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This work presents the COP and EER of the combined air conditioning and
thermoelectric cooling systems. The small-scale air conditioning (8000 BTU/hr) with
thermoelectric cooling systems is set up in the closed room (2.0*2.0*2.0 m), and free
energy from the photovoltaic cell is used for the thermoelectric cooling module. The
COP and EER with the thermoelectric cooling module are higher than those without the
thermoelectric cooling module. It is observed that the COP and EER increase as the
axial fan speeds increase. In addition, there is good agreement from the comparison,
giving an average error of 3.77%. The highest COP and EER for the system with the

thermoelectric cooling module are 1.71 and 5.85 for an airflow rate of 4.7 m%s,
respectively. The results can be used as guidelines for developing the thermal
performance of air conditioning by combining it with the thermoelectric cooling

module.

1. INTRODUCTION

Due to global warming, the use of air conditioning systems
is rapidly increasing, affecting higher energy requirements.
Meanwhile, air conditioning systems have been developed
continuously to obtain higher efficiency and lower power
consumption. Today, many cooling systems use
thermoelectric as a cooler to enhance cooling ability in the
systems. However, the cooling ability of thermoelectrics
depends on many relevant parameters that must be studied
continuously, which many papers presented on thermoelectric
applications due to many advantages [1]. Domestic
refrigerators [2] have low thermal efficiency than vapor
compression refrigeration systems [3, 4]. Thermoelectric
refrigerators can be installed in confined spaces. Portable
coolers are likely to be used outdoors, either battery-powered
or powered by solar panels. The thermal performance of the
portable refrigerators is < 0.5 for an operating temperature
difference of 20-25°C. Min and Rowe [4] determined the
thermoelectric domestic refrigerators, for which the obtained
COP was 0.3-0.5 at a 20°C inside/outside temperature
difference. Next, the portable thermoelectric refrigerator
driven by photovoltaic cells has been investigated [5-7]. The
results found that the coefficient of performance was about
0.23. Astrain et al. [8] studied the combined thermoelectric
and vapor compression hybrid refrigerator. The efficiency of
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a system with ionic wind fans has been developed [9].
Electronic devices generate much heat during operation, so the
maximum junction temperature should be maintained below
85°C [10], and the maximum generated heat is about 200W
[11]. Naphon and Wiriyasart [12] developed the
thermoelectric cooling module for the CPU using nanofluids
as coolants. Nanofluids have a significant choice better than
water for the coolant in the cooling system [13, 14].

Thermoelectric coolers have many advantages, such as
having a small size, no moving parts, coolant flowing in the
system flexible power supply of the electric vehicle system.
Therefore, a cooler has been applied for automotive
applications [15]. Qinghai et al. [16] studied the efficiency of
a cooler. Optimizing the COP of the cooler [17, 18] and the
coolers/power generators for automobiles [19] have been
performed. Next, Srivastava et al. [20] numerically analyzed
vehicle cabins  with  solar-assisted  thermoelectric
cooling/heating systems. Riffat and Qiu [21] studied the
efficiency of thermoelectric and conventional coolers. The
average COPs are 2.8 and 0.42, respectively, for conventional
air conditioning and thermoelectric coolers.

Cosnier et al. [22] studied the cooler systems by using
thermoelectric. Next, Cheng et al. [23] designed a cooler
system driven by photovoltaic cells at a temperature difference
of 16.2°C. Gillott et al. [24] studied thermoelectric cooling
system buildings. Active thermal windows and active
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thermoelectric walls for the room have been introduced by
Arenas et al. [25] and Vazquez et al. [26]. Shen et al. [27]
studied thermoelectric air conditioning. The maximum COP
of 1.77. Cherkez [28] applied the on cooling thermoelements
for the thermoelectric cooler unit with the COP increases 1.6-
1.7 times. Miranda et al. [29] applied the green energy-
powered thermoelectric for the air conditioning. Shen et al. [30]
studied a cooling system and thermoelectric air conditioning-
driven photovoltaic cells with a hot water supply [31]. Next,
Attar and Lee [32] designed the cooler system with TCM, and
the results validated the analytical analysis. Li et al. [33]
considered the energy management system of TCM. Irshad et
al. [34] presented a sizing and cost of an air duct with solar cell
calculations. Next, the thermoelectric air conditioning
undergarment for HVAC energy saving has been considered
[35]. Tian et al. [36] proposed the tube arrangement of the
thermoelectric module as an air cooler. Duan et al. [37] studied
thermoelectric systems and a solar-driven thermoelectric unit
with and without dehumidifiers [38, 39]. Next, Salehi et al. [40]
determined the efficiency of the solar cooling modules. Han et
al. [41] studied the efficiency of a TCM using liquid as a
coolant and a TCM [42]. Saini et al. [43] presented an air
conditioning system with a thermoelectric module. Next,
Almodfer et al. [44] used the random vector to determine the
efficiency of a solar-powered thermoelectric cooler. The most
productive studies have been continuously done [45-53]. They
apply the thermoelectric cooling module for many systems,
including; cold-hot water dispensers [45, 46], sensible air
cool-warm fan [47], liquid cooler module [48], cooling CPU
[49], electric generator [50], the cooling module with
nanofluid as coolant [51], and cooling electrical vehicle
battery module [52, 53]. The thermoelectric cooling modules
use water and nanofluids as working fluids flowing through
the systems.

