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Abstract

In the first part of this study, we investigated the cooling performance of three different commercial
thermoelectric cooler (TEC) devices as a part of a refrigeration system. Thermoelectric coolers type
TEC1 - 12703, TEC1 - 12705 and TEC1 — 12706 were considered for this purpose. Exergy analysis
provided the opportunity to investigate the variation in exergy efficiency and thermodynamic
irreversibility of thermoelectric cooler devices at different TEC cold-side temperatures, starting from
the fotal entropy generation rate of the TEC module. The optimum TEC1 - 12705 cooling module
achieved maximum exergy efficiency values of 0.09 and irreversibility values between 21.2 W and
20.8 W at cold-side temperatures ranging from 3.8 °C to 6.5 °C. In the second part of this study, a 100
ml water glass was considered as a cooling load for the refrigeration system with the TEC1 - 12705
device. We evaluated the coefficient of performance of the overall refrigeration system, which
includes the TEC module and ventilation fans as having values between 0.155 and 0.159 over 160
minutes of testing.

Keywords: heat dissipation rate; thermal resistance; entropy; irreversibility; exergy efficiency;
coefficient of performance.

1. Introduction

Refrigeration plays a vital role in various applications, including the preservation of perishable
food products and the control of cooling temperatures in electronic systems [1]. Conventional
domestic refrigerators typically utilize vapor-compression technology. While this technology
presents a high coefficient of performance (COP), the refrigerants used in these systems can have
adverse environmental effects. In contrast, thermoelectric refrigeration, which is based on the Peltier
effect, offers significant advantages over traditional vapor compression technology, even though its
COP is not as high [2,3]. These benefits include the elimination of refrigerants, a more compact system
design, reduced noise and vibration, enhanced temperature control through the variation of their
power supply, and minimal maintenance requirements. Moreover, thermoelectric systems can be
conveniently powered by direct current (DC) sources, such as photovoltaic cells [4].

Thermoelectric cooling (TEC) technology is gaining popularity for use in small and portable
refrigeration systems, particularly in scientific laboratories where a constant temperature bath is
necessary [5]. This technology effectively cools and maintains the temperature of samples at a specific
set point. Thermoelectric cooling devices have found interesting applications in the medical field,
serving as the cooling element in the cryoprobes used for cryosurgery, as well as being used for
cooling the brain or skin [6]. Additionally, they are employed in cryotherapy systems where precise
control of skin blood flow is required [7].

When selecting an air conditioning system based on thermoelectric devices for a particular
application, it is important to evaluate not only the TEC coefficient of performance and the required
cooling capacity at the desired temperature. We must take into consideration also the operational
characteristics of the cooling system and overall energy consumption, with various types of losses
associated with the thermodynamic process of heat transfer at the cold and hot side of TEC. Jurkans
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and Blums [8] investigated a practical method to increase the efficiency of thermoelectric cooling.
They experimentally validated a simple model that evaluated the induced heat loss and the recovered
energy after a dynamic switch of the thermoelectric module between cooling and electrical energy
generation modes.

From a thermodynamic point of view, the second law analysis and Entropy Generation
Minimization (EGM) method has proved to be very powerful tools in the optimization of TEC
systems, with the evaluation of the minimum system irreversibility and maximum exergy
contribution at a constant environmental temperature [9-11]. Tipsaenporm et al. [12] analyzed the
thermodynamic properties of a compact thermoelectric air conditioner using an exergy analysis
approach. They found that the exergy efficiency of the cooling system was relatively low compared
to its coefficient of performance. Many TEC-based cooling system studies have been focused on
maximizing cooling capacity and coefficient of performance for the overall refrigeration system,
improving exergy efficiency as the temperature difference between the TEC hot and cold side’s
increases. The optimal performance of a single-stage TEC can be achieved by adjusting both the
operating current and the TEC’s configuration [13].

The practical purpose of this refrigeration box is to serve as a cooling medium, providing a viable
and cost-effective alternative to the expensive thermostatic water bath. We propose enabling the
efficient extraction of phenolic compounds from hydroalcoholic mixtures of various fruits and leaves
at optimal temperatures of approximately 10°C using the ultrasound-assisted extraction (UAE)
method [14-16]. We will modify the upper section of the refrigerated box to accommodate the
insertion of an ultrasonic transducer, which will be in direct contact with the liquid sample contained
in a 100 ml glass placed inside the box. For the current refrigeration test with a water load, we aim
for a liquid cooling point of 12°C inside the refrigeration box.

