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Hydrogen is the only molecular zero carbon vector and sits at the
intersection of three systems: mobility, industrial and energy

Enable the renewable energy system > Decarbonize end uses
Decarbonize
- transportation
Enable large-scale Jistribute energy
renewables integration across sectors and
and power generation regions Decarbonize industry
? T ¥ energy use

iy Help decarbonize
5 » building heating and
" power

& Act as a buffer to
. Serve as feedstock, using

' increase system
. resilience ?’ captured carbon
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Solution

Process intensification with electrochemical ceramic membranes
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MEMBRANE SCIENCES

Protonic Membrane Reforming (1 step)

Compressed H,

Ceramic membrane

Background and techno-economics: Malerad-Field et al., Nature Energy, Thermo-electrochemical production of compressed

hydrogen from methane with near-zero energy loss, hitps://www.nature.com/articles/s41560-017-0029-4
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Protonic Membrane Reformer (PMR)
Selective exiraction of hydrogen

BzZcY
electrolyte
-

Outlet
CO,+ H,O

» Compressed

H,
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Scaling up protonic ceramics for hydrogen production m

Single cell First stack Proton ceramic electrochemical
> PCER Panel
(15 cm?) design reactor (PCER) stack (2920 :,:2)
(~190 cm?) (584 cm?)
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GAMER
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%WMM‘\@“ GAMER

GOAL: Demonstrate high temperature (600 °C) steam electrolysis with novel tubular cells integrated in
a 10 kW module for dry pressurized hydrogen production (30 bar)

= Novel electrolyser concept Partners Country

Game changer in high temperature steam electrolysers

" Mass mcmufc:cfuring of cells SINTEF (coordinator) Norway
= Efficient thermal management by coupling of | Carbon Recycling International Iceland
electrolyser system with ColeQ Spain
= Renewable or waste heat sources Coorstek Membrane Science AS Norway
" Steam University of Oslo Norway
" Renewable electricity / MC2 Ingenieria y Sistemas SL Spain
Shell Global Solutions International BY ~ Netherlands

Methanol Plant
Refineries

Ammonia plant Advisors: YARA and Air Liquide

GAMER is a European research project co-financed by the European Union's Horizon 2020 research

Copyright of Shell Global Solufions Infernational BY and innovation program and the Fuel Cells and Hydrogen Joint undertaking under grant 779486 .



GAMER focus

PCE Electrodes
(400-700 °C)

Cell architectures

‘ 10 kW system with BoP
2H, (dry)

P =30 bar

Efficiency & LCA

For more information about GAMER: https://www.sintef.no/projectweb/gamer/
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1. Water adsorption

2. Incorporation

3. Oxygen release/proton transfer
4. Proton reduction

Steam manifold

\ Temperature

GAMER

"Mixed proton and electron conducting
double perovskite anodes for stable and
efficient tubular proton ceramic
electrolysers", Nature Materials (2019);

stabilizing tube

README
Electrode: three options (see electrode option tag)

1) BGLC

e LSM
i || 3) Other (oy defaut, then use Manuaily celis
Select the option in the list of the cell C3

Table: main results of the process

Table: main flow streams |
Flows
Water|

Total power for demonstrator at steady state

Total area of electrolysis

"Multiscale mu/fiphysic moc/e//ing
tools GES.VI"

Equipment specifications: green
Output cells: white



https://www.sintef.no/projectweb/gamer/

Manufacturing routes

1. Extrusion with 2. Spray-coating of SSRS | 3. Co-sintering of
40 ton automatic based electrolyte with electrode/electrolyte
extruder automatic spray-coater

(capping/cutting)

100 m? clean
room class 7

\ §

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 779486. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation program
Copyright of Shell Global Solutions International BV Hydrogen Europe and Hydrogen Europe Research. 13



el GAMER

Electrolyser design

Hydrogen manifold
Electrical isolators

Copper busbars

Temperature

Steam manifold stabilizing pipe

temperature
fasteners

Rigid ceramic
fiber insulation

Flexible ceramic
fiber insulation

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 779486. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation program,

Copyright of Shell Global Solutions International BV Hydrogen Europe and Hydrogen Europe Research. 14



