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This project was funded by the United States Department of Energy, Nationadl
Energy Technology Laboratory, in part, through a site support contract. Neither the
United States Government nor any agency thereof, nor any of their employees, nor
the support contractor, nor any of their employees, makes any warranty, express or
implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed
herein do not necessarily state or reflect those of the United States Government or
any agency thereof.
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Enable:
* Highest efficier)cy and lowest cost electric KEY TECHNOLOGIES
power generation from hydrogen and o’
natural gas with CCS Cell Development i ©

e Efficient and cost-effective
distributed/utility scale hydrogen

production Core Technology
* Flexible modular hybrid SOFC/SOEC system
design ~
o . _ Systems Development for r'a
Hybrid R-SOFC systems for power SOFC and Reversible | W

production or hydrogen production as
energy storage

Systems |

fecm.energy.gov




NETL SOC Capability Overview

: SOC technology is cost prohibitive due to long-term performance degradation
: Develop degradation modeling and mitigation tools to improve performance / longevity

Systems Engineering and Analysis Performance Degradation Modeling Electrode Engineering

* Techno-Economic Analysis * Degradation prediction to.ols. " Degradation mitigatioh
e R&D Goals Evaluation ) Atoms-t.o—Syste.m.sca-Ie bridging *  Advanced manufacturing
e Cell design optimization * Technology scale-up and transfer
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Enabling R-SOC Technology
Systems Analysis
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Atmospheric Operation
Case DA Case 1A Case 2A Case 3A Case 4A Case HA Case 6A

A A A A A 1 Stack Cost ‘k
| Degradation Rate | Current Density | Operating Temp |Eteam Utilization | Capaclh.r Factor $100/ kW
| 2 mV/1,000 hr 1A/em? 750°C B85% Dverall 2 Afem?
|
SOEC State of the Art
Current Density:0.5 Afcm? ATMOSPHERIC SOEC PATHWAY

Operating Temperature: 850°C

Degradation Rate: 8 mV/1,000 hr

Owverall Steam Utilization: 80%

Capacity Factor: 90%

Stack Cost: $300/kW PRESSURIZED SOEC PATHWAY

Operating Pressure: 1 bar

TECHNO-ECONOMIC ANALYSIS OF
LARGE-SCALE HYDROGEN T
PRODUCTION FROM SOLID OXIDE
ELECTROLYSIS CELL SYSTEMS I
|
17 1 |

Degradation Rate | Current Density I Operating Temp ISteam Utilization | | Capacity Factor I 5;;;;}?;::
2 mV/1,000 h 1 Afem? 750°C 85% Owverall 95%
y 2m "/ r 1‘, Jem T 'l" era v Y % a/em? ‘,
Case OP Case 1P Case 2P Case 3P Case 4P Case 5P Case 6P

Pressurized Operation (8 bar)
Note: Current density and degradation rate not changed between two pathways

DOE/NETL-2024/4438

U.S. Department of

A. Noring, et al., "Techno-Economic Analysis of Large-Scale Hydrogen Production from Solid Oxide
ENERGY

Electrolysis Cell Systems," NETL, Pittsburgh, May 31, 2024. doi.org/10.2172/2370402
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Pathway Waterfall Plot (without electricity costs) [N=|vnova
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Reversible Solid Oxide Cell Systems Analysis N=]|NATIONAL
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NETL is exploring whether coupled integrated energy systems with the flexibility to produce both power and
hydrogen should play a role in decarbonizing the US power sector by 2035 and broader economy by 2050.
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Designing better electrodes
Electrode Materials
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Higher k_;.,,, improved stability, not enough o,

LSCF/BFCZ75 composite

-1.5
— -~ LSCF
- 1) E—— O
E BCEY N -2.04{ & LSCF/BFCZ75
~— AN R2 :0.99 —
-2.11 S ' ~
E \\ slope :-1.18 g =2.5
¥ =221 ‘@ S -3.0 Eace=1.06 eV
o \ _
= 23 . a
T —24 AN g F
—L.4 \ s E (=102 eV
.% s BSCF \\ < 4.0 // ac
a < N it e B J
o5 2.6 \. 4.5 /
0.0 0.2 0.4 0.6 0.8 1.0 -5.0 ; ; . : ; . :
Zr fraction 0.850 0.875 0.900 0.925 0.950 0.975 1.000 1.025 1.050
1000/T (1/K)

