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Abstract— Conventional refrigeration systems commonly rely on refrigerants that may contribute to ozone depletion and global
warming when leakage occurs. Consequently, environmentally friendly cooling technologies that eliminate the use of refrigerants
have attracted increasing attention. This study presents the design, fabrication, and experimental evaluation of a portable refrigerator
employing TEC1-12706 thermoelectric modules integrated with aluminum heatsinks and DC fans to enhance heat dissipation. The
system was powered by a 12 V DC supply and evaluated under four operating conditions: a single module without load, a single
module with a 600 mL bottled-water load, two modules without load, and two modules with load. Cooling performance was assessed
by continuously monitoring chamber temperature, hot-side temperature, supply voltage, current, and power consumption throughout
each experiment. Experimental results showed that the single-module configuration reduced the chamber temperature from 24.5°C to
17.2°C (7.3°C reduction) without load and from 25.0°C to 19.4°C (5.6°C reduction) with load. The dual-module configuration
achieved greater cooling performance, reducing the chamber temperature from 30.5°C to 19.1°C (11.4°C reduction) without load and
from 30.5°C to 21.5°C (9.0°C reduction) with load. These results demonstrate that increasing the number of thermoelectric modules
enhances cooling capacity, whereas the presence of a thermal load decreases the attainable temperature reduction. Overall, the
developed refrigerator provides an environmentally friendly, low-noise, and energy-efficient cooling solution without conventional
refrigerants, making it suitable for portable refrigeration applications while highlighting the importance of effective thermal
management and stable power supply for sustained performance.
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I. INTRODUCTION

The increasing demand for food preservation, vaccine transportation, and beverage storage has accelerated the development
of efficient and environmentally sustainable refrigeration technologies [1]. Refrigeration systems are indispensable in domestic,
commercial, medical, and industrial applications because they maintain product quality, extend shelf life, and preserve
temperature-sensitive materials [2]. However, most commercial refrigeration systems are based on vapor-compression
technology, which relies on refrigerants with high global warming potential (GWP) and, in some cases, ozone depletion
potential (ODP) [3]. Refrigerant leakage during operation or maintenance contributes to greenhouse gas emissions and
environmental degradation [4]. Moreover, conventional compressor-based refrigerators generally require relatively high
electrical power, generate noise and vibration, and are less suitable for portable applications or areas with limited access to
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electricity [5], [6]. Consequently, the development of compact, energy-efficient, and environmentally friendly refrigeration
technologies has become an important research topic in recent years.

Among the promising alternatives, thermoelectric cooling (TEC) technology has attracted considerable attention because it
operates without conventional refrigerants and contains no moving mechanical components [7], [8]. Thermoelectric cooling is
based on the Peltier effect, in which a direct electric current passing through two dissimilar semiconductor materials produces a
temperature difference between the hot and cold sides of the module [9]. Compared with vapor-compression systems,
thermoelectric refrigerators offer several advantages, including compact size, simple construction, precise temperature control,
low maintenance requirements, low noise and vibration, and the ability to operate directly from a DC power source, making
them particularly suitable for portable refrigeration applications [10], [11], [12]. Nevertheless, the cooling performance of
thermoelectric systems is strongly influenced by heat dissipation on the hot side. Inadequate thermal management increases the
hot-side temperature, thereby reducing the temperature difference across the module and decreasing the overall coefficient of
performance. Therefore, effective heatsink design, forced-air cooling, and appropriate thermal insulation are essential to
maximize the cooling capability of thermoelectric refrigeration systems [13], [14].

Numerous studies have investigated the application of TEC1-12706 modules in portable refrigeration systems. Recent
experimental studies demonstrated that thermoelectric cooling can be effectively applied in portable food coolers, vaccine
carriers, blood transport boxes, and compact refrigeration systems because of its simple construction and environmental benefits
[13]. However, the cooling performance varies considerably depending on operating conditions and system configuration.
Previous studies have reported that the number of thermoelectric modules, input voltage, heatsink geometry, airflow rate, and
thermal insulation are the primary factors influencing cooling efficiency and temperature reduction. In particular, increasing the
number of TEC modules generally improves cooling capacity by enlarging the effective heat transfer area, whereas insufficient
heat dissipation on the hot side significantly degrades system performance due to heat accumulation and reduced temperature
difference across the modules [15] .

