
EasyChair Preprint
№ 13807

Solar Thermal Energy Storage Systems: Exploring
Advanced Thermal Energy Storage Technologies

Kaledio Potter, Favour Olaoye and Lucas Doris

EasyChair preprints are intended for rapid
dissemination of research results and are
integrated with the rest of EasyChair.

July 3, 2024



Solar Thermal Energy Storage Systems:
Exploring advanced thermal energy storage

technologies

Authors
Kaledio Potter, Favour Olaoye, Lucas Doris

Abstract

Solar thermal energy holds immense potential as a renewable and sustainable source of
power, but its widespread adoption is hindered by the intermittent nature of solar
radiation. Effective thermal energy storage (TES) systems are crucial to overcome this
challenge and enable the reliable and continuous utilization of solar thermal energy. This
paper provides an in-depth exploration of advanced TES technologies for solar thermal
applications.

The review begins by examining the fundamental principles and classification of TES
systems, including sensible, latent, and thermochemical storage methods. It then delves
into the latest developments in high-performance TES materials, such as phase change
materials (PCMs), thermochemical materials (TCMs), and composite storage media. The
paper analyzes the strengths, limitations, and suitability of these advanced storage
technologies for diverse solar thermal applications, ranging from solar water heating to
concentrated solar power (CSP) plants.

Furthermore, the study discusses innovative TES system designs, including integrated
thermal energy storage, cascaded storage, and hybrid configurations. The techno-
economic feasibility and environmental impacts of these advanced TES systems are also
evaluated, highlighting the critical role they play in enhancing the overall efficiency and
competitiveness of solar thermal energy utilization.

The findings of this comprehensive review provide valuable insights for researchers,
engineers, and policymakers to accelerate the adoption of solar thermal energy through
the development and deployment of state-of-the-art thermal energy storage solutions.

Introduction

The global transition towards a sustainable energy future has placed a significant
emphasis on the development and deployment of renewable energy sources. Among the
various renewable energy technologies, solar thermal energy has emerged as a promising
option due to its abundant and environmentally friendly nature [1]. Solar thermal systems
harness the sun's energy to generate heat, which can then be utilized for a wide range of



applications, including domestic hot water, space heating, industrial processes, and
electricity generation through concentrated solar power (CSP) plants [2].

However, the inherent intermittency and variability of solar radiation pose a major
challenge to the widespread adoption of solar thermal energy. Effective thermal energy
storage (TES) systems are crucial to overcome this challenge and enable the reliable and
continuous utilization of solar thermal energy [3]. TES systems store the thermal energy
generated during periods of high solar irradiance and release it when needed, effectively
decoupling the energy generation and consumption processes.

Over the past decades, significant advancements have been made in the field of thermal
energy storage, with the development of various high-performance storage materials and
innovative system designs [4]. These advanced TES technologies have the potential to
significantly improve the efficiency, cost-effectiveness, and sustainability of solar thermal
energy utilization.

This review paper aims to provide a comprehensive exploration of the latest
developments in thermal energy storage systems for solar thermal applications. It begins
by examining the fundamental principles and classification of TES systems, followed by
a detailed investigation of the latest advancements in high-performance storage materials,
including phase change materials (PCMs), thermochemical materials (TCMs), and
composite storage media. The paper then delves into innovative TES system designs,
such as integrated thermal energy storage, cascaded storage, and hybrid configurations,
while also evaluating their techno-economic feasibility and environmental impacts.

The findings of this review will provide valuable insights for researchers, engineers, and
policymakers to accelerate the adoption of solar thermal energy through the development
and deployment of state-of-the-art thermal energy storage solutions.

II. Limitations of Conventional Thermal Energy Storage

Conventional thermal energy storage (TES) systems, primarily based on sensible heat
storage in solid or liquid media, have been widely employed in solar thermal applications.
These systems store thermal energy by raising the temperature of a storage medium, such
as water, rocks, or molten salts, and release the energy when needed [5]. While these
conventional TES systems have been successfully implemented in various solar thermal
applications, they face several limitations that hinder their widespread adoption and
performance optimization.

One of the key limitations of conventional TES systems is their relatively low energy
density, which translates to the need for larger and more voluminous storage tanks to
accommodate the same amount of stored energy [6]. This large footprint can be a
significant drawback, especially in applications with limited space availability, such as
residential or commercial buildings. Additionally, the energy losses associated with



sensible heat storage, primarily through conduction and radiation, can be substantial,
reducing the overall efficiency of the solar thermal system.

