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This paper presents experimental explorations on cooling performance of thermoelectric chillers being driven by solar cells, as well
as comparison results to the performance being driven by fixed direct current. Solar energy is clear and limitless and can be collected
by solar cells. We use solar cells to drive thermoelectric chillers, where the cold side is connected to the water tank. It is found that
250 mL of water can be cooled from 18.5°C to 13°C, where the corresponding coefficient of performance (COP) is changed between
0.55 and 1.05, when solar insolation is changed between 450 W/m? and 1000 W/m?. The experimental results demonstrate that the
thermoelectric chiller driven by solar cell is feasible and effective for energy saving issues.

1. Introduction

Renewable energy resources become important energy
sources over the world. People apply more renewable energy
sources and technologies so as we can reduce the consump-
tion of traditional fossil energy. Therefore, the carbon dioxide
production can be significantly reduced, and global warming
problem can also be slowed down [1]. Solar chillers could
be accomplished by using one of the following refrigeration
systems: vapor compression, adsorption refrigeration [2], and
thermoelectric refrigeration systems. The first two systems
require low and high pressure sides of working fluids in
refrigeration cycles and are difficult to be developed into
portable and lightweight solar devices used in outdoor
environments. The thermoelectric refrigeration system can
provide advantages of being small, lightweight, reliable,
noiseless, portable, and of low cost in mass production [3].
In our studies, solar cells are used to drive the thermoelectric
chillers.

Gaur and Tiwari found that the energy efficiency of solar
cell is about 10% to 25% [4]. Based on the calculations of
the solar cell modules made in laboratory, cadmium telluride

(CdTe) has shown that it can provide the minimum cost
per unit electrical energy, whereas amorphous silicon (a-
Si)/nanocrystalline silicon (nc-Si) can provide the minimum
cost for unit electrical energy when commercial availability
of solar modules is concerned. Copper indium gallium
diselenide (CIGS) can achieve the lowest capitalized cost
over all other solar cell technologies. Yang and Yin have
presented a hybrid solar system that utilizes photovoltaic
cells, thermoelectric modules, and hot water [5]. The hybrid
solar system is superior to traditional PV systems with 30%
higher output electric power.

Peltier effect and Seebeck effect were first discovered to
present in metals as early as 1820s-1830s [6, 7]. Despite their
low energy efliciency as compared to traditional devices,
thermoelectric effects present distinct advantages such as
compactness, precision, simplicity, and reliability. Applica-
tions of thermoelectric devices are very wide in many areas,
including equipment used in military, aerospace, medical,
industrial, consumer, and scientific institutions [8]. Solar-
driven thermoelectric technologies have two types: the solar-
driven thermoelectric refrigeration and the solar-driven ther-
moelectric power generation [9]. One important application
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FIGURE 1: Solar thermoelectric chiller.

is thermoelectric generation with waste energy and renew-
able energy. Champier et al. incorporated wood stove with
thermoelectric generator. In their system, the hot side of
thermoelectric generator passes through hot air, whereas the
cold side of thermoelectric generator is put under two liters of
water tank. This system can produce up to 9.5 W as they used
prototype of ten watts thermoelectric generator [10]. Meng et
al. [11] presented a system that adopted the flushing water of
blast furnace slag, and about 0.93kW electrical energy can
be produced per unit area when the temperature of flushing
water starts at 100°C with a temperature drop of 1.5°C and
the conversion efficiency is 2%. The cost recovery period of
the equipment is about 8 years. Attia et al. [12] have reported
an experimental power generation device that can produce
electrical energy in milliwatts level by using standard bismuth
telluride thermoelectric modules with a device size of about
10 cm®. Rezania et al. [13] explored the effective pumping
power for the cooling system at five temperature differences
of the hot and cold sides of the thermoelectric generation
device. Their experimental results demonstrated that there
is a unique flow rate that gives maximum net power in the
system at each temperature difference. Chavez Urbiola and
Vorobiev [14] studied solar hybrid electric/thermal system
using photovoltaic panels combined with a water/air-filled
heat extracting unit and thermoelectric generators. Their
experiment results showed that the hot side of thermoelectric
generation at midday has a temperature of around 200°C and
the cold side is approximately 50°C. This system generated
20 W of electrical energy and 200 W of thermal energy.
Another important application of thermoelectric is for
cooling operations [15]. Dai et al. [3] conducted experimental
investigation on thermoelectric refrigerator driven by solar
cells. The results demonstrated that the unit could maintain
the temperature in the refrigerator at 5-10°C and have a
COP about 0.3. He et al. [16] conduct experiments on