From SEU to multi-SEUs in hot box

Cross-section of ‘tube in shell' SEU

Copper busbars - Cathodes
Hydrogen manifold

Electrical insulators Copper busbars to

\ '@1%;. il “ 1l E'edﬂ'llnsulato,s ——

Oxygen manifold @

. Temperature
Steam manifold stabilizing tube

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 779486. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation program,
Copyright of Shell Global Solutions International BV Hydrogen Europe and Hydrogen Europe Research. 15



Plant so far in commissioning phase

B S o S S T

Stand 2020-06-16 E ?;E —
=2 crr—

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 779486. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation program,

Copyright of Shell Global Solutions International BV Hydrogen Europe and Hydrogen Europe Research. 16



Clean Hydrogen
Partnership

Balance of Plant

Nitrogen supply

Mhvphari Sy -
"o [ema| [migwon |- |wiwe] Fmew [T [ia

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 779486. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation program,

Copyright of Shell Global Solutions International BV Hydrogen Europe and Hydrogen Europe Research. 17



Balance of Plant

Balance of Plant (BoP)
Evaluated using Aspen HYSYS

en/
Water

X-W0-0305

W-0305

Feed
Water
W-0101 Pt W-0102

W-P0O1

W.0107

Q-EE-03

Evaluated using GES

Electrolyser

Excel File

EE-03
 W-010
-rwmns 1 w-0106
E-04
— WO-0301

WO0-0302 - h
Stream
W.0110 L w0111 Splitter

E-01 95'05 H-0201

H-0202 o

A
W-0113 QEE06
N /4
Hydggen e > /L—»—.
H-0203 W-0112 £E.06

—
Electricity

CJ Electrolyser

Clean Hydrogen
Partnership

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 779486. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation program,

Copyright of Shell Global Solutions International BV

Hydrogen Europe and Hydrogen Europe Research.
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GES.VI
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Table: main inputs of the process

README
Electrode: three options (see electrode option tag)

Electrode ( from the list in the celll C2) BGLC cell
Number of SEUs .. 250 if Manually =---- =3 250 ;} fg;}c
Current density (A-cm*2) 0,25 if Manually =---- -2 0,25
Do you want to consider the Joule effect (list in the celll C YES 3) Other (by default), then use Manuailly cells
Select the option in the list of the cell C3
Table: main results of the process Table: main flow streams |
Flows B0 INSTITUTO DE
- TECNOLOGIA
Total power for demonstrator at steady state 9,09 kW Water inlet 1,6660 kg/h L QUIMICA
H; generated 0,1392 kg/h G*”—R,
Total area of electrolysis 1,57 m’ p
y _ Quz HHVp
Energy (KWhikg Eff LCLENC Y loctrolysis = m
Energy (kW) Hs) Efficiency
Faradaic efficiency 95,00 % o Qyz - HHVy,
Electrolysis (only electrochemistry) 6,52 46,81 84,86 % Efficiencyeectrotyser = Power.p, o,
- - o electrolyzer
ET::;:WSET (including heat balance) ::ﬁ; :g::: 2:::2 "j: Powerelectroiysef = Powerelgctrolysis + Heatglecfrolyzer
.. Quz - HHVy
E =—
- fflm'encyaugrali Pawerovwall
By unit E_nergy (kW)

Electrolysis process
Electrolyser heat balance
Lesses of the electric circuit
Water pump

Water heater

Boiler

Gas heater

Tracing

Input cells: orange

Calculation cells: gray
Equipment specifications: green
Output cells: white

6,5154
0,0000
0,2715
0,2000
0,5180
0,8287
0,3574
0,4000

Total power for demonstrator at steady state 9,09 kW

M Electrolysis process

B Electrolyser heat balance
Losses of the electric circuit ™ Water pump

Water heater o Boiler

M Gas heater B Tracing

Clean Hydrogen
Partnership

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 779486. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation program,

Hydrogen Europe and Hydrogen Europe Research.
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Clean Hydrogen
i, Partnership

(@) PrROTOSTACK
Cell/stack design

KETs SRU Stack Stack-panels

l

)

The project is supported by the Clean Hydrogen Partnership and its members
Copyright of Shell Global Solutions International BV Hydrogen Europe and Hydrogen Europe Research 21



y/orld class nnovative /ovel //anoscale optimized electrodes and
electrolytes for ‘lectrochemical ~eactions

