10 A35% 100 A 50%
50% 2030
B NEDO
« SA OEM4 BOP
« NEDO 2030/2035/2040 Pt
- FC 2030 1.1 1.26 /KW 2035 0.93 1.07 /KW
2040 0.79 0.91 /KW 2030 0.9 /KW

. BOP



