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8 https://www.energy.gov/oced/regional-clean-hydrogen-hubs-selections-award-negotiations
9 https://www.energy.gov/eere/fuelcells/bipartisan-infrastructure-law-clean-hydrogen-electrolysis-
manufacturing-and-0
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12 HPEM2GAS, "HPEMZ2GAS - High Performance PEM Electrolyzer for Cost-effective Grid Balancing
Applications.”, ITM Power, “Gaining Traction”
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13 Clean Hydrogen Partnership, “PROGRAMME REVIEW REPORT 2024”, Figure23, 24

14 European Commission, “EU harmonised accelerated stress testing protocols for low-temperature water
electrolyser - A proposal with testing guidance for assessing performance degradation in water electrolyser
stacks”



L#—F [Development] &k
it - B2 (MAWP) 3%7%E

012 013 %nu w5 2016

010

m

ucyorn
PEMR&D 4]
RESELYSER
PEM R&D [#4]

i@ - B (MAWP) E#7at@E - BiR (MAWP) 3
017 211! 019 200 200 20%2 2023 2026 2025

STACH
PEMR&D [iff|

)

PEM R&D

TRkl (70 F9—EX)

G2

M%&) (79 v F¥—EX

[RiE] (F'Y vy FH—EX)

m7rhy 5#H) PEMR&D 4|
[PEM (14 #)
B AEM (31) EFd]

W 2iEss e G ) AEM R&D [#)#]

[E3E] (¥ ERDEHE)

1.2.3-1
I 7”37‘17 |‘ * Efgﬂ-ﬁ@glg (_EK}E*ZPL) 7°|:|:/\‘17 I‘EF—% 5§ﬁ§21{k;ﬂ.
. ~2016 NOVELZ' B 7 b (mmms—»—: Elogen) 2% 7 CAPEX : < v (1500 £/Nm3/h)
- BWE - BRADPEMAER 2000€/Nm3/h N/A (TRAERBRDOER %
I SILY Fu;lf;:‘/ﬁ"?f%ALD:—f4 Y URERLIE | &4 1 40,000 h S3EF % £ 70,000 h)
iR, BARORE e - | BRYE 1 75 %(LHV) A (68 %)
3T TEERLEMERRC K 38PPoax bER | B DD nor
@ 018 @B mMAwWP) BN
2030 BiRfE y - R
< JREAI : 4.5kWh/Nm3IZ{E) Al = b »
BAREE - 2.5A cmelo g A E YA,
S ESEERE ¢ 0.4me/WICIER BRZE : 3 />/cm2 (<1.8V) v ES A/cn;z)
. ) 21t : 0.28 %/1000h v (021%
@ 0 EEEM&GAW"“ Y7 bwmiEs—n—: EEHE : 82 %(HHV) A (T7%)
- R I BHEEE © 48 kWh/ke A (54 kWh/kg)
CUEAR b - BEEEADSY v K — ERICEBA 3
fh) PEVKEROME e KEBEE : 80 ke/d v (83.4 kg/d)
- BERBOPY R X v £ WEAEITS T & TCAPEX,
OPEXTIR MEHIRL. 244 0EGEIVEICHE, o o
227 LB A ER B e P
26 H Pl
@ 2021 PRETZELZOYx 2 h@wAx—n—:iGasenerey) e
- 1005 — L DEE% R T 325kWEROPEME K BREE £ B3 .- '
< 4-6 A/cm2D 51 £90°COEERSA, 70% D 5HER 200085/ L < 20 i
LEEARRE W, Mw
ST 3 o o BITEEEE & B L TAA/cm2T20% L b
@ 02z HE- SR MAWP) B3 W EAmE (25VasA/cm)
* CRE : 4.3KWh/NmI S AR & M AT
- BAREEE 1 3.0A/cm2(Z N s ] ] 3 P s o
- BEESEERE 1 0.25mg/WICIEE jeen | Acm2
1.2.3-2 PEM

