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ABSTRACT

In this manuscript, a solar cavity packed with the thermoelectric generator modules has been
investigated numerically. The hot plate of TEG modules makes the inner surface of the cube, and the
cold plate is the outside the cavity, under natural convection. The TEG modules are electrically in
series. The solution algorithm using the equations of heat transfer and generated power of TEG
modules is developed via MATLAB and simulated under various non-concentrated irradiation levels.
The variation of generated power in solar thermoelectric cavity shows that increasing of the solar
irradiance caused increasing the growing rate of the generated power. The radiation varies from 700 to
1200 W/m?, and the generated power is increased from 0.26 mW to 10 mW in the side of TEGs and up
to 30 mW in the bottom of TEGs. The evaluation of aperture size indicates although the generated
power of fully open cavity is 2.25 times higher than the generated power in 0.05x0.05 m?” aperture size
cavity, its efficiency is 46% lower than the small aperture cavity. Heat transfer analysis of cavity
depicts that 91% of heat transferred by conduction in the cube surfaces. Only 6% and 3% of input

energy are lost by re-radiation and convection through the aperture, respectively.

1. INTRODUCTION

The growing demands of energy and the effect of using
fossil fuel resources have led to an effort to develop the
new technologies for the conversion of renewable
energy to electricity. One such efficient technology is
the use of solar thermoelectric generators for direct
conversion of solar energy into electricity, based on the
Seebeck effect [1-5], which was discovered in 1836 by
Thomas Johann Seebeck. Thermoelectric generators
(TEGs) consist of a set of thermoelectric (TE) modules
inserted between two heat exchangers. Each TE module
is then composed of several tens to hundreds of pairs of
TE couples connected electrically in series and
thermally in parallel, which directly converts a part of
the thermal energy that passes through them into
electricity. The advantages of TEGs are numerous [1]:

1- Direct energy conversion;

2- No moving parts, hence no maintenance and no extra
costs;

3- Noiseless operations.

The high cost has been a barrier to development of
TEGs for more common applications.

*Corresponding Author’s Email: ameri_m@yahoo.com (M. Ameri)

The conversion efficiency of TEGs strongly depends on
the figure of merit (ZT) and the temperature difference
between the hot and cold plates as described by the
equation (1) [5]:

VI+ZT
N = =T/T) Gagrorr) (1)

Wheren is the conversion efficiency of heat to
electricity, T, and T} are the temperatures of cold and
hot sides of a TEG, respectively.

There are many methods for classifying TE materials,
one of which is based on the temperature [6]. Therefore,
TE materials can be divided into three sections. At the
high temperatures (800-1300 K), ceramics like BaUO;
(ZT=) and semiconductors like SnSe single crystal
(ZT=2.6£0.3) can be used [7, 8]. At the middle
temperatures  (300-800 K), semiconductors like
Bi,Te, g5Seq 15 (ZT=2.38) can be used [9]. At the low
temperatures (200-400 K), semiconductors like Bi,Te;
(ZT=2.4) [10] and at room temperature polymers like
cthylene dioxythiophene (ZT=0.4) can be used [11]. It is
said that ZT must be greater than 3 to compete with a
traditional generator.

The basic idea of solar thermoelectric generators
(STEGs) is applying the heat of sun as a heat source for
the hot side of TEGs. Different options can be used [1]:
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e Directly concentrate the solar flux received by
optical concentrators or by using classical solar
concentrators,

e Use of the TEG as a heat exchanger in a CHP
system

The efficiency of the first developed STEG was less

than 1% [12].

However, due to the rapid advances of material science,

STEGs are applied in different solar systems. These

systems can be classified into four types: (i) Non-

concentrated STEGs, (ii) Concentrated STEGs, (iii)

Thermal TEG hybrids and (iv) Photovoltaic TEG

hybrids [13].

Before the 1990s, thermoelectric devices mainly

consisted of the bulk thermoelectric materials and

showed little improvements. In 2011, Kraemer et al.