2. Thermodynamic Modelling of Thermoelectric Cooling System

Thermal model of the refrigeration system and energy analysis

The mathematical model presented in this study for analyzing the thermodynamic behavior of
a thermoelectric cooling system considers one-dimensional energy balance and heat transfer
equations applicable to air-cooled heat exchangers. We considered some assumptions for the model
simplification [17]: (i) heat transfer between the hot and cold sides of the thermoelectric cooler (TEC)
is one-dimensional and occurs under steady-state conditions, (ii) the Thomson effect is neglected, and
(iii) the Seebeck coefficients, electrical resistivity’s and thermal conductivities of the p-type and n-
type thermoelectric materials are assumed to be constant, determined at a specific operating
temperature.

When a heat sink is placed onto the hot side of the TEC cooler, thermal transfer occurs only at
the points where the two surfaces make direct contact. The heat transfer region typically accounts for
around 5% of the total area, while the remaining 95% consists of microscopic gaps where no contact
is made [18]. To enhance heat conduction, thermal paste is applied to fill these gaps and improve the
overall contact between the surfaces.

Figure 1 presents the thermal resistance network diagram of the thermoelectric refrigeration
system, considering the thermal resistances imposed by the hot — end and cold -end heat sinks, the
TEC module and the thin layers of thermo-conductive paste between the heat sinks and ceramic
plates of TEC device.

The total thermal resistance of this refrigeration system is calculated as:

Rtotal = RTEC +2ch +RC +RH (1)
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Figure 1. Schematic diagram of thermal resistance model, along with the main components of the thermoelectric

refrigeration system.

The thermal resistance of the TEC module, Rrec (°C/W), was calculated here with the following
relation [17]:

AT 2TH’rg/‘

max

Umax '[max (AT ax _TH,ref) (2)

m

Rppe =

In relation (2), the maximum operating voltage and current Ums and Ima, respectively, the
maximum value of the temperature gradient between the hot and cold plates of TEC, A Twmax, identified
at a specific hot — side temperature Thrs, are all obtained from the datasheets of thermoelectric
devices.

The Fourier law of heat conduction was considered here for the calculation of thermal resistance
of the silicon — type conductive paste:

t

— P
RCP - A -k (3)

p p

For a conductive paste thickness fo = 0.2 mm with thermal conductivity ke = 1.2 W/m°C and a
cross section area of TEC ceramic plates Ay =16-104 m?2, Rep = 1.04 °C/W.

Thermal resistance of the heat sink at the hot and cold surface of thermoelectric module, Rx and
Rc, respectively, can be evaluated with relations [19]:

T, -T

R — H a
oy @)

T -T,

R.= r C
o ©)

In relations (4) and (5), Tz and Tc represents the hot — side and cold — side TEC temperatures; T;
and T. are the air temperature inside the cooling box and the ambient air temperature outside the
refrigerator system, respectively. Ty, Tc, Tr and T. are measured according to the specific experiment
stage.

The total amount of heat absorbed at the TEC cold plate, Qc (W), is calculated with the following
expression [8,20]:
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The amount of heat transferred to the heat sink from the TEC hot plate, Qu (W), is expressed as
[8,20]:

1

In the relations above, I: is the current absorbed by the TEC module from the power supply. The
three physical property parameters of the thermoelectric device, Sm, Rm and K represent the Seebeck
coefficient, electrical resistance and thermal conductivity, respectively.

The values of Su, Rn and K are estimated from the specific performance curves provided in each
of the datasheets of TEC devices used in this study: TEC1-12706, TEC1-12705 and TEC1-12703 [21-
23]. Three sets of curves are considered, for a standard Tu=27°C: Qc as a function of thermal gradient
AT between the TEC plates at different current values I, Voltage U as a function of AT for different
current values and Q. as a function of voltage U at different AT values.

