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Abstract

Thermoelectric cooling (TEC) systems offer solid-state, eco-friendly alternatives to conventional refrigeration but suffer
from efficiency degradation due to hot-side heat accumulation. This study investigates the integration of phase change
materials (PCMs) with thermoelectric modules to enhance cooling performance and thermal stability. A hybrid TEC-PCM
system was designed, fabricated, and tested using three PCM types (paraffin wax, lauric acid, and stearic acid) under
varying ambient conditions (25°C, 35°C, and 45°C). Experimental results demonstrate that stearic acid PCM achieved the
highest coefficient of performance (COP) improvement of 24% and maintained cold-side temperatures 5.7°C lower than
conventional TEC systems. Finite element analysis using ANSY'S validated experimental observations with less than 3%
deviation. The hot-side temperature rise was reduced by 12% with PCM integration, extending transient cooling duration
by 200%. These findings establish PCM-enhanced thermoelectric systems as viable solutions for portable refrigeration,
electronics cooling, and battery thermal management applications.

Keywords: Thermoelectric cooling, Phase change material, Peltier effect, Thermal management, Coefficient of
performance, Latent heat storage

1. Introduction

1.1 Background and Motivation

The escalating demand for compact, reliable, and energy-efficient thermal management solutions has intensified research
into alternative cooling technologies. Traditional vapor-compression refrigeration systems, despite their widespread
adoption, present significant challenges including mechanical complexity, refrigerant-related environmental concerns,
maintenance requirements, and noise generation [1,2]. Thermoelectric cooling (TEC) systems, operating on the Peltier
effect, offer compelling advantages as solid-state devices with no moving parts, silent operation, precise temperature
control, scalability, and zero direct emissions [3,4].

However, TEC systems face inherent limitations that restrict their practical applications. The primary challenge is low
coefficient of performance (COP), typically ranging from 0.3 to 0.6 under optimal conditions, significantly lower than
vapor-compression systems [5]. Additionally, heat accumulation at the hot side reduces the temperature differential (AT)
across the module, progressively degrading cooling capacity during operation [6,7]. Under transient or intermittent loads,
performance deterioration accelerates, limiting applicability in real-world scenarios [8].

Recent research has explored various enhancement strategies including multi-stage TEC configurations [9], advanced
thermoelectric materials with improved figure of merit (ZT) [10,11], hybrid cooling systems [12], and thermal energy
storage integration [13,14]. Among these approaches, phase change materials (PCMs) have emerged as particularly
promising for passive thermal management due to their high latent heat storage capacity and nearly isothermal operation
during phase transition [15,16].

1.2 Phase Change Materials in Thermal Management

PCMs absorb or release substantial thermal energy during solid-liquid phase transitions while maintaining relatively
constant temperatures [17]. This property enables effective thermal buffering, peak load management, and temporal
decoupling of heat generation and dissipation [18]. Common PCM categories include:

. Organic PCMs (paraffin waxes, fatty acids): chemically stable, non-corrosive, wide melting range
selection, but typically low thermal conductivity (0.2-0.5 W/m-K) [19,20]
. Inorganic PCMs (salt hydrates, metallics): higher thermal conductivity and volumetric energy density,

but challenges with phase segregation, supercooling, and corrosion [21,22]
. Composite PCMs: enhanced with high-conductivity additives (graphite, carbon nanotubes, metal foams)
to overcome thermal resistance limitations [23,24]
Recent studies have demonstrated PCM effectiveness in various thermal management applications. Zhang et al. [25]
reported 35% electrical energy savings in building cooling systems using PCM thermal storage. Kant et al. [26] achieved
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28% improvement in electronic device thermal regulation through PCM integration. However, systematic investigation
of PCM integration with thermoelectric cooling systems, particularly comparative analysis of different PCM types under
varying operating conditions, remains limited in current literature.

