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essential for preserving their quality and effectiveness. Therefore, this study aims to
design, develop, and analyze a portable thermoelectric refrigeration system for the
storage and transportation of medical supplies under controlled temperature
conditions. The proposed system provides a mechanism for maintaining medical
supplies at suitable temperatures to ensure optimal storage conditions. Different
configurations were investigated to achieve lower internal temperatures, with
particular emphasis on varying the number and arrangement of thermoelectric coolers
(TECs) based on Peltier modules. Changes in the Peltier configuration resulted in
substantial variations in the internal temperature of the storage box. The reported
temperature reductions were 113% for the first model, 95% for the second model, 108%
for the third model, and 106% for the fourth model. The study further investigates the
effect of the number of Peltier thermoelectric coolers on the thermal performance of
the system and evaluates their potential for reducing electrical energy consumption.
Keywords: ANSYS simulation software was employed to analyze heat transfer and temperature
distribution within the storage box, as well as the transient flow behavior of the cooling
air. The findings provide insights into the influence of TEC configuration on the cooling
performance of portable thermoelectric refrigeration systems for temperature-
sensitive medical supplies.

Thermoelectric (TEC) unit, Storing
medical materials; Thermoelectric
cooler; ANSYS

1. Introduction

A thermoelectric (TE) unit, also known as a Peltier cooler or thermoelectric cooler (TEC), is a
semiconductor-based electrical device that functions as a heat pump by transferring heat from one
side of the device to the other, thereby producing a heating or cooling effect. TEC units are commonly
fabricated using bismuth telluride (Bi,Tes), a thermoelectric material suitable for compact and
environmentally friendly cooling applications that do not require conventional refrigerants. Bismuth
telluride-based TEC modules can provide effective thermal performance through semiconductor
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elements positioned between two ceramic plates. The thickness and properties of these ceramic
layers can influence thermal stress distribution and consequently affect the reliability of the module
[1].

The Peltier effect has been widely applied in thermal analysis, calorimetry, calibration, and heat-
flow correction. Peltier-based cooling technologies have also been incorporated into
microcalorimeters and cooling systems for computer processors [2]. Previous experimental studies
have investigated thermoelectric refrigerators powered by solar cells and examined the
thermomechanical performance of small-scale TE cooling systems [3]. However, Joule heating
generated by the electrical current supplied to a thermoelectric module can significantly influence
its performance and reliability. At high input currents, substantial temperature gradients may
develop across the thermoelectric legs and contact layers, potentially increasing thermal stresses and
reducing the reliability of the TEC module [4].

Conventional cooling and cold-chain systems are available in many developing countries, but
their installation and operation can be relatively expensive. Thermoelectric cooling provides an
alternative for applications in which compactness, portability, and precise temperature control are
important. Refrigerated vehicles are commonly employed for long-distance transportation between
cities, while insulated transport systems may incorporate thermoelectric devices or conventional
mechanical refrigeration to maintain the required temperature. Thermoelectric systems can be
designed to accommodate different temperature requirements by determining an appropriate
operating range, integrating suitable cooling components into the storage compartment, and
evaluating the resulting cooling performance [5].

Compared with conventional refrigeration systems, thermoelectric cooling offers several
advantages:

i. Thermoelectric devices operate based on thermoelectric phenomena in semiconductor
materials. Depending on the mode of operation, temperature differences can be converted into
electrical energy, while the application of direct current can generate a temperature difference
across the module.

ii. Thermoelectric cooling is driven directly by direct-current (DC) electricity. Because the system
contains no conventional moving mechanical components, it can provide quiet, vibration-free, and
potentially reliable operation.

iii. TEC modules are compact and can operate without conventional refrigerants such as
chlorofluorocarbons (CFCs). Their compact solid-state construction also provides flexibility in
installation and orientation.

iv. Their relatively simple construction can shorten system-development cycles and potentially
reduce maintenance and operating requirements [6].

The solid-state architecture of thermoelectric systems enables compact system design, precise
temperature control, and reversible heating and cooling by changing the direction of the electrical
current. These characteristics make thermoelectric devices attractive for applications requiring
localized and controlled thermal management [7,8]. Peltier modules are particularly suitable for
small-scale refrigeration systems. When the cooling capacity of a single module is insufficient,
multiple thermoelectric modules can be integrated to increase the overall cooling capacity.
Nevertheless, the number and arrangement of TEC modules must be optimized because increasing
the number of modules also increases electrical consumption and the heat-rejection requirements
on the hot side [9].

