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Abstract: The thermoelectric air conditioning system (TE-AC) is a small, noiseless alternative to
standard vapor compression refrigeration (VCR) systems. The cooling characteristics of a TE-AC
system operating under two conditions, i.e., steady current and current pulses, are investigated in
this study. This system consists of three thermoelectric modules, a heat sink, and an air circulation
fan. The result shows that maximum temperature reduction in cooling side of TE-AC system was
achieved at 6 A input current under steady state operation. The optimum performance of the TE-AC
system under steady state operation depends upon the combined effect of the cooling load, Joule,
Fourier, and Peltier heat. In TE-AC pulse operation, both current width and cooling load applied
on the cold side of the thermoelectric module (TEMs) play an important role in achieving optimum
cooling performance of the system. When normal input current operation (i.e., no current pulse) was
compared to pulse-operated TE-AC system operation, it was found that pulse operation provides an
additional average temperature reduction of 3–4 ◦C on the cold side of TEMs. Although on the hot
side, it maintains a temperature in the range of 18 ◦C to 24 ◦C to reduce overshoot heat flux. The
duration of operation is also important in determining pulse width and pulse amplitude. Minimum
and overshoot peak temperature rises during each cycle for longer run operation. In the TE-AC
system, the accumulated Joule heat during a current pulse frequently causes a temperature overshoot,
which lasts much longer. As a result, the next current pulse was not released until the temperature of
TE was restored to its initial value.

Keywords: thermoelectric cooler; air condition; pulse current operation; current width

1. Introduction

Thermoelectric cooler (TEC) is a device that uses the Peltier effect to convert electrical
energy to heat and cooling energy [1]. In comparison to traditional cooling methods [2],
the TEC has received a lot of interest in recent years because of its numerous benefits [3],
including zero moving component, high reliability, high density of cooling, small and
light in weight [4]. When the hot end of the TEC is kept at room temperature, it can
reach a maximum temperature differential of approximately –40 ◦C between the hot
and cold ends [5,6]. As the TEM’s input current gradually increases, the temperature of
the cold side decreases [7]. This occurs as a result of the Peltier effect’s interfacial heat
property and the Joule effect’s volume heat property [8]. The Joule heating spread evenly
throughout the thermoelectric semiconductor, that is why it takes longer time to reach
the contact owing to the limited thermal diffusion rate [9]. However, exceeding a specific
current range, which varies depending on the TEM’s material properties, has no additional
cooling effect but does increase Joule heating, reducing the TEM’s cooling capacity [10]. To
increase the coefficient of performance (COP) of TEM used in building cooling applications,
researchers combined many methods, such as solar powered TEM [11,12], evaporative
cooling [13,14], and thermal energy storage [15,16]. Integration of these additional system
increases complexity and overall cost of the configuration [17].

Thus, in order to improve the performance of the TEMs in a hassle-free manner, lim-
ited studies were carried out by changing the electric pulse settings to further decrease
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cold side temperature of TEMs below the temperature achieved during steady-state condi-
tions [18,19]. This is referred to as the super cooling effect, and it occurs when a current
many times greater is applied across TEMs for a specified period, resulting in a rapid
decrease in the cold end temperature [20]. The physical process behind this method is
based on mediating the interaction between Joule heating and Peltier cooling, which have
spatially and temporally distinct properties [21]. The Peltier cooling causes a rapid decrease
in temperature during pulse operation and TEC attains its lower temperature. Following
that, the temperature on the cold side of the TEC rises to its maximum value, which is
referred to as the overshoot temperature due to Joule heat [22]. Finally, the temperature
eventually recovers to its steady-state value after a certain period of time.