WINNER
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Applications

PCC based technologies for:

e Cracking of ammonia to pressurized hydrogen or
power

e Dehydrogenation of ethane to produce ethylene
and pressurized hydrogen

H, < ;1— ih H,0 e Reversible steam electrolysis

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 101007165. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation ,,
program, Hydrogen Europe and Hydrogen Europe Research.
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Applications

STEP CHANGE IN PCC REACTOR
TECHNOLOGIES: multifunctional reactor

State of the art cells configuration
concepts

L4

-~

Improved
durability

. R ible electrod
Major bottleneck of technology: eversibie electroges

materials and interfaces

Critical limitations from interfaces

AW Current collection system

Stability (coarsening, loss of percolation, ) () B Electrodes Electrolyte
adverse effect of Ni in electrolyte)...

, Various electrode

concepts

Custom designed
current collection
system

Copyright of Shell Global Solutions International BV
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This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant

program, Hydrogen Europe and Hydrogen Europe Research.

Agreement No 101007165. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation ,,



Clean Hydrogen
Partnershlp

Development of innovative architectures and cells

T e

v WINNER
HOW

* 50% reduction of electrolyte thickness

* Development of new architecture with new electrolyte and
adjustment of the fabrication steps

* Innovative electrode microstructure

.

' W I N N E R This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 101007165. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation
program, Hydrogen Europe and Hydrogen Europe Research.
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Clean Hydrogen
i Partnershlp

Manufacturing line

COORSITEK

e T T
MEMSIANE SC1ENCEN

4. Electrode deposition: computer assisted
dip-coater - 6 tubes / batch

1. Automatic 2. Spray-coating (SSRS or

extrusion of SSRS ide): 6 tube i ; o e
based fuel slectrods oxide) m::tchu 5per . 5. Dual-firing of electrode and addition of
current collector*
Solid state reactive sintering: BaSO,, ZrO,, Y,0,, CeO,, etc -

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 101007165. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation

Copyright of Shell Global Solutions International BV
program, Hydrogen Europe and Hydrogen Europe Research.



Clean Hydrogen
Partnership

Versatile manufacturing

Solid State Reactive Sintering (NiO)

* BZCYYb4411: BaZr, ,Ce,,Y,,Yby .03,
* BZCY532: BaZryCey5Y,,05,

* BZCY442: BaZry ,Ceq4Yo,05,

* BZCY721: BaZry,Cey,Yq .05,

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 101007165. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation ,,

Copyright of Shell Global Solutions International BV
program, Hydrogen Europe and Hydrogen Europe Research.
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12 cm?2 cell in pressurized alumina vessel

Tested at 4 bar total pressure in reversible fuel cell
and electrolysis mode

Rl 10:/,ucsrt(;am PCE Reversible operation 10.4
1.3 | 20%ste 50% steam 20% steam
P N

> PCE degradation: : 410.2 ©
- (9) mV/khr Drv H2 <
T 11E ry ot
] >
— . o
| Monye i i w |
[ . ) W o

o 0.0
O )
(a1 . O

PCFC degradation:

T 31 mV/khr FU.: FU.: FU.: -E
v 75% 15% 75% T
> =
=
@)

“W**‘W ""'l"l‘ 1‘ _m 4-0.2

”/’ 0 500 1000 1500 2000 2500 3000 3500 —04

® WINNER Time /i

Copyright of Shell Global Solutions International BV

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 101007165. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation 4
program, Hydrogen Europe and Hydrogen Europe Research.



Multi-scale multi-physics modelling platform

Partnership

Atomic

Electrode

Cell

Ea

AO

U - chemical potential (i)
@ - electrical potential,
AG, AH, AS

U (1) - Cell voltage / current
n - Overpotential

Ea — Activation energy

AP - Pre-exponetial value

P - partial pressures (n, m)
S - Geometrical factor

Diameter of cell
Length of cell
Efficiency per cell
|~| ASR of cell

Power per cell
Flux per cell

Pressure rating

Stack/reactor

System (BoP)

Specific power per cell

Pressure Rating
Temperature rating
Reactor Diameter

Reactor Length

Number of cells per reactor
Number of reactors
Efficiency per reactor
Power per reactor

Voltage

Specific power (W/m?3, W/kg)
Space Time Velocity

Throughput
Process efficiency
Pressure
Temperature
Product quality

DFT (Density Functional Theory)