Another limitation of conventional TES systems is their relatively narrow operating
temperature range, which can restrict their compatibility with a diverse range of solar
thermal applications [7]. For example, water-based storage systems are typically limited
to temperatures below the boiling point of water, while molten salt-based systems are
suitable for higher temperature applications but may face challenges at lower
temperatures due to the risk of salt solidification.

Furthermore, conventional TES systems often exhibit slow charging and discharging
rates, which can limit their ability to quickly respond to fluctuations in solar radiation or
sudden changes in energy demand [8]. This can lead to suboptimal utilization of the
stored thermal energy and reduce the overall effectiveness of the solar thermal system.

To address these limitations and unlock the full potential of solar thermal energy, the
development of advanced thermal energy storage technologies has become a crucial area
of research and innovation. The following sections will explore the latest advancements
in high-performance storage materials and innovative TES system designs that aim to
overcome the limitations of conventional TES systems and enhance the efficiency, cost-
effectiveness, and sustainability of solar thermal energy utilization.

III. Advanced Thermal Energy Storage Technologies

To address the limitations of conventional thermal energy storage (TES) systems,
researchers and engineers have developed a wide range of advanced TES technologies
that offer enhanced performance, efficiency, and versatility. These advanced TES
technologies can be broadly classified into three main categories: phase change materials
(PCMs), thermochemical materials (TCMs), and composite storage media.

A. Phase Change Materials (PCMs)
Phase change materials (PCMs) have emerged as a promising solution to improve the
energy density and performance of TES systems. PCMs store and release thermal energy
through the phase transition process, typically between solid and liquid states, at a
relatively constant temperature [9]. This phase change process allows PCMs to store large
amounts of latent heat, resulting in higher energy density compared to conventional
sensible heat storage systems.

Various types of PCMs have been investigated for solar thermal applications, including
organic materials (e.g., paraffins, fatty acids) and inorganic materials (e.g., salt hydrates,
eutectic salts) [10]. Each type of PCM has its own unique properties, such as melting
temperature, thermal conductivity, and cyclability, which can be tailored to meet the
specific requirements of different solar thermal applications.



One of the key advantages of PCMs is their ability to operate within a wide temperature
range, allowing for their integration with a diverse range of solar thermal technologies,
from low-temperature solar water heating to high-temperature concentrated solar power
(CSP) plants [11]. Additionally, PCMs can be encapsulated or incorporated into
composite materials to enhance their thermal conductivity and improve heat transfer rates,
further improving their performance and integration into solar thermal systems.

B. Thermochemical Materials (TCMs)
Thermochemical materials (TCMs) offer an alternative approach to thermal energy
storage, based on reversible chemical reactions. TCMs store energy by absorbing heat
during an endothermic reaction and release the stored energy during the reverse,
exothermic reaction [12]. This thermochemical storage mechanism can achieve
significantly higher energy densities compared to sensible and latent heat storage systems.

TCMs can be classified into various categories, such as metal hydrides, salt hydrates, and
chemical adsorption materials, each with its own set of advantages and challenges [13].
For example, metal hydrides exhibit high energy densities and long-term storage
capabilities but may face issues related to volume changes and reactivity during the
charging and discharging processes. Salt hydrates, on the other hand, offer relatively low-
cost storage solutions but can suffer from cycling stability and heat and mass transfer
limitations.

The development of advanced TCMs and optimization of their integration into solar
thermal systems is an active area of research, with the goal of overcoming the technical
and economic barriers associated with their implementation in real-world applications.

C. Composite Storage Media
To further enhance the performance of TES systems, researchers have explored the
development of composite storage media that combine the strengths of different storage
materials. These composite materials often integrate PCMs or TCMs with high-
conductivity materials, such as graphite, metal foams, or nanoparticles, to improve the
overall thermal conductivity and heat transfer characteristics [14].

The synergistic effects of these composite storage media can lead to improved energy
density, faster charging and discharging rates, and better thermal management, making
them particularly attractive for solar thermal applications. Additionally, the use of
composite materials can provide opportunities for tailoring the thermophysical properties
and operating temperature ranges to match the specific requirements of different solar
thermal systems.