The thermodynamic behavior of TEC during pulse operation was further explored
by Chakraborty and Choon Ng [23] by employing energy balance and the Gibbs method.
Yang et al. [24] investigated the TEC transient cooling by using the finite difference tech-
nique. The parameters regulated in the study were current pulse amplitude, pulse shape,
TEC geometry, and thermoelectric element length. The cold side temperature was found
to be substantially decreased during current pulse experimentation. Manno et al. [25]
found that pulse operated TEC reduces hot spot by 30% and cold side temperature by
50% as compared with steady state operation. Snyder et al. [26] used theoretical and
experimental techniques to investigate the connection between many fundamental char-
acteristics of TEC’s transient super cooling performance, including temperature, pulse
amplitude, and length of thermoelectric element. They found that increasing the input
current amplitude results in an increase in cooling capacity. The performance of TEC
operated at an optimum pulse amplitude become thrice as compared with the steady-state
current. Manikandan et al. [27] investigated the impact of various current pulse opera-
tion on the thermoelectric cooler’s performance in space cooling applications. According
to the published findings, the coefficient of performance and cooling power of the TEC
were increased by 2.12% and 23.3%, respectively, as compared to no-pulse circumstances.
Ma et al. [28] performed a numerical analysis of the TEC characteristics while operating
with continuous current pulse. Their findings indicated that when a current pulse is ap-
plied before the temperature of cold end of TEC has fully recovered to its original value,
the temperature increases during the subsequent current cycle. The increment, on the
other hand, approximated a constant value as the number of pulses grew. Additionally, the
temperature curve of the initial pulse current was critical in continuous pulse operations.
Thus, the amplitude and breadth of the pulse current should be deliberately addressed
during design. Piggott et al. [29] investigated the performance of a TEC when operated
in pulse current mode and found that the cooling rate is substantially increased when
compared to settings at steady state. Additionally, the COP was found to drop during pulse
operation. Shen et al. [30] examined the performance of TE elements under variable current
pulse operation numerically and experimentally. It was found that various voltage pulse
settings successfully decreased the cold side temperature. Ma and Yu [31] investigated
the cooling capacity of a conventional thermoelectric cooler that operates through current
pulses (single and square continuous). Cooling at each current pulse followed a soaring
pattern consistent with the first-order step response. With the exception of the variable
starting temperature, cooling performance at different cooling loads was fairly compara-
ble. Lv et al. [32] investigate optimum pulse amplitude and pulse width applied on TEC.
This finding indicates that raising the amplitude has both good and negative impacts on
transient super cooling; therefore, one cannot determine whether transient super cooling
performance is enhanced only by lowering Tc,min.

Recently, some researchers [33–35] used a pulse-operated technique on multiple stage
TECs, as it has been noticed that multiple stage TEC designs can achieve more lower cold
side temperatures than single stage TEC designs. The majority of the studies reported
in this area were numerically based, and an experimentally based study carried out by
Li et al. [36] discovered an interesting fact that the cold side temperature of TEC decreases
rapidly as current pulse increases. However, higher current pulse levels do not allow TEC
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to achieve minimum cold side temperatures, suggesting that the heat sink was unable to
remove an adequate amount of heat from the TEC system.

According to the above-mentioned literature review, no experimental studies on
pulse-operated TEMs for a longer period of time have been conducted. The operating
time of TEMs is critical for building cooling applications because the Joule and Thomson
effects become more pronounced as the experiment progresses, altering the thermodynamic
behavior of TEMs over time. As a result, this study determines the optimal operational
parameters for long-run pulse operations of TEMs, such as current width and amplitude.
The pulse operated TEMs system is further evaluated by varying the cooling load to ensure
that it is suitable for building cooling applications. Furthermore, the optimal operation
conditions of TECs operated under steady-state conditions are determined and compared
to the conditions of pulse-operated TECs.

2. Experimental Methodology

Using variable current pulses, the transient thermal characteristics of a thermoelectric
air cooling system (TE-AC) were investigated. Three Ferrotec TEMs, model 9500/391/085b,
are arranged inside an air duct, along with a heat sink and fans to dissipate the heat.
Figure 1 depicts the experimental test setup, and Table 1 lists the TEM specifications.
Under maximum operating conditions of 8.5 A current and 53.8 V voltage, the TEMs
have a maximum cooling capacity of 248 W and a maximum temperature differential
of 72 ◦C, as shown in Table 1. The experimental setup consist of constant DC supplier
by Extech 382270. K-Type thermocouples were used to measure temperature, and data
were continuously recorded in a data logger from a Graphtec GL840-20 channel and then
transferred to a computer interface. The TEMs were installed inside an air duct that had
been thermally insulated with aluminum foil to prevent heat transmission between the
external environment and the air in the chamber. To increase the rate of heat dissipation,
a heat sink and then a fan were also attached to both the cold and hot surfaces of TEMs.
The time-varying electric current is measured using a digital multi-meter. The tests are
carried out in a controlled environment with a temperature of 24 ◦C and a relative humidity
of 60%.

