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Experimental Investigation of Passive Water Cooling in Solar
Heating Thermoelectric Generator

Highlights

«+ The heat pipe was investigated by solar power under three different conditions as non-reflector, semi-
reflector and full-reflector.

+« A Small capacity passive water cooler was used for 5 pieces thermoelectric generators (TEGS).

Graphical Abstract

The heating required for the thermoelectric generator (TEG) system was provided by a solar powered two-phase
closed thermosiphon (TPCT) type heat pipe, and the cooling was provided by a two-section passive water cooler.
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Figure. Passive water cooling for thermoelectric generators

Aim

Investigation of the effectiveness of a small capacity two-parts passive water cooler.
Design & Methodology

The system was designed, manufactured and experimentally investigated.
Originality

The efficiency of the two-parts passive water cooler was experimentally studied and calculated with the necessary
measurements.

Findings

For non-reflector, semi-reflector and full-reflector, the highest open circuit voltage values in total are 4.38V,
7.53V and 8.20V, respectively.

Conclusion

For TEG's cold side, instead of a big, impractical passive cooler (water/air), with using a small, practical and
simple passive water cooler could be provided an effective cooling without consuming additional energy.

Declaration of Ethical Standards
The author of this article declare that the materials and methods used in this study do not require ethical committee
permission and/or legal-special permission.
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Bu ¢aligmada, giines enerjisinden elektrik iiretmek igin bir termoelektrik jeneratdr (TEG) sistemi tasarlanmistir. TEG'in sicak
yiizeyini 1sitmak icin giines enerjili iki fazli kapali termosifon (TPCT) tipi 1s1 borusu kullanilmis ve soguk tarafi sogutmak igin
1200 cc kapasiteli pasif su sogutmali bir sistem tasarlanmig ve tiretilmistir. Sogutma sistemi, verimli bir sogutma saglamak igin
dogal bir su sirkiilasyonu saglayan birincil ve ikincil boliimler olarak iki kisma sahiptir. Literatiirdeki ¢caligmalarin ¢ogunda tek bir
TEG kullanilirken, bu ¢alismada daha fazla elektrik liretmek igin basit, kolay ve ucuz bir tasarim elde etmek amaciyla 5 TEG
kullanilmigtir. Sadece pasif su sogutmanin etkisi degil, ayn1 zamanda reflektor kullanmanin sistem verimliligi tizerindeki etkisi
deneysel olarak test edilmistir. Sistem, reflektér olmayan, yar reflektor ve tam reflektér olmak {iizere ii¢ farkli kosulda giines
enerjisi ile caligtirilmigtir. Elektriksel ve termal veriler bir bilgisayara kaydedilir ve kargilastirma ve hesaplamalar i¢in 08:00-15:00
saatleri arasinda elde edilen veriler kullanilmigtir. Sadece maksimum agik devre voltajina ulagilan TEG-1 igin, maksimum ¢ikig

giicii, elektriksel verim ve Seebeck katsayis1 hesaplamalar1 yapilmistir. Sonuglar, kiigiik kapasiteli pasif su sogutmali bir 1s1 borusu
kullanildiginda, elektrik tiretmek igin 5 adet TEG igin gerekli sicaklik farkina ulagilabilecegini gostermistir.

Anahtar Kelimeler: Giines enerjisi, iki fazli kapali termosifon, temoelektrik jenerator, pasif sogutucu.

Experimental Investigation of Passive Water Cooling
In Solar Heating Thermoelectric Generator

ABSTRACT

In this study, a thermoelectric generator (TEG) system is designed to produce electricity from solar energy. Solar powered two-
phase closed thermosiphon (TPCT) type heat pipe is used to heat the hot surface of the TEG, and a 1200 cc capacity passive water-
cooled system is designed and manufactured to cool the cold side. The cooling system has two sections as primary and secondary
sections which provide a natural water circulation to achieve an efficient cooling. A single TEG is used in most studies in the
literature while 5 TEGs are used in this study to obtain a simple, easy and cheap design to generate more electricity. Not only the
effect of passive water cooling, but also the effect of using a reflector on the system efficiency is tested experimentally. The system
is operated by solar power under three different conditions as non-reflector, semi-reflector and full-reflector. Electrical and thermal
data are recorded in a computer and data obtained from 08:00 to 15:00 is used for comparison and calculations. Maximum output
power, electrical efficiency and Seebeck coefficient calculations are made for only TEG-1 in which the maximum open-circuit
voltage is reached. Results showed that using a heat pipe with a small capacity passive water-cooling, the temperature difference
for five TEGs can be reached to generate electricity.

Keywords: Solar energy, Two-phase closed thermosiphon, thermoelectric generator, passive cooling.