Several researchers have attempted to improve the performance of portable thermoelectric refrigerators through different
approaches. Optimized the thermal management of thermoelectric cooling systems by improving heat transfer on the hot side,
demonstrating that effective heatsink design substantially enhances cooling performance [16]. Similarly, Machfuroh and Huda
investigated the influence of input voltage and operating time on the cooling performance of TEC1-12706 modules and reported
that electrical operating conditions strongly affect the attainable temperature reduction [17]. Other studies have focused on
portable cooling devices using single or multiple TEC modules, reporting that dual-module configurations generally produce
lower cooling temperatures than single-module systems but require greater electrical power and more effective thermal
management. These findings indicate that cooling performance is governed not only by the thermoelectric module itself but also
by the interaction between electrical input, thermal management, module configuration, and cooling load [18] .

Although previous studies have demonstrated the feasibility of thermoelectric refrigeration using TEC1-12706 modules,
several limitations remain. Most published works evaluated either a single-module or a dual-module configuration under only
one operating condition, while the combined influence of module quantity and thermal load has received limited attention.
Moreover, previous investigations primarily emphasized prototype development or temperature reduction without providing a
comprehensive comparison of cooling performance under different operating scenarios [19], [20]. Consequently, the respective
contributions of thermoelectric module configuration and thermal load to the overall cooling performance of portable
refrigerators remain insufficiently understood. Addressing these issues is essential for optimizing thermoelectric refrigeration
systems intended for portable applications, where cooling performance, energy consumption, and battery endurance must be
simultaneously considered .

To address these research gaps, this study develops and experimentally evaluates a portable refrigerator employing both
single and dual TEC1-12706 module configurations under no-load and load conditions using a 600 mL bottled-water thermal
load. Unlike previous studies, the proposed experimental approach provides a systematic comparison of four operating
conditions to quantify the influence of module quantity and thermal load on chamber temperature reduction. In addition,
electrical characteristics, including supply voltage, operating current, and power consumption, are continuously monitored to
evaluate their relationship with cooling performance. The findings of this study provide practical insights into the design of
portable thermoelectric refrigeration systems by identifying the trade-off between cooling capability and electrical power
demand, thereby supporting the development of more efficient, environmentally friendly, and sustainable portable cooling
technologies..

Il. METHOD

A functional block diagram was developed to describe the operating principle of the proposed portable refrigerator. This
diagram illustrates the flow of electrical power and the interaction among the major system components, thereby facilitating a
better understanding of the system operation.
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Figure 1. Block Diagram of Portable Refrigerator Design Using Peltier System

Peltier block is the main source tool in a refrigerator, it functions to produce cold temperatures and hot

temperatures are used to cool the inside of the refrigerator.
The battery block functions to store electrical energy sources generated from PLN sources.

on / off switch block functions to turn the refrigerator on or off when needed to save battery consumption and make

it last longer.
The power supply block functions to convert DC current into AC current.

The Heatsink Block functions to transfer the hot and cold temperatures produced by the Peltier so that the

temperature is evenly distributed by the DC fan.

The DC fan functions to blow out cold and hot air produced by the Peltier.

The digital thermometer block functions to measure the cold temperature in the refrigerator.

The AC source block is when the battery supplies power and also powers the existing components
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Figure 2. Refrigerator circuit

Figure 2 illustrates the electrical configuration and operating principle of the proposed portable refrigerator. During
operation, electrical power is supplied either by a 12 VV DC battery or an external power supply. When the ON/OFF switches are
activated, electrical current flows to the TEC1-12706 thermoelectric modules and the auxiliary components, including the DC
fans and digital thermometer. The supplied direct current induces the Peltier effect, generating a temperature difference across
the thermoelectric modules. Consequently, the cold side absorbs heat from the cooling chamber, while the hot side transfers
heat to the surrounding environment.

To maintain efficient heat transfer, the hot side of each thermoelectric module is attached to an aluminum heatsink equipped
with a DC fan that enhances heat dissipation through forced convection. Meanwhile, the cold side is connected to a coldsink
positioned inside the cooling chamber. An additional DC fan circulates the cooled air throughout the chamber, resulting in a
more uniform temperature distribution and improving the cooling performance for food and beverage storage.