Firstly, a steady test is performed to determine the input electric current that corre-
sponds to the lowest cold side temperature, i.e., the optimal current. The input current
to the TE-AC system was controlled by the DC current supply, which varied from 1 A to
7 A. It took over three hours to get the inlet and outlet temperatures of the heat sink con-
nected to one of the TEMs to be nearly identical. The temperature recording trail was then
stopped. Maintain constant monitoring of the heat sink’s intake and outlet temperatures for
10–20 min, then change the electric current input and start the next steady state experiment.
By looking for the temperature data with the lowest recorded value, the optimal electric
current can be found. During the transient trial, the first and second steps of the procedure
are exactly the same as they are during the steady-state test. An electric current is then
given to the TECs for 3 min at a constant rate, following which the current abruptly changes
to a pulse current and then returns to the constant current after a specified time period has
passed. In the current study, the pulse current is greater than the steady state current.
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Figure 1. Experimental setup.

Table 1. Specification of thermoelectric module.

Specifications Values Units

Ferrortech 9500/391/085b
Vmax 53.8 V
.

Qc,max 248 W
Imax 8.5 A
∆Tmax 72 ◦C
Z 2.882 × 10–3 K-1
ZT (50 ◦C on the hot side of TEM) 0.93 -

3. Results

The performance of both steady state and pulse operated thermoelectric air coolers is
discussed in this section. The input operation current supply is increased from 1 A to 7 A in
steady state operation, and the optimum performance is determined. The effect of different
cooling loads on pulse width is evaluated in pulse operation, and the best configuration
is determined.

3.1. Steady Continuous Operation of Thermoelectric Air Conditioner

The applied input currents to the TE-AC system range from 1 A to 7 A with a 1 A
interval between each current applied. It was observed that the temperature of TEMs on
the cold side initially decreases with time in the presence of a constant current applied to
the TE-AC system before stabilizing at a stable value, as shown in Figure 2. Figure 2 also
showed that the stable temperatures of the cold side of TEMs differed at different applied
currents, implying that there is a critical current that allows the TEMs to reach the lowest
possible temperature of the cold side. Moreover, it was found that the temperature of the
cold side of the TEMs drops abruptly at the start of the experiment in all operational cases.
This was because during the first phase of the experiment, the amount of Thomson and
Joule heat generated inside TEMs was lower, and the Pettier cooling effect was stronger.
The cold side temperature of TEMs increases with time when the input current is 4 A
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and 7 A, but decreases with time when the input operation current is 3 A, 5 A, and 6 A.
This decrease in cold side temperature was not permanent because the Seebeck effect
offset the applied current, resulting in increased Joule heating. The cold side temperature
of TEMs increases after reaching its minimum value, as illustrated in Figure 2. After
a period of time, the temperature of the cold side curve becomes monotonic in almost
all operational situations. The temperature of the cold side of TEMs eventually reaches
equilibrium regardless of the applied current due to the presence of equilibrium in Fourier
heat, Peltier heat, and Joule heat, as shown in Figure 2. This implies that the stable cold-end
temperatures at three currents, 3 A, 5 A, and 6 A, are lower than at the remaining two
currents, 4 A and 7 A.
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Figure 2. Steady state operation of thermoelectric air cooler at 0 W cooling load.

Figure 3 represent temperature variation cold side of TEMs with time when 10 W
cooling load is applied at different operational currents. During the start of the experiment
the temperature of cold side of the TEMs decreases for all operational cases. Because the
Peltier effect prevails on the cold side of TEMs, all temperature curves fall. The temperature
difference between the cold and hot sides grows larger as the experiment progresses. That
is why, as shown in Figure 3, there was a significant increase in temperature on the cold
side of the TEM. This occurs when the Seebeck effect takes precedence over the Peltier
effect, resulting in an increase in cold side temperature. As the applied current to the TEMs
increases from 3 A to 6 A, the Seebeck effect diminishes, resulting in a decrease in the
cold side temperature of the TEMs. Further increase in input current, i.e., 7 A, results in a
significant increase in cold side temperature. This occurs as a result of the Joule heating
effect taking precedence over other phenomena. Because Joule heating is a volumetric
effect as opposed to the Peltier effect, which is a surface effect, its effect appears later and
lasts longer. During the initial stages of the experiment, the influence of the cooling load is
the most significant. When comparing TEM with and without cooling load, the former case
requires a higher input current to achieve the desired cold side temperature. As a result,
TEMs have a higher initial surface temperature, as shown in Figure 3, than TEMs without
a cooling load, as shown in Figure 2. The performance of TEMs is optimal when the input
current is 6 A, as compared to other levels of input current, because both lower and higher
current increase the cooling side temperature, lowering the sysTEM’s COP.
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Figure 3. Steady state operation of thermoelectric air cooler at 10 W cooling load.