Heat-sink design is therefore an important factor affecting the thermal performance and
efficiency of thermoelectric cooling systems. Effective removal of heat from the hot side of the TEC
is necessary to maintain the required temperature difference and achieve satisfactory cooling
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performance. Thermoelectric technology has attracted increasing attention for specialized
applications, particularly in the medical sector. Peltier cooling systems have been investigated for
patient temperature management, localized skin cooling, medical devices, laboratory equipment,
and other temperature-sensitive applications. Previous studies have also examined the economic
and thermal performance of air-cooling systems incorporating different numbers and configurations
of Peltier modules [10-13], including experimental investigations of thermoelectric cooling
performance [14,15].

Temperature-controlled transportation is particularly important for medical materials with
limited storage lifetimes or strict thermal requirements. Medical transport containers must maintain
appropriate environmental conditions during transportation while remaining sufficiently compact
and portable. Thermoelectric air-cooling systems provide a potential solution because they operate
without the compressors and rapidly moving mechanical components typically associated with
conventional refrigeration systems. Consequently, they can reduce vibration, which may be
advantageous for the transportation of sensitive medical materials. Furthermore, TEC modules
operate using direct current and can provide either heating or cooling depending on the direction of
current flow [16].

In this study, a temperature-controlled thermoelectric medical storage box was designed,
fabricated, and analyzed. The system employs Peltier thermoelectric modules to maintain controlled
internal temperatures for the transportation and storage of temperature-sensitive materials,
including organs, blood products, vaccines, and other medical supplies. The study evaluates the
thermal performance of the proposed system with particular emphasis on the influence of Peltier-
module configuration on cooling performance and energy consumption.

2. Literature Review

Peltier cooling devices have undergone substantial improvements in efficiency, thereby expanding
their potential applications, particularly in the medical sector and thermoelectric power generation.
The performance of thermoelectric materials is commonly evaluated using the dimensionless figure
of merit (ZT), and considerable research has focused on enhancing ZT through approaches such as
alloying and nanostructuring. Heat-sink design has also received significant attention, as effective
heat dissipation is critical to the overall thermal performance and efficiency of thermoelectric
modules.

Liu et al. [17] reviewed recent developments and challenges in thermoelectric cooling technology,
with particular emphasis on advances in thermoelectric materials, device configurations, and
practical applications. The study examined key factors influencing thermoelectric cooling
performance and discussed applications in electronic thermal management, electric vehicles,
medical treatment, and refrigeration. The authors emphasized that further improvements in
thermoelectric materials and device design are essential for achieving higher cooling capacity and
energy efficiency.

Pamula et al. [18] developed and experimentally evaluated a compact thermoelectric cooling
system for transporting temperature-sensitive biological samples using unmanned aerial vehicles
(UAVs). The proposed system incorporated Peltier cooling modules into a lightweight, insulated
container designed to maintain controlled thermal conditions during transportation. Experimental
tests were conducted under different operating conditions to assess the cooling performance of the
system. The results showed that the system could achieve temperatures as low as -10°C,
demonstrating the feasibility of Peltier-based cooling for transporting temperature-sensitive
biological materials, including organs, vaccines, and other medical samples.
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Khan et al. [19] designed and experimentally investigated a portable Peltier-based thermoelectric
cooling system for vaccine storage. The system employed four 12-V DC Peltier modules coupled with
external heat sinks and was powered by a solar panel and rechargeable batteries. Experimental tests
were performed under different cooling loads, including an empty storage compartment and vaccine
tubes filled with water. Under loaded conditions, the system reached a temperature of 8°C after
approximately 90 min and achieved a coefficient of performance (COP) of 0.42. These findings
demonstrated the feasibility of Peltier-based thermoelectric cooling as a portable solution for
maintaining the temperature requirements of vaccine storage.

Sankaran et al. [20] developed an Internet of Things (l1oT)-based medical container for transporting
organs and other temperature-sensitive healthcare products using UAVs. The proposed system
integrated a Peltier cooling module with temperature sensing, monitoring, and control components
to maintain suitable thermal conditions inside the container throughout transportation. Real-time
temperature monitoring and control were incorporated to enhance the reliability of the portable
medical transportation system. The study demonstrated the potential of combining thermoelectric
cooling with loT-enabled monitoring and control to maintain controlled thermal conditions during
the transportation of organs and other temperature-sensitive healthcare products.

