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Abstract of Thesis

Efforts are underway to improve the performance and efficiency of electrochemical devices like fuel cells and
batteries, which share porous electrodes as a key component. The structure of these electrodes significantly
affects their performance, cost, and durability, making it crucial to control their porosity. Inside, complex
interactions between solid, liquid, and gas phases enable transport and reactions of molecules, electrons, ions,
and heat. Computer-aided design, tied closely with mathematical modeling and optimization, plays a central role

in optimizing these electrode structures for better performance.

A strong theoretical foundation is essential for understanding the physical principles behind these optimizations.
Without it, the mechanisms driving performance improvements may remain unclear. Entropy generation
analysis, based on non-equilibrium thermodynamics, helps quantify system inefficiencies, guiding design changes
to reduce energy loss and improve efficiency. Integrating entropy generation into optimization offers insights into

the trade-offs between performance metrics, supporting the creation of more efficient designs.

Chapter 2 begins by optimizing porosity in a two-dimensional reaction-diffusion system to improve reaction rates
using topological optimization (TO). Chapter 3 extends this to electrochemical systems, optimizing material
distribution to enhance electrode performance, using the Butler-Volmer equation for nonlinear kinetics and

comparing two optimization strategies. An entropy generation model further highlights system inefficiencies.

Chapter 4 develops a two-phase flow model for a polymer electrolyte membrane fuel cell (PEMFC), optimizing its
catalyst layer (CL) to boost output current density and improve oxygen delivery. Chapter 5 introduces a pore-level
optimization framework that combines pore network modeling (PNM) with metaheuristic algorithms to optimize

porous reactor designs, enhancing reaction rates and efficiency.

Ultimately, the objective of this thesis is to develop innovative design methodologies that enhance the structural
configurations of electrodes and porous media in reactive-transport systems. By advancing the understanding of
material distributions and transport phenomena, this thesis seeks to contribute to the development of more

efficient, sustainable, and cost-effective electrochemical energy conversion technologies.
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