[14] developed a promising flat-panel STEG with

several times high efficiency. Baranowski et al. [15]

showed the total efficiency of current TE materials

could be 14.1% with a hot side temperature of 1273.15

K and a solar intensity concentration of 100 and

including a non-ideal optical system. Chen et al. [16]

and Kossyvakis et al. [17] also conducted calculations

to optimize STEG design.

He et al. [18, 19] explored the coupling of solar water

heating with a TEG. The experimental prototype unit

was based on a solar concentrator with the glass
evacuated tubes. The heat-pipe transferred the absorbed
solar heat within the glass evacuated tube to a water
channel. The TEG worked as a heat exchanger between
the heat pipe and the water channel. Although the
electrical efficiency was low (about 1 to 2%), the
overall efficiency must be taken into account but as it
was a CHP system. The efficiency of the produced hot

water was quite good (about 55%).

Chavez et al. presented a solar hybrid electrical/thermal

system with a radiation concentrator. The concentrator

illuminated a TEG which was cooled by a thermosiphon
providing hot water. The system generated 20 W of
electrical energy and 200 W of thermal energy stored in

water with a temperature of around 323 K [20, 21].

Many researchers used the TEG modules in the heat

recovery systems such as photovoltaic-thermoelectric

hybrid systems. Soltani et al. tested a photovoltaic-
thermoelectric hybrid system at the different cooling
conditions. Natural cooling, air forced cooling, water
cooling and nanofluid cooling were applied for
enhancing the heat transfer of the TEG cold plate. The
tests showed that using nanofluid cooling had
remarkable better results for the total power of the
hybrid system comparing to the air cooling methods

[22]. A hybrid photovoltaic thermoelectric system at the

concentrated solar irradiance by applying Fresnel lens

and water heat extracting unit was studied by Willars-

Rodriguez et al. [23]. This hybrid system could reach to

the electrical efficiency of 20% and thermal efficiency

of 40%. The three-dimensional numerical model of the

perovskite PV-TEG hybrid system had been studied
and, the results showed that the temperature coefficient
of the perovskite solar cell was lower than 2% K. The
low-temperature coefficients caused the efficiency of
18.6% [24].

A heat transfer analysis of directly irradiated single TEG
modules has shown that 60% of the incident solar
radiation was lost by re-radiation [25]. Experimental
study of the TEG cavity configuration showed that
using enclosure caused reduction of the re-radiation
losses from 60% to 4% of the concentric solar radiative
power input [26].

Based on the previous studies, the effective parameters
on the STEG performance are the thermoelectric
materials, figure of merit and the application of
optimized thermal heat source. The high performance
materials are in the development stage in the laboratory
conditions and are not economical for industrial scales.
Therefore, this paper is focused on the radiation
gathering from sunlight to improve the thermoelectric
hot plate heat absorption by reducing re-radiation loss.
The heat transfer analysis of thermoelectric cavity
system under non-concentrated solar irradiation is
investigated and the related equation coupled with the
electrical power generation equation is analyzed. The
effect of the aperture size on the power generation and
efficiency of the solar cavity is studied, and contribution
of conduction, convection and re-radiation is shown in
this system configuration.

2. HEAT TRANSFER MODEL

The configuration of solar cavity receiver is showed
schematically in Fig. 1. It consists of a cubic box with a
square aperture for the access of input irradiation.
Smaller apertures reduce re-radiation losses but
intercept less sunlight. On the other hand, fully open
cavities intercept more irradiation and also more losses.
The cavity contains 4 TEG devices on the every side.
The conduction heat transfer through the thermoelectric
legs is 1D. The heat transfer modes within the cavity are
radiation and natural convection exchange. Moreover,
the following assumptions are considered: (1) the TEG
surfaces are opaque, gray and diffuse; (2) the TEG
module has uniform temperatures; (3) the inside air of
the cavity is non-participating media, and (4) the TEGs
are simulated in the ideal form.