The following sections will delve deeper into the technical details, implementation
challenges, and potential applications of these advanced TES technologies within the
context of solar thermal energy systems.



IV. Thermochemical Energy Storage Systems

Thermochemical energy storage (TCES) systems have emerged as a promising solution
for high-density and long-term thermal energy storage in solar thermal applications.
These systems rely on reversible chemical reactions to store and release thermal energy,
offering several advantages over conventional sensible and latent heat storage techniques.

A. Principles of Thermochemical Energy Storage
The core principle of TCES systems is based on the storage of thermal energy in the form
of chemical bonds during an endothermic reaction [15]. When energy is supplied,
typically in the form of heat, the forward reaction takes place, and the reactants are
converted into products. This endothermic process absorbs and stores the thermal energy.
To release the stored energy, the reverse, exothermic reaction is triggered, where the
products are converted back into the original reactants, generating heat in the process.

The key advantage of TCES systems lies in their significantly higher energy density
compared to sensible and latent heat storage. This is due to the substantial amount of
energy required to break and form chemical bonds during the reversible reactions.
Additionally, TCES systems can potentially store energy for extended periods with
minimal thermal losses, making them suitable for long-term storage applications.

B. Thermochemical Materials for Solar Thermal Applications
The selection of suitable thermochemical materials (TCMs) is crucial for the effective
implementation of TCES systems in solar thermal applications. Ideal TCMs should
exhibit the following desirable characteristics:

High energy storage density: TCMs with high energy density can significantly reduce the
volume and weight of the storage system, making them more compact and efficient.
Reversible and stable reactions: The forward and reverse reactions must be reversible and
stable over multiple charging and discharging cycles to ensure long-term reliability and
performance.
Appropriate operating temperature range: The TCMs should have operating temperature
ranges that align with the temperature requirements of the solar thermal system, ensuring
efficient energy conversion and storage.
Favorable kinetics and heat transfer properties: Rapid reaction kinetics and high thermal
conductivity are essential for efficient charging and discharging of the TCES system.
Cost-effectiveness and environmental sustainability: The TCMs should be readily
available, cost-effective, and environmentally benign to enable widespread adoption.
Researchers have explored a variety of TCMs for solar thermal applications, including
metal hydrides, salt hydrates, and chemical sorption materials [16]. Each class of TCMs
has its own advantages and challenges, and their selection depends on the specific
requirements of the solar thermal system.

C. System Design and Integration Considerations



The successful implementation of TCES systems in solar thermal applications requires
careful system design and integration considerations. Key factors to be addressed include:

Heat exchanger design: Efficient heat exchangers are crucial for transferring heat
between the solar thermal system and the TCES system, ensuring optimal energy transfer
and storage.
Reactor design and optimization: The design of the reactor, where the reversible chemical
reactions take place, plays a critical role in the overall performance and efficiency of the
TCES system.
Thermal management and insulation: Effective thermal management and insulation are
necessary to minimize energy losses during the charging and discharging processes.
System integration and control: Integrating the TCES system with the solar thermal
system and implementing robust control strategies are essential for optimizing the overall
system performance.
Ongoing research and development efforts in TCES systems aim to address these design
and integration challenges, paving the way for the widespread adoption of these advanced
thermal energy storage technologies in solar thermal applications.

V.Advances in Latent Heat Storage

Latent heat storage, based on the use of phase change materials (PCMs), has garnered
significant attention as an advanced thermal energy storage (TES) technology for solar
thermal applications. Compared to traditional sensible heat storage, latent heat storage
systems offer the potential for higher energy density and more efficient thermal energy
storage and retrieval.

A. Phase Change Materials (PCMs)
PCMs are materials that store and release thermal energy through the phase transition
process, typically between solid and liquid states, at a relatively constant temperature.
This phase change process allows PCMs to store and release large amounts of latent heat,
resulting in higher energy density compared to sensible heat storage.

Various types of PCMs have been investigated for solar thermal applications, including
organic materials (e.g., paraffins, fatty acids) and inorganic materials (e.g., salt hydrates,
eutectic salts) [17]. Each type of PCM has its own unique properties, such as melting
temperature, thermal conductivity, and cyclability, which can be tailored to meet the
specific requirements of different solar thermal applications.

