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Abstract

This research provides a comprehensive analysis of thermoelectric coolers (TECs), emphasizing performance enhancement
through optimization techniques. The study focuses on improving key metrics, including the Coefficient of Performance
(COP), energy efficiency (nl\eta_InI), and exergy efficiency (nIl\eta_{lI3nII), which are crucial for evaluating TEC
functionality. A single-objective optimization framework was formulated to maximize these parameters using a genetic
algorithm (GA), an advanced optimization technique well-suited for handling non-linear, multi-variable systems. The
optimization process identified critical design parameters, such as thermoelectric element length, cross-sectional area, and
input current, that significantly impact TEC performance. Validation of the optimization findings was carried out using finite
element simulations in the ANSYS® thermal-electric module, which incorporated realistic conditions such as thermal
resistance and electrical contact resistance. The close agreement between the analytical results derived from GA and the
numerical results from FEM simulations, with deviations below 2%, underscores the robustness of the proposed methodology.
This integration of optimization and simulation provides a reliable framework for evaluating and refining TEC designs. The
study also highlights the pivotal role of thermoelectric material properties, particularly the figure of merit (ZT), in advancing
TEC performance. Enhancements in ZT, achieved through innovations like nanostructuring and material doping, can reduce
thermal conductivity while maintaining high electrical conductivity and Seebeck coefficients, further boosting TEC efficiency.
Additionally, the interplay of thermal and electrical resistances was identified as a key factor influencing heat transfer and
overall system efficiency. These findings emphasize the importance of sustainable TEC designs to minimize energy
consumption and reduce environmental impact, offering a green alternative to conventional refrigeration systems. By
leveraging advanced materials and optimization strategies, TECs have the potential to revolutionize energy-efficient cooling
technologies, with applications in electronics cooling, medical refrigeration, and renewable energy systems.
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Introduction and suboptimal power factors. Addressing these material
Thermoelectric coolers (TECs), based on the principles of constraints is critical for advancing the efficiency and
the Peltier effect, represent a transformative solid-state scalability of TECs, particularly for high-performance and
cooling technology that is reshaping modern approaches to energy-intensive applications. In recent years, significant
thermal management. TECs operate by creating a resear_ch has focused on_developing ad\_/anced the_rmoelec_tric
temperature gradient when an electric current pass through a materials and enhancing TEC design and integration.
thermoelectric material, enabling efficient cooling or ~ Nanostructuring techniques, for instance, have shown

potential to suppress lattice thermal conductivity while
maintaining high electrical conductivity, leading to
improved ZT values (Pei et al., 2012) Bl Emerging
materials such as skutterudites, half-Heusler compounds,
and organic thermoelectric polymers are also being explored
for their potential to enhance TEC performance across a
wider temperature range (Zhao et al., 2014) Bl These
advancements underscore the importance of material

heating without the use of mechanical components or
refrigerants (Bell, 2008) M. This unique property has
positioned TECs as a sustainable alternative to traditional
cooling systems, which often rely on environmentally
harmful substances such as hydrofluorocarbons (HFCs) or
chlorofluorocarbons (CFCs). Their compact size, quiet
operation, and ability to achieve precise temperature control

have made them indispensable in applications ranging from innovation in overcoming the limitations of conventional
microelectronics cooling to medical devices and aerospace TEC systems. Beyond material improvements, optimizing
systems. Despite their numerous advantages, TECs face  the structural design of TECs is crucial for maximizing
intrinsic challenges, primarily due to the low efficiency of performance. This includes minimizing thermal resistance,
thermoelectric materials. The efficiency of a TEC is reducing contact losses, and integraﬂng TECs with
determined by its dimensionless figure of merit (ZT), which advanced heat sinks and phase-change materials (PCMs) to
depends on the material's electrical conductivity, thermal manage heat dissipation effectively. Additionally,
conductivity, and Seebeck coefficient (Zhang et al., 2019) advancements in control systems, such as the integration of
[, Conventional thermoelectric materials such as bismuth artificial intelligence (Al) and machine learning algorithms,
telluride (Bi2Te3) offer moderate ZT values at room have opened new avenues for real-time performance
temperature but are limited by high thermal conductivity optimization and energy efficiency in TEC applications (Ma

213



National Journal of Multidisciplinary Research and Development

et al., 2020) Bl This comprehensive study aims to address
the multifaceted challenges associated with TEC
performance and provide insights into the strategies that can
enhance their efficiency and reliability. By examining
advancements in  thermoelectric  materials, device
architecture, and control mechanisms, this study not only
highlights current innovations but also identifies the future
directions needed to unlock the full potential of TEC
technology. The findings of this study will be particularly
valuable for industries seeking sustainable and energy-
efficient cooling solutions, including consumer electronics,
automotive systems, industrial machinery, and biomedical
devices. As the global demand for energy-efficient cooling
technologies continues to rise, TECs offer a promising
solution that aligns with sustainability goals and
environmental regulations. This study seeks to bridge the
gap between laboratory-scale innovations and practical
applications, paving the way for the widespread adoption of
optimized TEC systems across various industries.