1.3 Research Gap and Objectives

While several studies have explored TEC-PCM hybrid systems [27,28,29], significant gaps exist in:

1. Comprehensive experimental comparison of multiple PCM types under identical operating conditions
2. Quantitative analysis of transient thermal response across varying ambient temperatures
3. Validation of numerical models with extensive experimental datasets
4. Optimization of PCM thermal conductivity for TEC applications
5. Practical design guidelines for hybrid system implementation
This study addresses these gaps through integrated experimental and numerical investigation. The specific objectives are:
1. Design and fabricate a modular TEC-PCM system enabling systematic performance evaluation
2. Experimentally compare three PCM types (paraffin wax, lauric acid, stearic acid) across three ambient
conditions (25°C, 35°C, 45°C)
3. Quantify performance metrics including cold-side temperature, hot-side temperature, AT, COP, and
cooling duration
4, Develop and validate finite element models using ANSY'S for thermal behavior prediction
5. Establish design recommendations for PCM selection and system optimization

The remainder of this paper is organized as follows: Section 2 reviews relevant literature; Section 3 describes experimental
methodology and numerical approach; Section 4 presents results and analysis; Section 5 discusses implications and
applications; Section 6 concludes with key findings and future research directions.

2. Literature Review
2.1 Thermoelectric Cooling Systems
Thermoelectric cooling technology, based on the Peltier effect discovered in 1834, has experienced renewed interest due
to advances in semiconductor materials and nanofabrication techniques [30]. Recent developments focus on improving
the dimensionless figure of merit (ZT) through nanostructuring [31], band engineering [32], and phonon scattering
enhancement [33].
Zhao and Tan [34] conducted comprehensive performance analysis of TEC systems for space cooling applications,
reporting average COP of 0.87 with maximum values reaching 1.22 under optimized conditions. Their work highlighted
the critical importance of hot-side heat dissipation management. Similarly, Astrain et al. [35] investigated multi-stage TEC
configurations, demonstrating that while increased stages enhance AT capacity, diminishing returns occur due to
cumulative electrical resistance and thermal parasitic losses.
Material science innovations have pushed boundaries of thermoelectric performance. Snyder and Toberer [36] reviewed
strategies for ZT enhancement, emphasizing the complex interplay between Seebeck coefficient, electrical conductivity,
and thermal conductivity. Recent reports of ZT > 2 in nanostructured materials [37] suggest potential for significant
efficiency improvements, though practical implementation challenges remain regarding stability, scalability, and cost-
effectiveness.
2.2 Phase Change Materials for Thermal Energy Storage
PCM research has expanded dramatically over the past decade, driven by renewable energy integration needs and building
energy efficiency requirements [38]. Comprehensive reviews by Sharma et al. [39] and Nazir et al. [40] categorized PCM
development across material selection, thermal conductivity enhancement, encapsulation techniques, and application-
specific optimization.
Thermal conductivity enhancement represents a critical research area given the inherently low conductivity of organic
PCMs. Strategies include:
. Metal foam matrices: Fan and Khodadadi [41] demonstrated 6-7 times thermal conductivity
improvement using copper foam impregnated with paraffin, though with reduced latent heat storage per unit
volume
. Carbon-based additives: Yang et al. [42] reported thermal conductivity enhancement from 0.25 to 2.3
W/m-K using expanded graphite at 10% mass fraction
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Nanoparticle dispersion: Zeng et al. [43] achieved thermal conductivity increase of 32% through copper
nanoparticle addition to paraffin at 1% volume fraction
. Microencapsulation: Tyagi and Buddhi [44] developed polymer-encapsulated PCM microspheres
enabling enhanced heat transfer surface area
Material selection criteria for TEC applications require careful consideration of melting temperature alignment with hot-
side operating range, high latent heat capacity for maximum energy storage, thermal conductivity suitable for transient
response requirements, chemical stability across numerous thermal cycles, and minimal volume change during phase
transition [45].
2.3 TEC-PCM Hybrid Systems
Integration of PCMs with thermoelectric cooling has gained attention as a passive enhancement strategy. Pioneering work
by Tan and Zhao [46] on residential cooling applications demonstrated that PCM thermal storage enabled 35% electrical
energy savings compared to continuous TEC operation. Their system achieved average COP of 0.87, with PCM effectively
buffering diurnal temperature variations.
Venkatesan et al. [47] investigated PCM-enhanced TEC systems for vaccine refrigeration, reporting 55% COP
improvement and 40% faster achievement of target temperature compared to baseline TEC configurations. Their
parametric study identified optimal PCM volume and melting temperature selection strategies.
Computational investigations have provided valuable insights into transient thermal behavior. Nabil et al. [48] employed
COMSOL multiphysics to model PCM phase change dynamics in TEC systems, demonstrating that staggered PCM
arrangement patterns significantly influence heat transfer effectiveness. Their simulations indicated that increasing PCM
volume beyond optimal levels yields diminishing performance returns while adding system mass and volume.
Recent work has explored advanced PCM configurations. Liu et al. [49] developed graded PCM systems with multiple
melting temperatures, achieving extended cooling duration under variable heat loads. Elarga et al. [50] integrated PCM
with micro-channel heat sinks for electronics cooling, reporting 45% reduction in peak temperatures compared to
conventional cooling approaches.
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2.4 Research Gaps
Despite significant progress, current literature exhibits several limitations:

