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Abstract

The integration of solar thermal energy systems with efficient thermal storage is essential for
ensuring a continuous energy supply, especially given the intermittent nature of solar radiation.
Conventional solar thermal storage systems rely predominantly on Sensible Heat Storage
(SHS) materials, which, although cost-effective, suffer from lower energy densities and
increased thermal losses. Phase Change Materials (PCMs), which store thermal energy through
phase transitions, offer higher energy density and more stable temperature profiles during
storage. This paper explores a hybrid system combining SHS and PCM to optimize solar
thermal energy storage. By leveraging the thermal advantages of both materials, the hybrid
system aims to maximize energy storage capacity, reduce thermal losses, and enhance overall
system efficiency. A comprehensive analysis combining numerical modeling and experimental
validation reveals that the dual approach significantly improves the energy retention and
thermal storage capacity of the system. The findings suggest that the hybrid system offers
superior performance compared to traditional SHS-only or PCM-only systems, making it a
promising solution for residential, commercial, and industrial solar thermal applications.

Introduction

Background

Solar thermal energy systems convert
sunlight into heat, which can be stored and
utilized when sunlight is not available. The
efficiency of these systems is highly
dependent on the thermal storage method
employed. Sensible Heat Storage (SHS)
systems store energy by raising the
temperature of a material, such as water or
rocks. However, these systems have

relatively low energy density and are prone
to higher heat losses during the discharge
cycle. On the other hand, Phase Change
Materials (PCMs) store energy through
phase transitions (e.g., solid-to-liquid),
providing higher energy densities and more
stable temperature profiles. Despite these
advantages, PCMs often suffer from slow
heat transfer rates and poor thermal
conductivity, limiting their performance.
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Figure: Recent advances and impact of phase change materials on solar energy

This paper proposes a dual approach to
optimize solar thermal storage by
combining SHS and PCM. The integration
of both materials in a hybrid storage system

aims to address the weaknesses of each
material when used independently,
improving energy efficiency, storage
capacity, and overall system performance.
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Motivation

This study is motivated by the need for
more efficient solar thermal energy storage
solutions.  Traditional Sensible Heat
Storage (SHS) systems have low energy
density and high thermal losses, while
Phase Change Materials (PCMs) offer
higher energy density but suffer from slow
heat transfer rates. By combining SHS and
PCM in a hybrid system, we aim to
optimize the advantages of both, creating a
more efficient, reliable, and sustainable
energy storage solution that can better meet
the demands of various solar thermal
applications.

Problem Statement

While Sensible Heat Storage (SHS) and
Phase Change Material (PCM) systems
have been widely studied individually,
there is a lack of comprehensive research on
hybrid systems that combine both
materials. The main challenge lies in
determining the optimal configuration,
material  selection, and operational
strategies to maximize the performance of
such hybrid systems. Addressing this gap in
research is crucial for developing a more
efficient and reliable solar thermal storage
solution that leverages the benefits of both
SHS and PCM technologies.

Research Significance

This study contributes to the advancement
of solar thermal storage technologies by
offering valuable insights into the design
and optimization of hybrid systems that
integrate Sensible Heat Storage (SHS) and
Phase Change Materials (PCM). The
proposed dual approach has the potential to
significantly enhance storage efficiency,
reduce thermal losses, and improve system
reliability. By addressing the limitations of
individual storage methods, this research
paves the way for more effective solar
thermal solutions, making them more
viable for large-scale adoption in
residential, commercial, and industrial
applications.

Objectives

The primary objectives of this research are:

1. To investigate the thermal
properties and performance of
Sensible Heat Storage (SHS)
materials and Phase Change

Materials (PCMs) for solar thermal
storage applications.

2. To develop a hybrid storage system
that integrates SHS and PCM for
improved energy retention and
retrieval.

3. To conduct numerical simulations
and experimental tests to assess the
performance of the hybrid system
under varying conditions.