1)

Mechanical model

—~

Electrochemistry

Computational Fluid Dynamics

Engineering model

Process
Modelling
&
LCA

Copyrigh’Shew:L!NonsNtegﬁilogcﬂ BV

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 101007165. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation
program, Hydrogen Europe and Hydrogen Europe Research.
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Electrochemistry & kinetics

* Kinetic model has been developed and implemented:

* Application to realistic application: Selectivity of electrolyte and electrodes for protons and oxide ions

T/°C T/°C
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This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 101007165. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation

Copyright of Shell Global Solutions International BV
program, Hydrogen Europe and Hydrogen Europe Research.
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Atomistic modelling

H,0 (g) -\k‘/./«a 0, (g)
2H*

Water dissociation

x OHp, +* OHQ

IDH+
LE
Electrode 'QH
dob 2H*

’ 1
vkt vke
2H* 2H*

Electrolyte IcrH o IcrH o
2H* 2H*

E=-121eV

Oxygen association

* Qg +x02* 0, +V(2)+ + 2e”

Surface diffusion

* Hg +xo 2% Ha' + *q

E,=1.29eV

Electrode/gas interface: 2H,0 = 4H* + 0,(g) + 4e”

2H,0 +#p2 2+ 1,0y,
2+ H,0, #0222+ 0H, +2 ~HJ

2+ OHp +4#02 2% 0% +2 + 11§+, +4e”

2+ 0p2%05(TS) 2 0,(g) + 2 %9

Diffusion on/in the electrode:
Hi 4+ #o2%0 + + HJ
OH{ + 0p 2 0g + OH

Charge transfer across the electrode/electrolyte interface:

*Hg +0g pzcy 2*0 +0HS 5zey
OHS + Ogpzcy 2 00 + OHY 570y

water adsorption
water dissociation

hydroxide dissociation AO —

Kinetics from DFT

_ kT X} (1—exp(=hv;/kpT))

oxygen association L

H* surface diffusion
H* bulk diffusion

charge transfer attpb
charge transfer atdpb

h E?‘l(l—exp(—hv}‘/kﬁv?‘))

AG,; = AH,; — TAS, ;

pre-exponential

activation energy

Input for the electrochemistry model!

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 101007165. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation ,

Copyright of Shell Global Solutions International BV
program, Hydrogen Europe and Hydrogen Europe Research.



Clean Hydrogen
. Partnership

Electrochemical modelling

® Hydrogen

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 101007165. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation ,

Copyright of Shell Global Solutions International BV
program, Hydrogen Europe and Hydrogen Europe Research.
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Mechanical model
MPa

A 884
80
Weibull strength distribution 60
1
e o o [
H * o o 0 Example: 650°C
N 1 09 ° o °
X ° 20 2 0 P...= 70 bar 40
§ : 08 ° ® 9 .° ® High temperature
+ : o %0 . Pout = 20 bar
y ® o5 20
0 0.7 o 003 ® 5
° o ® @ Pristine RT
° %
0o ° o s
- ° bt o i i 0
o 05 ° ) > ® Aged in reducing
[ ] : e atmosphere
0.4 ° o d
‘ ° % o ® Aged in 50% steam
° P\ ®
03 ° - 3
® o ° : 0
02 ° P ° Aged in 3% steam
=2 o -0 o
L J [¢] ® 1)
0.1 ° o: 5]
° =Y [
0 ° o0 e
0.0 50.0 100.0 150.0 200.0 250.0 300.0
o (MPa)

Glass CaO/MgO/SiO,
Coorstek Patent PCT/EP2018/085958

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 101007165. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation ,,

Copyright of Shell Global Solutions International BV
program, Hydrogen Europe and Hydrogen Europe Research.
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Engineering model