3. Numerical Analysis

The boundary conditions and geometric configuration of the refrigerated container considered in
this study are illustrated in Figure 1. The figure presents the container geometry, insulation materials,
and airflow conditions used in the analysis. The container was designed in a rectangular box
configuration with dimensions of 36.5 cm x 36.5 cm in the x- and y-directions and a depth of 56 cm
along the z-axis.

Following the design and fabrication of the container, temperature measurements were recorded
on both the hot and cold sides of the Peltier modules. The electrical current drawn by each module
was also measured to evaluate the relationship between electrical input and cooling performance.
The primary objective of the analysis was to optimize the temperature distribution within the
refrigerated container to provide suitable conditions for the storage and transportation of
temperature-sensitive medical materials. The assessment included evaluating the ability of the
container to maintain the required internal temperature, identifying potential thermal leakage
through the insulation and container walls, and defining the relevant properties of the container and
insulation materials.

Computational Fluid Dynamics (CFD) analysis was employed to investigate the temperature
distribution, heat transfer, and airflow behavior within the refrigerated container. However, the
interpretation of the numerical results should consider the complexity of the underlying heat-
transfer and fluid-flow phenomena, as well as the assumptions and limitations associated with the
CFD model. The geometry and principal boundary conditions adopted for the numerical analysis are
presented in Figure 1.
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Fig. 1. Geometry of the icebox in ANSYS program

ANSYS software was used to simulate the temperature distribution and airflow characteristics
inside the refrigerated container. The governing equations for continuity, momentum in the three
coordinate directions, and energy were solved numerically. A total of 200 computational iterations
were performed to obtain a converged solution for the velocity field, airflow behavior, and
temperature distribution within the computational domain.

The numerical analysis was conducted to investigate the effects of different container
configurations, including single- and two-level arrangements, on internal airflow and temperature
distribution. The CFD model was also used to evaluate temperature variations along the container
walls under specified thermal and airflow boundary conditions. These simulations provide insight
into heat-transfer mechanisms and air circulation within the refrigerated compartment.

Experimental measurements were conducted using temperature sensors to determine the
temperatures on both the hot and cold sides of the Peltier modules. The electrical current drawn by
each Peltier module was also measured to evaluate its operating performance. In addition, the
internal temperature of the container was monitored using a display system integrated with the
Thinger.io platform. These measurements were used to evaluate the cooling performance of the
system and to establish the relationship between temperature variation, operating time, and
container dimensions.

Table 1
Thermophysical properties of the container wall material and the internal and external air [18]
Parameter Polyurethane Fluid(Air Exterior) (Internal Air container)
Density(Kg/m?3) 50 1.184 Perfect gas
Specific heat 950 1007 1007
(J/kg. K)
Thermal conductivity 0.025 0.02551 0.02551
(K)(W/m. K)
Viscosity coefficient 1.849x10°° 1.849x10°°
(Kg/m. s)
5 0.00281

Flow rate(Kg/s)

The locations of the Peltier modules were subsequently determined based on the container
configuration, as illustrated in Figure 1. For the CFD analysis, the input and outlet boundary
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conditions, wall properties, insulation-material specifications, and internal and external airflow
conditions were defined in ANSYS. The principal parameters and boundary conditions employed in
the numerical model are summarized in the following table [17].

4. Ansys Mesh

The ANSYS Meshing tool was used to discretize the three-dimensional solid model of the
refrigerated container into a finite number of computational elements and nodes. This discretization
process converts the continuous geometric domain into a numerical mesh that can be used to solve
the governing equations for heat transfer and fluid flow.

Mesh size, particularly the characteristic element edge length, is an important parameter affecting
both numerical accuracy and computational cost. In general, a finer mesh can provide a more
detailed representation of temperature and airflow variations; however, it also increases
computational time and memory requirements. Therefore, an appropriate balance between solution
accuracy and computational efficiency must be established. Different mesh sizes were considered,
and a suitable mesh resolution was selected to provide reliable numerical results within a reasonable
computational time.