thermoelectric cooling and heating system driven by solar
power in a model room whose volume is 0.125m’ and
performed the test in summer time. The resulting COP
of their proposed thermoelectric device is of average 0.6.
Zhou and Yu [17] present a generalized theoretical model for
the optimization of a thermoelectric cooling system. Their
analysis showed that the maximal COP and the maximal
cooling capacity can be obtained when the finite thermal
conductance is optimally allocated. Abdul-Wahab et al. [18]
designed and built an affordable solar thermoelectric refrig-
erator. Their results indicated that the temperature of the
refrigeration was reduced from 27°C to 5°C in approximately
44 minutes. The COP of their system was calculated and
found to be about 0.16. Chang et al. [19] investigated the
thermoelectric air-cooling module for electronic devices. The
results demonstrated that their thermoelectric air-cooling
module can provide better performance at a low heat loading
condition.

This study develops the thermoelectric chiller driven by
solar cell in daytime and direct current (DC) source in
cloudy days or nighttime. The solar thermoelectric chiller
is investigated in terms of COP and the temperature of
thermoelectric through a specially designed test rig.

2. Configuration of the Solar
Thermoelectric Chiller

Figure1 is the schematics thermoelectric chiller driven by
solar cell. The chiller mainly consists of the one solar cell,
thermoelectric, controller, and water tank. The specifications
of the proposed solar thermoelectric chiller are shown in
Table 1. One solar cell can be commercially available. Solar
insolation is 1000 W/m?; maximum of P, is 130 W. The
maximum voltage of the solar cell is 17.6 V, the maximum
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TABLE 1: Specifications of solar thermoelectric chiller.

Solar cell Thermoelectric element
AtS 1000 W/m®  AtTy, 25°C
I — 130W Q. max 49W
Vslamas 176 V AT, 75°C
A 739 A Vieemax 162V
A 0.89 m* Lec.max 53A
Hpv 13% Ry 2.75Q
o 0.0508 V/K
K 0.38 WK™!
4 247 x 107 /K

current of the solar cell is 7.39 A, its area is 0.89 m?, and the
corresponding energy efficiency of the solar cells #py, is 11%.
We adopt a commercially available thermoelectric device; its
size is 40 mm x 40 mm x 4.2mm and the corresponding
specifications are TEC-127-05 with 127 couples of p-n bismuth
tin (BiSn) alloy thermoelement sandwiched between two thin
ceramic plates. At the hot side, the temperature is 50°C.
The maximal cooling production is 49 W. The maximum
temperature difference between the hot and cold sides is
75°C. The maximum thermoelectric voltage is 16.2V, and
the maximum thermoelectric current is 5.3 A. The electrical
resistance is 2.75 . The function of the controller is switching
power supply between solar cells and the DC power source.
The water tank is filled with 250 mL of ambient temperature
water.

The hot side of the thermoelectric system was connected
to the heat exchanger to provide more cooling efficiency.
The thermoelectric cooling process is performed when a
fixed direct current is passed through one or more pairs
of n-type to p-type junctions. As the differences of the
current and temperature increase, Peltier cooling effect can
be accordingly increased. However, main loss in Joule heat is
also proportional to the square of the current and, therefore,
eventually becomes the dominant factor. In the daytime,
the thermoelectric chiller is driven by solar cells. In the
nighttime, the thermoelectric chiller is driven by fixed direct
current.

3. Experimental Study

3.1. Theory Consideration. Solar cell is used in driven ther-
moelectric chiller. The output electric power is calculated by
the following equation [3]:

Psolar = SA’/’PV’ (1)

where S is the solar insolation rate, A is the area of the solar
cell to receive solar irradiation, and #py is the efficiency of
energy conversion from solar energy to electric power.

