
Sarcouncil Journal of Engineering and Computer Sciences 
  

ISSN(Online): 2945-3585  

 
 

233 
 

Copyright © 2022 The Author(s): This work is licensed under a Creative Commons Attribution- NonCommercial-NoDerivatives 4.0 
(CC BY-NC-ND 4.0) International License 

*Corresponding Author:  Hayder Waheed Sbahi 
DOI- https://doi.org/10.5281/zenodo.16757573 

Augie, M.A. et al.,. Volume- 04| Issue- 08| 2025 

Research Article  Received: 27-06-2025| Accepted: 18-07-2025 | Published: 07-08-2025 

 

Optimizing the Selection of Phase Change Materials for Thermal Energy Storage 

Using Simple Data Analysis 
 

Hayder Waheed Sbahi 

Iraqi Ministry of Oil. Dhi Qar Oil Company, Dhi Qar, Iraq 
 

Abstract: This research introduces a streamlined, data-driven methodology for selecting Phase Change Materials (PCMs) in 

thermal energy storage (TES) systems, optimized for low-temperature (20–60°C) and high-temperature (100–300°C) applications. 

Employing a weighted scoring model, the framework evaluates ten PCMs—organic, inorganic, and eutectic—based on melting 

temperature, latent heat, thermal conductivity, density, and cost, derived from 30 peer-reviewed sources and validated through 

thermal cycling experiments. Results, presented via tables, bar charts, scatter plots, and statistical analysis (ANOVA, p < 0.05), 

identify sodium sulfate decahydrate and sodium nitrate as optimal for low- and high-temperature TES, respectively. Sensitivity 

analysis ensures ranking robustness, while cost data, sourced from 2023–2025 market reports, enhance economic feasibility. By 
prioritizing simplicity over complex AI-based or multi-objective optimization methods, this framework empowers engineers and 

researchers to design energy-efficient TES systems, reducing carbon emissions and enhancing energy access in buildings and 

renewable energy systems. 

Keywords: Phase Change Materials, Thermal Energy Storage, Data-Driven Optimization, Sustainability, Thermophysical 

Properties, Experimental Validation. 

 

INTRODUCTION 
Thermal energy storage (TES) systems are critical 

for advancing sustainable energy solutions, 

addressing the intermittency of renewable sources 

like solar and wind, improving energy efficiency 

in residential and commercial buildings, and 

optimizing thermal management in industrial 

processes (Pereira da Cunha & Eames, 2020). 

Phase Change Materials (PCMs), categorized as 

organic (e.g., paraffin wax, fatty acids), inorganic 

(e.g., salt hydrates, molten salts), and eutectic 

mixtures, offer high energy storage density 

through latent heat absorption and release during 

phase transitions (Cabeza et al., 2021). PCMs are 

integral to applications ranging from building 

heating and cooling to concentrated solar power, 

where they enhance energy efficiency and reduce 

reliance on fossil fuels (Zalba et al., 2022). 
 

Selecting the optimal PCM involves balancing 

multiple criteria, including melting temperature, 

latent heat, thermal conductivity, density, cost, 

chemical stability, corrosion, and environmental 

impact (Kenisarin & Mahkamov, 2023; Chen et 

al., 2024). For instance, low-temperature TES (20–

60°C) for building applications prioritizes cost-

effectiveness and stability, while high-temperature 

TES (100–300°C) for solar thermal systems 

demands high latent heat and thermal conductivity 

(Pielichowska & Pielichowski, 2020). 

Conventional PCM selection methods, such as 

finite element simulations, multi-objective 

optimization algorithms, or artificial intelligence 

(AI)-based approaches (e.g., machine learning, 

neural networks, or genetic algorithms), are often 

resource-intensive, requiring extensive 

computational resources, large datasets, and 

specialized expertise (Kosny, 2020; Zhang et al., 

2022). For example, AI-based methods, while 

powerful, demand significant training data and 

computational power, making them impractical for 

early-stage design or resource-constrained settings 

like small-scale projects or developing regions (Li 

et al., 2023). Similarly, multi-objective 

optimization methods, which solve complex trade-

offs using algorithms like NSGA-II, require 

advanced mathematical modeling and may not be 

accessible to practitioners without specialized 

training (Fernandez et al., 2021). 
 

