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Abstract:

Phase Change Materials (PCMs) have gained significant attention in thermal energy storage
applications due to their ability to store and release large amounts of latent heat. Studies
indicate that PCMs can achieve thermal energy storage efficiencies between 75% and 95%,
making them a viable solution for solar energy applications. In solar energy systems, PCMs
improve efficiency by stabilizing temperature fluctuations and enhancing energy storage
capacity, potentially increasing solar thermal efficiency by 20-35%. However, conventional
PCM-based systems face challenges such as low thermal conductivity (0.2-0.5 W/mK), phase
segregation, and subcooling issues, which reduce their performance. The integration of the
Internet of Things (IoT) in energy systems introduces real-time monitoring, predictive
analytics, and automated energy management, offering a promising solution to optimize PCM
performance. loT-enabled smart energy management systems have been shown to reduce
energy consumption by 15-30%, enhance grid stability, and provide adaptive control
mechanisms. This paper presents a comprehensive review of PCM integration with solar
energy and loT-based energy management systems. It examines various PCM classifications,
their chemical and thermal properties, 10T applications in smart energy systems, and
methodologies for improving efficiency. The study highlights key findings from existing
literature, discusses challenges in large-scale implementation, and explores future research
directions for sustainable and intelligent energy management systems.
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1. Introduction
1.1 Background

The increasing global energy demand and concerns over environmental sustainability have led
to the widespread adoption of renewable energy sources, with solar energy being one of the
most promising solutions. According to the International Energy Agency (IEA), solar power
capacity has grown by 22% annually, reaching 1,000 GW globally by 2023 (IEA, 2023).
However, one of the major limitations of solar energy is its intermittent nature, which
necessitates efficient energy storage systems to ensure continuous power supply (Farid et al.,
2004). Phase Change Materials (PCMs) have emerged as a viable solution for thermal energy
storage (TES) due to their ability to absorb and release latent heat during phase transitions.
Studies have shown that PCM-based TES systems can improve solar thermal efficiency by 20-
35% and provide energy storage densities ranging from 100 to 250 kJ/kg depending on the
material used (Cabeza et al., 2011; Alva et al., 2018). However, PCM-based storage systems
still face challenges such as low thermal conductivity (0.2-0.5 W/mK), phase segregation, and
supercooling (Zalba et al., 2003).

To overcome these limitations, the integration of the Internet of Things (10T) in energy systems
has gained traction. 10T enables real-time data monitoring, predictive analytics, and automated
energy management, which can optimize PCM performance, enhance energy efficiency, and
reduce operational costs (Jiang & Yao, 2020). Research indicates that loT-enabled energy
management systems can reduce energy consumption by 15-30% through adaptive control
mechanisms (Huang et al., 2017).

1.2 Problem Statement

Despite the advantages of PCMs and IoT in energy storage, a comprehensive framework
integrating PCM, solar energy, and loT for optimized energy management remains
underdeveloped. Many existing systems operate in isolation, leading to inefficiencies in energy
storage and distribution. The key issues include:

1. Limited PCM thermal conductivity, reducing heat transfer rates.

2. Lack of real-time monitoring and control, causing suboptimal energy storage.

3. Challenges in large-scale implementation, due to cost and technical barriers (Diaconu
etal., 2022).

1.3 Objectives and Scope

This paper aims to:
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1. Review the classification, chemical composition, and thermal properties of PCMs used
in solar energy storage.

2. Analyze the role of loT-based smart energy management in optimizing PCM
performance.

3. Discuss methodologies for integrating PCM, solar energy, and 1oT, including
experimental and computational approaches.

4. Highlight key challenges and future research directions for efficient energy storage and
utilization.

2. Literature Survey

This section reviews the existing research on Phase Change Materials (PCMs), solar energy
applications, and loT-based energy management. It provides insights into PCM classification,
chemical composition, and thermal properties while also discussing the role of IoT in
optimizing energy efficiency.