10



|
@ 1z E-EE AW Bz T SRR
2030F BixfE N — == o
SAYFFY AR 1 45008/ (Nm3/h)/ Y RT LA D 52kWh/kg H2 - v
- TR : 0.8A/cm (TN HALE 1 2 %/year N/A
- CofEFAE(B4E) : 0.7mg/WIT{EiR ARy 7Y% A X 9,700 kW v
~ ELYntegration’ 0 A py— | NREEE421/d v
‘ 2019 L fnteg 7RV x Y bR CAPEX : <630 €/kW v
- 35MWOBET VA Y KBREBOSZTE TV V=T
Yy RER, BRE L TBENDOREREBE
- = oYy BiE ERIRR
@ 22 :HE-EE MAWP) Ei =7 hER
2030 BiZfE Ry FRZ—F:2s N/A
s A TF AR 19,800M/(Nm3/h)/FICHEN 2R — kT v 7 R4 L(cold to A240 - 360 min
- BARBE : 1.0A/cm2lEM part-load) : 20 min
- RuEAE(B2E) © 0.7mg/WIT{ER (EARBI © 20 % N/A
- ColEFIR (B4f%) : BRMBAIR = - 20 %
R Ramp up : 7 %(full load)/s v 3%/s
. ~2023  DemodGrd 7O x ¥ k (m#mA—»—:HD) | Ramp down : 10 %(fullload)/s v 2 %/s
s 32MWOBET VA Y KBREBEZRBV. EBROERR
HTCHREHOREEET
FCRRERIAY S U Y F/i50 2 rE0esrz L s
F—RUDWT AR RSP BRESH b B oYz FEE EAARR
. ~2026 Diewels 70 1 & b (@8 x—5— : McPHy . EIHER 1 <52 kWh/kg c7RY 7 METR
EnJergy) ¢ i 21t 1 0.72 %/1000h AMWEY 2 —ILDE%
; C20MWO 7L h U ABREBEREL, LrvkEnsy | (FEIEEE : 3-110% ($1k FRET. Thzfirsab
U=y AR —NERET BETETTD. BENREHTS | <2%/year) HT20MW % HBEFE
- BEESMOERPSEABEOBROMARLLURZ Y
U DEHFEEICOWTRITT 3,
1.2.3-3
1.2.3-4 2023 FID
Normand’Hy (3. PEM) FID
(Siemens Energy)
RRRAFHET >~ 200MW, REi+B T3, BED
(EY2—LDEHET BLHATEER, EEU T4
BEMW~EEMW) REFHYNEIl (. PEM) FID
(Siemens Energy)
100MW, Fii+ B %, HESN
SmPAR Trazlblazer [¢::N PEI)\II)
FIREKERE ST > b REFHYNE (. PEM) Ex1 Siemens Energy
(EV2—-LOEET (Siemens Energy) | ZOMW BT A, BES
MW~ £ +MW) 10MW, R+ B 5. BES WIKTALR - BUARBH -
SRR Ex
H2FUTURE (2. PEM)
(Siemens Energy)
MW, R+ BT, BEH
IO
INRIEKZEE TS~ b HyBalance(7>~—7%. PEM; EnergiePark Mainz (. PEM
(~HMW) (Air Liquide) (Siemens Energy)
peer 3T5MW, REIRIR - S 375MW, A — A LED + R
HyPSA(SE/H, PEM) E¥E TEUT4 HREEN, EE EEUTA
(Siemens Energy)
1.25MW, %+ L%
7REEN
H®EZD
NEURTE F75Uy K
(< 1MW) =i (850

R - REBRD L OFEE
GREE. KA, b, BTARERDS)

1.2.34

FREN LI EBHBHRE
(HAHsl, BEND, BHREES)

FID

R ERBI ARG L OHEE

EREGHBL D O OFEE

(KF5. BEL/#ERNZE)

11




124

DOE
2026 2 /kg 2031 1 /kg Hydrogen Shot
H2NEW Hydrogen (H2) from Next-generation Electrolyzers of Water 2020 12
2021 2024 76 114 PEMWE 40.2
60 SOEC 24.6 37 AWE 11.2 17
15
2020 H2NEW
150 /KW 210 /KW
1.2.4-1
1.2.4-1
1.2.4-1 H2NEW 16
CCM
Ex-situ Roll to Roll
Ti  PTL
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- distribution

\’ * Low throughput

v
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¢ Viscous Ink

* Very high throughput

« Translate subscale
learnings

15 DOE Annual Merit Review 2024, “H2NEW: Hydrogen (H2) from Next-generation Electrolyzers of Water

Overview”

16 DOE Annual Merit Review 2021, “H2NEW: Hydrogen (H2) from Next-generation Electrolyzers of Water

Overview”
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17 DOE Annual Merit Review 2023, “HFTO Hydrogen Production Overview”
18 World Electrolysis North America, "The North American Hydrogen Electrolyzer Industry: Market
Overview and Projects"”, June 2024

192025 1

IRA

20 DOE Hydrogen Program Record #24002, “Summary of Electrolyzer Cost Data Synthesized from
Applications to the DOE Clean Hydrogen Hubs Program”

21 DOE, “HYDROGEN SHOT: Water Electrolysis Technology Assessment”, December 2024
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HVDC 2050
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20 30% 20%

Fraunhofer 25 15.1

25 Fraunhofer ISE, “Cost forecast for low temperature electrolysis — technology driven bottom-up prognosis
for PEM and alkaline water electrolysis systems”
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A B
FIT PPA
C D
/ A/B
B/C
CO2
A/B
B
FIP  FIT
16% 36%
-41% 2
1.4.1-2

26 |RENA, “RENEWABLE POWER GENERATION COSTS 2023”




1.4.1-2

RFNBO
CertifHy GO
i-REC)
DR 1GW
25 43
DR kW
HyBalance 2015 2020 NW WG
Demo4Grid 2017-2023
H2FUTURE 2017-2021
REFHYNE 2018 2022
QualyGridS 2017-2020
Joint Research Center JRC
EU
2028
216MW 27
OCCTO
69MW
147MW
1MW 2
2023/10
o
1.4.1-3
o

27

70

3 72028

28



1.4.1-3

100V 200V 50kW
6.6kV 50kW 2MW
22kV 33kV 2MW  10MW
66kV 77kV 10MW 30MW
154kvV 30MW

29



141-1
10 200

o | ‘ T Ml " M | In .M A L

Wh (IEHE)

‘I‘ i T | L \‘ i
il Il L AT LA R 0
[ i llW'U.\MIMN'MHWWNHWIIWIMNW.UIW.IHMMNI\U\IHNMI

ANl TP IR

4,000 5, ,000 ,0
B (h)

Dulacca 225 | 28
| | I AT ARTEt)
s L1 MR
z, IR TR L i TN
3 | M | |
. 1T R |
A -l
1,000 2,000 3,000 4,000 5,000 6,000 7,000 8,000
R (h)
b Cabo Negro 76 | 2
14.1-1
50% 57% 10%