The proposed system is powered by a 12 V, 7 Ah rechargeable battery to enable portable operation. A dual-switch electrical
configuration was implemented to ensure safe and flexible operation when switching between battery and external power
sources. The first switch controls the main power supplied to the refrigeration system, while the second switch is used to select
the operating mode. This configuration prevents the thermoelectric modules and auxiliary components from operating during
battery charging, thereby improving operational safety and protecting the electrical components from unintended operation

I11.  RESULTS AND DISCUSSION

First Experimental Data for the Portable Refrigerator Design Using a Peltier System

The portable refrigerator consists of several main components, including a TEC1-12706 Peltier module, a heatsink, a
coldsink, DC fans, and a digital thermometer. The heatsink is installed on the hot side of the Peltier module to dissipate heat to
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the surrounding environment, while the coldsink is mounted on the cold side to distribute the cooling effect inside the
refrigerator chamber. A DC fan is attached to the heatsink to enhance heat dissipation, whereas another fan is installed near the
coldsink to circulate cold air uniformly throughout the cooling chamber. The heatsink assembly is positioned outside the
refrigerator, while the coldsink is located inside the cooling chamber.

The system operates using a 12—-13 V DC power supply, which can be provided either by a 12 /7 Ah rechargeable battery
or an external power supply. Experimental tests were conducted using one or two Peltier modules under both no-load and load
conditions, where the load consisted of two 280 mL bottles of mineral water. Temperature measurements were performed using
a digital thermometer installed inside the cooling chamber and on the heatsink to monitor the cold-side and hot-side
temperatures, respectively. The experimental results obtained from the first test are presented in Table 1.

Table I.
Results of the First Refrigerator Experiment
No Time Temperature (°C) Temperature (°C) Voltage Current Power
(Minute) Cold Hot V) (A) (W)
1 0 24.5 25 12.49 2.84 35.47
2 5 20.9 285 12.06 2.82 34.25
3 10 19,3 27.9 11,98 2,80 33,54
4 15 18,4 27,5 11,88 2,79 33,14
5 20 17,9 27,5 11,79 2,77 32,40
6 25 17,5 17,9 11,70 2,75 32,17
7 30 17,3 27,9 11,61 2,73 31,92
8 35 17,3 27,9 11,50 2,69 30,93
9 40 17,2 28,1 11,38 2,66 30,27
10 45 17,2 27,9 11,24 2,23 25,06
11 50 17,2 27,7 11,07 2,59 28,67
12 55 17,3 27,6 10,81 2,52 27,24
13 60 17,4 27,6 10,35 2,41 24,94
14 65 17,5 27,6 10,08 2,34 23,58

Based on the experimental results presented in Table 1, the portable refrigerator exhibited satisfactory cooling performance
during 65 minutes of operation. The cold-side temperature decreased from an initial value of 24.5°C to 17.2°C after 40 minutes,
corresponding to a maximum temperature reduction of 7.3°C. The temperature remained relatively stable between 17.2°C and
17.5°C until the end of the experiment, indicating that the cooling system had reached a steady-state condition where the
cooling capacity of the Peltier module was balanced by the heat entering the cooling chamber from the surrounding
environment.

The hot-side temperature increased from 25.0°C to 28.5°C during the first 5 minutes and then remained relatively stable
within the range of 27.5-28.1°C throughout the test, demonstrating the effectiveness of the heatsink and fan in dissipating heat.
During the same period, the supply voltage gradually decreased from 12.49 V to 10.08 V, accompanied by a reduction in
current from 2.84 A to 2.34 A, resulting in a decrease in electrical power from 35.47 W to 23.58 W. Despite the reduction in
electrical input, the cooling chamber temperature remained nearly constant after reaching its minimum value, indicating that the
proposed thermoelectric refrigeration system maintained stable cooling performance throughout the experimental period.
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Figure 3. Graph of the First Experimental Test

Based on Figure 3, the cooling chamber temperature decreased rapidly during the first 20 minutes of operation, dropping
from 24.5°C to 17.9°C, which indicates the highest cooling rate during the experiment. Afterward, the rate of temperature
reduction gradually declined until the minimum temperature of 17.2°C was reached at the 40th minute. This behavior indicates
that the cooling capacity of the Peltier module gradually approached the rate of heat gain from the surrounding environment,
leading the system toward thermal equilibrium.