3.2. Pulse Operated Thermoelectric Air Conditioner
3.2.1. At Pulse Width of 40 s and Cooling Load 0 W to 20 W

Figures 4–6 show the fluctuation in temperature of cold side of TEMs operated under
various cooling loads and constant current pulse widths of 40 s. For all of the cooling loads,
the peak overshoot temperature of cold side of TEMs rises with time. As the experiment
progresses, the hot side temperature of the TEMs rises due to accumulating Joule heat and
Fourier heat conduction in the element of TEMs. These two factors causing peak overshoot
in the TEMs. It is worthwhile to note that, as a result of the aforementioned cause, the
lowest cold side temperatures are also rising. Initial minimum cold side temperature and
overshoot peak temperature for TEMs operated at pulse width of 40s and cooling load of
0W were 3.75 ◦C and 9.89 ◦C, respectively, which increased with duration of experiment
and reached to 4.21 ◦C and 10.76 ◦C, as shown in Figure 4. This could be because the Joule
heat accumulated during each current pulse was not completely dissipated, resulting in a
slight increase in the minimum temperature of TEMs.
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Figure 4. Variation of TEM cold side temperature with time and current with a current pulse of 40 s
and a cooling load of 0 W.
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Figure 5. Variation of TEM cold side temperature with time and current with a current pulse of 40 s
and a cooling load of 10 W.
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In addition, as shown in Figures 4 and 5, increasing the cooling load from 0 W to
10 W raises the initial minimum cold side temperature when compared to TEMs with no
cooling load. For TEMs operating at a pulse width of 40 s and a cooling load of 10 W, the
initial cold side temperature and overshoot peak temperature were 6.24 ◦C and 13.24 ◦C,
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respectively, which increased with the duration of the experiment and reached 7.32 ◦C and
13.81 ◦C, as shown in Figure 5.

Furthermore, as shown in Figure 6, increasing the cooling load from 10 W to 20 W
increases the initial minimum cold side temperature more than TEMs with 10 W and no
cooling load. For TEMs operating at a pulse width of 40 s and a cooling load of 10 W, the
initial cold side temperature and overshoot peak temperature were 7.91 ◦C and 14.36 ◦C,
respectively, which increased with the duration of the experiment and reached 8.51 ◦C and
14.92 ◦C, as shown in Figure 6.

3.2.2. At Pulse Width of 30 s and Cooling Load 0 W to 20 W

Figures 7–9 show the fluctuation in temperature of cold side of TEMs operated under
various cooling loads (i.e., 0 W, 10 W, and 20 W) and constant current pulse widths of
30 s. As the pulse width decreases from 40 s to 30 s the average cold side temperature
increases. By comparing the initial minimum cold side temperature and overshoot peak
temperature for TEMs operated at a pulse width of 40s, 30s, and a cooling load of 0 W, the
temperatures were increased from 3.75 ◦C to 3.92 ◦C and 9.89 ◦C to 10.13 ◦C, respectively,
as illustrated in Figures 4 and 7. This increase in peak is greater than the current operation
at pulse width of 40s. This implied that a decrease in pulse width resulted in more Joule
heat accumulation during each current pulse that was not completely dissipated, resulting
in a higher minimum temperature of TEMs.
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Figure 8. Temperature variation of TEMs’ cold sides with time and current at 30 s current pulse and
10 W cooling load.
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Figure 9. Variation of TEM cold side temperature with time and current at 30 s current pulse and
20 W cooling load.

The initial cold side and overshoot temperatures were increased from 6.24 ◦C to
7.17 ◦C and 13.24 ◦C to 13.69 ◦C, respectively, by increasing cooling load from no load
condition to 10 W and current pulse width by 10 s, as shown in Figures 5 and 8. As the
experiment progresses, the overshoot temperature rises to 14.09 ◦C, as shown in Figure 8.