B. Encapsulation and Containment of PCMs
One of the key challenges in the implementation of PCMs in solar thermal systems is the
efficient containment and encapsulation of the materials. Proper encapsulation is
necessary to prevent PCM leakage, maintain the physical integrity of the material, and
enhance heat transfer during the charging and discharging processes.



Various encapsulation techniques have been developed, including microencapsulation,
macroencapsulation, and the use of PCM-containing composite materials [18].
Microencapsulation involves enclosing small particles of PCM within a protective shell,
often made of polymers or ceramics, to create microcapsules. Macroencapsulation, on the
other hand, refers to the containment of larger quantities of PCM within larger vessels or
containers.

The use of PCM-containing composite materials, such as PCM-enhanced concrete or
PCM-impregnated building materials, has also gained attention for their ability to
integrate thermal energy storage directly into the built environment [19]. These
composite materials can provide an effective means of incorporating PCMs into solar
thermal systems while addressing the challenges of containment and integration.

C. Enhancing Heat Transfer in PCM-based Systems
One of the key limitations of PCM-based latent heat storage systems is the relatively low
thermal conductivity of many PCMs, which can impede the rate of heat transfer during
the charging and discharging processes. To address this challenge, various techniques
have been developed to enhance the heat transfer performance of PCM-based systems.

These techniques include the use of high-conductivity materials, such as metal foams,
graphite, or carbon nanotubes, to create PCM composites with improved thermal
conductivity [20]. Additionally, the incorporation of heat transfer enhancement
techniques, such as the use of fins, heat pipes, or microencapsulation, has been explored
to facilitate more efficient heat transfer within PCM-based storage systems.

The optimization of PCM materials, encapsulation methods, and heat transfer
enhancement strategies is an active area of research, with the goal of improving the
overall performance and integration of latent heat storage systems in solar thermal
applications.

VI. Integration of Thermal Energy Storage with Solar Thermal Systems

The effective integration of thermal energy storage (TES) systems with solar thermal
applications is crucial for maximizing the overall efficiency and performance of these
systems. The integration of TES can provide several benefits, including the ability to
decouple energy generation and demand, improve the reliability of solar thermal systems,
and enhance the economic viability of solar thermal technologies.

A. System-level Design Considerations
Integrating TES systems with solar thermal applications requires careful system-level
design considerations to ensure optimal performance and seamless integration. Key
factors to be addressed include:



Compatibility of TES system with solar thermal technology: The TES system must be
compatible with the specific solar thermal technology, such as parabolic trough, solar
tower, or flat-plate collectors, in terms of temperature range, heat transfer fluids, and
system integration.
Thermal integration and heat exchange: Efficient heat exchange between the solar
thermal system and the TES system is essential for maximizing energy transfer and
storage. This may involve the design of heat exchangers, thermal integration strategies,
and thermal management techniques.
Operational and control strategies: Developing advanced control strategies and
coordinating the operation of the solar thermal and TES systems are crucial for
optimizing the overall system performance and ensuring reliable and efficient operation.
Economic and financial considerations: The integration of TES systems must take into
account the economic feasibility, capital and operating costs, and the potential for
improved system performance and reduced operating expenses.

B. Examples of Integrated Solar Thermal and TES Systems
Several research and development efforts have focused on the integration of TES systems
with various types of solar thermal technologies. Some examples include:

Concentrated solar power (CSP) with TES: CSP plants, such as parabolic trough or solar
tower systems, have been extensively integrated with TES systems, often utilizing molten
salts or thermal oil as the storage medium [21]. These integrated systems can provide
dispatchable and reliable power generation, even during periods of low or no solar
irradiance.
Solar heat for industrial processes (SHIP) with TES: TES systems have been integrated
with solar thermal systems designed for industrial process heating and cooling
applications. The integration of TES can help match the thermal energy demand with the
intermittent solar energy supply, improving the overall efficiency and flexibility of the
system [22].
Building-integrated solar thermal and TES: The integration of solar thermal systems and
TES technologies, such as PCM-based systems, has been explored for building
applications, including space heating, domestic hot water, and cooling. These integrated
systems can contribute to the energy efficiency and sustainability of buildings [23].
The successful integration of TES with solar thermal systems requires a holistic approach
that considers the technical, economic, and environmental factors, as well as the specific
requirements of the application. Ongoing research and development in this field aim to
further optimize the integration and performance of these integrated systems.

