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The performance of a semiconductor thermoelectric generator system based on the
lower convective zone of a salt gradient solar pond and ambient has been studied
numerically and experimentally. According to the numerically solar pond temper-
ature development results, the temperature differential range of the thermoelectric
generator system ranges from 14 °C to 36 °C. The numerically results show that,
with a load resistance of 2 Q for each thermoelectric generator unit, among the
four days selected, the temperature difference power generation system had the
highest output power and conversion efficiency of 4.66 W and 2.95%, respectively,
on October 1. Based on the numerical results of the temperature developments
salt gradient solar pond, thermoelectric power generation experimental set-up
which operates under adjustable hot and cold reservoirs has been constructed. The
experimental device runs under the conditions that the cold side temperatures of
thermoelectric generator are 10 °C, 24 °C, and 38 °C, and the load resistance is
10 Q. The maximum currentis 0.149 A, 0.159 A, and 0.124 A, the maximum voltage
is 1.49 V, 1.59 V, and 1.24 V, respectively. The average deviations between the
theoretical results and the experimental results of the current and voltage gener-
ated by the power generation system are 0.026 A, 0.023 A, 0.012 A, and 0.26 V,
0.23V, 0.12 V, respectively.

Key words: salt gradient solar pond, semiconductor thermoelectric generator,
thermoelectric conversion, power generation

Introduction

The salt gradient solar pond (SGSP) represents a saline reservoir with a distinctive
gradient in salt concentration, designed to absorb solar radiation and store it as thermal energy.
It consists of three zones: the upper convective zone (UCZ), the non-convective zone (NCZ),
and the lower convective zone (LCZ) [1]. Recognized for its commendable economic viability
and thermal efficiency, the SGSP is frequently employed as a low temperature hot source for
various applications. including power generation, heating, hydrogen production, and seawater
desalination [2, 3].

Presently, the utilization of the SGSP is mainly around heat supply applications. How-
ever, in recent years, researchers have increasingly directed their focus toward the amalgama-
tion of the SGSP with power generation equipment, aiming to facilitate thermoelectric conver-
sion [4].
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Thermoelectric generators (TEG) are environment-friendly generators without me-
chanical parts, they have the advantage that they do not produce noise and can be manufactured
in the desired size [5]. The structure of TEG is usually that multiple semiconductor PN thermo-
couple units are arranged in series between ceramic substrates. The TEG can convert thermal
energy into electrical energy under certain conditions, and the process mainly involves im-
portant thermoelectric effects such as the Seebeck effect. The thermoelectric effect-based tech-
nology for power generation from SGSP involves the integration of the SGSP with TEG. This
combination exploits the thermoelectric conversion effect to generate electricity. Ding et al. [6]
developed a compact power generation experimental set-up utilizing the heat within the LCZ
of SGSP for thermoelectric conversion. Operating at LCZ temperatures ranging from 40-80 °C,
the experimental set-up demonstrated conversion efficiencies between 0.37% and 0.68%. In
addition to the integration of the SGSP with TEG, Goswami et al. [7] adopted a similar strategy,
combining the SGSP with heat pipes for thermoelectric conversion under actual weather con-
ditions. Results revealed a maximum AT of 23.57 TEG °C, corresponding to an open-circuit
voltage of 1.435 V. Yakut et al. [8] established a new type of hot spot generator system and
studied its performance. The experimental results show that the maximum open circuit voltage
provided by the experimental device is 7.52 V, the maximum short circuit current is 1.392 A,
and the maximum output power is 5.236 W.

The present study investigates the performance of TEG system. Following are the
main contents of this paper:

—  Firstly, the temperature developments of SGSP have been simulated numerically, and the
performance of the TEG system calculated accordingly.

— Secondly, an experimental equipment for the thermoelectric power generation is designed
and constructed. Based on the theoretical results, a series of experiments were carried out
under different temperature of hot and cold reservoirs.

— Finally, the experimental and theoretical results have been compared and discussed.

The present study provides the theoretical and technical support for the practical ap-
plication of TEG system.