70% 84% 10%



@)
1.2 2024
100MW FID

P2G 1MW 10MW

2.5 2022 3

31



FH2R 10MW  AWE H2-YES 1.5MW  PEMWE
Gl 2030 100MW
Hard-to-abate
2030
AEMWE  SOEC AWE PEMWE
2020 1MW
2030 10MW
1.4.1-5
CO2
10t/h
10t/h
10MW
1.4.1-5
1MW-EMW 10MWik 100MW#R L E
B L. FEA AORERSONEE [ IBERRE EETOAREPG | FROELANRESOERICLS
ED=—X = THZELETHHT EELHE, B | BIrAAORHEALLTOT—
1 KERF—ay (RAE0NMYh, | THHE. BRHERICLSENOER | W KRBED AR
17 FE1,000Nm?h) RIEDHELT . ROBRFCOLE |
EOREHALBIMWELE % :
| -REHEFORBEHLBOTRE |
'E B35 P2G BIAAMETZENHEE
i I T CEBEO LY ER, Wk RTF
b e iR !
e ¥ B L
2 - -HHAP2G (BARMIIENEKRE | -BIRAY (RFHNITUIREED)
K50, AR TRIEEED ., & | ICEHRRBKRLE
BICELTMERBREALHS) | (B @AEHSKRLE)
R0 50T

32



)

1.2.2-1 3MPa
1MPa
1MPa
1.4.1-1
1.4.1-4
P2G 1MPa
1MPa
1 100m3/
KHKS
14.1-4
1 MPa
1 MPa
0.45 MPa
3 MPa
2 MPa
FT e-fuel 2 4 MPa
2.5 4 MPa
3.4 MPa
0.35 1.6 MPa
8 MPa
9.7 MPa
HB 14 30 MPa
Mohammad-Reza Tahan, “Recent advances in hydrogen compressors for usein large-scale renewable energy integration”,
“ MCH-LOHC

’
“ »
’

Primetals Technologies, TERI, Siemens, “GREEN STEEL THROUGH HYDROGEN DIRECT REDUCTION”
Satu Lipiainen, “Use of existing gas infrastructure in European hydrogen economy”
JPEC News”



1.4.2

2040
2030

1.4.2-1

15

1.4-1

2030

13

34



1.4.2-1

P2G
FIT

2032

GX

35



FIT

2.1

2.4

P2G

1.2

Techno-Economic Analysis

MI

36



15

151

2040

2040

AWE

2.2

142

151-1
1511

30 JRENA, “RENEWABLE POWER GENERATION COSTS IN 2023”,

758

kW

PEMWE

6.2

3%

AWE

PEMWE 1MW

1.51-2

/kWh 0.044

16%

PEMWE

2.1

AWE 10MW

2023 LCOE
/kWh30 2023

37



PEMWE AWE Fraunhofer 2021

31 1.5.1-3
1.5.1-4 Fraunhofer HPEMWE AWE
5MW
2
2024 NREL 32
2
PEMWE 978 KW 294 KW
30% 195 KW 20%
AWE 949 KW 194 KW
20% 160 KW 17%
AWE PEMWE 3MPa 123 KW
13%

31 Fraunhofer ISE, “Cost forecast for low temperature electrolysis — technology driven bottom-up prognosis
for PEM and alkaline water electrolysis systems”
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39 PEMWE S. M. Alia et al. “Catalyst-Specific Accelerated Stress Tests in Proton Exchange Membrane

Low-Temperature Electrolysis for Intermittent Operation.” J. Electrochem. Soc., 171 024505 (2024), AWE

“ " , 99, 338-343(2020)

40



o, o

Control
valve
Feed Water )
pump
H,0
Circulation lon
pump exchanger

Condensate
trap

Demister

Deoxidiser
Gas/water
separator
Dryer
PEM
electrolysis
stack
+ - Control
valve

D

&

Rectifier transformer

a PEMWE
LP Com-
pressor
Gas . Gas Deoxidiser
separator > scrubber
| -,fi\fﬁvl
rllkl_! [11 ! X % Dryer
Alkaline =
Rectifier electrolysis Filter
stack
LILITTT]
Trans- () + -
former & Lye tank Feed water Control
pump valve
b AWE
1.5.1-3 PEMWE AWE 30
5MW PEMWE 1MW <5 AWE 2.5MW =<2

41




2,000 _
nEREIX b +REER

1,800 Iy T7YT
,_\1,600 ERAVA 27
; §+**
= 1,400 =
\J BRE
.rl<_ 1,200 o EiE
\lj‘ 1,000 Y RT LAEH
128
N 800 —_— 124 - HoOR S
X 122 118 .
N 98 95 mBoP7/—F
s 600 —
i 7 - mBoP# Y — F+H2#E%
¥ 400 —— 195 — NSO wzTEzES
200 L .- B BEs
0 m EREE
PEMWE AWE
1.5.1-4 PEMWE AWE
5MW PEMWE 1MW x5 AWE 2.5MW x<2
50 50
nEREIR b +HEEE
45 45 Iy FYLs
= 40 = 40 - PP
§ § . HE=
T 35 T 35
R S B4
N 30 B 30 iR
’n< 25 rn< 25 o257 LA
T\ 20 i 20 -~ H20#%8
X — X mBoP7/—F
N . N
8 B | s 15 mBoP# Y — F+H2#5%
16
E 10 " E 10 w SBELER
5 5 Biies - BlERR
0 0 n SRR
PEMWE AWE
1.5.1-5 PEMWE AWE

PEMWE 1MW AWE 10MW



152

2030 CIF 30 /Nm?3
11.9 /Nm3
18 /Nms3 /kg
CIF 30 /Nm3 2023 6
2030 30 /Nm3 2017
40
41
NEDO 2015 2022
10,000km
MCH
1.5.2-1 2030
242 282 /Nm3
119 151 /Nm3
11.9
/NmM3 42
40 https://www.cas.go.jp/jp/seisaku/saisei_energy/pdf/hydrogen_basic_strategy.pdf 2017 12
41 * 2017 8.61USD/mmbtu 2024 12.93USD/mmbtu
jI'-2-5NEDO /