2.1 Classification and Chemical Composition of Phase Change Materials (PCMs)

PCMs are broadly classified into three categories: Organic, Inorganic, and Eutectic PCMs.
Each category has distinct thermal, chemical, and physical properties that determine their
suitability for specific applications.

2.1.1 Organic PCMs

Organic PCMs include paraffins, fatty acids, and esters, which are known for their chemical
stability, non-corrosiveness, and reliable phase change behavior. However, they typically
suffer from low thermal conductivity (0.2-0.5 W/mK) and flammability.

Latent

Example Melting .
T H ] A D
ype Compounds eat Point (°C) dvantages isadvantages
(J/9)
) Low thermal
) , h Il le, .
Paraffins Octadecane 150-250 20-60 ¢ emlcg y stable conductivity,
Nonadecane non-toxic
flammable
. . High thermal . .
F L A . E , ligh
atty - Lauric - Acid /0180 20-65  stability, xpensive, - slight
Acids Palmitic Acid . odor
biodegradable
Esters Methyl st_earate, 120-160 25-55 Goqd stability, safe Moderat_e_ thermal
Ethyl palmitate for indoor use conductivity

2.1.2 Inorganic PCMs
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Inorganic PCMs include salt hydrates and metallic alloys, which generally have higher thermal
conductivity (0.6-2.5 W/mK) compared to organic PCMs. They offer higher energy density
but can suffer from phase segregation, supercooling, and corrosiveness.

Example Latent Melting
T Heat . A t Di t
ype Compounds ea Point (°C) dvantages isadvantages
(J/9)
High energy Prone  to  phase
Salt CaCl:'6H-0, . . .
Hydrates Na:SOs-10H:0 150-250 25-50 denfsny, mdelysegregaﬂo_n,
available supercooling

A K High thermal
200-300 100-400 conductivity,
durable

Metallic Mg-Al, N
Alloys alloys

Expensive, high
density

2.1.3 Eutectic PCMs

Eutectic PCMs are blends of organic-organic, inorganic-inorganic, or organic-inorganic
compounds, designed to provide tailored melting points and minimal volume changes.

Composition  Latent  Melting

Type Example Heat (J/g) Point (°C) Advantages Disadvantages

ic- in +
Organ!c Par_affln Fatty 140-180  20-65 Stable, non-toxic Costly, _ _moderate
Organic Acid conductivity
Inorganic-  Salt hydrate High thermal Prone to phase

. . 150-250 30-70 . .
Inorganic  mixtures storage density  segregation

Organlc_- Fatty acid + Salt 160-220  40-80 Tu_nable melting S_tablllty issues over
Inorganic  Hydrate points time

2.2 Applications of PCMs in Solar Energy Systems

PCMs play a crucial role in enhancing solar energy storage and thermal regulation. Below are
some key applications:

2.2.1 Solar Water Heating Systems

PCMs are integrated into solar water heaters to store thermal energy during the day and release
it at night, maintaining water temperature 5-10°C higher than conventional systems (Sharma
et al., 2009).
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System Type PCM Used Energy Storage Efficiency Temperature Stability

(%) (°C)
Flat Plate Collector ' 2N ¢ ¢ +5°C
wax
Evacuated Tube Salt
- +7°
Collector hydrates 80-90 £rC

2.2.2 PCM-Based Building Heating and Cooling

PCMs incorporated into building walls, floors, and roofs help regulate indoor temperature by
absorbing heat during the day and releasing it at night, reducing HVAC energy consumption
by 25-40% (Kalnzas & Jelle, 2015).

. Reduction in HVAC Load Thermal Conductivity
PCMT Appl
C ype Application (%) (W/mK)
Paraffin Wallboards 20-30 0.2-0.4
Salt Concrete 30-40 0.8-15

Hydrates blocks

2.2.3 PCM for Photovoltaic (PV) Cooling

PCMs are integrated into solar PV panels to absorb excess heat, preventing efficiency losses
due to overheating. Studies show a 10-15°C reduction in panel temperature, leading to a 5-8%
increase in efficiency (Sarmah et al., 2018).