As reviewed above, many papers presented the
thermoelectric application areas. The thermoelectric has many
advantages, including; a small scale, various coolants, and a
quiet operating sound. However, some disadvantages are the
expensive and low performance. This paper aims to analyze
the thermal performance of the small-scale combined air
conditioning and thermoelectric cooling system. Obtained
from this study, the combined air conditioning and
thermoelectric cooling module have affected the increasing
COP and EER of the combined small-scale air conditioning
system.

2. EXPERIMENTAL APPARATUS AND METHOD
2.1 Test loop

As shown in Figure 1 (A), the present test loop consists of
the air conditioning system, four thermoelectric modules, a
closed room, and an operating control system. The structure of
the closed space (2.0 m*2.0 m*2.0 m) is assembled from an
aluminum profile, and the walls are made from plywood and
covered with an insulator sheet to decrease heat loss. Four
thermoelectric cooling modules are installed at the wall as the
supplied air duct of the air conditioning system. There are
many ways of thermoelectric refrigeration, such as lithium
bromide technology and semiconductor refrigeration
technology for a cooling system. However, the reason for
choosing a thermoelectric air-cooling module for air cooling
is because the experiment's system combined the air
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conditioning system with a thermoelectric air-cooling module.
The thermoelectric plate has some advantages, including a
small scale, easily switching between heating and cooling
modes, and a quiet operating environment. The photovoltaic-
thermoelectric cooling system consists of four modules, a DC
battery (12V, 80Ah), a photovoltaic cell, a charger controller,
and an invertor. The hourly variation of the solar radiation on
the horizontal surface outside reaches 1000 W/m? [54]. Each
thermoelectric cooling module consists of four axial fans,
three heat sink units, and two thermoelectric plates (12.3V).
The total ampere of the thermoelectric cooling module is bout
25.6A. Therefore, electrical DC power requires about
12.3x25.6 = 314.88W, and a photovoltaic cell is 450W. Each
side of the thermoelectric plate is attached by high thermal
conductivity special glue to the heat sink unit, as shown in
Figure 2. The thermoelectric plate has an operating
temperature of 70°C and a cooling capacity of 60W. Type T
thermocouples measure the cold-hot surface temperatures, and
twelve thermocouples are used to measure the air temperature
in three levels (4 points), as shown in Figure 1(B), controlled
by the Arduino control system.

Returned air

Thermoelectric

cooling unit

(A)

(8)

Figure 1. Schematic diagram of (A) the air conditioning
room and (B) air temperature measurement positions

Figure 2. Schematic diagram of thermoelectric cooling
module used in the present study



2.2 Data reduction and uncertainty analysis

The cooling capacity of the air conditioning system and the
thermoelectric cooling module are calculated from

Quac = moa1(hst1_hfi1) (1

o]

Qerem = Maz (hstZ - hfiz) (2)

The energy requirement of the thermoelectric cooling
module includes the power of axial fans and thermoelectric
plate as follows:

Prow = P+ P+ P 3)

The energy efficiency of the TCM is presented in terms of
the COP as follows:

Qc,TCM

From

COPy = @)

The COP of the air conditioning system and energy
efficiency ratio is calculated from