/

43



15.2-1 NEDO
IAE (2016) IAE (2016) IAE (2023) IAE (2023)
2030 2050 2030 2030
43 44
13.8 6.6 16.7 8.7
5.8 3.3 6.1 34
4.6 2 5.4 3
24.2 11.9 28.2 15.1
IAE (2016) IAE (2023) 45
270t/day 3 50t/day 15
0.54kWh/Nm?3 0.55kWh/Nm?3
19.12 mé1 5 mi4
0.055kWh/Nm?3 0.055kWh/Nm?3
LNG 16 mé2 LNG 16 mé2
BOG 0.2%/d BOG 0.2%/d
153
1511
18 /Nm3
1)
1.4.1-1
B
C D
B ENEOS
1 100
1.5.3-1 2019/1/1 2019/12/31 2019 1
43 NEDO /
2016.2
44 4
(2023.2)

45

” (2012.4)
» (2015)

44



99%
7 |kKWh 55% 5 /kWh
0.1 0.2 [/
30 85% 2
18 /Nm3
1.5.1-1 5kWh/Nm3 3.6 /kWh
30
. i
2 [0/l
g 20 ' |
@15 | Ll | | |
=
+ 10
XS
0
2019/1/1 2019/12/31
a 2019 1
8 ‘ ‘ ‘ ‘ ‘ 4.0
=7 —— PTG  —e—EEHEIEEE 2 35
§ 6 O 30 &
s _ o] 25 2
s 4 - N 2.0 §
H ;3 o P 15 4
ﬁ: 2 7 N 1.0 ﬂﬁg
T /7 Al os b
0 10 20 30 40 50 60 70 8 90 100
BEFAE (%)
b
1.5.3-1 1.4.1-1 B
C D
ENEOS
45 KW
46 20 3% 20%
2.0 /kWh
26.5%
1.5.3-1
46 |RENA, ““RENEWABLE POWER GENERATION COSTS IN 2023~~
2023 758 KW 2023 5 300

kW 1 150
45



15.3-2

1.1 |/
30 . 30 . . .
= BAZFRy Mtk = BHRK Y Mtk
= =
= 0 5 20 BHEAMIGEE
20+ §
g; BHEABIERIE g:/ 8MA/kWh .
w I 4M/kWh s / I R
2 10 L I AN WY W N £ 10 \ wa J\ \ m‘[ ]
N KA L / WAL T i \“./: ‘i«\‘. P B /L‘U \«‘J\ /( "" ) u‘vﬁ\ JJ \’J\ /
ES D J 7 ' P { £
X 0 X 0 |
04/01 04/02 04/03 04/04 04/05 04/06 04/07 04/08  04/01 04/02 04/03 04/04 04/05 04/06 04/07 04/08
B (B) 2019% B4 (A) 2019%
3000 3000
HF: PVHAER B PVHEAOEAR
’_;: 2000 - 7 PV+REANEN = 2000 I PV+REANES
=4
R s A
EB 1000 - £2 1000 ,A [ I‘ /A
]
. . )l“ JUTU M
04/01 04/02 04/03 04/04 04/05 04/06 04/07 04/08  04/01 04/02 04/03 04/04 04/05 04/06 04/07 04/08
B (B) 2019% B (A) 2019%
a Appendix A.6-1
6
T 5 -2
=
=3 ,v/'/'
£, ndnill
¥
1=t
R 1
e 0
20 30 40 50 60 70 80 90 100
EEFAE (%)
b
1.5.3-2 1.4.1-1 C D
15.3-1 4

46



1531

B 7.0 /kWh 99%
25 |/
B 5.0 /kWh 55%
c 2.0 /kWh 26.5% 11/
2.5 [/kWh 40%
3.0 /kWh
D) 70%
)
15.1-1
O&M
O&M
1.5.3-3 PEMWE
AWE
2.1 2.2
PEMWE Ir
Pt AWE
DX
1.5.3-1 1.5.3-1 3
(] A
(] B



2.5

2.3
2.2
2.1 -
/
_ 20 ,/
= 19 1.82V@2.0A/cm? f#B/C
o 18 ol —%
[7: N — THRA
L7 // /_//'/-ﬁéDA.OA/cm2
1.6 ———
15 %
1.4 e HECHLT 1
1.3 EFBEE : 170mV@2.0A/cmEiH
1‘2 1 1 1 1
00 05 10 15 20 25 30 35 40
BRBE [A/cm2]
a PEMWE 80 3 MPa
25
A g e |
23
2.2 //
2.1 -
2.0
=19 |
W g | O eATm ft#B/C _——
“ 1  XTrreios
P
L7 P i L7V@L.0A/cm?
1.6 -
15 L
14 SR EEIIHLT
’ EHEBHBEE : 120mVIEH
. SEHLBBIE © 190mV@L0A/cmAEE
1.2 1 1 1 1 1 1 L 1 1 J

00 02 04 06

b AWE
15.3-3

0.8 1.0 1.2 1.4 1.6 1.8 2.0
BHRZE [A/cm2]