PCM Type Temperature Drop (°C) Efficiency Gain (%)

Paraffin 10-12 55
Salt Hydrates 12-15 7.8

2.3 Integration of 10T in Energy Management

IoT plays a vital role in real-time monitoring, predictive analytics, and automated energy
optimization. Some key applications include:

2.3.1 Smart Energy Grids

loT-enabled energy management systems reduce energy losses by 15-25% by balancing supply
and demand (Zhu et al., 2018).
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loT Feature Benefit Energy Savings (%0)
Smart Meters Real-time tracking 10-15
Automated Demand Response Load balancing 15-25

2.3.2 Predictive Maintenance for PCM Storage Systems

loT-based predictive maintenance algorithms detect PCM thermal leaks, phase segregation,
and degradation, improving reliability by 20-30% (Jiang & Yao, 2020).

loT Feature Function Improvement (%)
Thermal Sensors Detect phase segregation 25
Al Predictive Models PCM degradation monitoring 30

2.4 Gaps in Existing Research

While significant advancements have been made in PCM and loT-based energy management,
several challenges remain:

1. Limited Large-Scale Implementation — Most studies focus on small-scale PCM
applications; large-scale solar-PCM-I0T integration remains underexplored.

2. IoT Cost and Scalability Issues — High installation and maintenance costs hinder
widespread loT adoption in energy management.

3. PCM Performance Optimization — Thermal leakage, phase segregation, and material
stability require further research to enhance PCM efficiency.

3. Need for Integration of PCM, Solar Energy, and 10T

The increasing demand for efficient, sustainable, and smart energy solutions has driven
significant research into the use of Phase Change Materials (PCMs), solar energy systems, and
loT-based energy management. While these technologies have been extensively studied
individually, their combined integration offers a more efficient and cost-effective approach to
energy storage, utilization, and optimization. The limitations of standalone PCM-based thermal
storage, solar energy collection, and loT-driven energy management highlight the need for a
synergistic approach that leverages the strengths of all three components (Sharma et al., 2021,
Tang et al., 2022). PCMs are widely used for thermal energy storage (TES) due to their high
latent heat capacity. However, their low thermal conductivity and issues such as phase
segregation and supercooling reduce their long-term efficiency (Kalnaes & Jelle, 2015).
Organic PCMs like paraffins and fatty acids are chemically stable but have poor heat transfer
properties, while inorganic PCMs, such as salt hydrates and metallic alloys, offer high therm
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conductivity but may suffer from corrosion and stability issues (Kuznik et al., 2011). Similarly,
solar energy systems, including photovoltaic (PV) and concentrated solar power (CSP)
technologies, face challenges related to intermittency, efficiency loss due to overheating, and
inadequate storage mechanisms (Yadav & Sudhakar, 2015). Traditional energy storage
methods, such as lithium-ion batteries and molten salt storage, have high costs and require
frequent maintenance (Luo et al., 2015). Meanwhile, 10T-based smart energy management
systems can optimize energy usage through real-time monitoring, predictive analytics, and
automation. However, the high costs of 10T implementation, data management complexities,
and cybersecurity risks limit widespread adoption (Ghosh et al., 2021).

A comparative analysis of these challenges highlights the need for integration, where 10T can
enhance PCM-based energy storage and optimize solar energy utilization (Zhou et al., 2020).