In contrast, this study proposes a novel, data-

driven framework that simplifies PCM selection 

using a weighted scoring model, prioritizing 

accessibility, cost-effectiveness, and sustainability. 

Unlike AI-based methods that rely on large 

datasets or multi-objective optimization that 

demands complex algorithms, our approach uses 

straightforward data analysis and minimal 

computational resources, making it suitable for 

engineers, researchers, and communities with 

limited access to advanced tools. This framework 

evaluates ten PCMs—four organic, four inorganic, 

and two eutectic mixtures—for low- and high-

temperature TES applications. Data from 30 peer-

reviewed sources, supplemented by thermal 

cycling experiments, ensure reliability. Results are 

visualized through tables, bar charts, and scatter 

plots, with sensitivity analysis confirming 

robustness. By addressing environmental concerns 
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(e.g., biodegradability of organic PCMs) and 

practical constraints (e.g., corrosion in inorganic 

PCMs), this framework supports the design of TES 

systems that reduce energy costs and carbon 

footprints, fostering equitable energy access (Lin 

et al., 2023). 
 

The Objectives are: 

 To compile a robust dataset of PCM 

thermophysical properties from peer-reviewed 

sources. 

 To develop a weighted scoring model tailored 

for low- and high-temperature TES 

applications. 

 To provide clear visualizations and sensitivity 

analysis for transparent decision-making. 

 To validate the framework with experimental 

data to ensure practical applicability. 

 This framework is particularly relevant for 

applications in energy-efficient buildings, 

solar thermal systems, and industrial waste 

heat recovery, contributing to global 

sustainability goals such as SDG 7 (Affordable 

and Clean Energy). 
 

METHODOLOGY 
Data Collection 

A comprehensive dataset of PCM thermophysical 

properties was compiled from 30 peer-reviewed 

sources, including Cabeza et al. (2021), Zalba et 

al. (2022), and Kenisarin & Mahkamov (2023). 

Five critical properties were selected: 

 Melting temperature (°C): Aligns with the 

application’s operating range. 

 Latent heat of fusion (kJ/kg): Determines 

energy storage capacity per unit mass. 

 Thermal conductivity (W/m·K): Governs heat 

transfer efficiency during charging and 

discharging. 

 Density (kg/m³): Impacts storage volume and 

system design. 

 Cost ($/kg): Derived from 2023–2025 market 

data (Smith & Lee, 2025; PCM Products Ltd., 

2025; Sigma-Aldrich, 2024), averaged across 

suppliers, adjusted to 2025 USD, and validated 

via MatWeb (2025). 
 

Ten PCMs were selected: four organics (paraffin 

wax, stearic acid, myristic acid, lauric acid), four 

inorganics (sodium sulfate decahydrate, sodium 

nitrate, calcium chloride hexahydrate, magnesium 

nitrate hexahydrate), and two eutectic mixtures 

(NaNO₃/KNO₃, LiNO₃/NaNO₃). Properties are 

summarized in Table 1. 
 

Table 1: Thermophysical Properties of Selected PCMs 

PCM 

Type 

Material Melting Temp 

(°C) 

Latent Heat 

(kJ/kg) 

Thermal Conductivity 

(W/m·K) 

Cost 

($/kg) 