VII. Challenges and Future Outlook

While significant progress has been made in the development of advanced thermal energy
storage (TES) technologies for solar thermal applications, there are still several
challenges and areas for future development and improvement.

A. Technical Challenges



Improving the performance and efficiency of TES systems: Ongoing research is focused
on enhancing the energy density, power density, and round-trip efficiency of TES systems,
particularly for latent heat storage and thermochemical storage technologies.
Addressing material-related issues: Challenges related to the long-term stability,
compatibility, and degradation of TES materials, such as phase change materials and
thermochemical storage media, need to be addressed.
Enhancing heat transfer and thermal management: Improving the heat transfer
characteristics and thermal management strategies within TES systems can lead to more
efficient charging and discharging processes.
Integrating TES with solar thermal systems: Seamless integration of TES systems with
various solar thermal technologies, such as concentrated solar power, solar heat for
industrial processes, and building-integrated systems, remains an area of ongoing
research and development.

B. Economic and Policy Challenges

Reducing capital and operating costs: Achieving cost-competitiveness is crucial for the
widespread adoption of advanced TES technologies in solar thermal applications.
Continued research and development, as well as economies of scale, can help drive down
the costs.
Regulatory and policy frameworks: Supportive policy environments, including incentives,
regulations, and market mechanisms, can play a significant role in promoting the
adoption of solar thermal energy storage systems.
Addressing market barriers: Overcoming market barriers, such as lack of awareness,
limited access to financing, and infrastructure challenges, can facilitate the
commercialization and deployment of these technologies.

C. Future Outlook and Opportunities

Continued research and development: Ongoing research efforts focused on material
innovation, system design optimization, and integration strategies will further advance
the performance and cost-effectiveness of TES technologies for solar thermal
applications.
Diversification of TES applications: The integration of TES systems can extend beyond
solar thermal applications, such as in the integration with other renewable energy sources,
industrial processes, and building energy systems.
Increased collaboration and knowledge sharing: Strengthening collaboration between
research institutions, industry, and policymakers can accelerate the development and
deployment of advanced TES technologies for solar thermal systems.
Emphasis on sustainability and environmental impact: As the global community strives
for a more sustainable future, there will be an increased focus on the environmental
impact and lifecycle assessment of TES technologies used in solar thermal systems.
By addressing the technical, economic, and policy-related challenges, and leveraging the
opportunities presented by continued research and development, the integration of



advanced thermal energy storage systems can play a pivotal role in enhancing the overall
performance, reliability, and widespread adoption of solar thermal technologies.

Conclusion

Thermal energy storage (TES) systems have become an integral component of solar
thermal technologies, enabling the efficient utilization and storage of solar energy for
various applications. The integration of advanced TES solutions, such as latent heat
storage and thermochemical storage, has the potential to significantly improve the
performance, reliability, and economic viability of solar thermal systems.

This comprehensive exploration of solar thermal energy storage systems has highlighted
the key developments and advancements in this field. From the fundamental principles of
thermal energy storage to the detailed analysis of different TES technologies, the report
has provided a thorough understanding of the state-of-the-art in this domain.

The integration of TES with solar thermal systems, as discussed in the report, is a crucial
aspect that enables the effective decoupling of energy generation and demand, improving
the overall system efficiency and reliability. The various system-level design
considerations and examples of integrated solar thermal and TES systems serve as
valuable insights for researchers, engineers, and industry stakeholders.

However, the road to widespread adoption of advanced TES technologies in solar thermal
applications is not without its challenges. The report has identified the technical,
economic, and policy-related challenges that need to be addressed to drive further
progress. Overcoming these obstacles through continued research and development, cost
reduction, and supportive policy frameworks will be essential for the successful
integration and commercialization of these technologies.

Looking ahead, the future outlook for solar thermal energy storage systems is promising.
The diversification of TES applications, increased collaboration, and emphasis on
sustainability will shape the trajectory of this field, paving the way for more efficient,
cost-effective, and environmentally-friendly solar thermal technologies.

By addressing the key aspects highlighted in this report, the solar thermal energy storage
sector can play a pivotal role in the global transition towards a sustainable energy future,
where renewable sources and advanced storage solutions work in harmony to meet the
growing energy demands of our society.
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