Table 3.1 Comparison of Technology

Technology Major Limitation Impact on Energy Management
PCM-Based Low thermal conductivity, phase Inefficient heat transfer, reduced
Storage segregation storage performance

Solar Energy Intermittent supply, efficiency losses Fluctuating energy output, reliance
Systems at high temperatures on external storage

loT-Based Data  vulnerability,  expensive

High cost, cybersecurity risks

Management implementation

By integrating PCM, solar energy, and loT, it is possible to overcome these individual
limitations and create an advanced energy management framework. loT-controlled smart
thermal storage systems can improve PCM efficiency by optimizing phase transitions and
preventing thermal leakage (Zhang et al., 2023). Real-time data collection and Al-driven
automation can adjust solar panel orientation and PCM heat exchange, enhancing energy
absorption and reducing losses (Rahman et al., 2022). Additionally, predictive maintenance
systems using 10T sensors can monitor PCM aging, phase segregation, and degradation,
ensuring longer operational life and 20-30% better performance compared to traditional
methods (Xiao et al., 2020). One of the most significant benefits of this integration is cost-
effective energy storage and distribution. PCM-based thermal storage is cheaper and more
durable than lithium-ion batteries, while I0oT enables efficient distribution, reducing energy
wastage by 15-25% (Saidur et al., 2011). Research suggests that incorporating Al-driven
optimization models with 10T can reduce HVAC energy consumption by up to 40% in smart
buildings, making the combined approach highly scalable and sustainable (Mishra et al., 202
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Future research should focus on enhancing PCM conductivity using nanomaterials, developing
scalable 10T solutions, and implementing robust cybersecurity measures to mitigate risks
associated with data vulnerabilities (Huang et al., 2021).

The integration of PCM, solar energy, and loT offers a promising, highly efficient, and cost-
effective approach to modern energy management. This approach not only improves energy
storage and distribution efficiency but also makes solar energy more reliable and accessible.
By addressing key limitations, this combined system has the potential to revolutionize
sustainable energy applications, particularly in smart buildings, industrial energy management,
and grid-scale power storage (Wu et al., 2020). Future advancements should prioritize
affordability, scalability, and security to enable widespread adoption and ensure long-term
sustainability.

4. Methodology

The proposed methodology integrates Phase Change Materials (PCMs), solar energy
systems, and loT-based management to optimize energy storage, utilization, and real-time
monitoring. This section outlines the system design, experimental setup, mathematical
models, and performance evaluation methods used in this research.

4.1 System Design and Architecture
The proposed energy management system consists of three core components:

1. Solar Energy System

o Photovoltaic (PV) panels generate electrical energy.
o Solar thermal collectors convert sunlight into thermal energy.
o A charge controller regulates the battery and PCM-based thermal storage.

2. PCM-Based Thermal Energy Storage

o PCM absorbs and stores heat during the charging phase (solar peak hours).
o During the discharging phase, stored energy is released based on demand.
o Heat exchangers and enhanced PCM encapsulation are used to improve

thermal conductivity.

3. loT-Based Smart Energy Management

o Sensors and controllers monitor temperature, energy flow, and phase change
behavior.

o A cloud-based Machine Learning (ML) algorithm optimizes energy

storage/release.

Volume 49 Issue 1 (March 2025)
https://powertechjournal.com



-+ Power System Technology

y
)

,__“ )1
/
VIR 4

s 55 )

ISSN:1000-3673

Received: 06-01-2025 Revised: 15-02-2025 Accepted: 25-03-2025

o Wireless communication (Wi-Fi/GSM) enables real-time data acquisition.

A schematic diagram of the integrated system is shown in Figure 4.1.
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Figure 4.1 Schematic diagram of the integrated system
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4.2 Mathematical Models for System Optimization

To model the performance of PCM-based solar energy storage, the following governing
equations are used:

4.2.1 Solar Energy Absorption Model
The total solar power Psolar collected by PV panels is given by:

Psolar = Apy X G X1

where:
. Apy = PV panel area (m?)
. G = Solar irradiance (W /m?)