From the slope of U - AT curves at AT =0, selected for current values I as close as possible to the
experimentally measured I, we could obtain R« =U/I (Q) for each of the TEC devices.

The Seebeck coefficient is evaluated considering the expression [24]:

2
g _QctO5R,

T ®)

were Tc=Tu so AT = 0 and the only independent variables are Qc and I. The value of S is obtained
by considering the pair of values (Qc, I) at AT =0 for I = I.
Finally, the thermal conductivity of the TEC module will be calculated by considering a pair of values

(I, AT), extracted from the curve associated with Qc = 0, using the relation [24]:

_0c+05-R,-I?

Km
AT

)

The values of Sm, Rm and Kw obtained for TEC1-12706, TEC1-12705 and TEC1-12703 devices are
presented in Table 1.

Table 1. Thermo — physical parameters of TEC devices calculated from performance curves.

Internal parameters TEC1-12706 TEC1-12705 TEC1-12703
Su(V/K) 0.056 0.0555 0.0552
Rm (Q) 2.05 2.25 3
Kn (W/K) 0.562 0.511 0.372

The power consumption of the thermoelectric module, necessary for system cooling, is assessed
as described in [8]:

B=0y-0c=R, I} +S,I,-(Ty - T¢) (10)

The first term in equation (18) corresponds to the total Joule power losses, while the second
term represents the contribution of the Seebeck effect.
The refrigeration performance of thermoelectric cooler module is investigated through the
Coefficient of Performance (COP), defined as a ratio between the cooling capacity of TEC and his power
consumption [4]:
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COPrc = L (11)
b
a. Exergy analysis

The entropy generation inside a thermodynamic system represents a measure of the irreversibility
for a mass and/or heat transfer process [25]. Thermodynamic losses and the inefficiencies present
inside an energy transfer system can be quantified through the exergy analysis, a fundamental tool for
the evaluation and improvement of the global efficiency of the system. Exergy represents a
thermodynamic property which determines the quality of all the energy flows along the system, from
inputs to outputs.

The thermal conductance and internal electrical resistance of the thermoelectric materials, in
conjunction with a finite heat transfer rate between the TEC module and heat sinks will contribute to
an increase of the entropy generation [11]. The heat transfer between the hot plate of TEC and heat
sink, the convective heat transfer between the heat sink and surroundings, along with the electrical
charge transport between the hot and cold plate of thermoelectric module will generate the
occurrence of external and internal irreversibilities and the enhancement of entropy generation rate.

The exergy balance inside the thermoelectric cooling system can be expressed as [26]:

Bn=Qc-(§—Z—1J+1rr+QH-[1—TT—ZJ (12)
were To is the environment temperature and Pin= P, representing the 100% exergy input [26].

In the right hand side of the relation (20), the first term represents the exergy collected at the cold
side of TEC module, being the reversible work inside the cooling system and the third term is the
exergy removed from the TEC hot — side; the second term is the system irreversibility (energy
destruction), defined as [26]:

IrrzTO'Sgen (13)

were the total entropy generation rate of TEC module, Sgen-1, is defined as below [27]:

On 0O
Sgen—T :ﬁ_T_(f (14:)

The lowest feasible temperature of heat rejection for the thermoelectric cooling system is the
environment temperature [10], so To= T=.
The exergy efficiency of the thermoelectric cooler, known also as the second — law efficiency, will be
defined as the ratio between the exergy output and energy input, using the relation [28,29]:

_ Exout 1
e = et (15)
T,
Exout = QC (T_H_ ] (16)
C
Ex =P (17)

Thus, the exergy efficiency will be calculated with expression [27]:

_Qc [Tu _
T ="p [TC IJ (a8)
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3. Performance Analysis of the Thermoelectric Cooling Unit

The main purpose of this air — cooled thermoelectric refrigeration investigation is to establish
the cooling performance of the system with an optimal TEC module in the presence of a cooling load.
For this purpose, a 100 ml Berzelius glass was placed inside the cooling box.