From the 40th to the 65th minute, the cooling chamber temperature remained relatively stable within the range of 17.2—
17.5°C, indicating that the system had reached a steady-state condition. During the same period, the supply voltage gradually
decreased from 12.49 V to 10.08 V, accompanied by a reduction in the operating current to 2.34 A, resulting in lower electrical
power supplied to the Peltier module. Despite this reduction in electrical input, the cooling chamber temperature remained
nearly constant, demonstrating that the combined performance of the Peltier module, heatsink, coldsink, and forced-air cooling
system was sufficient to maintain stable cooling throughout the experimental period.

Experimental Results of the Portable Refrigerator Using a Single TEC1-12706 Module

The second experiment was conducted using the same portable refrigerator configuration as the first test. However, unlike
the previous experiment, the refrigerator was tested under load conditions using a 600 mL bottle of mineral water. The
corresponding experimental results are presented in Table 2

Table II.
Temperature Measurements with One TEC1-12706 Module Under Load Conditions

No T_ime Temperature (°C) Temperature (°C) Voltage Current Power
(Minute) Cold Hot V) (A) (W)
1 0 25 255 12.49 313 39.09
2 5 21.8 27 12.12 291 35.26
3 10 20.7 27 12.05 2.89 34.82
4 15 20.3 27.2 11.98 2,87 34,38
5 20 20,1 26,8 11,90 2.85 3391
6 25 19,9 271 11,83 2.84 33,59
7 30 19.8 27,1 11,76 2,82 33,16
8 35 19,6 27 11,67 2,80 32,67
9 40 19,5 27,2 11,57 2,77 32,04
10 45 19,4 26,9 11,47 2,75 31,54
11 50 19,4 27 11,36 2,72 30,89
12 55 19,4 26,8 11,21 2,67 29,93
13 60 19,4 26,9 11,09 2,63 29,16

Based on the experimental results presented in Table 2, the portable refrigerator exhibited satisfactory cooling performance
under load conditions during 60 minutes of operation. The cold-side temperature gradually decreased from an initial value of
25.0°C to 19.4°C at the 45th minute and remained stable until the end of the experiment, corresponding to a total temperature
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reduction of 5.6°C. This result demonstrates that the proposed thermoelectric refrigeration system effectively absorbed heat
from the cooling chamber despite the presence of a thermal load. Meanwhile, the hot-side temperature increased from 25.5°C to
approximately 27.0°C during the initial stage of operation and subsequently remained relatively stable within the range of 26.8—
27.2°C. The small temperature fluctuation indicates that the heatsink and fan assembly effectively dissipated the heat generated
by the thermoelectric module throughout the cooling process.

The electrical characteristics also changed gradually during the experiment. The supply voltage decreased from 12.49 V to
11.09 V, while the operating current decreased from 3.13 A to 2.63 A, resulting in a reduction in electrical power from 39.09 W
to 29.16 W. Despite the decrease in electrical input, the cooling chamber temperature remained stable at 19.4°C after reaching
its minimum value. These findings demonstrate that the proposed portable refrigerator maintained stable cooling performance
under load conditions, indicating that the thermoelectric cooling system remained effective even as the available battery power
gradually decreased during operation.
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Figure 4 . Graph of the Second Experimental Test

Based on Figure 4, the cooling chamber temperature gradually decreased throughout the experiment, reaching a minimum
value of 19.4°C at the 45th minute and remaining stable until the end of the 60-minute test. The average cooling chamber
temperature recorded during the experiment was 20.2°C. The stable temperature observed after 45 minutes indicates that the
system had reached a steady-state condition, where the cooling capacity of the Peltier module was balanced by the heat gained
from the surrounding environment and the thermal load inside the cooling chamber.

During the same period, the battery voltage gradually decreased from 12.49 V to 11.09 V, with an average operating current
of approximately 2.8 A. This reduction in voltage resulted in a corresponding decrease in the electrical power supplied to the
thermoelectric module. Nevertheless, the cooling chamber temperature remained below 20°C throughout the steady-state
period, demonstrating that the TEC1-12706-based portable refrigerator maintained stable and effective cooling performance
under load conditions despite the gradual reduction in battery power.