Q
COP,c = 5)
PAC
EER\Nithout =3 l4COPwnhout (6)

In the present study, energy from the photovoltaic cell for
the thermoelectric cooling system is free energy. Therefore, it
is not included in the overall coefficient of performance (COP)
calculation process, which is calculated from

COPR,, = Qcrem + Qe ac
F2FCM + PAC
0 0 @)
_ maz(hslz_hfi2)+m (hsll_hfil)
(P + P + Pro) + Pyc
Table 1. Accuracy and uncertainty of measurements
Instrument Accuracy (%) Uncertainly
Anemometer 0.1 +0.2
Dry-box temperature calibrator 0.1 +0.1
DHT22 temperature 0.1 +0.1
DC voltage and current sensor 0.1 +0.01
AC digital power energy meter 0.1 +0.01

Based on the errors of the instruments (Table 1), the
uncertainty estimation process has been performed [55]. The
maximum uncertainty value of the COP is £ 7.5%, which is
calculated as follows:

o]

2
NI
1 ohg,

Uncertainty=

®)

2 2
aCOoP
APAC ] +( aHCM APTCM ]
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3. MATHEMATICAL MODELING

In a computational process, an air conditioning system with
and without thermoelectric cooling modules is investigated
numerically with dimensions and the mains computation
domains, as shown in Figure 3. The turbulent flow model is
used to consider the problems. The main governing equations
are given as follows [56, 57]:

op .
—+div(pU)=0 9
- (pU) ©)
%:—%+div(ygrad U)+S (10)
DT . .
th:—pdlvU+d|v(1“gradT)+cD+Si (11)
Turbulent model:
o( pk
( )+d|v(pkU)
12)
dlv{ ~Lgradk }+2,utEij-Eij—pg
( )+d|v(ng)
= div(ﬂ grad gj (13)
O-E
£ g’
+Cy, Ezﬂt E;-E; _ngp?
Boundary and initial conditions:
qwall =0,
u=u,,v=0w=0¢ec=¢,k=k,T=T, (14)
3/2
&, = Cz"‘ k K, = g(uinl)2>
K (15)
I = L 100%
u

Launder and Spalding [56] proposed the turbulence model
constants of €, = 0.09, C,y = 147, Cs, = 1.92, g, = 1.0,
o, = 1.3.

A turbulent flow model is used to analyze the problem [58]
and solved by using ANSYS as a solver in the numerical
process. As shown in Figure 3, all walls, ceilings, and floors
are adiabatic. The air flowing is the steady-state, the single
phase-flow condition with constant properties (Variation of air
properties with temperature is excluded), and radiation heat
transfer is not considered. The constant inlet temperature and
airflow rate are 3.7, 4.2, and 4.7 m?/s.

In order to obtain the computation accuracy, the grids
independent test is performed with three different grids of 5.0
x 103, 2.0 x 10°, and 3.0 x 10°. The residual summed is set of
107 for the ended computation. The air temperature of 3.0x10°



is finer than that of 2.0x10° less than 1%, and the grid of
2.0x10° ensures satisfactory results, as shown in Figure 4.

All adiabatic walls

s

Supplied air from
AC =1

PO

S~
Supplied air from
TCM

Figure 3. Computation domain and grid configuration of the
present study
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Figure 4. Grid independent test

4. RESULTS AND DISCUSSION

The experiment performs for the operating time from 08.00
to 11.00 am, which sets the start air temperature of 30°C.
Experiments are done with six different conditions, as shown
in Table 2. The inlet airflow rate discharged in the closed room
is also an important parameter that affects the cooling effect.
Air temperature distributions in the closed room are measured
in three levels (each level measured in four positions), as
shown in Figure 1(B). Figure 4 illustrates the air temperature
variation inside the closed room. Air temperature at 50 cm
from the floor is the lowest and increases at a higher distance.
Cases IV, V, and VI are the air conditioning system with the
thermoelectric cooling module, and cases I, I, and III are
without a thermoelectric cooling module. The room
temperatures from the air conditioning with the thermoelectric
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cooling module (cases IV, V, and VI) are lower than those
without the thermoelectric cooling module (cases I, II, and I1I).

