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Steam electrolysis unit (SOE)
inHEPP

Key of steam electrolysis : reduce electrical input need to split H,O
Endo / exo / thermoneutral H,O splitting
SOE tests at OST
Stacks 1801 /1803 from SolydEra
» Performance (IV and efficiencies)
» Impact of the coupling of electrolysis + methanation
5. System integration perspectives
» Co-electrolysis of steam + CO,
» Internal methanation
6. Conclusions and outlook

=W =

Jan Van Herle »



&

*""- Why steam electrolysis? ~ AH = totalenersy

= electricity + heat
1.8V v/ reduced X 5
4 overvoltage with electrical input - A + 2
= water electrolysis E
4.0 —= >
E Energy needed to evaporate water | ﬁ
3.5 -
— 1.28 V thermoneutral voltage :
AHevap 8 9

- Waste heat which can be utilised to gplit water S the absorbed

o . povervoltageTA energy equals
T 1.23 V : open , - o
- 25 o with steam the dissociation

> g circuit voltage

§ g 1.5

’ 1.0 |

i i

2 i

E 0.5 |

E : Source: J. Bogild Hansen, PtG Dusseldorf, 3/2015

“;; u-u I T 1 I L) I 1 1 1 |

$ 0 100 200 300 400 500 600 700 800 900 1000

Deg C.



€| INJIDI1443 FHON

Steam vs water electrolysis
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SOE context and PtG

» SOE: steam input need (= the bottleneck)

« Solution: use waste heat sources and/or heat integration with downstream
exothermal fuel synthesis (=> CH,, CH;0H, ...)

In addition:

« SOE is reversible (=> SOFC fuel cell for power generation):
= flexibility of operation
= lower CAPEX (1 installation for both modes)
=> lower OPEX (high efficiency in both modes PtG, GtP)

herle / gem.epfl.ch 7]
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SOE in the HEPP project
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=PFL Measured temperature map in a running SOE
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=PFL - SOE 5 kWe prototype unit

» Gas distribution panel :
H,, steam, CH,, formgas H,/N,, N, , Air
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» Hot BoP to preheat the gases before entering
the electrolyser stack

 Insulated box containing SolydEra G80 stack
(70 cells, 80 cm?) => 90 V thermoneutral

» Cooling and condensing panel to remove
remaining water in the exhaust gas (=> H,)

« Junction box for electrical connections
» Control rack

The entire unit is enclosed in a ventilated closet
equipped with H, detectors.
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=rt - SOE system layout
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SOE tests

Two 5 kWe G80 stacks from SolydEra have been

tested (so far) :

» Stack #1801 : used stack. Tested 9-11/2022.

» Stack #1803 : pristine stack. Tested 2-3/2023.

General structure of the testing :

Stack
characterisation.
No coupling

Search for max.
overall efficiency

Coupling to the
H, compressor

Coupling to the
methanator

[=Y
[
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=PFL  Challenges and limitations

 Distance Rapperswil <> Sion does not allow continuous / frequent work

 For safety reasons, someone from EPFL must be on-site when the SOE is running,
also overnight

» Atleast 3 people from EPFL needed on-site during testing weeks to carry out 3 x 8
hours shifts

Cost for travel, hotel, salaries

m—)

Limited duration of the experiments (1 week continuous)

B Hocheffiziente Power-to-X Technologie, 20. Juni 2023
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Stack #1801 (5 kWe) : T, V evolution

Temperatures: Stack 1801, 21-25.11.2022
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Presenter-Notizen
Präsentationsnotizen
Comments:
Slow heating
T limitation
Hotsafe = OCV?


PFL

B Hocheffiziente Power-to-X Technologie, 20. Juni 2023

Ustat:k [V]

Stack #1801: performance
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Stack and Burner efficiencies, Stack 1801, 21-25.11.22
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Presenter-Notizen
Präsentationsnotizen
NG injection needed to burner that sends hot air through stack, which otherwise cools.


=pFL - Stack #1801 (P,,,,): coupling with the H,-
compressor and methanator (10 bar)

Pressures, Stack 1801, 21-25.11.2022 Voltage, Stack 1801, 21-25.11.22

100

70 —
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The fuel pressure increases when the SOE is coupled to the compressor/methanator.
This increase (and the AP between air and fuel side) must be minimized and controlled.
The voltage fluctuates during the coupling.
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Stack #1803: T, V evolution

Temperatures: Stack 1803, 13-17.03.2023
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Stacks #1803, #1801: i-V

Polarization cyfve, Stack 1803, 15.03.23, Ramp: 50 [A/min], Umax= 91V

100
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Polarization curve comparison, Stack 1801 and 1803, Ramp: 25 [A/min]
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Stack 1803 shows a fast voltage increase at relatively low steam conversion (SC).

= leakage between stack and hot BoP

—> stack lacks steam supply and reaches steam starvation
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=PFL - Stack #1803: efficiency

Stack and Burner efficiencies, Stack 1803, 15.03.23
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decrease burner

91.5V, 50 A (0.625 Alcm?), 4.57 kWe

by 75 %
Cell voltage 1.307 VV = v. slightly exothermal

Stack efficiency: 95 % (LHV) / 112 % (HHV) ‘
Stack + burner efficiency: 76.4 % (LHV) / 89 % (HHV)
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96V, 60 A (0.75 Alcm?), 5.76 kWe
Cell voltage 1.37 V - exothermal conditions
Stack efficiency: 91 % (LHV) / 107.5 % (HHV)
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Stack + burner efficiency: 86 % (LHV) / 101.5 % (HHV)



=PFL - Stack 1803 : coupling

Improvement of the coupling methodology (less fluctuations)

Mtails in Christoph’s presentam

Pressures, Stack 1803, 15.03.2023 Pressures, Stack 1803, 16.03.2023
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=PFL - Thermal coupling methanator => steam generation
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=L EPFL methanator (10 kW) => direct steam prod. ~

Steam
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Methanation results @ EPFL

v~ 98.5% H,-conversion achieved

v both CO, and CO/CO,-methanation successful (CO more exothermal)
v’ reactor cooled with pressurised water (15 bar, 200°C)

v heat exchange efficiency 80-91%

v" methanation heat generates 87-113% of the steam required by the steam
electrolyser

N
-3

Jan Van herle EPFL-GEM
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Publications

= P. Aubin, L. Wang, and J. Van herle, “Evaporating water-cooled methanation reactor for
solid-oxide stack- based power-to-methane systems: design, experiment and
modeling,” Chemical Engineering Journal, 456, 140256, 2023.