Experimental Results of the Portable Refrigerator Using Two TEC1-12706 Modules

The third experiment was conducted using the same portable refrigerator configuration as the previous test, with the addition
of a second TEC1-12706 module installed at the rear of the refrigerator to enhance the cooling capacity. The refrigerator was
tested under no-load conditions, and the prototype was covered with a protective sticker as part of the final assembly. The

corresponding experimental results are presented in Table 3.
Table I11.
Experimental Results of the Portable Refrigerator with Two TEC1-12706 Modules Under No-Load Conditions

No Time Temperature (°C) Temperature (°C) Voltage
(Minute) Cold Hot V)

1 0 30.5 31.8 12.21
2 5 24.7 385 12.00
3 10 21.8 35.2 11.79
4 15 20.3 35.3 11.62
5 20 19,4 35,2 11,42
6 25 19,2 37,3 11,17
7 30 19.1 36,8 10,73
8 35 20,4 354 7,85
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Based on the experimental results presented in Table 3, the portable refrigerator equipped with two TEC1-12706
thermoelectric modules demonstrated improved cooling performance under no-load conditions. The cold-side temperature
gradually decreased from an initial value of 30.5°C to a minimum of 19.1°C after 30 minutes of operation, corresponding to a
total temperature reduction of 11.4°C. After reaching the minimum temperature, the cold-side temperature increased slightly to
20.4°C at the 35th minute. Meanwhile, the hot-side temperature increased from 31.8°C to 38.5°C during the first 5 minutes and
subsequently fluctuated within the range of 35.2-37.3°C. These results indicate that the thermoelectric modules effectively
transferred heat from the cooling chamber to the hot side, while the heatsink and fan assembly maintained stable heat
dissipation throughout the cooling process.

During the experiment, the supply voltage gradually decreased from 12.21 V at the beginning of the test to 10.73 V after 30
minutes, followed by a significant drop to 7.85 V at the 35th minute. This reduction in voltage was accompanied by a slight
increase in the cold-side temperature from 19.1°C to 20.4°C, indicating a reduction in the cooling capacity as the available
electrical power decreased. Nevertheless, the cooling chamber temperature remained below 21°C throughout the experiment,
demonstrating that the proposed dual-TEC refrigeration system maintained effective cooling performance despite the decline in
battery voltage. These findings also suggest that maintaining a stable power supply is essential for achieving consistent cooling
performance in portable thermoelectric refrigeration systems.
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Figure 5. Graph of the Third Experimental Test

Based on Figure 5, the portable refrigerator equipped with two TEC1-12706 modules exhibited a faster cooling rate than the
single-module configuration. The cooling chamber temperature decreased rapidly from 30.5°C to 24.7°C within the first 5
minutes and continued to decline until reaching a minimum value of 19.1°C at the 30th minute. Subsequently, the temperature
increased slightly to 20.4°C at the 35th minute, corresponding to the significant reduction in battery voltage, which lowered the
cooling capacity of the thermoelectric modules. Throughout the 35-minute experiment, the average cooling chamber
temperature was 22.3°C.

The rapid temperature reduction observed during the initial stage of operation demonstrates that the addition of a second
TEC1-12706 module significantly enhanced the cooling capacity of the proposed refrigeration system. However, the improved
cooling performance was accompanied by higher electrical power consumption, resulting in a faster decline in battery voltage
and a corresponding reduction in cooling performance toward the end of the experiment. Overall, the results indicate that the
dual-module configuration provides superior cooling performance compared with the single-module system. Nevertheless, this
configuration requires a higher-capacity battery or a more stable DC power supply to sustain effective cooling performance
during extended operation.

Test Data Fourth Design Refrigerator Portable Using Two Peltier Systems

The fourth experiment was performed using the same portable refrigerator configuration as the previous test, with the
addition of a second TEC1-12706 thermoelectric module installed at the rear of the refrigerator. The system was evaluated
under load conditions using a 600 mL bottle of mineral water placed inside the cooling chamber. The experimental results
obtained under these operating conditions are presented in Table 4.