80 0.1 MPa

48



15.3-2

PEMWE
A B C
20 20 20 20
O&M
2% 2% 2% 2%
40,000 h 4 90,000 h 1 40,000 h 4 90,000 h 1
15% 15% 15% 15%
4.68 kWh/Nm3 4.68 kWh/Nm?3 4.62 kWh/Nm3 4.62 kWh/Nm?3
BOL
4.91 kWh/Nm?3 4.91 KWh/Nm?3 4.85 kWh/Nm?3 4.85 kWh/Nm?3
BOL 1.074 MW (AC) 1.074 MW (AC) 2.123 MW (AC) 2.123 MW (AC)
5% 5% 5% 5%
98% 98% 98% 98%
1 MW (DC) 1 MW (DC) 1.976 MW (DC) 1.976 MW (DC)
BOL 1.82Vat2.0Alcm?|1.82Vat2.0 Alcm?| 1.8V at4.0A/cm? | 1.8V at 4.0 Alcm?
1,500 cm? 1,500 cm? 1,500 cm? 1,500 cm?
183 183 183 183
230 Nm3/h 230 Nm3/h 459 Nm®h 459 Nm®/h
3 MPa 3 MPa 3 MPa
0.8MPa
1.53-3 AWE
A B C
20 20 20 20
O&M
2% 2% 2% 2%
60,000 h 2 90,000 h 1 60,000 h 2 90,000 h 1
6% 6% 6% 6%
4.77 KWh/Nm?3 4.77 KWh/Nm?3 4.51 kWh/Nm?3 4.51 KWh/Nm?3
BOL
5.01 KWh/Nm3 5.01 kWh/Nm?3 4.73 kKWh/Nm?3 4.73 KWh/Nm?3
BOL 11.10 MW (AC) 11.10 MW (AC) 17.48 MW (AC) 17.48 MW (AC)
8% 8% 8% 8%
98% 98% 98% 98%
10.01 MW (DC) 10.01 MW (DC) 15.76 MW (DC) 15.76 MW (DC)
BOL 1.8V at0.6 Alcm? | 1.8V at0.6 Alcm? | 1.7V at1.0 A/lcm? | 1.7 V at 1.0 A/lcm?
30,000 cm? 30,000 cm? 30,000 cm? 30,000 cm?
309 309 309 309
2,326 Nm3/h 2,326 Nm®/h 3,876 Nm3/h 3,876 Nm3/h
3 MPa 3 MPa 3 MPa 3 MPa

49




3)
1.5.1-1 PEMWE 40  /kW 1MW
AWE 37  /kW 10MW

European Hydrogen Observatory

2023 65MW 47 5 6
mnoMw/ |/ 100
16w/ |/ Learning Ratio IRENA
9% 47%
2040
4)
CORNE)
18 /Nms3 PEMWE AWE
O&M PEMWE AWE
1.5.3-4
2.5
/KWh 40%

47 European Hydrogen Observatory, “The European hydrogen market landscape”, November (2024)
50



70%48

3.0 /Nm3 18 /Nm3
1.5.34
-B 7 |kWh, 99%
-C
2 /kKWh 26.5%
O&M
-D 25 [/kKWh 40%
14.1
4
-C
2 [kKWh 26.5%
-A -B
-D 25 /kKWh 40%
-D
25 [kKWh 40%
-D A
PEMWE AWE O&M
-D B
O&M
-D PEMWE 1MW
1.98MW AWE 10MW 15.8MW
48 EA https://www.iea.org/data-and-statistics/data-product/hydrogen-

production-and-infrastructure-projects-database
70%
51



-D

C 27 INm3 2017
15
-D
Al
18 /Nm3
-D 25 /KWh, 40%
40%
15.3-2 (b)
25 /kwWh 40%
IEA  Hydrogen Production Projects Database48
57%
70%
15.3-4 -D
70% 70% 3.0 /kKWh

1.5.3-5

3.0
18

/kWh
/Nm3

52



KFEHE IR~ (F/Nm3)

KHFRHEEIR L (F/Nm3)

100

90.5 mEXMK (OPEX)

90 -
m EAH (CAPEX)
80 = 0&M#t (OPEX) n
70 m 2%y 7R (OPEX) -
60
50
40
30
2 18.0 17.9
10
0
§ @ @ @ I Y e
: o Tooow o o & & & 8 ¢ o
N N <& S x x x x Q &) & % N N
" " \ N N K & & 3 & ¥ 3 N
\& N X
Q(?s @ SQS\ o QS &‘\ \‘_$ O@?’ * xk ®Q Y @&‘ (.g?’ Q)QQ’
) 7 R
s LY @ & & & ¢ N M
o S K 9 o &£ 2
& 0’%‘ &/}: ’*_ﬁ\' q}f\g\' @ &) 0%’ 04’
& 4 @ Q ® &
Q @ @
&
a PEMWE
100
90 m EXHA (OPEX)
m &R (CAPEX)
80
678 m 0&M1t (OPEX)
70 . m B@IHEA (OPEX) -
60
50
40
30
2 180 17.7
10
0
S° SO o SO ﬁ\\% ﬁ\\% ﬁ\\% ﬁ\\% R o .{*;\b & SO SO
SHEEN T G - A A A - R dE SN N
SN S x X X Q & & N
N \ D \ Q Q * P @ % N \ \
SO P SUEENC O - O v & & L
; a N% \s \ o % C P S NS
& A S CHE e oF © & %
o 9 o & &L
& 0’@5 S 4’(‘!3” 4’5‘” @ @ 0% 0%
& 4 2 2 & &
Q @ @
®
b AWE

1.5.34 Oo&M



30

m EXM (OPEX) m &4 (CAPEX)
m 0&MfX (OPEX) m Ry 73R (OPEX)
% 22.8
?*E? 206
19.2 .
Z 20 185 150 4
g; L
-+ 15
X
9
40
= 10
¥
%
5
0
2.0M/kWh, 25M/kWh, 3.01/kWh, 3.58/kWh, 4.0M/kWh,
26.5% 40% 50% 65% 70%
a PEMWE 5.7 kKW
30
mEXRHK (OPEX) m EX (CAPEX)
m 0&Mf (OPEX) m BEEA (OPEX)
25
225
2 o1 20.4 {
z 20 188 180 > {
Q:, a
-+ 15
X
nf
40
o 10
1%
B
5
0
2.0A/kWh, 2.5M/kWh, 3.0//kWh, 3.5M/kWh, 4.0F3/kWh,
26.5% 40% 50% 65% 70%
b AWE 6.6 KW
1.5.3-5 -D
1.5.3-2 1.5.3-3 C

