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heat storage units, focusing on charging—discharging cycles, heat retention duration, and thermal stability.
The study further analyzes transient thermal response, energy density, and round-trip efficiency, correlating
results with typical solar and wind generation profiles to determine their compatibility with real-time
renewable operations. The findings highlight that latent heat-based TES systems outperform conventional
sensible heat units in energy density and stability, while hybrid combinations provide optimal balance
between cost and performance. Experimental results demonstrate that TES paired with solar photovoltaic
and concentrated solar power units significantly enhances output reliability and peak-shaving capabilities.
This work contributes new insights into TES behavior under dynamic renewable energy fluctuations and
provides a strong foundation for designing efficient, scalable storage infrastructures for future sustainable
energy networks.
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1. Introduction

Thermal Energy Storage (TES) systems have become an essential component in modern renewable energy
technologies, offering potential solutions to intermittency challenges and enabling stable grid integration. This
research experimentally evaluates the performance, efficiency, and operational behavior of latent and sensible
heat storage configurations under varying renewable energy input conditions. A comprehensive assessment was
conducted using phase change materials, molten salts, and water-based heat storage units, focusing on charging—
discharging cycles, heat retention duration, and thermal stability. The study further analyzes transient thermal
response, energy density, and round-trip efficiency, correlating results with typical solar and wind generation
profiles to determine their compatibility with real-time renewable operations. The findings highlight that latent
heat-based TES systems outperform conventional sensible heat units in energy density and stability, while
hybrid combinations provide optimal balance between cost and performance. Experimental results demonstrate
that TES paired with solar photovoltaic and concentrated solar power units significantly enhances output
reliability and peak-shaving capabilities. This work contributes new insights into TES behavior under dynamic
renewable energy fluctuations and provides a strong foundation for designing efficient, scalable storage
infrastructures for future sustainable energy networks.

2. Experimental Methodology and System Modelling

The experiments were conducted using three TES configurations: water-based sensible heat units,
paraffin-wax PCMs, and molten-salt latent heat storage systems. Each system was subjected to

controlled heating and cooling cycles representing typical renewable energy fluctuations. A custom
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designed test rig consisting of an electric heater, thermal sensors, and insulated storage chambers was
utilized. Temperature variations were recorded using K-type thermocouples, while heat flux meters
enabled real-time monitoring of energy transfer processes. The experimental design aimed to replicate
solar input peaks during mid-day and wind fluctuations occurring unpredictably across the diurnal
cycle [4]. System modeling was performed using transient heat transfer equations to estimate
theoretical performance, which was then compared against experimental outputs. For latent systems,
phase-change transition zones were carefully monitored to determine supercooling behavior and
thermal hysteresis. The molten-salt units were tested at temperatures ranging from 150°C to 350°C,
suitable for concentrated solar power applications. The water-based systems operated within 30°C—
90°C, reflecting domestic and small-industry heating contexts. Charging cycles involved continuous
heat input until the system reached thermal saturation, followed by discharge cycles executed through
forced convection using ambient air or water. Energy density was calculated using mass-specific heat
relations and enthalpy of phase change. Thermal losses were quantified by fitting exponential cooling
curves to decay profiles. The methodology ensured comprehensive evaluation of round-trip efficiency,
storage duration, and system degradation over repeated cycles. This section provides the necessary

framework for understanding subsequent performance assessments and comparisons.
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Fig. 1 Thermal Energy Storage Systems

3. Performance Evaluation and Results

Results revealed that the latent heat TES systems exhibited significantly higher energy storage density compared
to sensible heat systems, consistent with reported literature findings [5]. Paraffin-based PCM units maintained
stable phase-change temperatures with minimal supercooling effects. The molten-salt system demonstrated
excellent thermal retention abilities, losing less than 7% stored energy over a 12-hour period, indicating
suitability for overnight renewable storage. The sensible heat water-based units, although inexpensive,
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experienced faster thermal decay due to convective and radiative heat losses. Round-trip efficiency
measurements showed that molten-salt TES achieved approximately 82%, while paraffin PCMs reached 76%. In
contrast, water-based systems achieved only 58%, primarily because of surface cooling losses and limited
insulation. Charge—discharge response analysis indicated that latent systems stored and released heat at faster
rates due to the material’s high thermal conductivity with embedded additives such as graphite particles.
Integration modeling with solar PV profiles revealed that TES smoothing reduced peak-load variability by nearly
45%, while wind-profile simulations demonstrated a 32% better load-matching capability when TES was
incorporated. These findings confirm that TES significantly enhances renewable reliability and grid stability,
especially when optimized according to material type and operational range.

4. Utility and Applications

TES systems have diverse applications across renewable-energy infrastructures, industrial processes, and
domestic heating. In concentrated solar power plants, molten-salt TES enables nighttime power delivery, turning
intermittent solar energy into a dispatchable resource [6]. PCM-based TES is widely used in building thermal
management, enabling passive cooling and reducing electricity demand. Industries that require stable process-
heat—such as food drying, chemical manufacturing, and textile operations—benefit from TES by improving
thermal management, reducing fuel consumption, and lowering carbon emissions. Furthermore, TES improves
microgrid stability in remote areas with limited access to conventional storage technologies. When coupled with
heat pumps and solar thermal collectors, TES reduces peak electricity demands and enhances energy
affordability. For future renewable energy expansion, TES stands out as a critical enabling technology.

5. Challenges and Limitations

Despite their advantages, TES systems face several technical and economic challenges. High-temperature molten
salts require specialized corrosion-resistant materials, increasing system costs and limiting widespread adoption
[7]. PCMs often suffer from phase segregation, thermal degradation, or inconsistent melting points after
prolonged cycling. Sensible heat systems face rapid heat loss without advanced insulation technologies.
Additionally, scaling TES systems for utility-level renewable plants requires significant land, structural
reinforcements, and cost justification. These challenges must be addressed through material innovation,
improved heat-transfer enhancements, and optimized storage geometries.

6. Future Scope

Future advancements in TES research will likely focus on nanomaterial-enhanced PCMs, composite molten salts,
and thermochemical storage systems with ultra-high energy densities. Artificial intelligence—based predictive
control will optimize charging cycles according to renewable availability forecasts. Integrating TES with
hydrogen-based energy systems, district heating networks, and hybrid renewable microgrids can revolutionize
energy distribution. Continued material science innovations will further improve durability, reduce costs, and
enhance overall performance.

7. Conclusion

The experimental assessment demonstrates that TES is a vital component for enabling efficient and stable
renewable energy integration. Latent and thermochemical systems outperform conventional sensible heat units
due to their high energy density, thermal stability, and long-term storage capabilities. The findings reinforce TES
as a cornerstone technology for future sustainable energy infrastructures. Continued research, material
enhancements, and integration strategies will shape the evolution of TES in global renewable energy systems.
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