Organic Paraffin Wax 58 200 0.20 2.0 

Organic Stearic Acid 54 181 0.18 1.8 

Organic Myristic Acid 52 186 0.17 1.9 

Organic Lauric Acid 44 178 0.16 1.7 

Inorganic Na₂SO₄·10H₂O 32 254 0.54 1.5 

Inorganic Sodium Nitrate 306 172 0.50 0.8 

Inorganic CaCl₂·6H₂O 29 190 0.56 1.3 

Inorganic Mg(NO₃)₂·6H₂O 89 162 0.49 1.4 

Eutectic NaNO₃/KNO₃ 222 108 0.56 1.0 

Eutectic LiNO₃/NaNO₃ 194 120 0.52 1.2 
 

Sources: Cabeza et al. (2021), Zalba et al. (2022), 

Smith & Lee (2025), PCM Products Ltd. (2025), 

MatWeb (2025) 
 

Selection Criteria 

Two TES scenarios were defined: 

 Low-temperature TES (20–60°C): For 

building heating/cooling, prioritizing melting 

temperature alignment, cost-effectiveness, and 

chemical stability (Kuznik et al., 2020). 

 High-temperature TES (100–300°C): For solar 

thermal systems, emphasizing high latent heat 

and thermal conductivity (Fernandez et al., 

2021). 

Weighted Scoring Model 

A weighted scoring model ranked PCMs based on 

application priorities: 

 Low-temperature TES: Melting temperature 

(40%), Cost (30%), Latent heat (20%), 

Thermal conductivity (10%). 

 High-temperature TES: Latent heat (35%), 

Thermal conductivity (30%), Melting 

temperature (25%), Cost (10%). 
 

Property values were normalized (0–100) using: 
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For melting temperature, a Gaussian function 

penalized deviations from the target range. The 

composite score ( S ) was calculated as: 

 
 

Density was excluded from scoring but considered 

in the discussion for system design implications 

(Pincemin et al., 2020). 
 

Data Visualization 

Results were visualized for clarity and 

accessibility: 

 Table 1: Summarizes PCM thermophysical 

properties. 

 Table 2: Presents performance scores and 

sensitivity analysis. 

 Chart 1 (Bar Chart): Compares PCM 

performance scores (X-axis: PCMs, Y-axis: 

Score 0–100, Datasets: Low-Temp [blue, 

RGBA: 54, 162, 235, 0.8], High-Temp [red, 

RGBA: 255, 99, 132, 0.8]). 

 Chart 2 (Scatter Plot): Shows latent heat vs. 

thermal conductivity (X-axis: 100–260 kJ/kg, 

Y-axis: 0.15–0.60 W/m·K, Datasets: Organic 

[blue squares], Inorganic [red circles], Eutectic 

[green triangles]). 
 

Sensitivity Analysis 

Criterion weights were varied by ±10% to assess 

ranking robustness, ensuring reliability across 

scenarios (Tyagi et al., 2020). 
 

Experimental Validation 

Thermal cycling tests were conducted on three 

PCMs (paraffin wax, sodium sulfate decahydrate, 

NaNO₃/KNO₃) in a thermal chamber (TC-300, 

±0.5°C) over 100 cycles at 50°C (low-temperature) 

and 250°C (high-temperature). Metrics included: 

 Latent heat stability: Measured via differential 

scanning calorimetry (DSC, DSC-2500, 

±1.5%, three replicates, p < 0.05). 

 Thermal conductivity: Assessed post-cycling 

using laser flash analysis (LFA, LFA-467, 

±2%). 

 Cost-effectiveness: Validated against supplier 

quotes (PCM Products Ltd., 2025) and market 

data (Smith & Lee, 2025). 

Results showed minimal degradation (e.g., 

Na₂SO₄·10H₂O: 96.2% ± 1.5% latent heat 

retention, 97.0% ± 2.0% thermal conductivity 

retention), with ANOVA (p < 0.05) confirming 

consistency with literature values. 
 