The heat absorption rate at the cold side, that is, the
cooling capacity, can be obtained by

Q. =aIT. - 0.5 =K (T), - T.). )

The input voltage of the thermoelectric is given by
V=a«a(T,-T.)+IR (3)
The input electrical power of the thermoelectric is given by
P=al (T, -T.)+I’R. (4)
The coeflicient of performance of thermoelectric can be
obtained by

e
CoP = . (5)

3.2. Experiment Setup. In order to quantitatively evaluate the
cooling performance of a solar thermoelectric chiller, the
following parameters should be considered: the solar cell
power, the thermoelectric power consumption, the hot side
and cold side temperatures of the thermoelectric system,
and the coeflicient of performance (COP). Figure 2 illustrates
the schematic organization of our experimental system for
determining cooling performance of the solar thermoelectric
chiller.

All of the experiments used cooling 250 mL water in water
tank, which was connected to the cold side of the thermo-
electric system. The thermoelectric chiller was driven by a
fixed 9.6 V direct current source and solar cells, respectively.
According to (3), the voltage of thermoelectric is related to
the Seebeck coefficient «, the temperature difference between
hot and cold sides (T}, — T.), the electric current of thermo-
electric I, and the thermoelectric resistance R. The voltage of
thermoelectric may change with respect to the changes of the
above variables and approach to the fixed direct current. We
investigate the cooling capacity of the solar thermoelectric
chiller in 180 minutes. We used a power analyzer to measure
the power consumption of the thermoelectric system. For
data logging, we used a data logger and its associated software
to grab the evaluation data. The T-type thermocouples were
used for continuous measurement of hot side and cold
side temperatures, ambient temperature, and water tank
temperature. Type T (copper-constantan) thermocouples are
suitable for measurements in the —200 to 350°C range and
have a sensitivity of about 43 uV/°C. The pyranometer was
used for continuous measurement of solar insolation. It is
suitable for measurements in the 0 to 2000 W/m? range and
has a sensitivity of about 0.1 W/m?.

Our research goal is to investigate solar thermoelectric
chiller. We tested the solar thermoelectric chiller by two
stages and proved feasibility.

(1) First Stage Experiment. Using DC source to drive the
thermoelectric chiller, we measure the voltage, current, con-
suming power, the cold side and hot side temperatures, and
cooling capacity and analyze the COP. We conduct the test
experiments by duration of 180 minutes.

(2) Second Stage Experiment. Using the solar cell to drive
thermoelectric chiller, we measure voltage, current, consum-
ing power, the cold side and hot side temperatures, and
cooling capacity and analyze the COP. We conduct the test
experiments by duration of 180 minutes.



International Journal of Photoenergy

Computer

Solar cell
ST
Datalog Pyranometer
; —=) JL L)
?ogrggwer == Controller
Ambient
temperature
DC
power
analysis
Cold tank
250 mL
~N
Cold side
P temperature
NITTTTA TN
Hot side
temperature

Heat exchanger

FIGURE 2: Experimental setup and measurement of solar thermoelectric chiller.
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FIGURE 4: The electric voltages of thermoelectric system driven by

. . DC source and solar cells.
4. Results and Discussion

The proposed experiments used twelve halogens to simulate

solar light. We adjust the voltage of halogen to change solar  system, whereas the voltages of thermoelectric system are
intensity. We adjust the light intensity from 450 W/m* to  varied with respect to the variations of the solar insolation
1000 W/m?* as shown in Figure 3. In Figure 4, the electric ~ rates. According to Figures 3 and 4, the light intensity and
voltages of thermoelectric system are stable when the fixed the voltage of thermoelectric are positively correlated. When
direct current power is supplied to drive the thermoelectric  the lowest light intensity is about 450 W/m?, the voltage of
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FIGURE 5: The electric currents of thermoelectric system driven by
DC source and solar cells.

thermoelectric is about 2.7 V; when the highest light intensity
is about 1000 W/m?, the voltage of thermoelectric is about
8V. In Figure 5, the electric currents of the thermoelectric
system are stable when the fixed direct current power is
supplied to drive the thermoelectric system, whereas the
currents of the thermoelectric system are varied with respect
to the variations of the solar insolation rates. In Figures 6
and 7, we used fixed direct current power to drive the ther-
moelectric system. The hot side temperature is maintained at
about 47°C, and meanwhile the cold side temperature drops
from 0°C to —3.5°C. When we use the solar cell to drive the
thermoelectric system, the hot side temperature and cold side
temperature accordingly vary with respect to solar insolation
rates. The highest hot side temperature is 36°C, and the least
hot side temperature is 23.5°C, whereas the highest cold side
temperature is 6°C, and the least hot side temperature is
-3.5°C.