Table 2. Operating conditions of the present study

Case .
Studies Details
Case Air conditioning (AC) turns on without a thermoelectric
cooling module (TCM) at an airflow rate of 3.7 m%/s
Case 11 Air conditioning (AC) turns on without a thermoelectric
cooling module (TCM) at an airflow rate of 4.2 m3/s
Case 111 Air conditioning (AC) turns on without a thermoelectric
cooling module (TCM) at an airflow rate of 4.7 m3/s
Case IV Air conditioning (AC) and thermoelectric cooling module
(TCM turn on at an airflow rate of 3.7 m%/s
Case V Air conditioning (AC) and thermoelectric cooling module
(TCM turn on at an airflow rate of 4.2 m’/s
Case VI Air conditioning (AC) and thermoelectric cooling module
(TCM turn on at an airflow rate of 4.7 m*/s
50
—i— AC without TCM (3.7 m/s)
— -8 —  AC without TCM (4.2 m/s)
40 —-—&-—-  AC without TCM (4 7 m/s)
o —&— AC with TCM (3.7 m/s)
s — - — AC with TCM (4.2 m/s)
T —-—8—-  AC with TCM (4.7 m/s)
3
% 30
5
.i(;
20
10

100 120

Operating time (minute)

20 60

Figure 5. Variation of air temperature inside the room

50

Position: 100 cmfrom the floor
40

o Measured data

— Predicted results

Air temperature (°C)

20

20 40 60 80 100 120 140 160 180

Operating time (minute)

Figure 6. Comparison of air temperatures from the predicted
results and the measured data of TC with TCM at an airflow
rate of 4.7 m%/s

It can be seen that the minimum cooling temperature of the
system meets about 16-17°C. However, in general, the air
conditioning temperature is set as 24°C. If the temperature
drops to the set value (24°C), the air conditioning system will
stop working. This means that it saves energy. With the
thermoelectric cooling module working, the air temperature
inside the room drops to the set value faster. The heat removal
ability for the air conditioning with the thermoelectric cooling
module is removed rapidly at higher axial fan speed. The
higher airflow rate gives the air temperature lower than that
lower one, as shown in Figure 5. The comparison of the air



temperature obtained from the measured data and the
predicted results at the 100 cm positioning from the floor is
shown in Figure 6. It is observed that the numerical study is
slightly underpredicted and gives errors of 3.77%. This is
because of heat transfer from the outside into the room during
the experiment. Therefore, the air temperatures in the
experiment are higher than the calculated ones. The
temperature and velocity distributions of air for the air
conditioning (AC) system with the thermoelectric cooling
module (TCM) are shown in Figure 7. The horizontal and
vertical cross-section planes through the air conditioning
system and thermoelectric cooling module are performed and
presented. The air temperature inside the room tends to
decrease with increasing operating time. The minimum air
temperature in the air conditioning system zone is about 16-
17°C. The thermoelectric cooling module can reduce air
temperature to as low as 18°C. The main supply airflow from
the air conditioning system is discharged by centrifugal fans
into the room to impinge the opposite wall and then spread into
the other air zone inside the room, which this phenomenon is
similar to the air flowing from the thermoelectric cooling
module. The minimum air temperature occurs at the main
airflow of the air conditioning zone and tends to increase in
the outer area. The air temperature from the air conditioning is
lower than that from the thermoelectric cooling module. The
mixing level between the two main airflows (low-temperature
zone) and air in the other area depends on two airflow rates
through the air conditioning system and the thermoelectric
cooling module.

T | T

Supplied air from / s

air conditioning S -1 il

Temperature

30.506
29.518
28.529
27.541
26.553

€]

Supplied air from [ f LA
therm oel ectric cooling module \ |

Figure 7. Velocity vector and temperature distribution inside
the room for AC with TCM

1147

The axial fan induces the air inside the closed room to flow
through the heat sink unit of the thermoelectric cooling module.
Therefore, the cooling ability functions the thermoelectric
plate and inlet air temperature (inside the closed room). In the
beginning, the cooling removal ability of the thermoelectric
cooling module is high due to the high-temperature difference.
However, the cooling ability decreases because the
temperature difference decreases as the operating time
continues. Outside air is induced and flows through the air
conditioning system. This means that the cooling ability of the
air conditioning system depends on outside air temperature,
which the cooling ability decreases for the whole operating
time range (08.00-11.00 am) as the higher outside air
temperature, especially at noon. Therefore, the cooling ability
of the air conditioning system with and without the
thermoelectric cooling module decrease as the operating time
goes on. Reductions in the COP for different operating
conditions are shown in Figure 8. The COPs increase with
increasing airflow rate, which is the reason mentioned above.