The coefficient of performance for the entire refrigeration system was calculated with expression
[29]:

o

e

COL,,;, = (19)
were W. is the total electrical power consumed by the cooling system, and Qr (W) represents the

refrigeration load (total heat rate developed inside the cooling box), evaluated with relation [29]:
QT = ch + Qpl + Wfan (20)

In the relation above, Q« (W) is the heat flux through the cooling box, Qy (W) is the product load
as the heat removed by the water glass in the refrigerator and Wy (W) is the electrical power
consumption of the external and internal system fans.

The product load and heat flow inside the cooling box are calculated with relations [29]:

0, =m-C,-(T,,~T, )/ At 1)

O =A4-U-(T,-T,) (22)

In relation (21), m (g) is the mass of the water product, Cy (J/g-K) is the specific heat capacity of
water product, Tyi and Tps (K) are initial and final temperatures of the water product, respectively,
and At (s) is time interval for the water cooling from T, to Tpy.

In expression (22), A (m?) is the internal surface area of the cooling box and U (W/mK) is the
overall heat transfer coefficient, defined as [29]:

|

U:
bLody 1 (23)
he ky, h

int (e ext

with the wall thickness and thermal conductivity of the polystyrene — based cooling box, ds = 4cm
and ko = 0.035 W/mK, respectively.

In relation (23), hint and hext (W/m2K) are the air heat transfer coefficients at the inner and outer
part of the refrigeration system. These coefficients are linked to the real heat transfer coefficients for
air under forced convection through plate fin heat sinks, based on an analytical composite model
developed by P. Teerstra et al. [30]:

X

he=n,-h ., x=ext, int (24)

were 1x represents the fin efficiency for the external and internal heat sink and hix (W/m?K) is the ideal
heat transfer coefficient for the air at the inner and outer surface of the cooling box, calculated with the
following expression [30]:

,X (25)

In relation (25), kox (W/mK) is the air thermal conductivity evaluated at a specific temperature
outside and inside the refrigeration box, T. and T+, respectively.
The ideal Nusselt number value Nuix for the air is expressed through relation [30]:

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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1
Re, Pt ) : R
gt * 2 .
Nu, , = [%j +| 0.664\[Re; . - Pr3- [1+ 3.05 ] (26)

Re .

In expression (26), Prx and Rey.x represents the Prandl number and Reynolds number for each
channel of the external and internal heat sink, calculated with relations [30]:

.ua x’ Cpa X
Pr,=—
x ko (27)
s U, b
Ry === (28)

a,x

In relations above, pax (Kg/m-s), Cpex (J/KgK) and vax (m?/s) are dynamic viscosity, specific heat
capacity and kinematic viscosity of air, respectively, calculated at specific T» and T+ values.
In relation (28), valid for 0.26 < Re;,x <175, Uax (m/s) is the experimentally measured air

velocity under forced convection at the boundary of external and internal fan.
The geometrical parameters for the external and internal heat sinks are presented in Table 2.

Table 2. Geometrical parameters of the system heat sinks.

HS type N \ L t b H: H
(mm) (mm) (mm) (mm) (mm (mm)

external 10 68.1 80.2 1.04 6.02 27.51 25.5

internal 9 39.52 394 0.93 4.04 26.21 21.26

All the heat sink dimensions were measured using a digital caliper with resolution of 0.01 mm
and accuracy of T 0.03 mm.

In Table 1, N is the number of fins, W is the sink base width, L is the sink base length, ¢ is the fin
thickness, b is the distance between fins, H: is the heat sink height and H is the fin height.

Under the composite model of air forced convection through parallel plates of the heat sink
considered in this study, the fin efficiency can be expressed as [30]:

k 2
tanh || 2+ Nu, . - ”’X-H~(t+1)
T kg bt \L
k 2
2.Nuix. a’x.H.(t+lj
T kg bt \L

were ks (W/mK) is the fin thermal conductivity, with a value of 220 W/mK for the Aluminium Alloy
EN AW-6060 [30].

We can see in relation (29) that the decrease of the ratio H/b (or H/t) would reduce the thermal
resistance through the fins, and 7 can approach the ideal value of 1.

n, = (29)

4. Experimental Set-Up

Two different configurations of thermoelectric cooling systems were considered here. The first
one, presented in Figure 2, contained the cooling box with air load and was used for the performance
evaluation of three different thermoelectric cooling modules. For the second configuration, presented
in Figure 3, we considered a water glass of 100 ml as a cooling load for the refrigeration box.