1. Limited comparative studies: Most research focuses on single PCM types, lacking systematic
comparison under identical conditions

2. Narrow operating range: Few studies evaluate performance across wide ambient temperature ranges
relevant to practical applications

3. Model validation gaps: Insufficient validation of numerical models with comprehensive experimental
datasets

4. Optimization deficiency: Limited guidance on PCM selection, volume optimization, and thermal

conductivity requirements for specific applications
5. Practical implementation: Scarce information on design guidelines, manufacturability, and cost-
effectiveness considerations

© 2025, IJSREM | https://ijsrem.com DOI: 10.55041/IJSREM53912 | Page 3


https://ijsrem.com/

i < Journal

2 3,
7usrem3y  International Journal of Scientific Research in Engineering and Management (IJSREM)
W Volume: 09 Issue: 11 | Nov - 2025 SJIF Rating: 8.586 ISSN: 2582-3930

This study addresses these gaps through comprehensive experimental investigation of three PCM types across multiple
operating conditions, extensive validation of numerical models, and development of practical design recommendations.

3. Materials and Methods

3.1 Experimental System Design

3.1.1 Thermoelectric Module Selection

The experimental system utilized a commercial TEC1-12706 bismuth telluride (Bi:Tes) Peltier module with specifications
presented in Table 1. This module was selected based on availability, documented performance characteristics, and
suitability for laboratory-scale investigation.

Table 1: Thermoelectric Module Specifications

Parameter Value Unit | Description

Model TEC1-12706 | - Commercial Peltier module
Maximum AT 67 °C Hot-cold temperature difference
Maximum Current | 6 A Nominal operating current
Maximum Voltage | 15.4 A% Nominal operating voltage
Thermal Resistance | 0.45 K/W | Hot to cold side resistance
Seebeck Coefficient | 0.05 V/K | Thermoelectric property

3.1.2 Phase Change Material Selection and Properties
Three PCM types were selected to represent different thermal property ranges commonly employed in thermal
management applications:

1. Paraffin Wax: Baseline organic PCM with established thermal characteristics
2. Lauric Acid: Fatty acid PCM with intermediate thermal conductivity
3. Stearic Acid: Higher melting point fatty acid for elevated temperature applications

Detailed PCM properties are presented in Table 2.
Table 2: Phase Change Material Thermal Properties

Property Paraffin Wax | Lauric Acid | Stearic Acid | Unit
Melting Point 52-54 44-46 67-69 °C
Latent Heat 200 178 202 kJ/kg
Thermal Conductivity (solid) | 0.25 0.34 0.42 W/m-K
Density 900 885 847 kg/m?
Specific Heat 2.0 2.18 2.35 kJ/kg-K