1. INTRODUCTION Thermoelectric (TE) energy converters are very popular

Energy is one of the most important topics of this age.
Although there are many sources of energy used by the
human being throughout history, some of these energy
sources are renewable energy sources. One of the
renewable energy sources is solar energy. Solar energy is
the largest and most widely used renewable energy
source. It has applications such as water heating,
photovoltaic electricity generation, energy production
[1]. There are intensive studies and applications on
electricity generation from solar energy. Solar
photovoltaics and solar thermal applications are two
main approaches to electrical power generation [2], [3].

*Sorumlu yazar (Corresponding Author)
e-posta : engin.ozbas@omu.edu.tr

for producing electricity directly form solar energy.
Thermoelectric generators (TEGS) are quiet, reliable and
environmentally friendly solid-state electronic devices
having no mechanically moving parts. TEG can convert
heat energy to electricity. Defined by Seebeck effect in
1821, TEG produces electricity with temperature
difference between two surfaces [4]. Any kind of heat
including waste heat from automobile exhaust,
geothermal and solar energy etc. can be used to heat the
hot side of TEG [5], [6], [7], [8]-

TEG using solar energy as the heat source can be called
solar thermoelectric generator (STEG). The basic idea is
to use solar energy as a heat source on the hot surface of
the TEG. Three different methods can be used for this
purpose. The first is the use of heat obtained by
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concentrating the solar flux with classical (parabolic) and
optical (fresnel) methods. The second method is using the
TEG as a heat exchanger in a combined heat and power
(CHP) system. The third method is using waste heat from
the fluid used for cooling photovoltaic (PV) panels [9].

TEG generates electricity from the heat flow from the hot
side to the cold side of TEG. Therefore a temperature
difference must be established between the two surfaces
[10], [11]. Solar heat can be fed to the hot side of the TEG
directly or indirectly. Direct solar heating includes lens
(fresnel) or mirror (parabolic dish or trough) [11], [12],
[13], [14], [15], [16]. Heat pipe systems placed in
vacuum glass tubes, and systems utilizing waste heat
obtained from PV are the most popular indirect solar
heating methods [17], [18], [19], [20], [21], [22], [23].

While most of the studies focus on solar-powered
heating, cooling the TEG is also a very critical subject of
study. Sajid et al. classified the cooling mechanisms as
passive air cooling, fan cooled, passive water cooling,
forced water cooling and heat pipe cooling [24]. There
are not so many studies in literature on passive water
cooling in solar energy thermoelectric generator.
Chavez-Urbiola et al. used passive water coolers to cool
four different systems consisted of PV, TEG and
concentrator [25]. Singh et al. designed a solar pond that
the heat at the bottom of the pond was carried by a heat
pipe and the top layer of the pond was used as a passive
water cooler [26]. Deasy et al. designed a passive liquid
thermosiphon cooling system which was a reservoir of
water with a maximum capacity of 10 liters. They used
the cooler for a thermoelectric generator and simulated
the experimental results by calculation [27].

It is stated that the active cooling of TEG is a problem
because mechanical devices such as pumps and fans
consume power and the increase of the coolant reduces
the gain. Passive air cooling can provide air resistance
and reduces the efficiency, so passive water cooling is a
good choice [26]. In this study, TEG and solar energy
was considered together for an electric generator design.
Hot side of TEG was heated by a solar-powered two-
phase closed thermosiphon (TPCT) heat pipe. A passive
water cooler was preferred for cooling the cold side of
TEG. Unlike other studies in the literature, a small,
practical and simple cooler design was used instead of a
large and bulky cooler. On the other hand, while one TEG
module was used in most studies, in this study, five TEG
modules are connected to a single solar heater and a
single passive water cooler at the same time. In order to
see the efficiency of the designed cooler, the system has
been compared in three different concentrators as non-
reflector, semi-reflector and full-reflector.

2. EXPERIMENTAL SETUP

In this study, solar-powered two-phase closed
thermosiphon (TPCT) heat pipe is used as the heater.
TPCT evaporates the working fluid in its evaporation
region and moves it to the condenser region where the
working fluid condenses and returns back to the

evaporation region by gravity [22], [23]. In this study, a
TPCT type heat pipe is designed as 1800mm for the
evaporation region and 190mm for the condenser region
from iron material. One-third of the evaporation region is
filled with distilled water. The heat pipe in this
experiment is put into a solar collector tube which traps
the heat concentrated onto heat pipe. Solar collector tube
used in the system is 1800mm in length with 37mm inner
diameter. Surface areas of the collector tube for non-
reflector, semi-reflector and full-reflector are 0.1045m?,
0.1567m? and 0.2090 m? respectively.