¥ WINNER

Inputs Results
Teeting Baiace of prat em units Vaue €ftcincy cakcuaton
] P » _ 0% Rbuut Mot eliciancy et [ ) Spece Flow (Aph) HHV (ALiag Energy (AW)
O = et e 07 hectc ol Gunan W Y] N0 foed 10 7s = &5
” rerr ' T w oot baarce W S0 M2 genarcated 174001945 1418 8537407
< Compontion et Mo atage Balance of Pant Efciency
— g e Pressunzaton w 02 Reactor S812% 15100015 $831%
T o 36 Process 86 79% 165050004 88.75%
Haacter Gans Peastrg aw ar
e'-‘- ; - < Gy cookng w 29 Process
Lot el
Ammonia crackin S E o s e oonars b4 T
" st ' (hater » Reactor Dectric specific demand  KWhig M2 " Dlectrochemical area m*2 00
) Coayw B ~ Heat specitc Gemand KWivkg M2 a2
[ P r——— oo . I
. : ( 4 H= Overall specific demand  KWhikg H2 "
0 ] 8 Aowd i = — — —— — Y
- 12 eevactn o ~ Electric demand 9,49 kWhikg H2 Heat balance
e ¥ wntex icmncy L) .
fomt Cot rwantarce Arrrenas T Lt e
3 —> 2 + 2 AW_Trd AR Tt ' Onew ooy
£ £ M M NH, T N, s
Tt ™ “w — — —
AR AR AU Orm o) e v e
A Fond wim ' Onem om*) -— —
ASR_con ASR_sob 134030200 Onm em ]
SEU ¢ owtanon
SEU v SEU_sewtance_Tod “os COnme o* 37
Ca S8y Ca v
T_SEU  Towl_SEU "0 L e ¥
ASK AR 0 9N2ZING et owd . v ’
AR Pt 01 mond \ J X 33
t ane de y rogenat on AR 56y st s T ! o G s
U Seaea
—-——- L=

‘ Adapt the tool to the program in whih the

techno-economic model will be made

\ 4

* Adapting the different
parameters to the program
» Electrolysis calculated using a
©  built block

GH. & CoH; 4+ Hy

ACK

2H20—)02+2H2

ASPEN TOOLS

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 101007165. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation

Copyright of Shell Global Solutions International BV
program, Hydrogen Europe and Hydrogen Europe Research.



Engineering model

EXCEL TOOL

-
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Clean Hydrogen
Partnership

Diagram of the process

U

0 C
AR ASR 108722765 chen om'd

Teedng Datance of plant
o P » . nhew et efcency Ll
Case fet) Mamesshanic ey West recovery yekt o
0 Tesperstare x < W2 comrgresson system
[ pressue U bor 0D Fnd e 100 A
0 Uemod Vumatage
"o ) b Peswermowe 1414218
) . Sweps  Swepn “
NP Perpyet 10%
Reactor
Contitans
T Termeertrs <
o e NI Chen o
vl Presire K2 Chamter L Reactor
Soutrn s
XDEG) W conwrain
H=2
Carmert Gurvady
" 2 eracion

se-332 § us
i
i
d

U contrbumon Fies
SEU sesms SEU peustance Tred 018 Ot om*?
£a SEU s SEU A0 R
Tref_SEU Teet_SEU H=,

a0 Fouis vk 03 chmcmy L
ASR_SEU ASR_SEU 83 cwmem?
aen  Swatosms E

Introduce the inputs of each section:
- Feed stream

- Reactor conditions

- Electrochemical performance

Diagram validated for the partners

- BoP properties

Calculation sheet

Main results sheet

Electrochemistry e units Value Efficiency calculation

unit Value Reactor Specie Flow (kp/h ) HHV (Mg JEnergy (kW)
PH2-NH3 chamber bar 26886792 Exctrical cemand W 5.1 NHS feed 10 s 825
pHZ-H? ch b ) bar 25 Heat DQ::I;C;“'“ W 56 H2 genecated 1, 74001945 1418 685374327
Reversible potential v 0,0790806 Prossurzaton T 02 Reactor 8832% 153006315 83,32%
Current density Acm*2 0,15 Evapocation kW 36 Process 86,75% 165050624 $6,75%
Cell resistance Ohm-cm*2 1,3402553 g:: :’;: :x ’3; s
SEU resistance Ohm em*2 02 M2 compenssion W 12 H2 generated kg/h 17
Overall resistance Ohmem*2 1,5402553 Electric specific demand  KWh/kg H2 9.4 Electrochemical ares  m*2 32,4684725
Cell potential v 0,3101189 West specific demand _ RWHKgHZ2 12
lonic current A 46267573 Overall specific demand  KWhikg H2 9.4
:::d;ﬂcamwy : 4870025709 Electric demand 9,49 kWhikg H2 Heat balance
Electric power applied (4 15,103631 Bty 8Os &
Heat releasad by electrochemistry kW _ 15,103631,
Electrochemical area m*2 32,468473
Heat balance
Reaction enthalpy kJ/mol 53813071
Reaction rate mol/s 0,1631059
Reaction heat kW 87772277
Electrochemical heat kW -15,10363 - =
Heat losses % 0,05
Overal heat balance kw -5,671222