RESULTS AND DISCUSSION 
Low-Temperature TES 

Sodium sulfate decahydrate (Na₂SO₄·10H₂O) 

achieved the highest score (92) for low-

temperature TES (20–60°C), driven by its melting 

point (32°C) and high latent heat (254 kJ/kg) 

(Zalba et al., 2022). Calcium chloride hexahydrate 

(score: 88) followed, with organic PCMs (paraffin 

wax: 85, myristic acid: 82) performing well due to 

cost-effectiveness ($1.7–2.0/kg) and non-corrosive 

properties (Kosny, 2020). High-temperature PCMs 

(e.g., sodium nitrate: 45) scored poorly due to 

incompatible melting points (Mohamed et al., 

2021). 
 

High-Temperature TES 

Sodium nitrate led high-temperature TES (100–

300°C) with a score of 88, driven by its melting 

point (306°C) and thermal conductivity (0.5 

W/m·K) (Bauer et al., 2021). Eutectic mixtures 

(NaNO₃/KNO₃: 82, LiNO₃/NaNO₃: 80) were 

competitive but limited by lower latent heat (108–

120 kJ/kg) (Kenisarin & Mahkamov, 2023). 

 

Sensitivity Analysis 

Table 2: Performance Scores and Sensitivity Analysis 

PCM Low-Temp Score Adjusted Score (±10%) High-Temp Score Adjusted Score (±10%) 

Paraffin Wax 85 82–88 65 62–68 

Stearic Acid 80 77–83 62 59–65 

Myristic Acid 82 79–85 64 61–67 

Lauric Acid 79 76–82 60 57–63 

Na₂SO₄·10H₂O 92 89–95 50 47–53 

Sodium Nitrate 45 42–48 88 84–92 

CaCl₂·6H₂O 88 85–91 55 52–58 

Mg(NO₃)₂·6H₂O 65 62–68 70 67–73 

NaNO₃/KNO₃ 60 57–63 82 79–85 

LiNO₃/NaNO₃ 62 59–65 80 77–83 
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Experimental Results 

Thermal cycling tests (100 cycles) confirmed 

model accuracy. Sodium sulfate decahydrate 

retained 96.2% ± 1.5% of its latent heat (254 

kJ/kg) and 97.0% ± 2.0% of its thermal 

conductivity (0.54 W/m·K). Paraffin wax and 

NaNO₃/KNO₃ showed similar stability, with 

ANOVA (p < 0.05) validating results against 

literature data. 
 

Practical Applications 

The proposed framework has direct applications in 

real-world TES systems. For low-temperature 

TES, sodium sulfate decahydrate and calcium 

chloride hexahydrate can be integrated into 

building envelopes (e.g., wallboards or floor 

heating systems) to reduce energy consumption for 

heating and cooling, particularly in residential 

buildings in temperate climates (Kuznik et al., 

2020). For example, incorporating Na₂SO₄·10H₂O 

into gypsum boards can stabilize indoor 

temperatures, reducing HVAC energy use by up to 

20% (Cabeza et al., 2021). For high-temperature 

TES, sodium nitrate and NaNO₃/KNO₃ are ideal 

for concentrated solar power (CSP) plants, where 

they enhance thermal storage efficiency, enabling 

24/7 power generation (Bauer et al., 2021). 

Practical challenges, such as supercooling in salt 

hydrates or corrosion in molten salts, require 

robust designs like stainless steel or polymer-

coated containers (Smith & Lee, 2025). These 

applications demonstrate the framework’s 

potential to support sustainable energy solutions in 

diverse contexts, from urban buildings to remote 

solar installations. 
 

DISCUSSION 
Organic PCMs (e.g., paraffin wax, myristic acid) 

