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Abstract

This study presents a digital twin-based virtual laboratory de-
signed to optimize the manufacturing processes of electrode
materials for Solid Oxide Fuel Cells (SOFC). Leveraging arti-
ficial intelligence models (R?=0.89, RMSE=0.03), the system
accurately predicts critical material properties such as elec-
trode thickness, dispersion stability, and polarization resis-
tance. The virtual simulation of key processes—material se-
lection, combining, coating, and sintering—significantly en-
hances process accuracy, efficiency, and product quality, ef-
fectively reducing experimental time and costs.

Overview of SOFC

This study establishes a digital twin-based virtual labora-
tory environment to innovatively improve the manufactur-
ing process of electrode materials, which are key compo-
nents of Solid Oxide Fuel Cells (SOFCs). Operating at high
temperatures, SOFCs are recognized as a next-generation
energy technology due to their high energy efficiency and
versatility in using various fuels.(Weber 2021) As the per-
formance of electrode materials significantly influences the
overall efficiency of SOFCs(Wang, Chang, and Wang 2021),
this research utilizes digital twin technology and artificial
intelligence (AI) to explore optimal manufacturing condi-
tions, aiming to enhance the accuracy and efficiency of the
process(Alfaro-Viquez et al. 2025).

The major manufacturing processes for SOFC electrode
materials primarily consist of selecting cell configuration
and components, a combining process (ball milling), a
coating process, and a sintering process(Xiao et al. 2023;
Minary-Jolandan 2022).

Development of a Digital Twin-Based Virtual
Laboratory

Specifically, in this project, digital twin technology was used
to virtually implement each key process as shown in Figure
1. Firstly, during the cell composition phase, users selected
material combinations such as the cathode layer, cathode
buffer layer, and electrolyte layer, simulating the weight and
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Figure 1: SOFC key processes and virtualization implemen-
tation processes

temperature of the materials. Secondly, in the mixing pro-
cess, ball milling was employed to achieve uniform mixing
and fine particle size adjustment, optimizing mixing speed
and duration to enhance material quality. Thirdly, in the
coating process, a spray device was utilized to form coat-
ings of uniform and precise thickness, with detailed man-
agement of nozzle height and pressure to improve coating
quality. Fourthly, the sintering process involved heat treating
the materials at high temperatures to increase the mechani-
cal strength and durability of the electrode materials. Lastly,
a process for verifying results within the virtual laboratory
environment was added to enable the evaluation of the ma-
terial properties of the final product as shown in Figure 2,
reflecting the variables from the previous processes. The re-
sults that can be verified in our virtual laboratory are listed
below:

* Dispersion Stability: The ability of particles to remain
evenly dispersed in a medium.

¢ Electrode Thickness: The measure of thickness of elec-
trode.

* Electrode Thickness Uniformity: Consistency of elec-
trode thickness across a surface.

» Polarization Resistance: Resistance of an electrode to
changes in polarization.

e Ohmic Resistance: The inherent resistance of the elec-
trode material to electrical flow.



* Maximum Power Density: The highest amount of power
output per unit volume from a device.

* Initiation Potential: The voltage at which an electrode be-
gins to actively participate in a reaction.
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Figure 2: Verification of material properties of the final prod-
uct in a virtual environment

Al Integration and Real-Time Prediction
Framework

In this study, artificial intelligence (AI) models are devel-
oped using lifecycle data from the entire SOFC manufactur-
ing process. The dataset includes information on raw ma-
terials (e.g., La, Sr, Fe, Mn, O), composition (mol%), pro-
cessing conditions (e.g., zirconia content, chamber humidity
and temperature, sintering temperature and duration), and
the physical properties of each layer involved in cell fabrica-
tion. The deep neural network (DNN) model demonstrated
high predictive performance with an Rsquare of 0.89 and
RMSE of 0.03, and was integrated into a virtual reality (VR)
environment. Within the VR platform, an API enables users
to input materials, compositions, processing conditions, and
measurement environments. The Al model then predicts cor-
responding material properties, such as dispersion stabil-
ity from the ball milling process, electrode thickness and
uniformity from the coating process, and initiation poten-
tial, ohmic resistance, polarization resistance, and maximum
power density from the sintering process. Furthermore, a
real-time interaction environment was established by inte-
grating the Al model with a digital twin system via APIs.
This allows process data to be transmitted to the Al model,
and the predicted results to be immediately returned to the
digital twin system. Through this framework, researchers
can efficiently evaluate various process conditions, signifi-
cantly reducing time and cost in actual manufacturing. The
developed digital twin virtual laboratory is designed to be
user-friendly and accessible, supporting not only research
applications but also educational purposes.