Condenser of heat pipe is designed as to heat five TEG
modules, and all surfaces except the surface used for
heating TEG modules are insulated against heat loss.
Passive water cooler is preferred for cooling the surface
of TEG. Cooler is manufactured from the same iron
profile material as the condenser of TPCT, and
dimensions of the condenser and cooler are given in
Fig.1.

R28mm -
20088,

&Q/ 1800mm

U e s )
Figure 1. Heater and cooler parts with dimensions

Cooler is comprised of primary and secondary parts with
1.2It capacity. Primary and secondary parts are internally
separated and cooling water in both parts does not mix
each other. Because of the separator the water heated in
primary part moves upward and passes to the secondary
section where it cools down and moves back downward.
Therefore a natural circulation is accomplished inside a
closed primary and secondary volume of the cooler
which is filled up with water. Five TEG modules are
installed between the solar powered heat pipe and the
passive water-cooled system (Fig.2). Hot-side and cold-
side temperature measurements and open circuit voltage
measurements are performed for each TEG module.

Table 1. Snapshot specification for TEG1-1263-4.3 [30]

Hot side temperature (°C) 300
Cold side temperature (°C) 30
Open circuit voltage (Vo) 10.7
Matched load resistance (Q) 5.4
Matched load output voltage (V) 5.3
Matched load output current (A) 1.0
Matched load output power (W) 5.2
Heat flow across the module (W) ~115
Heat flow density (W/cm?) ~13
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TEG1-1263-4.3 type module is used as thermoelectric
generator. Table 1 gives the snapshot specifications of
the module which is 30£5mm x 30+5mm in size. Open
circuit voltage graphs of the module according to hot side
and cold side temperature values are given in Fig.3.

passive water cooler

secondary part

evacuated glass tube

twophased closed  TC.1 O\
thermosyphon heat pipe TC-4

Figure 2. Location of TEG modules and temperature
measurement points
12
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—Tc=80°C
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o
L]

0 50 100 150 200 250 300
Th{*C)
Figure 3. Open circuit voltage chart for TEG1-1263-4.3 versus
temperature [30]

All temperature measurements are conducted by K-type
thermocouples placed at appropriate locations.
DeltaOhm LP PYRA 02 pyranometer is used for
measuring incident solar radiation. All experimental data
(temperatures, open circuit voltages and solar radiation)
is recorded in real time with one second intervals by
ORDEL UDL100 universal Data Logger with 0.2%
accuracy.

3. EXPERIMENTAL RESULTS

Fig.4 shows the experimental setup. The experiments
were carried out in the northern coast of Turkey, city of
Samsun with latitude of 41°14°N. Collector angle is set
to 26° which is optimum for summer conditions of the
experimental site. To determine the effect of passive
water cooler on the experimental setup, tests are
conducted for three different conditions as non-reflector,
semi-reflector and full-reflector.

Figure 4. Experimental setup

Fig.5 shows the solar radiation distribution for non-
reflector, semi-reflector and full-reflector taken for six
subsequent days. To evaluate the results, data recorded at
30th of March, 2nd of April and 3rd of April are chosen
for non-reflector, semi-reflector and full-reflector
respectively.

30-Mar  31-Mar 01-Apr 02-Apr 03-Apr 04 Apr
(None) (None) (Semi) (Semi) (Full) (Full)
1200
1000
800
E
= 600
z | A'
400 / {J )
200 \ \ \ / \ /
0 / !
[seBoBolcNolels) jeleheBolololcholcRehohoBohel"
Lo B T T T B W W o B B Mg
BCTXELOTRROTRLOTXNROTR QYO T

Local Time (hrs)

Figure 5. Distribution of solar radiation

Data recorded from 08.00 to 15.00 are chosen for the
evaluation. Solar radiation is measured by pyranometer.

Primary and secondary parts of the cooler containing and
circulating 1200 cc water is equipped with temperature
measurement at four different points (TC1, TC2, TC3
and TC4), which are shown in Figure 2. From the Figures
6, 7 and 8 which show the temperature variations in these
points, it can be understood that the water is circulating
in the cooler.

None-Reflector

75
~ 65 1 ——09.00
%’ 55 -5-10.00
‘E 45 ——-11.00
= ——12.00
g 35 —13.00
= 25 ~=-14.00
15 15.00

TC-1 TC-2 TC-3 TC-4

Figure6. Temperature distribution of passive water cooler for
none-reflector system
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Figure 7. Temperature distribution of passive water cooler for ~ Figurel0. Open circuit voltage distribution produce by TEGs
semi-reflector system for semi-reflector system
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Figure 8. Temperature distribution of passive water cooler Figure 11. Open circuit voltage distribution produce by TEGs

for full-reflector system

Figures 9, 10 and 11 show the variation of generated open
voltage based on the reflector use. Full reflector version
produced the maximum open circuit voltage value. TEG1
module which is the nearest module to the heat pipe
reached the maximum open circuit voltage and the other
TEGs came next according to their distance to the heat

pipe.