After developing the geometric model, the locations of the Peltier modules were defined and the
cooling container was discretized using the selected mesh configuration. Appropriate boundary
surfaces, including the container walls, Peltier interfaces, air inlet and outlet regions, and external
surfaces, were identified and assigned corresponding boundary names to facilitate the subsequent
CFD setup.

The experimentally measured temperatures on the hot and cold surfaces of the Peltier modules
were incorporated into the numerical model as thermal boundary conditions where applicable. Other
relevant initial and boundary conditions were subsequently specified in ANSYS based on the
experimental configuration.

The numerical analysis was performed to investigate temperature distribution throughout the
refrigerated container and across its walls, including the external wall surfaces. The influence of
different internal levels or compartment configurations on cooling performance was also examined.
In addition, the airflow velocity distribution within the container was analyzed to determine the
circulation characteristics of the cooled air. Temperature and velocity contours were subsequently
generated to visualize the thermal and airflow behavior within the computational domain and to
evaluate the overall cooling performance of the proposed system.

Fig. 2. Velocity distribution contours for Model 1
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Fig. 3. Convergence histories of continuity, energy, and velocity components in the x-, y-, and z-directions as
a function of the number of iterations for Model 1
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Fig. 5. Convergence histories of continuity, energy, and velocity components in the x-, y-, and z-directions as
a function of the number of iterations for Model 2
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Fig. 6. Velocity distribution contours for Model 3
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Fig. 7. Convergence histories of continuity, energy, and velocity components in the x-, y-, and z-directions as

a function of the number of iterations for Model 3
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Fig. 9. Convergence histories of continuity, energy, and velocity components in the x-, y-, and z-directions as

a function of the number of iterations for Model 4

5. Mathematical Equations

Q active=I2 R
Q conduction:KxAxZ—)T(

Q convection=h A(To-Tc)
Q radiation=FsxExoxToxTc

Q total=Q active + Q cond+ Q conv+ Q rad

Ex=-Qu(1- Lo Exergy Equation

o
Tc

(1)
(2)
(3)
(4)
(5)
(6)
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Fig. 10. Relationship between exergy and the cold-side temperatures obtained for the four models
6. Results And Discussion

This study investigates four thermoelectric cooling configurations for the developed cooling box.
In each model, the positions of the Peltier modules are varied to evaluate their influence on the
temperature distribution and overall cooling performance. Numerical simulations are performed
using ANSYS to analyze the thermal behavior of each configuration.

Model 1

In Model 1, the Peltier modules are positioned at the top of the cooling box. Numerical analysis is
performed using ANSYS to evaluate the resulting temperature distribution. During operation, natural
convection causes warmer air to rise toward the upper region of the box, while colder air moves
downward. Consequently, the Peltier modules located at the top remove heat from the warmer air
accumulating in this region, promoting cooling throughout the enclosure.

The numerical results show that the maximum temperature inside the box is approximately 292
K, while the minimum temperature reaches approximately 270 K. These results demonstrate the
effect of the top-mounted Peltier configuration on the internal temperature distribution and provide
a basis for comparison with the other three configurations.
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Fig. 11. Temperature gradients across the external surfaces of the cooling box
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Fig. 12. Internal temperature distribution within the cooling box

Model 2

In Model 2, the Peltier modules are positioned at the bottom of the cooling box. The numerical
results indicate that warmer air naturally rises toward the upper region of the enclosure, while colder
air generated by the Peltier modules remains concentrated near the bottom. Consequently, the
upper region maintains a relatively higher temperature, resulting in a less uniform temperature
distribution throughout the box.

The numerical analysis shows that the maximum temperature inside the box is approximately 296
K, while the minimum temperature is approximately 274 K. Compared with Model 1, this
configuration produces higher minimum and maximum temperatures, indicating that positioning the
Peltier modules at the bottom is less effective in achieving uniform cooling throughout the enclosure.

Fig. 14. Internal temperature distribution within the cooling box

Model 3

In Model 3, the Peltier modules are positioned asymmetrically within the cooling box. The
numerical results indicate the formation of vortices in the central region of the enclosure. These
vortices produce zones with limited circulation of cooled air, resulting in regions that are not cooled
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effectively. Consequently, the asymmetric arrangement leads to a less uniform temperature
distribution within the box.

The numerical analysis shows that the maximum temperature inside the box is approximately 293
K, while the minimum temperature reaches approximately 271.12 K. These results indicate that the
positioning of the Peltier modules significantly influences airflow patterns and temperature
distribution. Therefore, minimizing stagnant or poorly cooled regions should be considered when
determining the optimal arrangement of Peltier modules.

