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1 Value
RT I-Olz,(A) (P 82(C))2 Vcen = Eocv + Exponent E (_)03:13
Eocy = Eo + —1n - Xponen .
2F PHZO(A) (nohm + nact,A + nact,C + ncon,A + ncon,c) Exponent m 0.22

Fuel pre-exponential factor (A/m*) Ya 1.82527 - 108 - T

Air pre-exponential factor (A/m*) Yc 1.51556 - 108 - T
@Eﬁﬁg %7"@ Fuel activation energy (kJ/mol) Eocta 105. 04
- Air activation energy (kJ/mol) Eqcec 139. 86
. BEE . RBBREE . REBBE
1, 2RT i RT [Pi,a  Pi,om
Nohm = L—— n ,k=—sinh‘1(—> Neonc = 5o In X —2
ohm 002- =l zF ZlO,k ) i 2F _POZ(A) PII-IZO(A)
o I arpl Eact,c _
. 10300 inc¥e(Phy0) (Phyo) exp (~ =) RT . [PS.
0g2- = 3.34 X 10%exp( ———— Neona = — In | ==
T P Eacta ’ AF PP
lo,A= VA( OZ(A)) exp( - ) |0, (4)
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Heat loss Electricity (DC)

' 889 kW

54 kW

o i H:0: 0.66 mol/s
7 5 0 C E Ha: 4.20 moL’sl/ Pre-heater Elect;.iocil?‘.V(Dc)
1.4 ’ 4 o
\, Lk, | A N
ILIEBEDIRIR Present | H® €, —
TR, XL BT ==k i ne'e 0 g0 ™ s
NN ~5 - ‘ut u r e i Pre-h>eater H,0 pump
ER - BgEM £ ' | /s 070
Mt% DiE 08 | | e e L° e
: : 0:2:0.39 mol/s HX 2 HX 1 ank
LA Ii BE I‘E'ﬂ s S 0.6 | a lsi_xperimental ) et HO tank
— Simuration (electrolyte 50 pm) ! . . -
% M J 0.4 | — —Simuration (electrolyte 30 um) 10°c Rl 90°C RO Tmals
” - - - Simuration (electrolyte 10 pm) : ZE]ec“‘ichy ooy 1RO pump
0.2 | 183 kW H:0: 0.66 mol/s
i 489 °C
. . . . ] . . . . E > > Separator o
0 IRLF X R
0 5000 10000 ! g oo
Current density (A/m?) 1 INPUT 1 OUTPUT
l: = 50 pm L mH20 pumps B
Current density 0.62 0.8 C B Air blower 0.8 C
Cell voltage 1.24 : . B
Cell number (approx.) 11,500 : i mH2 blower -
Hydrogen Production rate O 6 o @ compressor 06 - W Separator loss
Hydrogen production efficiency (LHV)_without compression 75.7 ' = - @inverter loss
: - - Bpre heater@ -
Hydrogen production efficiency (LHV) 699 L R
Unit power of hydrogen compression 0 4 R Opre heater® 0 4 R @ Hydrogen HHV
Input (all processes) AC 1.29 ‘ i @H2heater i
Note: Inverter efficiency (=0.96) was assumed. O 2 ; BH20 heater 02 E
3 . . i -
Y 4.0 KWh/Nm3-H, (without compression) 5 nsOEC -
* 3.8 kWh/Nm?3-H, (without compression) ~ 0

0

Yoshino, M., Electrochemistry, 84(8), 620-625 (2016). In Japanese Yamate, et al., J. Jpn. Inst. Energy, 101, 184-195, (2022). 12
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BfEKFEHRNES AT L FE1005: 300 Nm3/h 114l

RTEHFEIARAMEBRDER: (1.2-1.3 MW#k SOEC, PEMEC)

16.25 F/kW

(SOEC)
r—2x1

Tl 14.8 HFAKW

N
N

HIE ™5
18 AP SRFLARN

WK fth, EZLE21—71(5)41—45(2016)

iL (]
82 M Pa, Type2 82 M Pa, Type2 82 M Pa, Type2 82 or35M Pa, Type2
(SOECQC) (PEMEC,#dr5 y) (PEMEC,#1r10y) (PEMEC, Fdr10y)
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Table Present and target performances of water electrolysis systems (1)