Numerical model

Initial conditions

In this study, a 1-D transient numerical heat transfer model for a SGSP with a surface
area of 50 m x 50 m and a depth of 2 m is established. The coastal city of Tianjin, China
(39°50"N), is chosen as the operational location for the SGSP. The UCZ of SGSP is a freshwater
layer with a thickness of 0.2 m. The density range of NCZ is 1000-1200 kg/m? (the saline water
density increases by 2 kg/m? for each 0.01 m increase in the thickness of the NCZ), with a thick-
ness of 1.0 m. The density of LCZ is 1200 kg/m3 and the thickness is 0.8 m. The internal region
of the SGSP is discretized into 200 imaginary layers, with a spatial step size of Ax = 0.01 m and
a time step size of At = 0.05 hours. The load resistance of each TEG unit is 2 Q.

In the actual operation process, the temperature and salt concentration changes of
SGSP are very complex, and semiconductor thermoelectric materials have temperature depend-
ence. To simplify the problem analysis, some reasonable assumptions are made in the numerical
simulation process. The assumptions are:
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— Given the expansive surface area of the SGSP and the presence of insulating material on
the sidewalls, a 1-D heat transfer model is applied. This focuses on the temperature varia-
tion along the depth direction, assuming relatively uniform internal state parameters in the
horizontal plane. The heat loss on the side wall of the solar pond has been neglected.

— For TEG, the temperature distribution is uniform at both ends of the module, the operating
state is steady state, each PN junction is of the same size, and the heat conduction is only
along the height direction of the PN junction.

— Disregarding the contact thermal resistance, the temperatures at the cold and hot ends of
the TEG are the ambient temperature and the temperature of the LCZ, respectively.

— ltisassumed that there is no heat loss between the heat source and the TEG, and the influence
of the Thomson effect is not considered. The Seebeck coefficient, electrical conductivity and
thermal conductivity of TEG are functions of temperature and change with temperature.

Solar radiation and ambient temperature
The transient equation for 1-D heat transfer in the SGSP numerical model is obtained

from the governing equation:
Lﬁ[@}@ "
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where ¢(y) [Wm=] is the heat generation rate per unit volume at depth y within the SGSP. It is
connected to the extinction coefficient x [9, 10]. The value of x ranges between 0 and 1. The
value of x ranges from 0-1, x = 0 indicates the state of absolute light transmission, the water in
the solar pond is absolutely clarified, no absorption of light. Conversely, = 1 indicates that the
water is turbid, cannot make the light through, that is, all the light incident on the solar pond is
absorbed by the water. In practice, the turbidity of the water is generally between the two:

d(y) =0.6a(ny, ty) crexp(—y) @
where g(no, to) [Wm~2] is the solar radiation intensity incident on the SGSP surface [11]:
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where Gg is the solar constant, Gsc =1353 W/m?, while ao and bo are climate-related correction
factors with values of 0.248 and 0.752, respectively [12]. The ni/N represents the sunshine per-
centage, indicating the ratio of actual sunshine hours to astronomical sunshine hours, where N
is derived from local climate data and is calculated using the formula [13]:

N — 2 180cos(—tanS'tan )
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where ¢ is the latitude, J [rad] — the solar declination angle, and w [rad] — the hour angle, which
are expressed as:
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where n is the number of days from January 1%, and to — the time in a 24-hour format. The upper
surface temperature assumption in UCZ aligns with the ambient temperature Ta, which can be
determined using the empirical eq. (7) [12]:

T,() =T,

vg +0-489AT, cos

m(ty —15.05
12

where Tayg [°C] corresponds to the monthly average daily temperature, obtainable from local

meteorological services and AT1 [°C] signifies the daily temperature difference.