The main framework of this system, as shown as Figure
3, is based on real-time interaction between client PCs and
VR equipment such as the Meta Quest 3(Meta Platforms,
Inc. 2023), with the virtual environment constructed using
Unity3D(Unity Technologies 2023). On the client PC, the
digital twin application collects and processes sensor data
and user input from the VR device. Additionally, the system
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Figure 3: Virtual laboratory environment framework

executes simulated 3D processes within the virtual labora-
tory environment based on user interactions and visualizes
results in real-time.

On the digital twin server side, collected data is analyzed
and processed in real-time to optimize the current state of
the process, and these results are integrated back into the
VR application. This structure allows users to intuitively un-
derstand and manipulate processes within a virtual labora-
tory environment, with all data processing and interactions
occurring seamlessly through real-time communication be-
tween the VR equipment and the server.

Conclusion and Future Work

In conclusion, this study proposes a methodology and sys-
tem that significantly enhances the efficiency and perfor-
mance of the SOFC electrode material manufacturing pro-
cess by integrating digital twin and Al technologies. The
developed methodologies are applied in two main ways.
First, virtual experimental training is provided within the
digital twin environment, enabling researchers to practice
and optimize experimental procedures in advance. This has
improved the quality and stability of actual laboratory ex-
periments, leading to more consistent product performance.
Second, the VR environment allows researchers to simulate
and predict experimental outcomes based on complete life-
cycle data before conducting real experiments. By config-
uring material compositions and process conditions virtu-
ally and reviewing the AI model’s predictions in advance,
researchers can more efficiently design experiments and ac-
celerate the development of materials with the desired prop-
erties. Specifically, this approach is expected to contribute
to the advancement of next-generation SOFC material de-
velopment technologies.

Future research will focus on expanding the diversity of
experimental data to improve the generalizability of the Al
models to a wider range of SOFC types and material sys-
tems. In addition, establishing a rigorous validation frame-
work will be essential to ensure the physical accuracy of the
digital twin simulations when compared to real-world exper-
imental results. Improving the usability and scalability of the
integrated platform especially for small- and medium-scale
manufacturing environments will also be an important direc-
tion. These efforts aim to strengthen the practical applicabil-
ity of the proposed system and accelerate its deployment in
real-world manufacturing settings.



Acknowledgments

This work was supported by the Virtual Engineering Plat-
form Project (Grant No. P0022336), funded by the Min-
istry of Trade, Industry & Energy (MoTIE, South Ko-
rea) and by Innovative Human Resource Development
for Local Intellectualization program through the Insti-
tute of Information & Communications Technology Plan-
ning & Evaluation(IITP) grant funded by the Korea
government(MSIT)(IITP-2025-RS-2020-11201462)

References

Alfaro-Viquez, D.; Zamora-Hernandez, M.; Fernandez-
Vega, M.; Garcia-Rodriguez, J.; and Azorin-Lopez, J. 2025.
A Comprehensive Review of Al-Based Digital Twin Ap-
plications in Manufacturing: Integration Across Operator,
Product, and Process Dimensions. Electronics, 14(4): 646.

Meta Platforms, Inc. 2023. Meta Quest 3: Techni-
cal Specifications. https://www.meta.com/ko-kr/help/quest/
6604317379684494. Accessed: 2025-03-11.

Minary-Jolandan, M. 2022. Formidable challenges in ad-
ditive manufacturing of solid oxide electrolyzers (SOECs)
and solid oxide fuel cells (SOFCs) for electrolytic hydrogen
economy toward global decarbonization. Ceramics, 5(4):
761-779.

Unity Technologies. 2023. Unity Real-Time Development
Platform — 3D, 2D, VR & AR Engine. https://unity.com.
Accessed: 2025-03-11.

Wang, R.-T.; Chang, H.-Y.; and Wang, J.-C. 2021. An
Overview on the Novel Core-Shell Electrodes for Solid Ox-
ide Fuel Cell (SOFC) Using Polymeric Methodology. Poly-
mers, 13(16): 2774.

Weber, A. 2021. Fuel flexibility of solid oxide fuel cells.
Fuel Cells, 21(5): 440-452.

Xiao, Y.; Wang, M.; Bao, D.; Wang, Z.; Jin, F.; Wang, Y;
and He, T. 2023. Performance of fuel electrode-supported
tubular protonic ceramic cells prepared through slip casting
and dip-coating methods. Catalysts, 13(1): 182.

110



