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The global transition toward sustainable energy systems demands a comprehensive understanding
of complex interactions across several technological domains, including large-scale energy storage,
renewable production methods, and advanced energy conversion technologies. Addressing these
complexities requires advanced predictive tools capable of accurately simulating coupled physical,
chemical, biological, and electrochemical phenomena which govern the system behavior.

This work highlights how an integrated multiphysics modeling approach provides crucial insights
into processes characterizing innovative energy technologies. Specifically, modeling strategies for
large-scale underground energy storage are presented, emphasizing reactive transport simulations
coupled with reservoir-scale biogeochemical processes, microbial kinetics, and multiphase fluid
dynamics. Furthermore, multiphysics simulations supporting biochemical and electrochemical
energy conversion systems, such as bioreactors and electrolyzers, are discussed, highlighting the
integration of microbial dynamics, mass transfer, and reaction kinetics to optimize the
performance and designs of reactors and electrochemical devices.

Finally, the presentation illustrates how coupled thermal-fluid-electrochemical simulations
significantly contribute to optimize process parameters by enhancing the efficiency, reliability, and
durability of energy conversion devices such as electrolyzer and fuel cells. By linking these
modeling efforts, the discussion underscores the strategic role of multiphysics simulations as
powerful tools for technology innovation, digital twin development, and informed decision-
making, thus accelerating the transition toward sustainable energy systems.