4. To compare the performance of the
hybrid system with traditional SHS-
only and PCM-only systems.

5. To identify the optimal material

combinations and system
configurations for specific
applications (residential,

commercial, and industrial).

Literature review

Cabeza, L. F., Solé, C., & Barreneche, C.
(2015) conducted a review on Phase
Change Materials (PCMs) and thermal
energy storage in buildings. The authors
discussed the potential of PCMs in
improving the energy efficiency of
buildings, focusing on their application in
building envelopes to reduce energy
consumption. Their work, published in
Energy and Buildings, highlighted various
PCM materials and their thermal properties,
specifically focusing on energy savings and
comfort improvement during different
seasonal conditions.

Farid, M. M., Khudhair, A. M., Razack,
S. A. K., & Al-Hallaj, S. (2004) provided
an extensive review on phase change
energy storage materials and applications
in Energy. This work explored the different
types of PCMs and their applications in
thermal energy  storage  systems,
emphasizing the importance of selecting
appropriate materials based on thermal
characteristics such as heat of fusion,
thermal conductivity, and phase change
temperature. Their research also discussed
the challenges and limitations of PCM
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applications in large-scale thermal storage
systems.

Hossain, M. S., & Al-Hassan, M. (2014)
performed a numerical study of the thermal
performance of a hybrid latent heat storage
system for solar thermal applications,
published in Applied Thermal Engineering.
Their research examined a hybrid storage
system integrating PCMs and sensible heat
storage (SHS), highlighting its potential for
improving efficiency in solar thermal
systems. The authors found that a hybrid
system could significantly enhance
performance by  maintaining  more
consistent temperature levels during the
energy release phase, reducing thermal
losses.

Methodology

Material Selection

For the Sensible Heat Storage (SHS)
component, materials with high specific
heat and thermal conductivity were chosen,
including water and molten salts. These
materials are effective at absorbing and
releasing thermal energy by changing
temperature without undergoing phase
transitions, making them suitable for SHS
applications.

For the Phase Change Material (PCM)
component, materials like paraffin wax and
salt hydrates were selected. These PCMs
are capable of storing large amounts of
thermal energy during phase transitions,
offering high energy density and stable
temperature profiles during the storage and
retrieval process. Key factors in material
selection included the phase change
temperature, heat of fusion, and thermal
conductivity, as these properties directly
influence the efficiency of the energy
storage system.

System Design

The hybrid solar thermal storage system
was designed to integrate both Sensible
Heat Storage (SHS) and Phase Change
Material (PCM) in a modular configuration,
maximizing the benefits of each storage
method. The system consists of a storage
tank divided into multiple sections, with
each section dedicated to either SHS or

PCM, allowing for efficient thermal energy
storage and retrieval.

To optimize the system’s design and
performance, numerical modeling was
conducted using COMSOL Multiphysics
and MATLAB. These simulation tools
were used to model the heat transfer
processes within the hybrid storage system,
taking into account factors such as
temperature gradients, thermal
conductivity, and phase change dynamics.
The simulations helped identify the most
efficient configuration and operational
parameters for integrating SHS and PCM
materials, ensuring optimal energy storage
capacity and minimized thermal losses.
Simulation Approach

A comprehensive numerical model was
developed to simulate the performance of
the hybrid solar thermal storage system
under a variety of conditions. The model
incorporated several key factors to
accurately predict the system's behavior
during both charging (solar radiation) and
discharging (thermal retrieval) phases. The
factors considered in the simulation
included:

e Solar radiation intensity: The
model accounted for varying levels
of solar radiation throughout the
day, representing typical
environmental conditions.

e Ambient temperature variations:
Changes in ambient temperature,
both diurnally and seasonally, were
incorporated to evaluate the
system’s response to fluctuating
environmental conditions.

e Heat transfer dynamics: The
model simulated heat transfer
between the solar collector, storage
system, and the surrounding
environment, ensuring the energy
stored in both SHS and PCM was
properly captured and retained.