We used here a server station cooling FAN 8025 DC 12V - 0.4 A (JL] Electromechanical, China)
for the forced air convection trough external heat sink. The cooling air inside the box was circulated
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by a small DC brushless fan 12V-0.12A (CJY Electronic, China) placed on the boundary of internal
heat sink.

We tested thermoelectric coolers type TEC1 - 12703, TEC1 - 12705 and TEC1 - 12706, based on
127 bismuth telluride (Bi-Tes) semiconductor couples (1 - type and p — type), with similar dimensions
LxWxH (mm): 40 x 40 x 3.8 (£ 0.1) mm, characterized by different thermo - electrical parameters (see
Table 1). In the datasheets, the maximum values of the voltage, DC current and cooling capacity, Unax,
Imax and Qemax, respectively, are specified for a maximum temperature gradient ATm. = 70°C, at a hot
side temperature Tho = 27°C.

Table 3. Specifications of the thermoelectric modules TEC used in this study [21-23].

TEC model Unax (V) Tnax (A) Qemax (W)
TEC1 - 12703 15.8 4 39.8
TEC1 - 12705 16 5.4 54.1
TEC1 - 12706 16 6.1 61.4

As we can see in Figures 2 and 3, experimental cooling system contains a cooler box made from
expanded polystyrene, with the inner dimensions of 26 x 20 x 9.5 cm and the wall thickness of 4 cm.
Temperatures at the surface of TEC hot plate T, TEC cold plate T, refrigerated air inside the box T,
ambient temperature T. and water load inside the glass T, were measured using a four - channel
PerfectPrime TC0304 digital thermometer (resolution of 0.1°C and accuracy of + 1°C), with K-type
thermocouples as temperature sensors. The power supply for the TEC module, external and internal
fans, Prec, Pre and Py, respectively, was provided by a 300W MCH - K310D DC source (+ 0.5%
voltage/current display accuracy). Two Kafuter K — 523 thin films of thermally conductive paste with
a thermal conductivity of 1.2 W/mK, placed between the hot/cold plate of TEC module and
external/internal heat sinks, offered a maximization of heat transfer between the metallic/ceramic
surfaces.

Experimental temperature data were recorded through a USB connection between the
thermometer and PC using the TestLink TC0309 software.

COOLING BOX

Figure 2. Schematic description of thermoelectric refrigeration system, tested with different cooling fans and
TEC devices.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 3. Experimental rig for the refrigeration system testing with water cooling load.

5. Results and Discussions

In the first stage of the study, we investigated the cooling performances of three different
commercial TEC devices inside the same cooling box with an air load. The average electrical power
consumption (Prec) of the three thermoelectric module modules, TEC1 - 2703, TEC1 - 12705 and TEC1
- 12706, indicated by the power supply at the beginning of each test was 28.18 W, 34.65 W and 53.19
W, respectively.

Figure 4 presents the variations in time for the hot side — cold side temperature gradient of the
TEC modules, ATxc = Tu — Tc, along with the evolution of ambient temperature T.. We could observe
a slight increase with about 1°C of ATxcin the case of TEC1- 12705 testing by comparing it with TEC1-
12706 testing during the last 3 minutes.

2 I o ¥
30 - 30
28 [ 28
26 26
g 2 F24
= 221 L22 &
= 20 4 -20 -
< 18] —=— TEC 12706] [ 1g
5. —o—TEC 12705 |,
] —a— TEC 12703
14 - 14
_ ——T,
12 4 -12
10 4 10
8 8

g T ¥ T B T . T * T = T 4 T E: T 2 T = T & T N T
0 40 80 120 160 200 240 280 320 360 400 440 480
time (s)

Figure 4. Evolution of the temperature gradient between the plates of TEC modules.

Figure 5 shows the cooling performance of the TEC1 - 12706, TEC1 - 12705 and TEC1 - 12703
modules at different temperature gradients between the hot and cold side of thermoelectric modules.