54



15.34

PEMWE
7 IKWh 99% 40 kW
5 /kWh 55% AWE
37 kW
2  /kWh 26.5%
25 /kWh 40%
PEMWE
7 /kWh 99% 22.0 kW
5 /kWh 55% AWE o&M
20.4 kW
2 /kWh 26.5%
2.5 /kWh 40%
PEMWE
25 /kWh 40% 214 kW o&M
AWE
19.7 kW
PEMWE
2.5 /kWh 40% 14.3 kW
AWE o&M
15.8 kW
PEMWE
25 /kWh 40% 14.3 kW
AWE O&M
15.8 kW
PEMWE
25 /kWh 40% 12.9 kW
AWE
14.7 /KW
PEMWE
25 /kWh 40% 57 kW
3.0 /kWh 70% AWE O&M
6.6 /KW

55



1534 1.5.3-6
PEMWE 5.7 kW AWE 6.6 kW

DOE Hydrogen Shot 2026 385 kW

°
47%
2 15.3-5
°
°
1.0
H20

BOP 0.7 0.3 49 50 15.3-
5
°

70% 15.3-5
° 18 /Nms3
100% 40%>51 15.3-5

°

49 Mark Ruth, Ahmad Mayyas, and Maggie Mann, “Manufacturing Competitiveness Analysis for PEM and
Alkaline Water Electrolysis Systems”

50 kW 2 1 BOP 0.81

0.62

51 DOE, “HYDROGEN SHOT: Water Electrolysis Technology Assessment”, September 2024
150 kW 210 kW 1.4

56



KBRS ZF LR+ (FE/KW)

KBRS ZFLaZ L (FE/KW)

45

40

35

30

25

20

15

10

45

40

35

30

25

20

15

10

40.0

21.4

i = 4=
a2 . ==
& A N &

& & A & &

& S & & &

& O ¥
%@ ®
3
&
oF
a PEMWE
370
1 19.7
. 15.8 14.7

- H -

. # Je oo

__IIII 19 B P2 EEEE__
& 2 N n% a

@}5*‘& %%@ x\»@ @5\ ,;%9

& ® oF
& ®
é“%
oF
b AWE

15.3-6

nREIR b +EES

IV ZF7YvT

EAY /A

S EE - RE

uEHE

mBoP (7/—F-HY—F-

H20/5 - BH Y R T L)
BiRs - TES

u EREE

NEREBEIX b +EEE

o7y

CRA 27

n BT - HE

w EfME

mBoP (7 /—F-hy—F-

H20f/58 - AH Y 2T L)
B - TES

u B

57



154

/kWh

154-1

70%

25 /kKWh
18
154-1
2040
P2G
10 200

40%
/INm3

58



1.5.4-1

2.5 /kwh 40% 3.0 /kKwh 70%
18 /Nms3
PEMWE AWE
2040 2040
20 20 20 20
1 40.0 kW 2 5.7 kW 37.0 kw 2 6.6 kW
430 122 4,108 1,150
0O&M 2
2% 2% 2% 2%
3 40,000 h 4 4 1 90,000h 1 5| 60,000 h 2 4 | 90,000h 1 5
6
15% 15% 6% 6%
BOL 7 4.68 kWh/Nm?3 4.62 kWh/Nm?3 4.77 KWh/Nm?3 4.51 kWh/Nm?3
8 4.91 KWh/Nm?3 4.85 kWh/Nm3 5.01 KWh/Nm?3 4.73 KWh/Nm?3
BOL 1.074 MW (AC) 2.123 MW (AC) 11.10 MW (AC) 17.48 MW (AC)
9 5% 5% 8% 8%
98% 98% 98% 98%
230 Nm3/h 459 Nm3/h 2,326 Nm3/h 3,876 Nm3/h
3 MPa
0.8MPa 3 MPa 3 MPa
1 MW (DC) 1.976 MW (DC) 10.01 MW (DC) 15.76 MW (DC)
BOL 10(|1.82Vat2.0A/cm?| 1.8Vat4.0A/cm? | 1.8V at0.6 A/lcm? | 1.7V at 1.0 A/lcm?
1,500 cm? 1,500 cm? 30,000 cm? 30,000 cm?
183 183 309 309

2 European Hydrogen Observatory 2024 https://observatory.clean-hydrogen.europa.eu/hydrogen-

landscape/production-trade-and-cost/electrolyser-cost
3 BOL 10%

4 Fraunhofer ISE, “Cost forecast for low temperature electrolysis — technology driven bottom-up prognosis for

PEM and alkaline water electrolysis systems” PEMWE 4.5-8 AWE 6.8-9.1
BOL 10%
PEMWE AWE 45 = 40,000h 20
4 6.8 = 60,000h 20
5 1/ 90,000h 10
20 1

6 Fraunhofer ISE, “Cost forecast for low temperature electrolysis — technology driven bottom-up prognosis for
PEMWE

PEM and alkaline water electrolysis systems”
AWE
7
8 BOL
1/

105%
BOL 105%

2040

9 Fraunhofer ISE, “Cost forecast for low temperature electrolysis — technology driven bottom-up prognosis for

PEM and alkaline water electrolysis systems” 2030

10 PEMWE 0.8MPa 50
0.1MPa KOH 6M

80 2040

3MPa 80

2040
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52 Parache, Frangois, et al. "Impact of Power Converter Current Ripple on the Degradation of PEM
Electrolyzer Performances." Membranes 12.2 (2022): 109.