e Thermal properties of SHS and
PCM materials: The thermal
conductivity, specific heat, phase
change temperatures, and heat of
fusion of the selected SHS and PCM
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materials were incorporated into the

model to simulate their performance

accurately.
The simulation was run for multiple cycles
to assess the system’s efficiency over
extended periods, with particular focus on
the charging and discharging phases.
Additionally, various SHS-to-PCM
material ratios were tested to identify the
optimal configuration for maximizing
energy storage and retrieval efficiency. The
results helped to determine the ideal
balance between SHS and PCM for
enhanced overall system performance.
Experimental Setup
A prototype of the hybrid solar thermal
storage system was built for experimental
validation of the numerical model. The
experimental setup was designed to closely
replicate real-world conditions and evaluate
the system's performance. The Kkey
components of the experimental setup
included:

e Solar Collectors: These were used
to absorb solar radiation and convert
it into thermal energy, simulating
the energy input into the storage
system during daylight hours.

e Hybrid Storage Tanks: The tanks
were divided into two sections to
accommodate both Sensible Heat
Storage (SHS) and Phase Change
Material (PCM). These sections
allowed for the testing of the hybrid
system’s ability to store and release
thermal energy from both materials.

e Temperature Sensors: A network
of temperature sensors was placed
at different locations within the
storage  system to  monitor
temperature variations and heat
distribution across the SHS and
PCM sections. These sensors
provided real-time data on the
thermal performance of the system
during both the charging and
discharging phases.

o Data Acquisition System: This
system collected thermal
performance data from the sensors,

including temperature, heat flow,
and energy storage levels,
throughout the experiment. The data
was used to analyze the efficiency
of the system and validate the
results of the numerical simulations.
The experiments were conducted under
controlled laboratory conditions designed
to simulate various weather patterns, such
as sunny, cloudy, and low-sunlight
conditions, as well as different thermal load
scenarios.  This  allowed for a
comprehensive evaluation of the system’s
thermal behavior and efficiency across a
range of operational situations, providing
valuable insights into its performance in
practical applications.
Data Analysis and Results
Simulation Results
The simulation results revealed that the
hybrid Sensible Heat Storage (SHS)-Phase
Change  Material (PCM)  system
outperformed both SHS-only and PCM-
only systems across multiple performance
metrics, including energy storage capacity,
thermal stability, and heat transfer
efficiency. Key findings from the
simulation include:

e Higher Energy Storage Capacity:
The hybrid system demonstrated up
to 30% higher energy storage
capacity compared to traditional
SHS systems. The addition of PCM
increased the energy density,
allowing the system to store more
energy within the same volume.

e Improved Temperature Stability:
The PCM component played a
crucial role in maintaining a stable
temperature during the discharge
phase, reducing the temperature
fluctuations typically observed in
SHS-only systems. This resulted in
a 15-20% reduction in thermal
losses, as the PCM effectively
retained and released thermal
energy at a more consistent rate.

o Enhanced Energy Efficiency: The
hybrid system showed a 25%
improvement in overall energy
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efficiency, particularly in low-
sunlight conditions, such as during
the night or on cloudy days. The
combination of SHS and PCM
allowed the system to continue
releasing stored energy more
efficiently, ensuring consistent
performance during times when
solar radiation was unavailable.

Experimental Results

The experimental results supported and

validated the  simulation  findings,

confirming that the hybrid Sensible Heat

Storage (SHS)-Phase Change Material

(PCM) system exhibited superior thermal

performance. Key observations from the

experiments included:

e Faster Heat Recovery: The
integration of PCM allowed for faster
heat recovery times. During the
discharge phase, the PCM component
released energy at a more constant rate
compared to SHS-only systems,
enabling quicker and more efficient
thermal retrieval.

e Reduced Temperature Fluctuations:
The hybrid system demonstrated
reduced temperature fluctuations
during the discharge cycle. The PCM
helped maintain a stable temperature,
preventing sharp drops in thermal
energy, which is commonly observed
in SHS-only systems. This resulted in
more reliable and consistent thermal
energy output over extended periods.

e Lower Thermal Losses: During
periods of low solar radiation, such as
at night or on cloudy days, the hybrid
SHS-PCM system showed a significant

reduction in thermal losses. The PCM's
ability to retain heat during the
charging phase and release it gradually
during the discharge phase helped
maintain a more stable energy output,
minimizing heat loss to the
surrounding environment.

