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Project Objectives

Conduct a comprehensive R&D program to demonstrate the suitability and future
advancement and integration of reversible methane electrochemical reactors as an
Efficient Energy Storage (EES) with fossil fuel power plants.

AOI 3: Innovative Concepts & 
Technologies

“Substantial number of energy storage
technologies are relatively early-stage
in their development. …The
technologies need additional R&D to
clarify their current state, understand
their suitability for future advancement
and integration, and to advance their
maturity through R&D.”
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Protonic ceramic electrochemical reactor 



Distinguish feature of the proposed technology 

1- Direct Integration with fossil assets including fossil 

power plants and fossil-fuel industrial applications

2- PCERs exhibit high H2S tolerance and 

coking tolerance

3- Reversible methane electrochemical cells 

display a high theoretical round-trip efficiency

4- Reduced operating temperatures enable 

hybridization with a broader range of waste heat 

sources
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Technology integration with existing or new fossil assets

Direct integration: the flue gas 
enters the system without 
additional complex separation and 
purification processes to capture 
CO2, allowing significant cost 
reduction. 

Indirect integration: CO2 is 
captured and separated through 
an intermediate system before 
entering the reversible PCER. 
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1. Characterize the initial state 

2. Identify references to accomplish the general 
objective

3. Specify the proposed energy storage as the desired 
end states; 

4. Define and consolidate the parameters and 
processes required to transform the initial energy 
storage technology into the desired end states

5. Assess the respective development or deployment 
status of the technology required for each function 
to yield technology needs. 
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2 Interrelationships among the System Design Processes. NASA
[1] https://pragmaticarchitect.wordpress.com/2013/05/14/how-to-build-a-roadmap-define-end-state/

[2] https://www.nasa.gov/seh/2-fundamentals

Systems Design Processes

Define the Proposed Energy Storage Technology

https://pragmaticarchitect.wordpress.com/2013/05/14/how-to-build-a-roadmap-define-end-state/
https://www.nasa.gov/seh/2-fundamentals


DOE Status and Targets for Reversible Solid Oxide Performance and Cost

• Stack cost target of 
$225/kW

• System cost target of 
$900/kW

• Less than 0.2% per 1,000 
hours over an operating 
lifetime of 40,000 hours

• Efficiency of greater than 
60% without carbon capture 
and storage
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Metric
2018 

Status

2020 

Targets

2025/2030 

Targets

System Cost 

($/kWe)

>12,000 6,000 900

System Degradation 

(%/1000 hrs)

1-1.5 0.5-1.0 >0.2

Durability (hr) <2000 5000 8000

Fuel Natural gas Natural gas

Simulated 

syngas

Natural gas

Coal-derived 

syngas

Demonstration 

Scale

50 kWe – 200 

kWe

200 kWe – 1 

MWe

10-50 MWe



Recent development of cell configuration to increase current density

Kobayashi, T., Kuroda, K., Jeong, S., Kwon, H., Zhu, C., Habazaki, H., & Aoki, Y. (2018). Analysis of the anode 
reaction of solid oxide electrolyzer cells with BaZr0. 4Ce0. 4Y0. 2O3-δ electrolytes and Sm0. 5Sr0. 5CoO3-δ 
anodes. Journal of The Electrochemical Society, 165(5), F342.
Choi, S., Davenport, T. C., & Haile, S. M. (2019). Protonic ceramic electrochemical cells for hydrogen 
production and electricity generation: exceptional reversibility, stability, and demonstrated faradaic 
efficiency. Energy & Environmental Science, 12(1), 206-215.
Huan, D., Shi, N., Zhang, L., Tan, W., Xie, Y., Wang, W., ... & Lu, Y. (2018). New, efficient, and reliable air 
electrode material for proton-conducting reversible solid oxide cells. ACS applied materials & interfaces, 
10(2), 1761-1770.
Kim, J., Jun, A., Gwon, O., Yoo, S., Liu, M., Shin, J., ... & Kim, G. (2018). Hybrid-solid oxide electrolysis cell: A 
new strategy for efficient hydrogen production. Nano Energy, 44, 121-126.



