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The increasing penetration of renewable energy in modern power systems imposes strongly intermittent and dynamic

operating conditions on power-to-hydrogen assets. Alkaline water electrolysers must therefore operate flexibly, following

fluctuating power input while maintaining structural integrity. To support the reliable design and operation of such

systems, realistic and traceable methods are required to derive mechanical load collectives for critical components. This

paper presents a multi-scale modelling framework for quantifying load spectra for the electrolyser frame, forming the

basis for fatigue-based lifetime prediction and risk assessment.

At the highest level, a system model of the coupled electricity and hydrogen markets is used to generate long-term

operational profiles. The model captures price-driven dispatch behaviour, variability in the availability of renewable

energy, and the resulting flexibility requirements imposed on the electrolyser. The resulting system-level load collective,

expressed as dynamic power trajectories and operating sequences, is subsequently transferred to dedicated virtual

representations of the electrolyser.

In subsequent steps, subsystem and component-level models translate the high-level operational profile into detailed

mechanical load parameters for the electrolyser frame, including stress cycles, frequency distributions, and transient

loading phenomena associated with flexible operation. These refined load collectives serve as inputs for structural fatigue

analysis and risk quantification.

The paper demonstrates how market-driven system simulations, combined with component-specific modelling, provide a

consistent and transparent workflow that links real-world operational flexibility to mechanical ageing of the electrolyser

frame. The approach supports risk-informed design and operation of next-generation flexible electrolyser systems.
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