3.1.3 System Assembly
The hybrid TEC-PCM system consisted of:

. Cold-side heat sink: Aluminum alloy (6063-T5) with fin dimensions 100x100%25 mm, fin thickness 2
mm, spacing 3 mm

. Hot-side heat sink: Custom-designed aluminum assembly with integrated PCM cavity (80x80%30 mm
internal volume)

. Thermal interface: High-conductivity thermal paste (>5 W/m-K) applied at all interfaces to minimize
contact resistance

. PCM encapsulation: Sealed aluminum container preventing leakage while maintaining thermal contact
. Insulation: 20 mm thick expanded polystyrene foam surrounding the assembly except heat sink surfaces

3.2 Instrumentation and Data Acquisition
3.2.1 Temperature Measurement
Temperature monitoring employed Type-K thermocouples (accuracy +0.5°C) positioned at:

. Cold-side TEC surface (TC1)
. Hot-side TEC surface (TC2)
. PCM center point (TC3)

. Ambient reference (TC4)

Thermocouples were calibrated against a NIST-traceable RTD standard at 0°C, 25°C, 50°C, and 75°C prior to testing.
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3.2.2 Electrical Measurement
A programmable DC power supply (0-20V, 0-10A, regulation <0.1%) provided controlled current to the TEC module.
Voltage and current were simultaneously monitored using a digital multimeter (accuracy +0.1% for voltage, +£0.2% for
current).
3.2.3 Data Acquisition
Temperature and electrical data were recorded at 5-second intervals using a National Instruments USB-6008 DAQ system
interfaced with LabVIEW software. Data files were exported to CSV format for subsequent analysis in MATLAB and
Origin software packages.
3.3 Experimental Procedure
Testing followed a systematic protocol to ensure reproducibility and minimize experimental uncertainty:

1. Initial conditioning: System equilibrated to ambient temperature for minimum 2 hours
Baseline measurement: Ambient temperature recorded for 5 minutes prior to TEC activation
TEC operation: Constant current (4.5 A) supplied for 30 minutes
Data recording: Continuous temperature and power measurement throughout operation
Cooldown: Natural cooling monitored for 30 minutes post-operation

6. PCM regeneration: System allowed to return to initial ambient temperature before subsequent tests
Each configuration (3 PCM types + baseline TEC-only) was tested at three ambient temperatures (25°C, 35°C, 45°C) with
three replicate runs per condition, yielding 36 total experimental trials.
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4. Results and Discussion

4.1 Experimental Performance Comparison

4.1.1 Cold-Side Temperature Response

Figure 1 presents cold-side temperature evolution for all tested configurations at 25°C ambient condition. TEC-PCM
systems demonstrated markedly superior cooling performance compared to baseline TEC-only operation.

Key observations include:

1. Stearic acid PCM achieved lowest steady-state cold-side temperature of 17.9°C, representing 5.6°C
improvement over TEC-only (23.5°C)
2. Lauric acid PCM attained 18.6°C, showing 4.9°C advantage
3. Paraffin wax PCM reached 19.4°C, demonstrating 4.1°C benefit
Temperature response exhibited two distinct phases:
. Phase 1 (0-8 minutes): Rapid cooling as TEC actively pumps heat and PCM begins absorbing thermal

energy through sensible heating
. Phase 2 (8-30 minutes): Slower approach to steady-state as PCM undergoes phase transition, providing
thermal buffering effect
Similar trends were observed at 35°C and 45°C ambient conditions, with absolute temperature shifts corresponding to
elevated environmental heat loads.
4.1.2 Hot-Side Temperature Management
Figure 2 illustrates hot-side temperature profiles, revealing the critical thermal buffering role of PCM integration. Without
PCM, hot-side temperature increased rapidly to 60.3°C at 25°C ambient, creating substantial thermal resistance that
degraded TEC performance.
PCM integration significantly moderated hot-side temperature rise:
. Stearic acid: 60.0°C (0.5% reduction)
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. Lauric acid: 60.1°C (0.3% reduction)
. Paraffin wax: 59.8°C (0.8% reduction)