Table IV.
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Temperature Measurements of the Portable Refrigerator Using Two TEC1-12706 Modules Under Load Conditions

No T_ime Temperature (°C) Temperature (°C) Voltage
(Minute) Cold Hot V)

1 0 305 318 12.22
2 5 26 37.8 12.10
3 10 24 37.9 11.96
4 15 231 37.9 11.81
5 20 22.3 37.7 11,64
6 25 22,3 37,6 11,43
7 30 21,9 37,3 11,17
8 35 21,6 37,3 10,69
9 40 215 36,4 8,26

Based on the experimental results presented in Table 4, the portable refrigerator equipped with two TEC1-12706
thermoelectric modules exhibited effective cooling performance under load conditions during the 40-minute test. The cold-side
temperature gradually decreased from an initial value of 30.5°C to 21.5°C, corresponding to a total temperature reduction of
9.0°C. The cooling rate was highest during the initial stage of operation and gradually decreased after the 15th minute before
approaching a stable condition toward the end of the experiment. Meanwhile, the hot-side temperature increased from 31.8°C to
37.8°C within the first 5 minutes and reached a maximum value of 37.9°C between the 10th and 15th minutes. Thereafter, it
gradually decreased to 36.4°C at the end of the test, indicating that the heatsink and fan assembly effectively dissipated the heat
generated by the thermoelectric modules.

The electrical characteristics also changed during the experiment. The supply voltage gradually decreased from 12.22 V to
11.17 V after 30 minutes and further declined to 8.26 V at the end of the test. This reduction in voltage decreased the electrical
power supplied to the thermoelectric modules, resulting in a lower cooling rate during the final stage of operation. Nevertheless,
the cooling chamber temperature remained within the range of 21-22°C until the completion of the experiment. These results
demonstrate that the dual-TEC configuration maintained effective cooling performance under load conditions, although the
overall system performance remained dependent on the stability of the power supply voltage.
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Figure 6 . Graph of the Fourth Experimental Test

Based on Figure 6, the cooling chamber temperature gradually decreased from 30.5°C to 21.5°C during the 40-minute
experiment. The highest cooling rate occurred within the first 15 minutes of operation, after which the rate of temperature
reduction gradually declined until the system reached a relatively stable temperature range of 21.5-22.3°C. The average cooling
chamber temperature recorded during the experiment was 23.6°C, indicating that the proposed system maintained effective
cooling performance under load conditions.

Compared with the no-load test using two TEC1-12706 modules, the final cooling chamber temperature under load
conditions was slightly higher because part of the cooling capacity was utilized to remove heat from the thermal load rather than
solely reducing the air temperature inside the chamber. Nevertheless, the system successfully reduced the load temperature from
29.1°C to 21.6°C, demonstrating effective heat transfer from the load to the thermoelectric modules. During the experiment, the
battery voltage gradually decreased from 12.22 V to 8.26 V, reducing the electrical power supplied to the thermoelectric
modules and consequently lowering the cooling rate during the final stage of operation. Despite this reduction in electrical
input, the cooling chamber temperature remained within the range of 21-22°C, demonstrating that the dual-TEC configuration
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maintained stable cooling performance under load conditions. Overall, these results confirm that the use of two TEC1-12706
modules provides higher cooling capacity than the single-module configuration. However, the improved cooling performance is
accompanied by increased electrical power consumption, indicating that a higher-capacity battery or a more stable DC power

supply is required to sustain efficient operation over extended periods..

IV. CONCLUSION

This study successfully designed and experimentally evaluated a portable refrigerator based on TEC1-12706 thermoelectric
modules under four operating conditions. The single-module configuration reduced the chamber temperature from 24.5°C to
17.2°C (7.3°C reduction) under no-load conditions and from 25.0°C to 19.4°C (5.6°C reduction) under load conditions.
Meanwhile, the dual-module configuration achieved greater cooling performance by reducing the chamber temperature from
30.5°C to 19.1°C (11.4°C reduction) without load and from 30.5°C to 21.5°C (9.0°C reduction) with load. These results
confirm that increasing the number of thermoelectric modules improves cooling capacity, whereas the presence of a thermal
load reduces the achievable cooling performance. Overall, the proposed thermoelectric refrigerator provides an environmentally
friendly and low-noise cooling solution without refrigerants; however, the higher power demand of the dual-module
configuration highlights the need for improved thermal management and a more stable power supply to enhance long-term
performance.
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