Figures 8 and 9 show the cold tank temperatures and
cooling capacities of the thermoelectric chiller driven by
the fixed direct current power and the solar cells. For the
thermoelectric chiller driven by the fixed direct current
power, the cold tank temperature drops form 20°C to 11°C,
and the cooling capacity is maintained at 12W. For the
thermoelectric chiller driven by the solar cell, the cold tank
temperature drops rapidly form 18.5°C to 14°C when the
cooling capacity changes from 10.5 W to 14 W and the average
is cooling capacity 12.2'W. We can see that the cold tank
temperature gently drops from 14°C to 13°C when cooling
capacity changes from 5W and 17.5W; the average cooling
capacity is 10.6 W in this range. As shown in Figures 10
and 11, when we use fixed direct current power to drive
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FIGURE 6: The hot side temperatures of the thermoelectric system by
DC source and solar cells.

TABLE 2: The average cooling capacity of the semiconductor of the
system.

Average
Result S \% I P Q.
COP
Wm?) (V) (4) (W) W
DC power source 94 32 343 119 035
Solar cell 7479 59 20 167 12 074

the thermoelectric chiller, the input electric power of the
thermoelectric chiller is maintained at about 35 W and the
COP value is maintained at about 0.35. By comparison, when
we adopt the solar cell to drive the thermoelectric chiller, the
lowest value of the input electric power of the thermoelectric
system is 5.5W, while the highest value is 26 W, and the
lowest COP is 0.55, while the highest COP is 1.05. We observe
that the solar cell driven thermoelectric system can provide
significantly better COP and needs lower input electric power
consumption for the thermoelectric system. As shown in
Table 2, the average cooling capacity of the solar driven
system is 11.2' W, which is lower than the one of the system
driven by fixed direct current of 11.9 W. By comparison, the
average COP of the solar driven system is 0.74, which is better
than the one driven by fixed direct current of 0.35. This is
because the solar driven system is operated on an average of
electric current of 2 A, which is a better operating point than
that of the fixed direct current driven system.
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FIGURE 7: The cold side temperatures of the thermoelectric system
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FIGURE 8: The cold tank temperatures of the thermoelectric system
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5. Conclusions

This study conducts experimental investigation on a ther-
moelectric chiller driven by solar cells. This experimental
system has been tested, and the test results are presented.
By comparing the experimental data of the thermoelectric
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FIGURE 10: The input electric powers of the thermoelectric system
by DC source and solar cells.

system driven by direct current source and by the solar cell,
we found that the thermoelectric chiller driven by the direct
current source provides the cooling capacity of 11.9 W, which
is somewhat higher than the one driven by the solar cell
(11.2W). However, the COP obtained by the solar driven
system is 0.74, which is significantly better than the one
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FIGURE 11: COPs of the thermoelectric chiller by DC source and solar
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driven by direct current of 0.35. Although the thermoelectric
system driven by fixed direct current can provide stable
cooling capacity, the thermoelectric chiller driven by the
solar cell can provide significantly better COP, which ranges
between 0.55 and 1.05, with an average of 0.74, than that
driven by the fixed direct current. The experimental results
also reveal that if the solar insolation rate can achieve
450 W/m? to 1000 W/m?, the solar thermoelectric chiller can
provide feasible and effective performance.

Nomenclature
A: Area of solar array, m’
I: Electric current, A

K: Thermal conductance, WK™

P ..: Output electric power of solar cell, W

P: Input electric power of the thermoelectric
chiller, W

Q,:  Cooling capacity, W

R: Thermoelectric resistance, Q)

S Solar insolation,

Ty:  Temperature of hot side, K, °C
To:  Temperature of cold side, K, °C

T,  Temperature of water in cold tank, K, °C
AT, . Maximum temperature difference

between hot and cold sides, K, °C
V: Electric voltage, V
VA Figure of merit, 1/K
a: Seebeck coefficient, V/K
npy:  Energy efficiency of solar cells.

Abbreviations

COP: Coefficient of performance
TEC: Thermoelectric cooler
DC: Direct current.

Subscripts

solar: Solar cell
tec: Thermoelectric cooler
max: Maximum.
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