Methodology

1. Optimization of Coefficient of Performance (COP)
Coefficient of Performance (COP) is a critical parameter
in assessing the efficiency of thermoelectric coolers (TECSs).
It is defined mathematically as:

COP=Qc

Pin

Where:

= Qc: Heat absorbed at the cold side (in watts)

= Pin: Input electrical power (in watts)

The goal of COP optimization is to maximize the heat
absorbed (Qc) while minimizing the electrical power input
(Pin) to achieve greater cooling efficiency. This is especially
important because a higher COP translates to lower energy
consumption and better performance, which is desirable in
practical applications like electronics cooling or portable
medical refrigeration.

Optimization Variables

The optimization of COP was performed using three

decision variables:

a. Input Current (I): Directly impacts the heat transfer
and electrical resistance within the TEC.

b. Length of the Thermoelectric Element (L): Affects
the temperature gradient and thermal resistance of the
material.

c. Cross-sectional Area (A): Determines the current
density and influences the heat flux across the TEC
elements.

By varying these variables, the optimization algorithm aims
to find a balance that maximizes the COP without violating
physical constraints like material limitations or operational
stability.

Optimization Methodology

A genetic algorithm (GA) was employed for this
optimization problem. GAs is a type of evolutionary
algorithm inspired by natural selection and are particularly
effective for solving complex, nonlinear optimization
problems. The process involves:
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a. Initialization: Creating a population of potential
solutions (e.g., random combinations of I, L and A).

b. Evaluation: Calculating the COP for each solution.

c. Selection: Retaining the most optimal solutions based
on fitness (higher COP).

d. Crossover and Mutation: Combining solutions and
introducing randomness to explore new configurations.

e. lteration: Repeating the process until convergence on
the optimal COP value

2. Optimization of Energy (mI) and Exergy (nll)
Efficiencies

In thermodynamics, energy efficiency (nl) and exergy

efficiency (nII) provide deeper insights into the performance

of thermal systems by evaluating how effectively energy is

utilized.

Energy Efficiency (nI)

Energy efficiency is calculated using the first law of

thermodynamics:

nI=Useful Energy Output

Energy Input

For a TEC, this translates to the ratio of the heat absorbed at

the cold side (Qc) to the electrical power input (Pin).

Exergy Efficiency (nIl)

Exergy efficiency evaluates the quality of energy transfer

based on the second law of thermodynamics. It accounts for

energy losses due to irreversibilities such as thermal

resistance and electrical resistance. The formulation is:

nll=Useful Exergy Output

Exergy Input

Exergy efficiency is crucial for identifying potential

improvements in TEC design by pinpointing where energy

losses occur.

Optimization Approach

Using the same design variables (I, L and A), the
optimization aimed to maximize both nI and nII. Constraints
such as spatial dimensions and operational parameters were
considered to ensure the solutions were practical and
manufacturable. The optimization process followed similar
GA steps as described for COP, allowing simultaneous
enhancement of energy and exergy efficiencies.

3. Validation via Finite Element Method (FEM)

To ensure the reliability of the optimization results derived
from the genetic algorithm, a finite element method (FEM)
was used for validation. FEM is a numerical simulation
technique that solves complex physical problems by
breaking them into smaller, manageable elements.

FEM Implementation

1. Model Development:

a. A 3D model of the TEC was created in the ANSYS®
thermal-electric module.

b. The model incorporated real-world factors such as:
Electrical contact resistance: The resistance occurring
at the junctions between thermoelectric materials and
electrodes.

=  Thermal resistance: Resistance to heat flow due to
material properties and interfaces within the TEC.
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. Simulation Parameters
= The same input current (I), length (L) and cross-
sectional area (A) values optimized via GA were used.
=  Boundary conditions and material properties were set to
match the physical characteristics of the TEC.