None-Reflector
~ 2,1 ¢
%’ 1,8 -
E 15 -
2 1 —TEGI
T 09 5 TEG2
5 06 TEG3
Ei 0.3 ——TEGH4
Q0,0 ——TEGS
g 8 8 8 8 & 8 8
E 8 2 = 89 ¢ T =&
Local Time (hrs)

Figure 9. Open circuit voltage distribution produce by TEGs

for none-reflector system

for full-reflector system

Figure 12 shows the total amount of open circuit voltage
generated at none, semi and full reflector systems. Open
circuit voltage which is a maximum of 4.38V in total for
non-reflector is 7.53V for semi-reflector and 8.20V for
the full-reflector.

Total-open circuit output voltage (V)

08.00 @+
09,00
10.00

1.00
00
13.00
14.00
15.00

-

Local Time (hrs)

Figure 12. Distribution of total open circuit voltage produces
by TEGs

To utilize the collected data, Seebeck coefficient (arec),
maximum power (Pmax) and electrical efficiency (#e) can
be calculated. Effective Seebeck coefficient, maximum
power output obtained at the matched load of the module
could be calculated by using equations below [22], [23]:

Voc (1)

a =—
TEG Tus—Tcs
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where arec is the Seebeck coefficient and Vo is the open
circuit voltage of used TE module. In this condition
maximum power output is:

Vée
Iz max = E (2)

where R is internal resistance (5.4 Q) of the used TE
module. By using obtained and calculated values
electrical efficiency can be computed by:
N, = 2m9% 5100 3)

St
According to the calculations made for TEG-1, Seebeck
coefficient (arec), maximum power (Pmax), electrical
efficiency (5e) and temperature difference (A7)
distribution for non, semi and full reflector are shown in
Figure 13, 14 and 15.

@, 1.(%e), P(W) None-Reflector AT (°C)
0,21 90
a-TEG-1 30
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20
0.03 10
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-
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00
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Local Time (hrs)

Figure 13. Distribution of the calculated values for none-
reflector system (TEG1)
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Figure 14. Distribution of the calculated values for semi-
reflector system (TEG1)
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Figure 15. Distribution of the calculated values for full-
reflector system (TEG1)

08,00

-

Figure 16 shows the electrical efficiency (7e) distribution
of TEG-1 module at different reflector conditions. The

highest efficiency values obtained for non-reflector,
semi-reflector and full-reflector are 0.090, 0.156 and
0.130 respectively.

n.(%0) Electrical Efficiency, TEG-1

= “ s 3

08.00
09.00
10.00

— ci

Local Time (hrs)

Figure 16. Distribution of electrical efficiency (77e) (TEG1)

4. CONCLUSION

In this study, a small, practical and simple passive water
cooling system is used for cooling a thermoelectric
generator (TEG), which generates electricity by the
temperature difference between the surfaces. Five TEGs
are used in the system and their hot sides are heated by
solar-powered two-phase closed thermosiphon (TPCT)
tipi heat pipe. A 1200 cc passive water cooler with
primary and secondary sections is used to cool the hot
side of the TEGs by natural circulation. System is
operated as non-reflector, semi-reflector and full-
reflector, and the temperature values on passive water
cooler and heat pipe are recorded along with open circuit
voltage values. The results below are obtained by
calculations based on the data gathered from the tests of
non-reflector, semi-reflector and full-reflector:

e The highest temperatures for the passive water
cooler are 54.5°C, 66.0°C and 73.9°C,

e The highest temperatures reached at the
condenser part of TPCT type condenser are
102.3°C, 137.3°C and 156.0°C,

e The highest temperature difference between the
hot-side and cold-side are 53.5°C, 84.6°C and
88.9°C,

e The highest open circuit voltage values in total
are 4.38V, 7.53V and 8.20V,

e Maximum power values for the first
Thermoelectric Module (TEG-1) in the
experiment are 0.071W, 0.179W and 0.204W,
and their efficiency values are 0.090, 0.156 and
0.130.

The results of this study showed that instead of a big,
impractical passive cooler (water/air), a small, practical
and simple passive water cooler can provide an effective
cooling without consuming additional energy. Besides,
instead of using a single TEG, multiple TEGs are used to
generate more electricity. Comparison of non-reflector,
semi-reflector and full-reflector systems revealed that
full-reflector gives the highest open circuit voltage, and
semi-reflector gives the best efficiency.
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