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To address the issues of deliquescence and agglomeration caused by the high hygroscopicity of salt
hydrates such as calcium chloride (CaCl,) when applied in chemical heat pumps (CHPs), this study
proposes a nano-hole silica microencapsulation method. Based on this concept, three key control and
design tasks across different scales were systematically integrated: at the micron scale, the texture
parameters of the microcapsules were finely tuned to optimize their encapsulation performance and
reaction rate; at the centimeter scale, CaCly/microcapsule composite cells were constructed and their heat
and mass transfer properties evaluated; and at the macroscale, a heat transistor and thermal booster
system were integrated to analyze energy transfer characteristics and reactor optimization strategies. The
objective is to establish a comprehensive material-component—system analysis framework to enhance the
heat storage performance, power output, and overall efficiency of CHPs based on CaCl,
hydration/dehydration cycles, thereby enabling efficient recovery and upgrading of low-grade waste heat.

Chapter 2 focuses on the properties of hollow hard-shell silica microcapsules with nano-holes on
surface, aiming to achieve high-performance encapsulation of CaCl,. These microcapsules were prepared
via a double emulsion method, and preparation conditions such as polymer content, solution
concentration, and surfactant amount were varied based on the synthesis principles. It was found that
these changes significantly affected the microcapsule diameter, shell thickness, and nano-holes size. An
increase in diameter and a decrease in shell thickness significantly enhanced the void fraction of the
microcapsules, thus improving the heat storage density. Structural characterization showed that the
specific surface area of the nano-holes is key to enhancing water vapor permeability, greatly influencing
the hydration kinetics of CaCl,. Meanwhile, the CaCl,-encapsulated composite microcapsules exhibited
high durability and minimal heat loss over multiple reaction cycles. These findings lay the groundwork
for the application of CaCl, in CHPs.

Chapter 3 fabricated centimeter-scale composite cells by bonding the CaCly/microcapsule composites
proposed in Chapter 2 using sodium silicate solution, which can be packed into the reaction bed of CHPs,
thus extending the research from material to component level. The gap fraction, defined as the volume of
gaps between microcapsules relative to the total volume of cell, can be precisely controlled by adjusting
the binder concentration. Through systematic experiments, it was observed that an increased gap fraction
led to enhanced vapor permeability, reduced pressure drop, and higher power density due to improved
mass transport pathways. However, this improvement came at the cost of reduced thermal conductivity,
which was found to deteriorate progressively during repeated hydration/dehydration cycles. These dual
trends highlight a critical engineering trade-off: while large gaps facilitate water vapor flow, they also
impair effective thermal conduction and mechanical stability. Reaction kinetics measurements under
different pressure and temperature conditions showed that increasing the pressure inhibits the formation
of the adsorbed layer on CaCl, surfaces, thereby promoting the hydration reaction, but also restricts the
escape of released water molecules, thus hindering the dehydration reaction. These findings provide a
reference for evaluating the thermal conductivity, power density, and robustness of composite cells when
applied as components in CHPs.

Chapter 4 designs the thermal booster reactor, which is filled with the composite cells introduced in

Chapter 3, thus expanding the study from the material level to the component level. Based on a fixed inlet
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heat flow, this chapter investigates how changes in composite cell and flow path parameters affect the
reactor outlet temperature. A two-dimensional heat transfer model was developed for the reaction bed
and flow path inside the reactor, incorporating composite cell parameters such as power density and
thermal conductivity, as well as flow path geometry including length, width, and height. The model
predicted the axial temperature distribution under steady heat supply conditions and quantified the
fraction of unreactive zones within the composite cells based on the equilibrium temperature of the
CaCl: hydration/dehydration reaction. Results showed that increasing the flow path area improves heat
transfer efficiency and raises the outlet temperature, whereas increasing conduction distance has
minimal effect on outlet temperature but causes substantial heat accumulation, significantly increasing
the unreactive zone fraction and reducing the actual thermal output. A nonlinear relationship was
observed between gap fraction and outlet temperature: a low gap fraction restricts vapor penetration
and lowers power density, while an excessively high gap fraction decreases thermal conductivity;
therefore, neither factor alone can determine the outlet temperature. Under varying flow path
geometries, the highest outlet temperatures appeared at intermediate gap fractions.

Chapter 5 proposes an integrated system composed of a two-stage absorption heat pump based on a
lithium bromide—water working pair (termed the thermal transistor) and the thermal booster. This system
uses low-temperature waste heat as the driving source while simultaneously outputting high-grade hot
water and low-temperature chilled water. The research focuses on a detailed analysis of each position in
the thermal transistor cycle, establishing energy balances for each component and an overall system
efficiency framework. One of the key parameters studied is the distribution ratio, which controls the mass
flow distribution between the high-pressure evaporator (for hot water production) and the low-pressure
evaporator (for chilled water production). Calculations showed that the thermal transistor successfully
achieved efficient output of 120°C high-temperature hot water and 7°C chilled water driven by 80°C
low-grade waste heat. By adjusting the distribution ratio, the hot/cooling output power and overall system
efficiency can be controlled. Increasing the distribution ratio significantly raises the required driving
waste heat, thereby lowering the coefficient of performance (COP) of the system; however, due to the
enhanced high-temperature hot output, the exergy efficiency of the system improves. Additionally,
performance comparisons revealed that although integrating the thermal booster decreases the overall
COP and exergy efficiency compared to the standalone thermal transistor, it upgrades the 120°C heat
flow to a high-grade heat flow above 200°C, making it suitable for high-temperature applications such as
industrial heating or advanced thermodynamic cycles. Although drain loss constrained the overall exergy
efficiency, the system demonstrated clear potential for improving energy quality and extending the
function of waste heat recovery toward high-grade thermal output.

This study demonstrates the interactions between material, component, and system scales: the
improved reaction rate in microcapsules translated to the component scale, allowing composite cells to
release stored energy more rapidly, thereby significantly enhancing the power density of the thermal
booster. Changes in heat/mass transfer properties of the composite cells directly impacted the output
temperature and system efficiency of the thermal booster. Coordinating interactions among multiscale

parameters enables precise tuning of macro-scale CHP system performance by modifying micro-scale
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material properties.

The research outcomes offer practical multiscale design references for applying salt hydrates in CHP
systems. By integrating microencapsulation technology, composite material design, and system-level
configuration, this study presents a solution for the utilization of calcium chloride in industrial heat
recovery scenarios. The proposed material-component—system framework not only improves
performance but also expands the functional versatility of waste heat recovery technologies, supporting
the future development of sustainable energy systems, particularly in applications requiring the upgrade
of low-grade waste heat to high-temperature thermal energy.

In conclusion, this study successfully establishes a multiscale co-optimization strategy for a CHP
system with CaCl, in nano-hole microcapsules. It provides quantitative insights, mechanistic
understanding, and design methodologies that can also be extended to other similar salt hydrate systems.
The elucidated interactions across different physical scales—from microscopic microcapsules to
macroscopic integrated systems—underscore the importance of a holistic, cross-scale mindset in CHP
system design. These findings are expected to offer valuable references for academic research and

industrial applications in related fields.
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