. npy = PV panel ef ficiency (%)
4.2.2 Heat Transfer Model for PCM Storage

The energy stored in PCM during phase transition is:
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Qpcy = Mpey X (Cp X AT + Lf)

. Qpcy = Thermal energy stored (J)

. mpey = PCM mass (kg)

. Cp = Specific heat capacity (J/kg - K)
. AT = Temperature dif ference (K)

. Lf = Latent heat of fusion (J/kg)
4.2.3 10T-Based Energy Optimization

The optimal energy storage decision is formulated using linear programming:

T
maxzt_lndischarge X QPCM(t) - Ploss(t)

subject to:
Qpcm(t) < Qmaxs Pross(t) < Prrreshold
where:
. Naischarge = PCM discharge ef ficiency
. Pioss = Energy losses due to thermal leakage
. Qmax = Maximum PCM storage capacity

4.3 Experimental Setup & Data Acquisition

4.3.1 Hardware Components

To validate the proposed system, an experimental prototype was built using:
. Solar PV panels (150W each) for power generation

. Thermal storage unit with paraffin PCM (melting point: 58°C)

. DS18B20 temperature sensors for PCM monitoring
. ESP32 loT microcontroller for real-time data logging
. GSM/Wi-Fi module for remote data transmission

4.3.2 Experimental Procedure

The experiment was conducted over four weeks with the following conditions:

. Scenario 1. PCM-Solar system without 10T optimization
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. Scenario 2: PCM-Solar system with loT optimization
. Measurements: PCM temperature, solar irradiance, storage efficiency, and

response time
4.4 Performance Comparison & Results
A comparative analysis between the two scenarios is shown in Table 4.1.

Table 4.1: Performance Comparison of PCM-Solar Systems (With and Without 10T)

Parameter Without 10T With loT Improvement (%0)
Energy Storage Efficiency (%) 65 85 +30%

Heat Loss Reduction (%) 20 10 -50%

Response Time (s) 300 50 -83%

Energy Savings (%) 15 40 +166%

The loT-optimized system demonstrated a 40% increase in energy efficiency, with faster
response times and lower energy losses. These findings confirm the effectiveness of PCM-
Solar-10T integration in enhancing smart energy management (Zhang et al., 2023).

4.5 Key Findings & Future Improvements

. loT-based monitoring reduces energy losses by 50% and improves PCM
efficiency.
. PCM-Solar-10T integration can reduce HVAC energy consumption by up to 40%

in smart buildings (Mishra et al., 2023).

. Future enhancements should focus on advanced nanomaterials for PCM
conductivity improvements and Al-based predictive models for energy optimization.

5. Results & Discussion

The integration of Phase Change Materials (PCMs), solar energy systems, and loT-based smart
management has been evaluated based on experimental data, analytical models, and real-time
monitoring. This section presents the key results, comparative performance analysis, and
discussion on system efficiency, energy savings, and optimization strategies.

5.1 Energy Storage Efficiency Analysis

One of the primary performance metrics analyzed in this study is energy storage efficiency,
which determines how effectively solar energy is absorbed and retained by the PCM. T
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experimental findings indicate that the loT-integrated PCM-Solar system achieved a 30%
increase in energy storage efficiency compared to the non-loT setup.

Table 5.1: Energy Storage Efficiency Comparison

Solar Energy Collected PCM Energy Stored Storage

System Type  \ Whiday) (KWh/day) Efficiency (%)
Without 10T 10 6.5 65

With — loT, 8.5 85
Optimization

As observed in Table 5.1, the 10T-based system improves energy storage efficiency by up to
85%. This is due to real-time monitoring and adaptive energy storage strategies that ensure
optimal utilization of PCM's latent heat capacity.

5.2 Heat Loss Reduction Analysis

Heat loss is a significant issue in PCM-based thermal storage. The results show that integrating
IoT control strategies helped reduce heat loss by 50%, leading to better thermal retention and
longer energy discharge periods. Figure 5.1 showing the heat loss comparison between 10T-
based and non-1oT PCM systems

100 == Without loT
\ — With loT

80

60

40t

Heat Retention (%)

201

0 5 10 15 20
Time (Hours)

Figure 5.1: Heat Loss Comparison Between 10T and Non-1oT PCM Systems
. Without 10T: Heat loss was significantly higher due to uncontrolled discharging cycles.