Comparative Analysis

The comparative analysis of the hybrid

SHS-PCM system against the SHS-only

and PCM-only systems revealed the

following advantages:

e 20% Greater Energy Efficiency: The
hybrid system demonstrated a 20%
increase in energy efficiency compared
to both SHS-only and PCM-only
systems. This improvement was
primarily due to the synergistic effect
of combining the high energy density
of PCM with the thermal stability and
heat capacity of SHS.

e 15% Reduction in Thermal Losses:
The hybrid system achieved a 15%
reduction in thermal losses when
compared to SHS-only systems. The
PCM helped minimize temperature
fluctuations and provided a more stable
thermal output, which reduced energy
losses during the discharge phase.

o Higher Storage Capacity: The hybrid
system showed a higher overall storage
capacity than either SHS or PCM
systems alone. The combination of
SHS and PCM materials allowed for a
greater volume of thermal energy to be
stored and released efficiently,
increasing the system's ability to meet
energy demands.

Table: Comparative Performance of Hybrid SHS-PCM, SHS-Only, and PCM-Only

Systems
Parameter Hybrid SHS-PCM | SHS-Only PCM-Only
Energy Sto(g;ge Capacity 30% higher Baseline 25% higher
Thermal Stability Stable temperature | Fluctuating Moderate
Heat Transfer Efficiency | 25% improvement Baseline 10% improvement
Energy Efficiency (%) 20% greater Baseline 15% greater
Thermal Losses (%) 15% reduction Baseline 10% reduction
Optimal SHS to PCM 60% SHS, 40%
Ratio (%) PCM N/A N/A

pg.114 || Issue: Apr-Jun || Year:2025 || Ank:051 || Years: 13



“rhthoishwa " Tntemational Yowmal

"Ar‘hwshwﬂr". Multidisciplinary, Peer Reviewed, Indexed, Refereed, International Journal 7SS%: 2519-6289

Published Month and Year: May 2025 (Ref. No.: NSL/ISSN/INF/2012/2476 Dated: October 19, 2012)

Faster Heat Recovery
(Time)

Faster recovery

Slower Moderate

Optimization
Optimization techniques, such as Genetic
Algorithms  (GA), were applied to
determine the ideal material ratios and
configuration for the hybrid SHS-PCM
system, tailored for different solar thermal
applications. The optimization process
aimed to maximize both energy storage and
retrieval efficiency by adjusting the
proportion of SHS and PCM in the system.
The results from the optimization analysis
indicated that varying the SHS-to-PCM
ratio significantly influenced the system's
performance. After testing multiple
configurations, the optimal ratio was found
to be 60% SHS and 40% PCM. This ratio
provided the best balance between:

e Energy Storage: The  higher
proportion of SHS allowed for
substantial energy storage capacity due
to its larger specific heat, effectively
storing more energy during the
charging phase.

e« Energy Retrieval Efficiency: The
40% PCM ensured more stable and
consistent energy release during the
discharge phase, thanks to its phase
change properties that helped reduce
temperature fluctuations and thermal
losses.

Conclusion

This study demonstrates that integrating

Sensible Heat Storage (SHS) and Phase

Change Materials (PCM) into a hybrid solar

thermal storage system offers significant

improvements in energy efficiency, storage
capacity, and heat retention. The hybrid
system outperforms traditional SHS-only
and PCM-only systems by providing higher
energy density and reduced thermal losses.
The results from both simulations and
experiments indicate that this approach can
enhance the performance of solar thermal
energy systems, making them more viable
for residential, commercial, and industrial
applications. Future work will focus on
further optimizing material selection,

improving PCM thermal conductivity, and

scaling the system for real-world

applications.
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