Cost Benchmarking of PCFC 
Versus SOFCs: (a) Cell and 
Balance-Of-Stack Component 
and (b) Total Stack Cost 
Distributions.

A significant power density improvement in PCFC or a lower-
cost sealant solution for the intermediate operation
temperatures of PCFC are required in the future to close the
gap of sealant cost with SOFC.



Technical Targets (by DOE) and Achievements for High-
Temperature Reversible Fuel Cells (Cell/Stack level)

Peterson, D. (2020), Reversible Fuel Cell Targets, DOE Hydrogen and Fuel Cells Program Record : 20001. 
Choi, S., Davenport, T. C., & Haile, S. M. (2019). Protonic ceramic electrochemical cells for hydrogen production and electricity generation: exceptional reversibility, stability, and demonstrated faradaic efficiency. Energy & 
Environmental Science, 12(1), 206-215
Duan, C., Kee, R. J., Zhu, H., Karakaya, C., Chen, Y., Ricote, S., ... & O’Hayre, R. (2018). Highly durable, coking and sulfur tolerant, fuel-flexible protonic ceramic fuel cells. Nature, 557(7704), 217-222.

https://www.hydrogen.energy.gov/pdfs/review20/fc332_wei_2020_o.pdf



Previous Protonic ceramic electrochemical reactor for power generation and chemicals production
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Experimental Studies to Define Reversible Methane PCER Performance Parameters



Research Activity 1  at KSU: high-performance protonic ceramic fuel 
cells (PCFCs)
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Figure 1. BaCe0.4Zr0.4Y0.1Yb0.1O3 electrolyte membrane

conductivity of PCECs fabricated via SSS and SSRS.

Figure 2. SEM images and grain size of

electrolyte membrane of PCECs fabricated via

SSS and SSRS.

Figure 3. The Ultra-high-performance PCFC

demonstrated at KSU exhibits the lowest Ohmic

resistance.

Highly conductive electrolyte membrane



Research Activity 1  at KSU: high-performance protonic ceramic fuel 
cells (PCFCs)
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Figure 1. Ultra-high-performance KSU Gen-2 PCFC recently demonstrated at KSU. 

Word record PCFC performances



Research Activity 1  at KSU: high-performance protonic ceramic fuel 
cells (PCFCs)
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Research Activity 1  at KSU: high-performance protonic ceramic fuel 
cells (PCFCs)
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Figure 1.  EIS spectra of KSU Gen-2 PCFC at 500-

600 ºC.

Figure 2.  EIS spectra of KSU Gen-2 PCFC at 350-

450 ºC.

Highly active electrodes at intermediate operating temperatures

Reduced operating temperature favors CO2 methanation 



Research Activity 1  at KSU: high-performance protonic ceramic fuel 
cells (PCFCs)
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Durable PCFC performances at intermediate operating temperatures
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Research Activity 2  at KSU: CO2 methanation catalysts
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Research Activity 2  at KSU: CO2 methanation catalysts

19CO2 methanation catalyst synthesis approach by adjusting chelating agent/ion ratios (C/I)



Research Activity 3  at KSU: CO2 conversion in PCECs
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Composite electrodes must deliver multiple physical processes: Gas, ion, and 

electron transport; catalysis; and electrochemistry

OU-Comprehensive Computational Modeling of Reversible Methane PCER

Methane is formed through CO/CO2 hydrogenation. 