Radiation heat exchange is solved by the radiosity
method [27], yielding a system of equations regarding
the net radiative fluxes and the temperatures as equation

2):
e 0T =3\ [6k;—(1- &) . Fij] . q0; (2

Where ¢, 6, T, F and q, are the surface emissivity, the
constant of Stefan—Boltzmann, the surface temperature,
view factor and radiosity flux, respectively.
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Figure 1. (a) Schematic of the solar thermoelectric cavity
model domain (b) overall dimension and surface No. of the
cavity

By considering the convection inside the cavity, the
conduction through the cavity wall is lead to equation
(3) as follow:

Q cond
A

* G sotar = 9 conv = Z?:l[akj - Fk—j] - Qo j (€))

Where, Qconds deonv @are conduction heat transfer through
the wall and the cavity wall of convection heat transfer.
The cavity is discretized into 6 radiating surface
elements. The view factors of F; are calculated by
applying reciprocity relations A;.Fj=Ay.Fy;, enclosure
criterion Z?Ll Fr_j=1, and tabulated view factors for
parallel and perpendicular plates [28].

Based on [29], the convective heat transfer coefficient is
defined as the equation (4):

Nu = exp(—1.736 + 0.34 x I {Ra)) “

Where Nu is the Nusselt number and Ra is the Rayleigh
number which calculated as equation (5):

Ra =L (T = Tp). 1P )

Where g, B, v, a, T, T, and L are gravitational
acceleration, the coefficient of thermal expansion,
kinematic viscosity, thermal diffusivity, the surface
temperature, the air stream temperature and
characteristic length-scale of convection, respectively.
The air properties in the air film temperature are
calculated as equations (6) and (7) [30]:

k 314510 * kg 778
air = 0.7116 . 21217 6)
1+

air  Tgir
Where k,;, is air conductivity and

_ 1.425%107°.70:5039

Uair = 1+;08.3 N

air

In which, pg;, is the air dynamic viscosity.
So, the convective heat transfer inside the cavity is
calculated by (8):

Gconv = h. (Tl,k - Tair,in) (®)

The temperature of the hot and cold side of the TEG can
be found by (9):

Ty = Tix — Rrec - Geona ©

The system of equations is solved together via
MATLAB for different values of solar irradiation (700-
1200 W/m?) and an ambient air temperature of 298 K.
The cavity surface in starting point is assumed 298 K.
Then, the maximum power output from the TEGs can
be found as equation (10) according to the temperature
values of the different points in the cavity and radiation
distribution on each surface [2]:

_ 1Vfgg
PTEG,max - ZR (10)
TEG

Where, Pregmaxs Rreg, and Vigg are the maximum
generated power by the TEG, the internal electrical
resistance and the open circuit of TEG module,
respectively. Also, Vrig is calculated by equation (11):

Vrge = S. (Tl,k - Tz,k) (11)

Where, S is the Seebeck coefficient, and T, and T,y
are the temperatures of the hot and cold plate of the k™
surface. The modeling parameters are listed as Table 1:
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TABLE 1. Modeling Parameters

Parameters Value
£ 0.8
o 5.669 x 10 * W/m>K*
L 0.11m
Rreg 2.6 K'W
S 0.05 V/IK

298 K at the surface k=2-5 and t=0

Tix and Tox 0 K at the surface k=1 and t=0
0 insulation condition
Qeond at the surface k=2-5 and t=0

3. RESULTS AND DISCUSSION

3.1. PV and TEG specification
The specification of the considered TEG module is
presented in Table 2.

TABLE 2. TGM-127-1 module specifications

the temperature , which confide that the model can be
used to simulate the TEG cavity system.