21

60



AEMWE PEMWE AWE
SOEC
AWE PEMWE
AWE PEMWE
AEMWE SOEC
2-1 AWE PEMWE
AWE PEMWE

ﬁ jle. . ﬁj -

(5‘(4'*'771»)

S

=

KOH 7 7 KOH |
KER 1 K OKER K
TRL
AWE PEMWE Ir
PEMWE Ir
PEMWE Ir
PTL
BPP Pt
PFAS

61




2-2

AEWWE SOEC

AEMWE

T

KOH,
H,0

.—\N 5

T

T

AEM

OH-"

=5
N
(o]

o
EERNS g 5 S S S SR SSRGS

®

X
S

h

TRL

AWE PEMWE

10kwWh/kg-H2 40kWh/kg-H2
PEMWE
e-methane  e-fuel
PEMWE
PEM
SOFC
AWE

62



2.1

211

AWE

AWE

53

54
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2022 AWE

AWE

53 Divisek, J., R. Jung, and D. Britz. "Potential distribution and electrode stability in a bipolar electrolysis
cell." Journal of applied electrochemistry 20.2 (1990): 186-195.
54 Liu, Congying, et al. "Influence of Power Fluctuation on Ni-Based Electrode Degradation and Hydrogen
Evolution Reaction Performance in Alkaline Water Splitting: Probing the Effect of Renewable Energy on
Water Electrolysis." Catalysts 14.5 (2024): 307.
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1531 1.1/ 400 /
56

10-100% thyssenkrupp nucera https://thyssenkrupp-nucera.com/ja/green-hydrogen-
solutions/
10-100% McPhy https://mcphy.com/en/equipment-services/electrolyzers/
15-100% Nel https://nelhydrogen.com/product/atmospheric-alkaline-electrolyser-a-series/
25-100% Sunfire https://www.sunfire.de/en/hydrogen
40-100% John Cockerill https://hydrogen.johncockerill.com/en/products/electrolysers/
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59 0.1MPa 80 KOH 6M
v 2.1.2-3 2.1.2-3
v 1 3 1
2
3 2.1.2-2
2.1.2-3
59
60
61
2.1.2-3
62 1 2 3
1.8V@0.6 Alcm? 1.70V@0.6 Alcm?
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59 Matheus T. de Groot, Joost Kraakman, Rodrigo Lira Garcia Barros, Optimal operating parameters for
advanced alkaline water electrolysis, International Journal of Hydrogen Energy, Volume 47, Issue 82, 2022.
60 Hoang, Anh Linh, et al. "High-performing catalysts for energy-efficient commercial alkaline water
electrolysis." Sustainable Energy & Fuels 7.1 (2023): 31-60.

61 de Groot, Matheus T., and Albertus W. Vreman. "Ohmic resistance in zero gap alkaline electrolysis with a
Zirfon diaphragm."Electrochimica Acta 369 (2021): 137684.

62 59 0.1MPa 80 KOH 6M
1.169V 0.6A/cm?2(1.0A/cm?) 0.362V(0.388V) =
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2.1.2-5 AWE

25 /kwh 40% 3.0 /kwh 70%
18 /Nm3
2040
20 20
1 37.0 kw2 6.6 kW
4,108 1,150
o&M 2 2% 2%
3 60,000 h 2 4 90,000 h 1 5
6 6% 6%
BOL 4. 77KWh/Nm? 4.51kWh/Nm?
5.01 kWh/Nm3 4,73 KWh/Nm3
BOL 11.10 MW (AC) 17.48 MW (AC)
9 8% 8%
98% 98%
2,326 Nm3/h 3,876 Nms/h
3 MPa 3 MPa
10.01 MW (DC) 15.76 MW (DC)
BOL 10 1.8V @ 0.6A/cm? 1.70V @ 1.0A/cm?
(2.0V @ 1.0A/cm?)
30,000 cm? 30,000 cm?
309 309
0.36V @ 0.6A/cm? 0.27V @ 1.0A/cm?
11 (0.39V @ 1.0A/cm?) A0.12V @ 1.0A/cm?
12 0.27V @ 0.6A/cm? 0.26V @ 1.0A/cm?
(0.45V @1.0A/cm?) A0.19V @ 1.0A/cm?
12 0.45Qcm? 0.26Qcm?
A0.19Qcm?
1

2 European Hydrogen Observatory 2024 https://observatory.clean-hydrogen.europa.eu/hydrogen-
landscape/production-trade-and-cost/electrolyser-cost

3

BOL

10%

/

4 Fraunhofer ISE, “Cost forecast for low temperature electrolysis — technology driven bottom-up prognosis for
PEM and alkaline water electrolysis systems”

5
20

6.8 = 60,000h
1/

1

6.8-9.1

90,000h 10

20

2

6 Fraunhofer ISE, “Cost forecast for low temperature electrolysis — technology driven bottom-up prognosis for
PEM and alkaline water electrolysis systems”

7
8

BOL 105%

BOL 105%

2040

9 Fraunhofer ISE, “Cost forecast for low temperature electrolysis — technology driven bottom-up prognosis for

PEM and alkaline water electrolysis systems”
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° AWE 3 MPa

66 Agfa PEALUTP
500 UTP 220 67 2.13-1

65 BPP

66 Barros, Rodrigo Lira Garcia, et al. "Impact of an electrode-diaphragm gap on diffusive hydrogen crossover
in alkaline water electrolysis." International Journal of Hydrogen Energy 49 (2024): 886-896.