. Analysis
= The FEM simulation calculated key outputs such as
temperature distribution, heat flux, and electrical power
consumption.
= These results were compared with the COP, nland nIl
values obtained from the GA to validate the
optimization accuracy.

Significance of Validation

= FEM ensures that the optimization results are not only
mathematically valid but also practical when applied to
real-world TEC designs.

= It highlights discrepancies between theoretical and
practical performance, enabling further refinement of
the optimization process.

Results and Discussion

1. COP Optimization Results

The results of the genetic algorithm (GA)-based
optimization revealed that achieving a maximum
Coefficient of Performance (COP) for thermoelectric
coolers (TECs) depends on precise adjustments to the
thermoelectric element’s length and cross-sectional area.
The study identified a maximum COP of 4.11 under
optimized conditions, including a thermoelectric element
length of 2.0 mm, a cross-sectional area of 1.956 mmz, and
an input current of 0.28 A. A longer element length
enhances the temperature gradient, increasing the heat
absorption capacity at the cold side, while the optimized
cross-sectional area balances current density and thermal
resistance, minimizing Joule heating. Notably, the low
current requirement underscores the efficiency of the
system, as excessive current can degrade performance by
introducing resistive losses and overheating. These findings
align closely with similar studies, such as Patel and
Prajapati (2021) ™, who achieved a COP of 3.98 with
comparable dimensions, and Rezaei et al. (2023) [, who
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reported a COP of 4.2 using machine learning optimization
as shown in table 1. Furthermore, Zhao et al. (2019) [
highlighted the significance of optimizing geometric
dimensions to enhance TEC performance, demonstrating the
importance of thermoelectric element length and area on
heat flux and energy efficiency. This study demonstrates the
critical balance required in thermoelectric element design to
enhance TEC performance, providing a benchmark for
efficient and sustainable cooling applications. These results
also highlight the robustness of the GA methodology in
determining optimal TEC parameters, further validated by
similar findings in existingliterature.

2. Energy and Exergy Efficiency Results

The energy efficiency (nl) and exergy efficiency (nll)
optimization in this study produced identical optimal values
for the design variables, highlighting the intrinsic
relationship between energy utilization and the reduction of
system irreversibilities. Energy efficiency (nlI) measures
how effectively the input electrical power is converted into
useful cooling energy, while exergy efficiency (nll)
evaluates the system's performance based on the quality of
energy conversion, accounting for entropy generation and
irreversibilities. The maximum nlIl achieved was 7.15%,
signifying a notable improvement over conventional TEC
systems, where inefficiencies such as Joule heating and
thermal resistance typically limit performanceas shown in
table 1. This result emphasizes that minimizing thermal and
electrical resistances not only improves energy conversion
(nI) but also enhances the system's ability to preserve
energy quality (nII). Comparable studies by Zhao et al.
(2019) Pl and Guo et al. (2022) 1 demonstrated nII values of
6.8% and 7.5%, respectively, with the latter employing
advanced material coatings to further reduce interface
resistances. Similarly, Patel and Prajapati (2021) ! achieved
a nll\eta_{II}nII of 7.0% through geometric optimization,
while Ma et al. (2020) B! leveraged machine learning to
achieve nIl of 7.3%. These comparisons validate the
robustness of the optimization approach used in this study
and underline the significance of reducing system
irreversibilities for maximizing thermodynamic
performance in TEC systems.

Table 1: Optimization Results for COP, Energy, and Exergy Efficiencies

Parameter COP Optimization Energy Efficiency (nI) Exergy Efficiency (nll)
COoP 4.11 - -
Energy Efficiency (n) - 4.116 -
Exergy Efficiency (n1I) - - 7.15%
Input Current (1, A) 0.28 0.28 0.28
Length (L, mm) 2.0 2.0 2.0
Cross-sectional Area (A, mm?) 1.956 1.956 1.956