TABLE 3. Comparison between numerical and experimental

data

. Experim
Parameters Numerical ental[26] Error
Downside
Temperature 887K 847K 4%
Side 722K 679K 6.3%
Temperature
Efficiency 0.129 % 0.12% 7.4%

Parameter Symbol Value
Width W (mm) 40
Length L (mm) 40
Height H (mm) 4.8

Maximum voltage Vinax (V) 3.6
Maximum current Inax (A) 1.23
Maximum power Prax (W) 4.5

Efficiency n (%) 54

Electrical resistance Reiee (Q) 3
Thermal resistance Ry (K/W) 2.6

3.2. Validation of the numerical method

For validation of the numerical model, the results have
been compared with TEG cavity results which were
investigated experimentally by Suter et al. [26]. They
studied the cavity in the laboratory conditions of
simulated irradiation. The temperature of all surface and
generated power are reported in the reference of [26].
The experimental and theoretical simulations results are
shown in Table 3. The difference of the experimental
and theoretical simulations are less than 8% in the
generation of the electrical power and the calculation of

3.3. Fully open STEG cavity numerical study

The temperature difference between T; (Hot plate
temperature) and T, (Cold plate temperature) is the
gradient through the TEG module, which causes power
generation by the TEG module. Fig. 2 shows the hot and
cold plate temperature of the bottom face of TEG
modules under the different level of the irradiation and
natural convection of outside air. Fig. 2 depicts higher
irradiance leads to a higher temperature difference
through the TEG and, consequently, more output power.

Temperature(°K)

T2

700 800 900 1000 1100 1200
Irradiation(W/m?)

Figure 2. The variation temperature of hot and cold plate of
TEG in the bottom face under various solar radiation levels

The comparison between the temperatures of side face
and bottom side of TEG is showed in Fig. 3. The
temperature of the side face of TEG is raised by
increasing the irradiation level. The bottom face
temperature is more than side face, because the bottom
face is exposed to main part of input irradiation and re-
radiation from the cavity walls, which is shown in Fig.
3.

Fig. 4 (a) and (b) show the thermoelectric generators of
open circuit voltage and current, respectively. As a
consequence of the higher temperature difference in the
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bottom face, the voltage and current of the bottom face
are higher than the side face of thermoelectric
generators.
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Figure 3. The temperature comparison between hot and cold
plate of TEG in the bottom face and side face of the cavity
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Figure 4. (a) The open-circuit voltage and (b) short- circuit
voltage of the side and bottom face of TEGs

The power variation in the solar thermoelectric cavity is
shown in Fig. 5. The radiation varies from 700 to 1200
W/m’, and the generated power increases from 0.26
mW to 10 mW for the side of TEGs, and up to 30 mW
for the bottom side of TEGs. This irradiation is normal

radiation on the cavity aperture and it is assumed that
the light angle is perpendicular to aperture surface. In
real condition, the sunlight angle changes during times
of a day and it is necessary to track the sunlight to reach
the peak of generation power in all times of a day. On
the other hand, the sun tracking mechanism increases
the cost of the produced electricity and so for different
environment and sunlight level conditions, and the best
method should be technically and economically
analyzed.
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Figure 5. The fully open cavity generated power variation
under various solar radiation levels

3.4. STEG cavity aperture size effect

It is possible to change the size of the cavity aperture
from fully close to fully open aperture size that is
0.11x0.11m? in this study. The effect of the reduction of
aperture size on the cavity power generation and the re-
radiation loss from the aperture is studied for aperture
size of 0.05x0.05 m”.

80
70
60 —— Power-open aperture
50
40
30
20
10
0

- @ — Power-aperture 5X5

Power(mW)

— -9~
700 800 900 1000 1100 1200
Irradiation(W/m?2)

Figure 6. Power generation of the cavity with the aperture size
0f 0.05%0.05 m? for different radiation levels

The comparison of the maximum generated power by
TEG modules in the cavity with the aperture size of
0.05x0.05 m” in different irradiation levels and the fully
open cavity is shown in Fig. 6. Although reducing the
aperture size causes the decreasing of the re-radiation,
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reduction of input power causes the decreasing of the
generated power. Comparison of two cases in 1000
W/m’® shows that the generated power in the fully open
cavity is 2.25 times more than generated power in
0.05%0.05 m’ aperture size cavity.