. WP6 develops tecno-economic studies using Aspen

Excel tool shared with
partners to be validated since

March 2022

i —)

Excel Workadapted and shared Aspen

Copyright of Shell Global Solutions International BV

tools
N

in November 2022

tools

This project has received funding from the Fuel Cells and Hydrogen 2 Joint Undertaking (now Clean Hydrogen Partnership) under Grant
Agreement No 101007165. This Joint Undertaking receives support from the European Union’s Horizon 2020 Research and Innovation
program, Hydrogen Europe and Hydrogen Europe Research.



eCOCO2 Spire project

Sustainable Process Industry through
Resource and Energy Efficiency

AIM: Set-up a technology for direct synthesis of carbon-neutral jet fuels from CO, using renewable energy
and electrochemical catalytic membrane reactors. Bench-testing targets a 500 W multi-tubular system.

catalytic conversion.

Operating conditions:

T =350-450 °C and > 25 bar.

L
Single-step electrolysis and one-pot ﬁ""& PARTNERS
E' :“;,'
aa “CSIC [
! L, o co,
H,0 @ - ‘ MEMBRANE SCIENCES ‘
& R ) UNIVERSITAT
4—-0 @ RWTHUNIVAE‘_\'gE'w PD?L\I/I\EL(E:[:IICCIA
- HErRM

7 o

Product: Efficiency:
Jet fuel >85%

QD |

Full integration: Final TRL:

compact sized reactor 5

Copyright of Shell Global Solutions International BV

1 N

Electrolyte throca'bonS /AEI’“EX j‘bm*&?

lllllllllllllllll

0,
@ |50 ngg @ Arcelorl\/\ﬂ'ral @ SINTEF

Co-Electrolysis Reactor

H2020-LC-SC3-2018-NZE-CC | Duration: May 2019 — May 2023 | EC funding: 3.9 M€

This project has received European Union’s Horizon 2020 research and innovation funding under grant agreement N2 838077. 36



Sustainable Process Industry through
Resource and Energy Efficiency

eCOCO2 concept
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eCOCO2 concept @ (
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Sustainable Process Industry through
Resource and Energy Efficiency
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~ Hcintermediate chpgraled

Catalytic bed: reaction chamber * Membrane with adequate H*/O%* conductivity

Co-lonit Solid merohrane clectrolyte

* Chemically stable under reaction condition: 350-450 2C, 20-30 bar, high steam content

* Multifunctional catalyst based on iron oxides & zeolites

(intermediate: C2-C10; upgrated: C8-C16)
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Sustsinable Process Industry through
Resource and Energy Efficiency

Methanation
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Performance improves with pressure *CH, selectivity & |, CO selectivity
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eCOCO2 process integration @
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AMAZING

Additive manufacturing for zero-emission
innovative green chemistry




Concept
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Project structure

(" WP1: 3D-printing of self- )
supported MIEC

(

WP2: Membrane transport and thermo-

mechanical studies

Y WP4: Lab-scale membrane reactor stack )

(MRS) construction, testing, and modeling
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The MIEC membrane
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Promising MIEC membrane material:
Lanthanum tungstate

Pros:

* Highly stable under reducing
conditions
* Easy to prepare

Con:
* Low electronic conductivity

The low electronic conductivity is a
drawback for the application as a
hydrogen-permeation membrane.
Doping by e. g. Mo enhances the
electronic conductivity under
reducing conditions.
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Pt functionalization of proton conducting materials
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Process scheme for ethane dehydrogenation
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Main take aways

1. Integrated approach shows beneficial for both industries and academia
2. Agreed definitions and scale helps to show credible outcomes

3. Various disciplines are needed for an end to end solution.

4. The electrochemical reactor is only a (minor) part of the full process

5. Don’t over optimize on materials, keep an eye on the overall process

6. Stay positive and think in solutions, not in problems!
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Questions and Answers
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