67 HTO
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crossover in alkaline water electrolysis." International Journal of Hydrogen Energy 49 (2024): 886-896.
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KOH KOH 20 25wt KOH
PTFE 1000
1000 1.8V 1.8A/cm? 71
2.1.5
°
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°
AWE

o
o
o 3 MPa
70 PBI

71 Trisno, Muhammad Luthfi Akbar, et al. "Reinforced gel-state polybenzimidazole hydrogen separators for
alkaline water electrolysis." Energy & Environmental Science 15.10 (2022): 4362-4375.
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73 Holst, Marius, et al. "Cost forecast for low-temperature electrolysis-technology driven bottom-up
prognosis for PEM and alkaline water electrolysis systems." Fraunhofer Institute for Solar Energy Systems
ISE: Freiburg, Germany (2021).
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2.2.1-1 PEMWE

25 /kwh 40% 3.0 /kwh 70%
18 /Nm3
2040
20 20
1 40.0 KW 2 5.7 KW
430 122
O&M 2 2% 2%
3 40,000 h 4 4 90,000 h 1 5
6 15% 15%
BOL 4.68 kWh/Nm?3 4.62 kWh/Nm?3
4.91 KWh/Nm?3 4.85 kWh/Nm?3
BOL 1.074 MW (AC) 2.123 MW (AC)
9 5% 5%
98% 98%
230 Nmd/h 459 Nmd/h
0.8MPa 3 MPa
1 MW (DC) 1.976 MW (DC)
BOL 10 1.82 V at 2.0 A/lcm? 1.8 V at 4.0 A/lcm?
1,500 cm? 1,500 cm?
183 183

2 European Hydrogen Observatory 2024 https://observatory.clean-hydrogen.europa.eu/hydrogen-
landscape/production-trade-and-cost/electrolyser-cost
3 BOL 10% /

4 Fraunhofer ISE, “Cost forecast for low temperature electrolysis — technology driven bottom-up prognosis for

PEM and alkaline water electrolysis systems” PEMWE 4.5-8 AWE 6.8-9.1
BOL 10%
PEMWE AWE 45 = 40,000h 20
4 6.8 = 60,000h 20 2

5 1/ 90,000h 10
20 1

6 Fraunhofer ISE, “Cost forecast for low temperature electrolysis — technology driven bottom-up prognosis for
PEM and alkaline water electrolysis systems” PEMWE

AWE

7

8 BOL 105% 2040
1/ BOL 105%

9 Fraunhofer ISE, “Cost forecast for low temperature electrolysis — technology driven bottom-up prognosis for
PEM and alkaline water electrolysis systems” 2030
10 PEMWE 0.8MPa 50 3MPa 80 2040 AWE
0.1MPa 80 KOH 6M 2040
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79 S, M. Aliaet. al., J. Electrochem. Soc., 166 F1164 (2019)
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2.25-2
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82 S. M. Alia et. al., J. Electrochem. Soc., 166 F1164 (2019)
83 PV
1.82V at 2.0A/cm2
BOL 4.68 KWh/Nm3 4.91 kWh/Nm3
v 1.8V at 4.0A/cm?
BOL 4.62 KWh/Nms3 4.85 KWh/Nm3

84

1.82V at 2.0A/cm?
BOL 1.074MW(AC) 1MW(DC) v
1.8V at 4.0A/cm? BOL 2.123MW(AC) 1.976MW(DC)

85 S. M. Alia et. al., J. Electrochem Soc., 171 024505 (2024)

95




(a)EEZHEF@Ir:0.1mg/cm2 (b)Imaxigin, PV//kEREAELLHEL

‘o ‘o
£ 50 TSR (B 50
Z . mESfC R E Ve )
= EXR (PV) = Y =54/ (PV)
= 30 I X4y o5 — 30
< 20 II"I”” “ . ﬁj?ﬁﬁ% < 20 'IIIIIII w 2Ry o
mAYTFRE X
m 10 |III - 1 10 mAYTFRE
20 "|||III R 2 |||||||||||... w K ERRINE
Hé g g Hé g MELBERB SR
AT 3R [%] AT 3R [%]
(©IVitEER=E (@) AtEE L
@ 50 = 50
E B ESR FEH) E nESR ()
= 40 o = 40 —
T EXM (PV) = EXM (PV)
— 30 N £ 30
* . mREy IRBE j 20 mREy IRBE
< 20 I""I""l mAYTFAR K -ﬂ""”""l mAYTFFURE
10 . M .
4 i B
ﬁé 0 ""lllllluu nKRRERES ;E% 0 """""--- ERRES
SRR (%) SRR ]
2.25-1 LCOH Ir:0.1mg/cm2
Appendix A7.4-1
2.2.5-3
2 2252 IV
1.9 .
Sis Appendix A75-1
%1.7 An Ir 0.1 | mg/cm?
é:: An @15v) |10 32000 | Alg
3
1: (37 0.0723 | Qcm?
) 1 2 3 4 ( )
Current density [A/cm?]
1/10
2.2.5-2 1/10
I-v Ir0.1mg/ cm? A4-1 IV
Appendix A75-1 86 1
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2.2.6
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99 T.T. Phan et.al., Int. J. Hydro. Eng., 49 (2024) 875-885
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LCOH: Levelized Cost of Hydrogen
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MEA Membrane Electrode
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106 3. M. Alia et al. “Catalyst-Specific Accelerated Stress Tests in Proton Exchange Membrane Low-
Temperature Electrolysis for Intermittent Operation.” J. Electrochem. Soc., 171 024505, 2024.
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107 S, M. Alia et al.““Electrolyzer Durability at Low Catalyst Loading and with Dynamic Operation.””J.
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