The comparison of the solar thermoelectric cavity
efficiency in the fully open and the reduced size
aperture condition is presented in Fig. 7. The analysis of
Figs. 6 and 7 depict that despite the reduction of output
power, the cavity with smaller aperture size is more
efficient than the fully open cavity. The re-radiation
losses of cavity aperture are decreased by reducing the
aperture size and the efficiency of the system is
increased.

1.0 ’
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—— efficiency open /

0.8 Vg

< - @ - efficiency- aperture 5X5 ,

= 0.6 4
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Figure 7. Solar thermoelectric cavity efficiency for different
radiation levels

m conducion = convection re-radiation

Figure 8. The percentage of the transferred heat in the cavity
regeiver Quo1a=1000 w/m? with the aperture size of 0.05x0.05
m

The main concern of the electricity production in the
thermoelectric generator is the temperature difference.
Therefore, for TEG systems using cavities without any
concentrating tools, it is recommended to harvest the
radiation by having active cooling systems such as air
blowers on the backside of the TEG modules. The effect
of using STEG cavity system by active cooling on the
cost of produced electricity should be studied and the

best economic and technical method should be
proposed.

The corresponding percentages of the solar power input
are transferred by the different heat transfer modes
which are presented in Fig. 8. This figure shows that
91% of input solar energy is conducted through the
TEG legs. Only 6% and 3% of input energy are lost by
re-radiation and convection through the aperture,
respectively.

4. CONCLUSIONS

In the present paper, the thermoelectric power
generating system using a cubical cavity receiver is
proposed and simulated via a numerical method. It is
shown that higher radiation levels cause the higher
temperature difference through the TEG module and
leads to the higher TEG generated power. Also, another
simulation is performed to evaluate the performance of
the system for the aperture size of 0.05x0.05 m®. The
result showed that the reduction of obtained radiation
input causes the decreasing of the mean temperature in
the system. By changing the radiation from 700 to 1200
W/nr’, the generated power increases from 0.26 mW to
10 mW for the side of TEGs and up to 30 mW for the
bottom side of TEGs. Heat transfer analysis of the
cavity depicts that 91% of heat is transferred by
conduction in cube surfaces and only 6% and 3% of
input energy are lost by re-radiation and convection
through the aperture, respectively.

The results depict that the re-radiation losses is
decreased by applying the cavity and the system has the
best performance related to absorbed solar energy.
However, there are two ways for enhancing the
performance of the solar thermoelectric generator
performance. There are the applying of the high-
performance materials which have strong effects on the
cost of the device, and reducing the losses.

Studying the effect of the aperture size shows that the
generated power of the fully open cavity is 2.25 times
higher than the generated power in the aperture size
cavity of 0.05x0.05 m*. The maximum efficiency of the
cavity with the aperture of 0.05%0.05 m” is 1.048%, and
open aperture cavity in irradiation of 1200 W/m’ is
about 0.48% which is 50% lower than the efficiency of
the small aperture cavity. The smaller aperture size
reduces the re-radiation loss from aperture and cavity
with smaller aperture is efficient than the fully open
cavity.

Nomenclature
P Power
A Area
STEG Solar Thermoelectric Generator
TEG Thermoelectric Generator
zZT Figure of Merit
Fyy View factor
g Gravitational acceleration
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L Characteristic length-scale of convection
Nu Nusselt number
Pregmax Maximum power generated by the TEG
9o Radiosity flux
Ok Conduction heat power through the wall
R; Internal electrical resistance
Ra The Rayleigh number
S Seebeck coefficient
T, Surface temperature
Ty Temperature of the hot plate of the k™ surface
Tox Temperature of the cold plate of the k™
surface
Kair Air conductivity
Greek symbols
Uair air dynamic viscosity
B coefficient of thermal expansion
9 kinematic viscosity,
a thermal diffusivity
£ surface emissivity
o Stefan—Boltzmann’s constant
n efficiency
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