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Abstract: Mass transfer limitations constitute a critical bottleneck affecting performance in
calcium-based thermochemical energy storage systems. In this study, we propose a
composite-structured reaction bed integrating gradient pore distribution with multilevel pore
channels to synergistically optimise heat and mass transfer pathways within the bed. By
establishing a three-dimensional numerical model, the heat storage reaction during Ca(OH),
dehydration was simulated to systematically investigate the coupled enhancement
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mechanisms of heat transfer, mass transfer, and reaction kinetics driven by gradient porosity
and multilevel pore channels. Further, we elucidate the influence patterns of pore volume
fraction and inlet temperature on energy storage performance. Results indicate that within the
studied 1-4-level pore channel range, heat/mass transfer performance and reaction rate
exhibit a sustained upward trend with increasing level number. Compared with conventional
uniform pore structures, the four-level gradient pore channel model with an 8% pore channel
volume fraction achieved an approximately 16.6% increase in bed average temperature and a
27.98% reduction in the time required for complete conversion. This study elucidates the
synergistic mechanism by which gradient porosity optimizes heat transfer pathways while
multilevel channels enhance water vapor transport. It provides theoretical foundations and
engineering guidance for the structural design and parameter optimization of high-
performance calcium-based thermochemical energy storage reactors.
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Fig. 2 Three-dimensional schematic of the primary pore channel fundamental model (a), three-dimensional
schematic of the secondary pore channel fundamental model (b), three-dimensional schematic of the tertiary
pore channel fundamental model (c), three-dimensional schematic of the quaternary pore channel fundamental
model (d) top view of the primary pore channel fundamental model (e), top view of the secondary pore channel
fundamental model (f), top view of the tertiary pore channel fundamental model (g), top view of the quaternary
pore channel fundamental model (h)
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Fig. 13 Schematic diagrams of a four-level double-layer gradient porosity structure model with varying pore
volume fractions, (a) represent three-dimensional structural diagrams for pore volume fractions of 6%,7%,8%,
and 9% respectively, (b) corresponding top-view structural diagrams
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Fig. 14 Temperature contour plots of the bed under
gradient porosity conditions for a quaternary pore
channel reactor under three volume fraction
conditions
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Table 2 Performance metrics under varying pore volume fractions
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