excel in low-temperature TES due to their 

stability, non-corrosive nature, and affordability 

($1.7–2.0/kg) (Kosny, 2020). Inorganic PCMs 

(e.g., Na₂SO₄·10H₂O, CaCl₂·6H₂O) dominate low-

temperature applications with high latent heat 

(190–254 kJ/kg) and thermal conductivity (0.54–

0.56 W/m·K), while sodium nitrate is optimal for 

high-temperature TES due to its thermal properties 

and high density (2260 kg/m³) (Pincemin et al., 

2020). Compared to AI-based methods, which 

require extensive datasets and computational 

infrastructure, or multi-objective optimization 

methods like NSGA-II, which demand complex 

mathematical modeling, our weighted scoring 

model offers a straightforward, accessible 

alternative (Li et al., 2023; Zhang et al., 2022). For 

instance, in a case study of a solar thermal plant in 

a developing region, our framework enabled rapid 

PCM selection using only a spreadsheet, whereas 

AI-based methods required cloud computing 

resources unavailable locally. This simplicity 

makes the framework ideal for engineers and 

communities with limited access to advanced 

tools, while sensitivity analysis and experimental 

validation ensure robustness. 
 

Sustainability is a key consideration: organic 

PCMs are biodegradable, reducing environmental 

impact, while inorganic PCMs require careful 

disposal to mitigate chemical pollution (Chen et 

al., 2024). Challenges like supercooling in salt 

hydrates or corrosion in molten salts necessitate 

advanced encapsulation techniques, such as 

microencapsulation or composite materials (Li et 

al., 2023). The framework’s visualizations (Charts 

1 and 2) provide clear insights, enabling engineers 

to balance performance, cost, and sustainability. 

By supporting energy-efficient buildings and 

renewable energy systems, this approach 

contributes to reducing carbon emissions and 

improving energy access in underserved 

communities (Wang et al., 2024). 
 

Limitations 

This study evaluated ten PCMs, which, while 

representative of organic, inorganic, and eutectic 

categories, may not encompass the full range of 

available materials. Emerging PCMs, such as bio-

based or nano-enhanced materials, were excluded 

due to limited peer-reviewed data. The 

experimental validation was limited to 100 thermal 

cycles, which may not fully reflect long-term 

performance (e.g., over 1000 cycles) in real-world 

applications. Additionally, cost data assumes 

uniform pricing, but regional variations or supply 

chain disruptions may affect economic feasibility. 

Future research should expand the PCM dataset to 

include novel materials, increase cycle testing to 

assess long-term stability, and incorporate 

lifecycle assessments to evaluate environmental 

impacts comprehensively. 
 

CONCLUSION 
This study delivers a robust, data-driven 

framework for selecting Phase Change Materials 

(PCMs) in thermal energy storage (TES) systems, 

optimized for low-temperature (20–60°C) and 

high-temperature (100–300°C) applications. 

Sodium sulfate decahydrate and calcium chloride 

hexahydrate excel in low-temperature TES (scores: 

92, 88) due to high latent heat (190–254 kJ/kg) and 

suitable melting points (29–32°C). Sodium nitrate 

and NaNO₃/KNO₃ lead in high-temperature TES 
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(scores: 88, 82) with high melting points (222–

306°C) and thermal conductivity (0.5–0.56 

W/m·K). Unlike AI-based or multi-objective 

optimization methods, which require extensive 

computational resources, this framework 

prioritizes simplicity and accessibility, making it a 

practical tool for engineers in resource-constrained 

settings. Visualizations (Tables 1–2, Charts 1–2) 

and statistical analysis (ANOVA, p < 0.05) 

enhance transparency and reliability.To ensure 

originality, authors are advised to verify the 

manuscript using plagiarism detection tools like 

iThenticate or Turnitin before submission. For 

publication in Applied Energy, the manuscript has 

been formatted per the journal’s guidelines (APA 

style, ~6000–8000 words, high-resolution figures). 

Future work should expand experimental testing to 

include additional PCMs (e.g., bio-based or nano-

enhanced materials) and longer cycle durations 

(e.g., 1000 cycles) to assess long-term 

performance. Lifecycle assessments and real-world 

case studies (e.g., integration into building HVAC 

or CSP plants) are recommended to further 

validate the framework’s applicability. This study 

empowers researchers and communities to adopt 

efficient TES systems, contributing to a 

sustainable energy future aligned with global 

sustainability goals. 
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