Under a much higher current absorbed from the power supply I, TEC1 - 12706 offered an
enhanced cooling capacity for the refrigeration system compared with TEC1 - 12705, presenting this
way Qc values about 10 W higher (see Figure 5a). Instead, the increased Joule power losses registered
for TEC1 - 12706 generated a power consumption with about 24 W higher than for TEC1 - 12705, so
his corresponding COP cooling parameter decreased with 27 % after 8 minutes of testing. Although
TEC1 - 12703 presented the lowest cooling capacity, this module showed also the lowest power losses
through Joule effect and the COP values were closer to the TEC1 - 12705 module (see Figure 5b).
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Figure 5. Absorbed heat (a) and coefficient of performance (b) for different TEC modules under cooling test with
air load.

Figure 6 presents the variation of the thermal resistances inside the refrigeration system for the
three different TEC modules.
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Figure 6. Thermal resistance of the heat sink at the TEC hot side (a) and total thermal resistance of refrigeration

system (b) for the three TEC devices under cooling test with air load.

Figure 6a revealed a proper performance of the heat sink under forced air convection, coupled
with all the three TEC modules. Due to the high amount of heat transferred between the TEC1-12706
hot side and the heat sink, the Ru value was the lowest for this system configuration. For example, at
ATre = 30°C, Ru was only 0.072 °C/W.

Chang Y. W. et al. [31] showed that a thermoelectric air-cooling module presents a lower
performance compared to a conventional heat sink without a TEC when the thermal resistance of the
heat sink exceeds 0.385 °C/W.

As we can see in Figure 6b, the total thermal resistance of the cooling system with TEC1 - 12706
presented the lowest values, under a lowest individual thermal resistance Rrzc and also the lowest
heat sink thermal resistances at the hot and cold junction of TEC module.

The coefficient of performance (COP) of a complete cooling system, which includes both heat
supply and heat dissipation subsystems, is influenced by temperature drop losses across the system
thermal resistances [32]. Consequently, the COP of the entire thermoelectric cooling unit should be
lower than that of an individual TEC module operating under the same AThc conditions.

Under those circumstances, the exergy analysis became necessary to take into account all the
losses and inefficiencies registered during the energy conversion process developed inside the
refrigeration system.
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The total entropy generation rate Sg inside the cooling system is directly correlated with the
internal and external irreversibilities. Internal irreversibilities arise from Joule heating losses due to
electrical resistance and heat conduction losses within the thermoelectric couples. External
irreversibilities result from irreversible heat transfer between the TEC and the heat source’s hot
junction and between the TEC cold junction and the heat sink reservoirs [33].

The required refrigeration temperature and a specific cooling capacity play crucial roles in
determining the practical applications of thermoelectric cooling systems. Therefore, we present in
Figure 7 the variations in the thermoelectric module’s exergy efficiency (1ex) and irreversibility (Irr)
measured at different cooling temperatures throughout the entire testing period.

During the air cooling test, TEC1- 12705 and TEC1 - 12706 exhibited similar values for Tc and
Tu. However, the Qc value recorded for TEC 12706 was significantly higher, with the Qu value being
71% to 86% greater. As a result, the entropy generation rate (Sgnr) during the testing of TEC1 - 12706
was 0.076 W/K higher than that of TEC1 - 12705. Consequently, as illustrated in Figure 7a, the
irreversibility rate for TEC1 - 12706 was twice as high as that for TEC1 - 12705.

Equation (18) shows that a key factor affecting the exergy efficiency coefficient is the ratio of
cooling efficiency to the power consumption of the TEC module. During testing, we found that the
Qc/P: ratios for TEC1 - 12706, TEC1 - 12705, and TEC1 - 12703 were 0.71, 0.91, and 0.92, respectively.
Consequently, the exergy efficiency of TEC 12705 was approximately 7.3% higher than that of TEC1
- 12706 at a temperature Tc = 5°C, as we could see from Figure 7b.
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Figure 7. The evolution with cooling temperature for: (a) irreversibility and (b) exergy efficiency.

Tipsaenporm et al. [12] investigated a compact thermoelectric-based refrigeration system
containing three TEC1-12708 modules and a rectangular fin heat sink under forced convection
cooling. They observed a similar behaviour of system irreversibility, with a linear increase in value
from approximately 38 W at an electric current supply of 2 A to 55 W at a current of 3 A. The
maximum exergy efficiency achieved by their cooling system was 0.088 at Qc = 28.6 W, which is
almost identical to the values presented by TEC1-12705 during the cooling test with an air load at Tc
values of 8-10 °C.