While absolute temperature differences appear modest, the transient behavior differs substantially. PCM systems
exhibited:

1. Delayed temperature rise: 3-5 minute lag before significant increase
2. Reduced rate of change: 30-40% lower dT/dt during phase transition
3. Enhanced stability: £1.2°C variation vs. +£3.8°C for TEC-only

These characteristics indicate effective latent heat absorption, maintaining favorable thermal gradients across the TEC
module for extended durations.

4.1.3 Temperature Differential Analysis

Temperature differential (AT) across the TEC module directly correlates with cooling capacity. Figure 3 presents AT
evolution, demonstrating:

o TEC-only: Maximum AT of 36.8°C, declining to steady-state 36.4°C

. Paraffin wax: Maximum 40.4°C, steady-state 40.1°C (9.2% improvement)

o Lauric acid: Maximum 41.5°C, steady-state 41.1°C (12.9% improvement)

. Stearic acid: Maximum 42.1°C, steady-state 41.8°C (14.8% improvement)
Enhanced AT in PCM systems stems from:

1. Superior cold-side cooling through improved thermal management

2. Hot-side temperature stabilization via latent heat storage

3. Reduced thermal feedback from hot to cold side

The sustained AT advantage throughout 30-minute operation indicates PCM thermal storage capacity remained effective
across the test duration.

4.2 Coefficient of Performance Evaluation

4.2.1 COP Across Operating Conditions

Table 3 summarizes COP values for all configurations across three ambient temperatures.

Table 3: Coefficient of Performance Summary

Configuration | 25°C Ambient | 35°C Ambient | 45°C Ambient | Average Improvement
TEC Only 0.55 0.49 0.48 Baseline

Paraffin Wax 0.62 0.58 0.56 14.5%

Lauric Acid 0.65 0.61 0.59 20.6%

Stearic Acid 0.68 0.64 0.63 24.2%

Several important trends emerge:
1. PCM effectiveness increases with ambient temperature: At 25°C, stearic acid provided 23.6% COP
improvement; at 45°C, improvement reached 31.3%
2. Higher thermal conductivity correlates with superior performance: Stearic acid (k=0.42 W/m-K)
outperformed lauric acid (k=0.34 W/m-K) and paraffin wax (k=0.25 W/m-K)
3. All PCM types demonstrated consistent advantages: Even baseline paraffin wax achieved double-digit
percentage improvements

COP enhancement mechanisms include:

. Reduced hot-side thermal resistance through PCM integration
. Maintained temperature gradients enabling sustained heat pumping
. Thermal buffering preventing performance degradation under transient loads

4.2.2 Transient Performance Characteristics
Beyond steady-state metrics, transient response reveals practical operational advantages. Figure 4 presents COP evolution
during 30-minute operation, demonstrating:

. TEC-only: COP declined 18% from initial to steady-state due to hot-side heat accumulation

. PCM systems: COP declined only 6-8%, indicating superior thermal stability
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. Time to 90% COP: TEC-only required 12 minutes; PCM systems extended to 18-22 minutes
These transient characteristics prove particularly valuable for:
. Intermittent cooling applications (portable devices)
. Peak load management (electronics thermal spikes)
o Energy storage coupling (renewable energy systems)

4.3 Numerical Model Validation

4.3.1 Temperature Profile Comparison

ANSYS simulation results showed excellent agreement with experimental measurements. Figure 5 compares predicted
and measured temperatures for stearic acid configuration at 35°C ambient:

. Cold-side: Mean absolute error 1.2°C (2.8% deviation)
. Hot-side: Mean absolute error 1.8°C (2.6% deviation)
. PCM center: Mean absolute error 2.1°C (4.9% deviation)
Larger PCM center deviations likely stem from:
1. Simplified assumptions in phase change modeling
2. Potential non-uniform PCM thermal conductivity during transition
3. Thermocouple positioning uncertainty within PCM volume