All BFCZ compositions highly active, on
par with BSCF, with only 0.5 log K¢hem
difference over entire Zr range

LSCF/BFCZ75 composite shows about 9x
reduction in ASR at 800 °C, 65% less
performance degradation vs. LSCF




Machine learning prediction of properties N = |NATIONAL
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Using machine learning for faster calculations, larger sampling space

Data-centric ORR/OER perovskite

catalytic materials design « /49 data poinTs from 313 studies for

Perovskite 299 unique perovskite compositions
catalytic
protpe::ies « Elemental features calculated using
database MAST-ML (UW-M) instead of using DFT

) Machin | * 19 million perovskite oxides were

3 eorralElgs, examined using ML model

5 understand

relationships

Number of Number of Number of
Property studies measurements unique
Coreen and examined extracted materials

discover new

Feature importance

(s materials
(¢ 0 39 80 48
@ o: 37 66 42
235 422 257

Jacobs, R., et al. Adv. Eng. Mat. 14 (12), 2303684 (2024).
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Machine learning predicted electrode materials N= |MATIONAL
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* Trained machine learning model could predict properties faster and at least as
accurately than DFT-based study and could cover a larger space containing
traditionally less-explored elements (e.g., K, Bi, Y, Ni, Cu).

T (°C)
800 700 600 500 400
3.01 [ DFT O p-band + Linear model : : ' : '

[ Elemental features + Random forest 3{ T LSCF
. —— BSCF
bl 2.5 1 —— SCCN
= 24— SZNCCu
-] fon —— KSmSCNT
8’ 2.0 1 e —— BISYNC
= o1
w £
< <
= e
> 01
O &
3 >
2 E
Te]

—2
3 Q@ Q S . , : ; :
N \P()(\e QC‘\?’ V(? 0.932 1.028 1.145 1.294 1.486
Property 1000/T (1/K)

Jacobs, R., et al. Adv. Eng. Mat. 14 (12), 2303684 (2024).

U.S. Department of
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* Training on materials known prior to 2003 suggests high performing materials in the
Ba(Fe, Co, Zr)O, space, suggesting materials such as BSCF and BFCZ could have been

discovered using our rr11§)del
| T=500°C
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Conclusions

* Modeling is useful tool for deeper interpretation of performance data, designing more durable electrodes, and
providing context to literature results

* Machine learning is useful tool for accelerating electrode/cell development and providing guidance for improving
specific cells

How can NETL help you?

 NETL can collaborate with partners using partner data and conditions to run performance degradation-related
simulations, especially if it aligns with H2ZNEW and R-SOFC Program objectives.

* R-SOFC Program FOA DE-FOA-0003366. Responses due 12/2/2024. Topics: (1) Enhanced durability at high current
density; (2) Thermodynamic database for SOC materials.

* Industry-specific simulations can also be done through DOE’s High Performance Computing for Energy Innovation
(HPCAEI) to gain access to NETL staff and its JOULE supercomputer.

U.S. Department of
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o @NationalEnergyTechnologylLaboratory

CONTACT:
Harry Abernathy
Harry.Abernathy@netl.doe.gov




NETL and DOE SOC Research ¥E ENERGY

Energy Efficiency and Fossil Energy and Carbon
Renewable Energy (EERE) DOE Hydrogen Shot: Management (FECM)

$2/kg H, by FY26

Hydrogen and Fuel Cell Sl/kg H, by FY30 Advanced Energy Systems
Technology Office (HFTO) Program (AES)

H 2N E‘N ;I(Z):n HTE Budget: FY24 Budsgsel;t,: L R-SOFC Program }

U.S. DEPARTMENT OF
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