. With 1oT: Heat loss was reduced by optimizing PCM discharge based on real-time
demand and ambient conditions.
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5.3 Response Time & Smart Control Efficiency

One of the critical advantages of 10T-based control is its fast response time in managing thermal

energy storage and discharge. The experiment measured the time taken for the system to adjust
energy storage and release based on environmental changes and demand variations.

Table 5.2: Response Time Comparison

Parameter Without 1oT With 10T Improvement (%)

Average Response Time (s) 300 50

-83%

The loT-enabled system significantly reduced response time from 300s to 50s, meaning that
energy release and storage occurred almost instantaneously based on real-time conditions. This
is crucial for smart energy management in HVAC systems, industrial processes, and renewable
energy applications.

5.4 Energy Savings & Economic Benefits

The implementation of 1oT-based control strategies in PCM-Solar integration has resulted in
significant energy savings, leading to improved efficiency and cost-effectiveness. The system
was analyzed over a month to determine its impact on daily energy consumption. The results
demonstrated a consistent reduction in energy usage, with savings reaching up to 40%
compared to the non-10T system. This is attributed to the optimized storage and discharge of
thermal energy, ensuring minimal wastage and improved utilization of solar power. Figure 5.2

illustrates the decreasing trend in energy consumption over time, validating the effectiveness
of smart energy management.
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Figure 5.2: Energy Savings Trends Over One Month
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From an economic perspective, while the initial investment in loT-based monitoring and
control systems is approximately 20% higher than conventional setups, the long-term cost
reductions justify the expense. A comparative cost-benefit analysis indicates that the annual
energy expenses for an loT-enabled system are significantly lower, resulting in a payback
period of approximately 2.5 years. Furthermore, the ability to dynamically adjust energy
storage based on real-time demand leads to a more sustainable energy consumption model,
making the system a viable option for large-scale implementations in smart buildings and
industrial energy management.

5.5 Key Observations & Discussion

1. loT-based PCM-Solar integration significantly enhances energy storage efficiency
(from 65% to 85%), ensuring optimal energy retention and reduced wastage.

2. The reduction in heat loss by 50% indicates that thermal insulation strategies combined
with 10T monitoring can greatly improve PCM performance.

3. Smart energy management reduces system response time by 83%, making the system
highly adaptive to real-time energy demand fluctuations.

4. Annual energy savings of up to 40% highlight the system's potential for reducing
operational costs and improving energy sustainability in commercial and residential
applications.

5. Economic analysis suggests that the investment in 10T-based energy optimization is
cost-effective, with a payback period of approximately 2.5 years.

5.6 Conclusion

The integration of Phase Change Materials (PCMs), solar energy systems, and 10T -based smart
energy management has proven to be an effective approach in enhancing energy efficiency and
sustainability. The study findings confirm that loT-enabled control mechanisms significantly
improve PCM thermal storage efficiency, reduce heat losses, and optimize energy utilization.
Key benefits include a 30% increase in storage efficiency, a 50% reduction in heat losses, and
an 83% improvement in system response time. These advancements translate into tangible
economic benefits, with up to 40% energy savings and a reduced payback period for the initial
investment.

The results suggest that loT-driven PCM-Solar integration can revolutionize energy
management in various applications, including smart buildings, HVAC systems, and industrial
thermal storage. Future work should focus on the incorporation of advanced Al-based
predictive analytics, integration with smart grids, and the use of high-performance
nanomaterials to further enhance PCM efficiency. Additionally, scalability studies should be
conducted to explore the potential for widespread adoption in large-scale renewable ener,
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storage projects. Overall, the study highlights the transformative potential of smart 10T -based
PCM-Solar systems in advancing energy sustainability and efficiency.
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