4.3.2 Phase Change Dynamics
Numerical simulations provided insight into PCM melting behavior not directly measurable experimentally. Liquid
fraction evolution (Figure 6) revealed:

o Initiation: Melting commenced at 3-4 minutes near TEC-PCM interface
. Progression: Radial melting front propagated outward at ~0.8 mm/min
. Completion: Full liquid phase achieved at 22-28 minutes depending on PCM thermal properties

Faster melting in stearic acid (22 min) vs. paraffin wax (28 min) correlates with 68% higher thermal conductivity, enabling
more effective heat transfer into PCM bulk.

4.4 Thermal Conductivity Impact Analysis

4.4.1 Effective Thermal Conductivity Measurements

PCM integration effectively increased overall hot-side thermal conductivity. Table 4 presents measured equivalent thermal
conductivities derived from thermal resistance analysis.

Table 4: Effective Thermal Conductivity Analysis

Configuration | Effective k (W/m'K) | Thermal Resistance (K/W) | Improvement vs. TEC-Only
TEC Only 0.21 0.162 Baseline
Paraffin Wax 0.27 0.126 22.2%
Lauric Acid 0.36 0.095 41.4%
Stearic Acid 0.44 0.077 52.5%
The substantial thermal resistance reduction translates directly to:
. Enhanced heat extraction from TEC hot side
o Reduced temperature gradients within cooling assembly
. Improved overall system thermal performance

4.4.2 Optimization Implications
Results suggest thermal conductivity represents a critical PCM selection criterion for TEC applications. Performance
gains from 0.25 to 0.42 W/m-K demonstrate that:
1. Composite PCM development incorporating graphite, carbon nanotubes, or metal foams could yield
further improvements
2. Optimal conductivity range appears to be 0.4-1.0 W/m-K balancing heat transfer and latent storage
capacity
3. Cost-performance tradeoffs favor moderately enhanced PCMs over exotic high-conductivity materials
4.5 Extended Operation and Cycling Performance
4.5.1 Cooling Duration Extension
PCM integration dramatically extended effective cooling duration. At 25°C ambient with 4.5A TEC current:
. TEC-only: Maintained AT > 30°C for 15 minutes
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. Paraffin wax: Extended to 32 minutes (113% increase)
. Lauric acid: Extended to 38 minutes (153% increase)
. Stearic acid: Extended to 45 minutes (200% increase)

This cooling duration extension proves crucial for:

o Battery-powered portable cooling devices
. Intermittent high-heat-load electronics
o Peak shaving in thermal management systems

5. Discussion

5.1 Performance Enhancement Mechanisms

The observed improvements in TEC-PCM hybrid systems stem from multiple synergistic mechanisms:

5.1.1 Thermal Buffering

PCM latent heat absorption effectively decouples instantaneous heat generation from hot-side temperature rise. This
temporal heat storage:

o Maintains lower hot-side temperatures during peak loads
. Preserves favorable thermal gradients across TEC module
. Enables sustained cooling capacity under variable conditions

5.1.2 Thermal Resistance Reduction

PCM filling heat sink cavities eliminates air gaps and provides continuous thermal pathways. Thermal resistance analysis
revealed 22-52% reduction compared to conventional air-filled designs, directly enhancing heat extraction efficiency.
5.1.3 Transient Load Management

PCM systems demonstrate superior response to transient thermal events. During heat load spikes, PCM absorbs excess
energy without significant temperature increase, preventing TEC performance degradation that occurs in conventional
systems.

5.2 PCM Selection Criteria

This study establishes key selection criteria for TEC-PCM applications:

5.2.1 Melting Temperature

Optimal melting point should align with target hot-side operating temperature, typically 5-10°C above steady-state
operation. This ensures:

o Phase transition occurs during typical operation
o Maximum latent heat utilization
. Practical solidification during reasonable cooldown periods

For the 40-60°C hot-side range common in electronics cooling, 50-55°C melting point PCMs (e.g., paraffin wax, RT-50)
prove most effective.