Year Alkaline PEM SOEC
tem%‘;?;ﬂr”eg(oc) 70-90  50-80  700-850 |
Cell pressure 2020 (Current) <30 <30 <10 R
(bar) 2050 (Target) >70 >70 >20 Bloomenergy L Energy
System efficiency 2020 (Current)  45.7.0 4.5-7.4 4.0-4.9
(kWh/N m3-H2) 2050 (Target) <4.0 <4.0 <3.6 AR A7 (2027)
2020 (Current) 60 50-80 <20 R 53
- 3
Lifetime (10°h) 2050 (Target) 100 100-120 50 \ \}
= ————
_ TOSHIBA DENSO Sunfire
Table Summary of recent commercial scale SOEC systems
Scale Hydrogen production intensit Lifetime
Year Company Country (Nm3-H,/h) ydrog (k\?Vh/Nm‘*—Hz) y (years) Ref.
2021 Sunfire GER 750 3.6 (AC) / 3.3(DC) — 2 850°C
2022 Bloomenergy USA 2823 3.5 5> 3
2022 Fuel Cell Energy USA 280 3.9 — 4
2023 DENSO JPN — 4.2 (target) 10 (target) 5
2023 TOSHIBA JPN — 4.0 (target) >9 (target) 6
2021 — MHI JPN — 3.5 (module) — 7
2021 — Haldor Topsoe DNK — — — 8

2023 Ceres Power GBR 280 (target) 3.6 (target) — 9

(1)

)
(©)
(4)
5)
(6)
@)
8)
©)

IRENA. Green hydrogen cost reduction. Scaling up electrolysers to meet the 1.5° C climate goal [Online]. Available from: https://www.irena.org/
/media/Files/IRENA/Agency/Publication/2020/Dec/IRENA_Green_hydrogen_cost_2020.pdf (Accessed: 31 August 2023).
Sunfire, https://www.sunfire.de/files/sunfire/images/content/Sunfire.de%20(neu)/Sunfire-Factsheet-HyLink-SOEC-20210303.pdf
Bloomenergy, https://www.bloomenergy.com/wp-content/uploads/Data-Sheet Bloom-Electrolyzer-10-MW_UPDATED-6.24.22.pdf
Fuel Cell Energy, https://go.fuelcellenergy.com/hubfs/solid-oxide-electrolyzer-spec-sheet.pdf
H#®XTECH, https://xtech.nikkei.com/atcl/nxt/column/18/01537/00670/
(nfh) BRI - BEEFE —MRABS >~ /RP 7 L, https://www.csj.or.jp/conference/Symposium20220622/JSato.pdf
= 2+#R2021, https://www.mhi.co.jp/technology/review/pdf/583/583080.pdf
TOPSOE, https://www.topsoe.com/our-resources/knowledge/our-products/equipment/soec
CERES, https://www.climate-change-solutions.co.uk/wp-content/uploads/2014/09/PMGallery1400Speaker3JonHarman.pdf
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S 1.0 — c
- stack  stack Cr : R
% . \ SOEC |3 I%J:T:
E 0.6 SOEC 1 HX-B-H20-1 P-H20-1 e o 9‘/7
0.4 v T, °C l T2¥U Mi@;ﬁvﬁ
0.2 H,0, H,
0.0 Heat loss )
0 0.2 0.4 0.6 0.8 1 € Heat loss
Current density [A/cm?] - — — » separator ‘
SOFCESOECH EFR-EERERE (1023 K) QKFHEL AT LERE
Ot -ED21—ILERE P
3% SOEC/K & BL& B (750°C1EH)) QL AT LMERET A - 54 o
o R py— , EfESn=/\FA—51E&
EMEE (Alem?) ; BAVEE (V) KRR EMRER, AR5 25 E) 0.6;1.2 K3 B
KB EAEE S FEAL © 82MPa (kWh/Nm3-H,) 0.31 ] ﬁé%ﬁ
KFEHRLE AT : SOECTE Y = — /b (kWh/Nm3-H,) 3.2 S ZF LRk
KFREF AL © & 2T A (KWh/Nm3-H,) SOEC 4.0 (4.3) (B % :CAPEX)
BRI (FEINIIKFEHEE L2 5Te) (% (LHV)) SOEC 81 (74) A AL—32aXb
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Oil Coal Gas Nuclear L/
Hydro Biomass Solar Wind Geothermal
—~——
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B nergy conversion
Energy transformation [ technologies
* Power generation o Qil refinery Biomass upgrading y

+ (Gas production
 Coal upgrading

Heat generation

Hydrogen generation <
Synthetic fuel production

Energy/Climate
policies

» Emission constraints
» Emission tax

Final energy

_iquids

Electricity Hydrogen

Socio-economic
assumptions

» Population
« GDP

|

—_—_:1?—
( Energy end-use
End use sectors [ technologies
Industry Transport Buildings y
s Steel » Passenger * Residential
« Cement « Freight « Commercial

» Other industries

» International

—_ =

Energy services

e Material production

e Mobility

e Heating, cooling, etc.

Output

Emissions

« Emission by sources
s Carbon capture/
sequestration

Energy
supply/demand

« Primary/secondary
energy supply

« Final energy demand

« Energy trade

Cost/price

Energy prices
Carbon prices
Investment

Total energy system
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Technology market
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« Device quantity
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