Further increment in cooling load, i.e., 20 W and keeping current pulse width at 30 s
increase both initial cooling temperature and overshoot temperature of cold side of TEMs
by 0.28 ◦C and 0.36 ◦C, respectively, as illustrated in Figures 6 and 9.
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3.2.3. At Pulse Width of 9 s and Cooling Load 0 W to 20 W

Figures 10–12 depict the temperature fluctuation of the cold side of TEMs operating
under various cooling loads (such as 0 W, 10 W, and 20 W) and constant current pulse
widths of 9 s. The average cold side temperature increases when the pulse width reduces
from 40 to 9 s. Furthermore, as the experiment progressed to the middle phases, a jump in
the minimum and overshoot temperature of the cold side of the TEMs was observed as
shown in Figures 10–12. This anomaly occurs due to a lack of current width, causing the hot
side temperature of the TEMs to rise abruptly due to the accumulation of Joule heat in the
element of the TEMs. Smaller pulse width resulted in more Joule heat accumulation during
pulse operation, and lower thermal conductivity resulted in improper heat dissipation,
lowering the TE-AC performance.
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Figure 10. Variation of TEM cold side temperature with time and current at 9 s current pulse and
0 W cooling load.
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Figure 11. Cold side temperature of TEMs varies with time and current at 9 s current pulse and 10 W
cooling load.
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Figure 12. Variation of TEM cold side temperature with time and current at 9 s current pulse and
20 W cooling load.

When no cooling load is applied, the initial minimum temperature and overshoot
temperature of TEM were 4.75 ◦C and 10.28 ◦C, respectively, as illustrated in Figure 10.
When the experiment is performed for 100 s, aberrant behavior occurs, and the minimum
and overshoot temperatures rapidly climb to 10.32 ◦C and 17.43 ◦C, respectively, as shown
in Figure 10.

The cooling performance of TEMs is degraded as the cooling load is increased from
0 W to 10 W and then to 20 W in successive steps. Such an effect is caused by increasing the
load on TEMs in order to produce cooling within a specified time limit. As illustrated in
Figures 11 and 12, the 9 s current width is insufficient to enable adequate heat dissipation,
and increasing cooling load causes additional Joule heating on the cold side of the TEMs. As
a result, the minimum and overshoot temperature of cold side of TEMs’ rises. Furthermore,
the thermal conductivity of TEMs has a significant impact on the performance of the TE-AC
system during transient pulse operation. As shown in the graphs above, the cold side
temperature of TEMs does not change significantly with thermal conductivity in the early
stages of the experiment. Because Peltier cooling is the most critical component at first.
The thermal conductivity increases as the experiment progresses, causing the cold side
temperature to rise as more Joule heat is produced. Due to the reduced current width, the
generated Joule heat did not have enough time to dissipate after each cycle and began to
accumulate with the following pulses. Thus, decreasing the thermal conductivity of TEMs
results in an increase in the ZT value and, consequently, in the COP of the TE-AC system.

4. Conclusions

In this study, performance of thermoelectric air conditioner system was investigated
both under steady state current operation and pulse operated current operation. The
following conclusions can be obtained from the study:

• The combined action of the Peltier heat, cooling load, Fourier heat, and Joule heat,
all of which operate simultaneously during steady-state operation, determines the
optimum performance of the cold side temperature of TEMs;

• During pulse operation, the peak overshoot and minimum temperature of the cold
side of TEMs increased as the experiment progressed for all cooling loads;

• As the experiment progresses, two factors contribute to the increase in peak overshoot
and minimum temperature of the cold side of TEMs. These factors include the
accumulation of Joule heat in the element of TEMs and the increasing Fourier heat
conduction in the element of TEMs;
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• It was observed that the average cold side temperature increases as the pulse width
was decreased from 40 s to 9 s;

• Lower current width causes an abrupt increase in the TEMs’ cold side minimum and
overshoot temperatures. This anomaly occurs due to a lack of current width, which
causes the hot side temperature of the TEMs to rise abruptly due to the accumulation
of Joule heat in the TEMs’ element.

Finally, the pulse operation of a thermoelectric air conditioning system can provide
better performance for building thermal management when compared to steady state
operation. This research could be useful in the design of thermoelectric air conditioning
systems for building space cooling applications that operate on pulses current.
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