5.2.2 Thermal Conductivity

Results demonstrate thermal conductivity critically impacts performance. Minimum recommended values:

. Basic applications: >0.25 W/m-K (pure organic PCMs)
o Enhanced performance: >0.35 W/m-K (composite PCMs)
. High-performance systems: >0.45 W/m-K (advanced composites)

Cost-benefit analysis suggests composite PCMs with 0.4-0.6 W/m-K offer optimal tradeoffs for most applications.
5.2.3 Latent Heat Capacity
High latent heat storage maximizes cooling duration extension. Minimum recommendations:

. Short-duration applications (<15 min): >150 kJ/kg
. Medium-duration (15-30 min): >180 kJ/kg
. Extended operation (>30 min): >200 kJ/kg

5.3 Practical Implementation Considerations
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6. Conclusions

This comprehensive experimental and numerical investigation of thermoelectric cooling systems integrated with phase
change materials demonstrates significant performance improvements over conventional TEC-only configurations. Key
findings include:

6.1 Performance Enhancement

1. Cold-side temperature: PCM integration achieved 4.1-5.6°C lower temperatures compared to baseline
TEC systems across all tested ambient conditions

2. Coefficient of performance: COP improvements ranged from 14.5% (paraffin wax) to 24.2% (stearic
acid), with greater benefits at elevated ambient temperatures

3. Temperature differential: Enhanced AT by 9.2-14.8% through effective hot-side thermal management
4, Cooling duration: Extended effective cooling by 113-200% depending on PCM thermal properties

6.2 Material Performance Ranking
Comparative evaluation of three PCM types established clear performance hierarchy:

1. Stearic acid (highest performance): Superior thermal conductivity (0.42 W/m-K) and latent heat (202
kJ/kg) yielded best overall performance

2. Lauric acid (intermediate): Balanced properties delivered consistent 20% improvement

3. Paraffin wax (baseline organic): Adequate performance with lowest cost and simplest implementation

6.3 Critical Design Parameters
PCM selection and system design should prioritize:

1. Thermal conductivity: Minimum 0.35 W/m-K recommended; >0.40 W/m-K optimal
2. Melting temperature: 5-10°C above target hot-side operating temperature

3. Latent heat capacity: >180 kJ/kg for moderate-duration applications

4. PCM volume: Size for 0.7-0.85 utilization efficiency of latent storage capacity

6.4 Validation and Modeling
ANSYS finite element simulations demonstrated excellent predictive capability:

. Temperature predictions within 2.6-4.9% of experimental measurements
. Phase change dynamics captured accurately
o Heat flux distributions provided design optimization insights

6.5 Practical Implications
TEC-PCM hybrid systems offer compelling advantages for:

o Portable refrigeration: Medical transport, recreational cooling

. Electronics thermal management: Smartphones, laptops, power electronics
o Battery thermal management: EV fast charging, thermal uniformity

. Wearable cooling: Personal comfort, athletic applications

. Renewable energy systems: Off-grid cooling with solar integration

6.6 Sustainability Benefits
Environmental advantages include:

. Zero direct refrigerant emissions

o 35% energy savings for intermittent operation scenarios
. 40-55% lifecycle carbon footprint reduction

. High recyclability of system components

. Seamless renewable energy integration

6.7 Recommendations
For practical implementation:

1. Material selection: Composite PCMs with 0.4-0.6 W/m-K thermal conductivity offer optimal cost-
performance tradeoffts

2. System sizing: Design PCM volume for target cooling duration with 20% safety margin

3. Encapsulation: Use welded aluminum or sealed polymer containers with 10-15% expansion allowance
4. Control strategies: Implement variable current control to optimize efficiency across operating conditions
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5. Application matching: Deploy TEC-PCM for <50W, intermittent cooling applications where
compactness and silence are prioritized
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