Cell performance depends on the chemical potential of 

fuel and oxidizer and on internal losses
• Nernst potential equation based on the 

active species in each channel

• Cell operating voltage
Eop,f = δ ∗ Eop,i
= δ ∗ [ENernst,tot − ηohm + ηact + ηconc ]

ηohm, ηact and ηconc are the ohmic, 
activation and concentration overpotentials

• Adjustment factor,δ

δ =0.00218*𝑇𝑃𝐸𝑁-1.0683 

𝑇𝑃𝐸𝑁 is the cell operating temperature in 
Kelvin
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A Novel Hydrogen Economy based on Electrochemical Cells Using Water-Energy 
Nexus Framework 

Comprehensive Techno-economic System Modeling of Reversible Methane PCER

In progress



Comprehensive LCA of Reversible Methane PCER
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Life Cycles Analysis of a novel integrated Hydrogen production system through water-energy nexus (Under Review)  

In progress
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Levelized cost of hydrogen analysis



Publications
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1-Jolaoso L.A, Asadi J, Duan C, Kazempoor P (2022). A novel green hydrogen production using water-energy nexus framework,

Energy Conversion and Management, 276, 116344

2-Liu F; Fang L; Diercks D; Kazempoor P, Duan C, (2022) Rationally designed negative electrode for selective CO2-to-CO

conversion in protonic ceramic electrochemical cells; Nano Energy, 102, 107722.
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6-Jolaoso L.A, Bello I.T, Ojelade O.A, Kazempoor P, A comprehensive review on Operational and scaling-up barriers of
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7- Jolaoso L.A, Asadi J, Duan C, Kazempoor P (2022). Life cycles analysis of a novel integrated hydrogen production system

through water-energy nexus, International Journal of Hydrogen Energy (Under Review )
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ELECTRODES AND BALANCED REACTIONS

• Anode (steam channel)

• 4H2O➔ 8H+ + 2O2 + 8e-

Air (21% O2 and N2 balance) is added to this channel

• Cathode (fuel channel)

• CO2 +8H+ + 8e-
➔ CH4 +2H2O

Argon is feed to this channel to act as a sweep gas

Overall reaction:

CO2 + 4H2O   ➔ CH4 +2H2O + 2O2



PCEC-GLOBAL CHEMICAL REACTION 

• The PCEC global chemical reaction for co-electrolysis of CO2 
and H2O are:

• CO2 +H2➔ CO +H2O ,              ∆H=-41kJ/mol

• CO +3H2➔ CH4 +H2O,              ∆H=-206 kJ/mol

• CO2 +4H2➔ CH4 +2H2O,         ∆H=-164 kJ/mol



For Methanation-at the cathode

• CO2 +8H+ 8e-
➔ CH4 +2H2O

• E0=
1

8𝐹
∆𝑓𝐺𝐶𝑂2

0 − ∆𝑓𝐺𝐶𝐻4
0 − 2 ∗ ∆𝑓𝐺𝐻

2
𝑂

0

• =
1

8∗96487
𝐶

𝑚𝑜𝑙

−394.4 − (−50.9) − 2 ∗ (−237.1)
𝑘𝐽

𝑚𝑜𝑙

=0.17 V



Nernst and cell potential

At the anode

• 𝐸𝑂2= 𝐸𝑂2
0 −

𝑅𝑇

𝑛𝐹
𝑙𝑛

𝑃𝐻2𝑂,𝑎𝑛
4

𝑃𝑂2,𝑎𝑛
2 ∗ 𝑃𝐻2,𝑎𝑛

4

At the cathode,

• 𝐸𝐶𝐻4= 𝐸𝐶𝐻4
0 −

𝑅𝑇

𝑛𝐹
𝑙𝑛

𝑃𝐶𝑂2,𝑐𝑎∗𝑃𝐻2,𝑐𝑎
4

𝑃𝐶𝐻4,𝑐𝑎∗ 𝑃𝐻2𝑂,𝑐𝑎
2

The open circuit voltage (OCV) is thereby given as:

• 𝐸𝑂𝐶𝑉=   δ(𝐸𝐶𝐻4− 𝐸𝑂2)

• 𝐸𝐶𝑒𝑙𝑙= 𝐸𝑂𝐶𝑉 + Overpotentials 

• δ=f(T) is a balancing factor