Fig. 15. Temperature gradients across the external surfaces of the cooling box

Fig. 16. Internal temperature distribution within the cooling box

Model 4

In Model 4, the Peltier modules are positioned opposite each other on the sides of the cooling
box. This arrangement promotes a more balanced airflow pattern within the enclosure. Unlike the
asymmetric configuration in Model 3, no significant vortex formation is observed, allowing the cooled
air to circulate more uniformly throughout the internal space.

The numerical analysis shows that the maximum temperature inside the box is approximately 293
K, while the minimum temperature reaches approximately 271.49 K. The absence of significant
vortices suggests that the opposing Peltier configuration provides a more stable airflow pattern and
reduces the formation of poorly cooled regions within the enclosure. Therefore, this arrangement
may provide a more uniform internal temperature distribution compared with the asymmetric
configuration.
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Fig. 17. Temperature gradients across the external surfaces of the cooling box

After analyzing and comparing the thermal performance of the four configurations, the final
design of the thermoelectric cooling box was developed. The selection of the Peltier module
arrangement was based on the numerical results obtained from the ANSYS simulations, particularly
the internal temperature distribution, airflow characteristics, vortex formation, and minimum and
maximum temperatures. The resulting design aims to achieve effective and relatively uniform cooling
while minimizing poorly cooled regions within the enclosure.

Fig. 18. Design of the cooling box showing the locations of the Peltier modules

To provide sufficient cooling capacity, the system consists of an insulated cooling box equipped
with six thermoelectric cooling (TEC) modules. Each Peltier module is coupled with two heat sinks:
an internal heat sink installed on the cold side and assisted by a fan to enhance heat transfer and
cold-air circulation, and an external heat sink installed on the hot side to dissipate the heat
transferred from the enclosure. The locations and arrangement of the Peltier modules within the
cooling-box design are illustrated in Figure 16.

103



Semarak Engineering Journal
Volume 16, Issue 1 (2026) 92-105

Fig. 19. Three-dimensional representation of the hot and cold surfaces of the thermoelectric cooling (TEC)
modules

7. Conclusions

This study investigated four thermoelectric cooling configurations to determine the effect of
Peltier module placement on the thermal performance of the developed cooling box. Numerical
simulations using ANSYS were conducted to evaluate the temperature distribution and airflow
characteristics for each configuration.

The results demonstrate that the location and arrangement of the Peltier modules significantly
influence the cooling performance of the system. Among the four configurations, Model 1 exhibited
the most favorable thermal performance, achieving a minimum temperature of approximately 270 K
and a maximum temperature of 292 K. Positioning the Peltier modules at the top of the enclosure
allows warmer air rising through natural convection to interact effectively with the cooling surfaces,
while the cooled air subsequently moves downward through the enclosure.

In contrast, Model 2 exhibited the least favorable performance, with temperatures ranging from
approximately 274 K to 296 K. When the Peltier modules were positioned at the bottom of the
enclosure, the cooled air tended to remain concentrated in the lower region, while warmer air
accumulated in the upper region. This resulted in a less effective and less uniform cooling process.
Models 3 and 4 produced intermediate thermal performance. In Model 3, the asymmetric
arrangement of the Peltier modules generated vortices that created regions with limited cold-air
circulation, thereby reducing cooling uniformity. Model 4, in which the Peltier modules were
positioned opposite each other, reduced significant vortex formation and produced a more balanced
airflow pattern. Nevertheless, neither configuration achieved the minimum temperature obtained
with Model 1.

The exergy analysis further supports the thermal-performance results. Exergy represents the
maximum useful work that can theoretically be obtained from a system as it approaches equilibrium
with its surroundings. Among the investigated configurations, Model 1 exhibited the highest exergy,
whereas Model 2 exhibited the lowest. This indicates that Model 1 provides the greatest potential
for effective utilization of the thermoelectric cooling system under the investigated operating
conditions.

Overall, the findings demonstrate that Peltier module placement is a critical design parameter
affecting temperature distribution, airflow behavior, and exergy performance. Based on the
numerical and exergy analyses, Model 1 provides the most favorable configuration among the four
investigated designs and is therefore selected as the preferred arrangement for the proposed
thermoelectric cooling box.
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