X. Li et al. [34] reported also a similar range of exergy values for a thermoelectric cooler module
type TEC1 — 12708 powered by a 12V supply voltage within a TEC-TEG system.

In the last part of this study, a water glass of 100 ml was considered as a cooling load for the
refrigeration box. We could evaluated this way the coefficient of performance of the overall
refrigeration system, containing the TEC module and external ventilation fan with optimal cooling
behavior.

In Figure 8a, we present the temperature variations of ambient air, refrigerated air, and water
load inside the refrigeration box during a 160-minute cooling test. After 3000 seconds of testing, we
observed a rapid decrease in the internal refrigeration temperature (1) to 12.3 °C, corresponding to
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a water load temperature (Ty) of 17.3 °C. This behaviour indicates that the internal pin-fin heat sink
effectively cools the air.

Min and Rowe [35] defined the cooling-down period (CDP) of a refrigerator as the time required
for the refrigeration temperature to drop from the surrounding ambient temperature (Ts) to a value
that is 20% above the system’s designated cooling set point. We set the cooling point at 12 °C for our
current refrigerator configuration. As shown in Figure 8a, the CDP value was 660 seconds, consistent
with the expected duration for the small refrigeration volume of the cooling box (0.00494 m3).

M. Miramanto et al. [36] investigated also a thermoelectric cooling system formed by TEC1 -
12706 module (Prec=38.08 W), a polyurethane cooler box with dimensions of 21.5 cm x 17.5 cm x 13
cm, an external heat sink - fan and inner heat sink, using a 380 ml bottle of water as the cooling load.
Without an internal fan for the cooling air circulation, they reported a temperature gradient between
the outer and inner cooler box AT« = Ta — T; of only 6°C after 10.000 s of testing, half the value
registered in our case under the same testing conditions. Using an identical cooler box, a TEC1 -
12710 module working at Prec = 42W, a fan — based inner heat sink with a vapor chamber plate for
the cooling of external heat sink and 500 ml of water as the cooling load, A. Winarta et al. [37] reported
an improved cooling of the water load from 26°C to 9°C after 200 minutes of testing for a
thermoelectric refrigeration system with vapor chamber heat sink.

Figure 8b shows that after only 6 minutes of testing, the refrigeration unit’s COP attained a value
of 0.155 and remained almost constant (2.5% maximum deviation) throughout the remaining testing

time.
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Figure 8. Variation in temperatures (a) and the coefficient of performance (b) for the refrigeration box with a

water cooling load.

Gokeek and Sahin [29] performed an experimental test of a thermoelectric refrigerator box with
a water cooling system for the external heat sinks and a TEC1 - 12709 module working at Przc = 60W.
They reported a COP value of 0.23 after 25 minutes of testing, but after only 50 minutes of operation,
the COP decreased to 0.13.

6. Conclusions

After the refrigeration system investigation with three different thermoelectric modules (TEC1-
1706, TEC1-12705 and TEC1-12703), thermal resistance network analysis revealed that the TEC1-
12706 module presented the lowest total thermal resistance under the highest cooling capacity. Still,
the refrigeration cooling box attained the highest TEC-type coefficient of performance with another
thermoelectric module, TEC1-12705.

After conducting an exergy analysis, TEC1-12705 was selected as the optimum thermoelectric
cooling device for further testing of the refrigeration box, as it presented the highest exergy efficiency.
For this system configuration, we observed that the optimal cooling temperatures (TC) during the
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testing period ranged from 3.8°C to 6.5 °C. This temperature domain corresponds to maximum
exergy efficiency values of 0.09 and irreversibility values ranging from 21.2 W to 20.8 W.

The water, used as the cooling load during the refrigeration box’s cooling performance study
with TEC1-12705, attained the desired cooling temperature of 12 °C after 160 minutes of testing. The
refrigeration unit’s coefficient of performance presented values between 0.155 and 0.159 throughout
the testing period, indicating a stable and efficient operating mode at any intermediate cooling stage.
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