= P. Aubin, L. Wang, and J. Van herle, “SOE-methanation PtM system simulation: a case
study with real reactor results,” [submitted]

= P. Aubin, L. Wang, and J. Van herle, “SOE-methanation PtM system under steam and
CO, co-electrolysis: reactor operation and system simulation,” [prepared]

= P. Aubin, and J. Van herle, “Thermosyphon operation of the cooling system of a
methanation reactor: an experimental assessment,” [submitted]
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Epit Stack-internal
. coupled
W methanation
Steam + CO, co-electrolysis /

under higher pressure (10 bar), lower temperature (600°C)
=> methane production in the stack => smaller methanator (10 bar)

——30 bar
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—_ 80%
.°\_°. 70% v 5 bar
Q L°) 9
S T 60% 10 bar
g < 40% 15 bar
5 5 30%
g 20% 20 bar
2 10% urrent
%X . - \ ——25 bar
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§ 150 250 350 450 550 650 750
g

N
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PFL  Co-electrolysis already validated 16’000h +/
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Real-time optimisation (RTO) under safety constraints

cPrL
Q,E} — experimentally proven on a commercial SOFC system
RTO Control of a 1.5 kWe BlueGen mCHP
2. Stack currentincreased to follow power demand
= 70— 5. Electr - - —
i 5. Electrical efficiency is maximised
. _ 65
i 2 60 <
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| 64%
50 L
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£PFL Seasonal gas storage (CH,)

w— Danemark 1,0
Grossbritannien &,7 -

Niederlande 5,4 . Deutschland 23,8

Belgien 1,0 mmm
. Osterreich 8,2

\.
c Frankreich 11,7 I I
1 B spanien 2,5 Italien 15,7

Working gas capacity
in million of m3

- 20000 (multiply numbers by 10 to get TWh)

Number
of sites

Q
5,000 :
B Aquifer [ Salt .Depleled B Other (inMrd m?)

10 TWh = 10 million m3 (100 bar) =1 kmZx 10 m
Switzerland currently has no gas storage.
With 1 bio m3 NG storage (10 TWh), it could bridge its future winter electricity gap (a deficit of ~1 TWhe / month).
10 TWh of NG from P2G requires 15 TWhe of electricity, which could be covered from existing + future
hydropower (>40 TWhe) and future PV (>30 TWhe).

30



=PFL Feasibility checks

« 10 TWh CH, : 1 km? x 10 m storage (0.01 km3) :
« 30 TWhe solar PV : 150 km? panels (same amount as roof area)
* 110 km? or 4 km?® hydro-storage lakes for ~20 TWhe

1) 15 TWhe + 3 TWh heat => (90% el. eff., 1.4 V) 13.5 TWh H, (LHV)
| 2)13.5 TWh H, + 2 Mt CO, => (75% meth. eff.) 10 TWh CH, + 3 TWh heat

_ + Swiss waste incineration : 4 Mt CO, and 8 TWh heat loss per year

« =>(3000h/yr) 5 GWe electrolysers needed => (1 W/cm?) 0.5 km? membrane
area => 5000 m? stack footprint (100 layers / stack) =2500 m3 =1500 m3 steel
=12 kt steel (stack only)

31
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SOE integration opportunities
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PtX relevant publications 2018-2019

Techno-Economic Optimization of CO,-to-Methanol with Solid-Oxide Electrolyzer , Hanfei Zhang, Ligang Wang, Jan Van herle,
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(2019)
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Achievements

Two 5 kWe SOE stacks have been tested :
» Stack 1801 in 2022 during 2 weeks
« Stack 1803 in 2023 during 1 week

Thermal balance is complex. Exothermal stack conditions (1.37 V) improve the thermal
management for a limited penalty in electrical efficiency (86% LHV)

Both stacks were succesfully coupled to a H, compressor and the OST methanator.
Improvement of the coupling methodology could decrease the impact of the coupling on
the stack.

Electrical efficiency is significantly above the efficiency of a water electrolysis (PEM)-
methanator system.

Jan Van Herle



=PrL

B Hocheffiziente Power-to-X Technologie, 20. Juni 2023

Acknowledgments

Schweizerische Eidgenossenschaft
Confédération suisse
Confederazione Svizzera
Confederaziun svizra

Bundesamt fiir Energie BFE
Office fédéral de I’énergie OFEN

Clean Hydragen
4 Partnership

Ry |

OST

¥ % g Clstsc bz
» . Horizon 202(? ¢ Fechhochschule
A European Union Funding
] for Research & Innovation

Hes

BEEEER

NN
22622

[
]

Jan Van herle EPFL-GEM



~
)

=PrL

W3O-T1dd3 spsy uep uer

=
p -
£
—
D
S £
u.ma
5 5
4

€202 1unp "0z ‘aIB0j0uy09 ] X-01-1aMod SUSIZIayooH I



=PrL

B Hocheffiziente Power-to-X Technologie, 20. Juni 2023

SOE operating principle
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