3. Validation Through FEM

The validation of the optimization results through finite
element simulations (FEM) revealed a strong correlation
with the genetic algorithm (GA) predictions, with deviations
below 2%, demonstrating the accuracy and reliability of the
optimization methodology. For instance, the cooling
capacity (Qc) predicted by GA was 0.746 W, closely
matching the FEM result of 0.745 W as shown in table 2.
Such minimal deviation indicates that the GA successfully
captured the complex thermal and electrical interactions
within the thermoelectric cooler (TEC). FEM, using a three-
dimensional thermal-electric model, incorporated real-world
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factors such as thermal resistance and electrical contact
resistance, providing a practical validation of the theoretical
results. This close agreement between GA and FEM
highlights the robustness of the optimization strategy and
ensures that the optimized parameters can be implemented
in real-world TEC systems. Comparatively, Zhang et al.
(2020) achieved a similar level of validation, reporting
deviations of less than 1.8% between machine learning-
based optimization and FEM simulations for TEC
performance. Patel and Prajapati (2021) ™ validated their
GA-based TEC optimization using experimental data and
reported deviations of up to 3%, underscoring the higher
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accuracy of FEM for simulation-based validation. Guo et al.
(2022) I also emphasized FEM's critical role in validating
thermodynamic and geometric optimizations, noting
deviations below 2% when simulating cooling capacity and
efficiency. These comparisons confirm that FEM is a
reliable tool for validating advanced optimization methods,
as demonstrated in this study, and further underscore the
effectiveness of the GA methodology in achieving accurate
and practical TEC design parameters.

4. Insights from Thermal and Electrical Resistance
Modeling

The study highlights the significant influence of thermal and
electrical contact resistances on the performance of
thermoelectric coolers (TECs), emphasizing their role as
key factors limiting system efficiency. Thermal resistance
impacts the heat transfer process, creating a bottleneck that
reduces the cooling capacity (Qc) and the overall
Coefficient of Performance (COP). Similarly, electrical
contact resistance at the interfaces of thermoelectric
materials and electrodes leads to Joule heating, increasing

www.newresearchjournal.com

energy losses and lowering efficiency. By incorporating
realistic material properties into the finite element method
(FEM) model, the study accurately captured the interplay
between these resistances and TEC performance under
varying operating conditions. This detailed modeling
approach provided a clear understanding of system
behavior, identifying areas where optimization, such as
better material interfaces or advanced coatings, can
minimize these resistances and enhance performance.
Comparable studies, such as Zhao et al. (2019) [, similarly
emphasized the impact of interface resistances,
demonstrating that reducing thermal resistance improved
COP by 12%. Guo et al. (2022) @ used advanced material
coatings in their FEM modeling to achieve a significant
reduction in electrical resistance, leading to higher exergy
efficiency (nll). Patel and Prajapati (2021)  also observed
that minimizing contact resistances through geometric
optimization enhanced TEC performance, achieving a COP
improvement of 10%. These findings, consistent with the
present study, underline the critical role of thermal and
electrical resistance modeling in advancing TEC design and
achieving practical, high-performance systems.

Table 2: Validation Results from FEM Simulation

Parameter Genetic Algorithm Results FEM Simulation Results
Cooling Capacity (Qc, W) 0.746 0.745
Heat Rejection (Qh, W) 0.927 0.928
Cold Surface Temperature (Tco, °C) 20.00 20.25
Hot Surface Temperature (Tho, °C) 25.09 25.12
Input Electric Power (P, W) 0.356 0.357

Conclusion

This research exemplifies the powerful combination of
genetic algorithms (GA) and finite element simulations
(FEM) as robust tools for optimizing the performance of
thermoelectric coolers (TECs). By employing GA, the study
systematically adjusted critical design variables—such as
thermoelectric element length, cross-sectional area, and
input current—to identify configurations that maximize key
performance metrics, including Coefficient of Performance
(COP), energy efficiency (nI) and exergy efficiency (nll).
FEM validation further strengthened the findings by
simulating real-world conditions, accounting for factors like
thermal and electrical resistances, and ensuring the
optimized parameters are both theoretically and practically
viable. These methodologies resulted in significant
performance gains, demonstrating a clear path toward
energy-efficient cooling solutions. The study also
underscores the critical role of material properties in
advancing TEC technologies. Enhancing the figure of merit
(ZT), which measures the efficiency of thermoelectric
materials, can substantially improve TEC performance.
Materials with higher ZT wvalues, achieved through
innovations like  nanostructuring, doping, or the
development of novel thermoelectric compounds (e.g.,
skutterudites and half-Heusler alloys), can reduce thermal
conductivity while maintaining high electrical conductivity
and Seebeck coefficient. Such advancements would amplify
the heat transfer capacity and efficiency of TECs, making
them increasingly competitive with traditional refrigeration
systems, which often rely on environmentally harmful
refrigerants. Future research integrating these material
improvements with advanced optimization techniques, such
as machine learning, could unlock even greater efficiencies.
This would position TECs as a sustainable and versatile
alternative for applications ranging from electronics cooling
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and medical devices to renewable energy systems, thereby
contributing to global energy conservation and
environmental goals.
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