—5— AC without TCM [3.7 s}
3 — AC without TCM (4.2 mis)
=B~ AC without TCM {4.7 mis)

20 40 60 80 100 120 140 160 180
Operating time (minute)
G
A
4
—-3—  AC with TCM (2.7 mis)
——r— with TCM {4.2 mis)
31 —8— AC with TCM (4.7 m/s)
o
o 2
o

-2

a0 100 120 140 160

Operating time (minute)

20 40 60 180

Figure 8. Variation of COP of air conditioning

Figure 9 compares the average COP and EER of the air
conditioning system with and without the TCM. It is observed
that the average COPs of cases I, II, and Il are 1.11, 1.15, and
1.24 for airflow rates of 3.7, 4.2, 4.7 m>/s, respectively,
whereas the average COPs of cases 1V, V, and VI are
approximately 1.20 [3.7 m%/s], 1.21 [4.2 m%/s], and 1.71 [4.7
m?/s]. In addition, the EERs of air conditioning systems with
thermoelectric cooling modules increase about 7.90%, 5.13%,
and 31.84% for airflow rates of 3.7, 4.2, and 4.7 m’/s,
respectively, as shown in Figure 9.

The COPs obtained from the measured data are compared
with those from the predicted results. As shown in Table 3, it



can be found that reasonable agreement is obtained from the
comparison and give maximum and minimum errors of 7.63%
and 1.75%, respectively. In addition, the predicted results are
higher than those from the measured data. This may be due to
the heat transfer from the outside into the room during the
experiment.

Table 3. Comparison of COP from the measured data and the
predicted results

Operatin cop
P g Experimental Predicted %ZErrors
modes
results results
Case I 1.11 1.17 4.82
Case 11 1.15 1.21 5.07
Case III 1.24 1.26 1.75
Case IV 1.20 1.25 4.07
Case V 1.21 1.30 6.92
Case VI 1.71 1.85 7.63
2.0
18
16
1.4
12
o
o 1.0 1
(8]
08 1
06
0.4
0.2
0.0
Casel Casell Caselll CaselV CaseV CaseVl
? T 1 T T
| I | |
| I | |
e N
I I I I
| | | |
5 {--mj-m- s
| I | |
| |
4 4 7—— -
o
1]}
L

Casel Casell Caselll CaselV CaseV CaseVl

Figure 9. Comparison of COP and EER for different
operating conditions

5. CONCLUSIONS

Air conditioning systems rapidly increase human living
standards, resulting in higher energy consumption. However,
air conditioning systems have been developed continuously to
obtain higher efficiency and lower power consumption. Today,
a thermoelectric cooler is applied in many systems. This is
because thermoelectric coolers have many advantages, such as
having a small scale, easily switching between heating and
cooling modes, and a quiet operating environment. The
efficiency of the combined small-scale air conditioning and
thermoelectric cooling systems driven by solar cells has been
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investigated. It is found that the COP and EER of the small-
scale air conditioning system have been achieved as compared
to without the thermoelectric cooling module. The COPs of air
conditioning systems with thermoelectric cooling modules
increase about 7.90%, 5.13%, and 31.84% for airflow rates of
3.7, 42, and 4.7 m’/s, respectively. However, the
thermoelectric  air-cooling module will need further
development in order to get higher thermal efficiency.
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NOMENCLATURE

AC
cop
G

I
EER
h

Le

p

air conditioning, [-]
coefficient of performance, [-]
specific heat, [kJ/(kg°C)]
turbulent intensity, [-]

energy efficiency ratio, [-]
enthalpy, [kJ/kg]

equivalent length, [m]
pressure, [kPa]
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power, [kW]

cooling capacity, [kW]
temperature, [°C]

thermoelectric cooling module, [-]
velocity vector, [m/s]

constants, [-]
density, [kg/m?]
constants, [-]
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Subscripts

AC

c

fi

fc

th

in

st
TCM
TP

air conditioning

cooling

final

fan unit at cold side

fan unit at hot side

inlet

start

thermoelectric cooling module
thermoelectric plate