Saline water properties

The specific heat capacity of saline water within SGSP is a function of salinity, and
the density and thermal conductivity of saline water is a function of salinity and temperature,
where C [kJkg1K1] is the heat capacity of the saline water, ¢ [kgm~2] — the salinity of the saline
water, p [kgm-3] — the density of the saline water, and k [Wm K] — the thermal conductivity
of the saline water. The relationship between these parameters is expressed by equation [14]:
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k(c,T) =3.6[0.5553—8.13x10 *c +8x10~*(T —293)] (10)

Performance of the thermoelectric generator system
The open-circuit voltage generated by the TEG is given by [15]:

E=a(Th—T¢) (112)

where E [V] is the open-circuit voltage, o [VK] —the Seebeck coefficient of the thermoelectric
material, and Trand T. [K] — the hot side and cold side temperatures of the TEG, respectively.
The energy balance equations for the TEG are established as [15]:

Q, :n[aITh+k(Th—Tc)—%I2Rin} (12)

QC:n[a|Tc+k(rh—Tc)—%|2Rm} (13)

where Qn and Q¢ [W] are the heat absorbed from the hot side and released to the cold side by

the TEG, n — the number of PN junctions, k [WK-] — the thermal conductivity of the thermoe-

lectric material, Rin [©2] — the internal resistance of the TEG, and | [A] —the current in the circuit.
The current in the circuit and the load voltage are given by [16]:

_E
R+ R,

U :( E ]RL (15)
R, + R,
where U [V] is the voltage of the load and R, [Q] — the load resistor.

(14)
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The output power and conversion efficiency of the thermoelectric power generation
module are [17]:

2
E
P
=— 17
=5 A7)

where P [W] is the output power of the load and # [%] — the conversion efficiency of TEG.

Structure and working principle of experimental set-up

The thermoelectric power generation experimental set-up built in this study, is com-
posed of three integral modules, fig. 1, the hot-side module, the TEG module and the cold-side
module. Hot-side module consists of hot reservoir, water bath, peristaltic pump. Cold-side mod-
ule consists of a cold reservoir, water valve. The TEG module consists of five TEG connected
in series, forming a closed-circuit with an electronic load and a digital multimeter. The specifi-
cation of the TEG is shown in tab. 1. Temperature recorder is used to record the temperature of
the hot and cold reservoirs. To minimize contact thermal resistance between the TEG and the
walls of the hot and cold reservoirs, a layer less than 1mm of thermal grease is applied to the
surface of the TEG. The thermal conductivity of the thermal grease is 14.3 W/mK.

Thermostat
with bath

= =

eristaltic pump | Electronic load

Temperature
data recorder

Circulating water pipes

I Hot reservoir

I Cold reservoir | LE 1
7'y

. .
R — T

Figure 1. Thermoelectric power generation experimental set-up

Table 1. Specification of TEG

Value Value

Type of TEG TEP1-1264-1.5 The size of PN junctions [mm] |1.5x1.5x 1.3
Thermoelectric material BizTes Matched load output power [W] 7.3
Size of TEG [mm] 40x40x% 3.9 Resistance [Q] 1.3-18
The number of PN junctions 126
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The experimental set-up employs the hot-side module to simulate the LCZ of a SGSP,
while the cold-side module replicates ambient temperatures during various seasons. Situated
between the hot-side module and cold-side module, the TEG, in conjunction with a multimeter
and electronic load, form a closed-circuit. This circuit perform thermoelectric conversion based
on the Seebeck effect, thereby generating electrical energy. The electronic load is utilized for
collecting load output voltage and load output power, with the data transmitted to a computer.
A temperature recorder is employed to document temperature variations in the cold and hot
reservoirs.

Numerical results and discussion

Temperature development of salt gradient solar pond

The efficiency of the TEG system driven by SGSP is mainly affected by the AT be-
tween the cold and hot reservoirs. Consequently, this study places a particular emphasis on
monitoring both the ambient temperature and the LCZ temperature of SGSP. Figure 2 presents
the simulated variations in ambient temperature and the LCZ temperature during the operational
phase of the SGSP. The SGSP commenced formal operations on April 1% (Day 91) and contin-
ued for a duration of 365 days. As illustrated in fig. 2, during the initial stages of operation,
when the SGSP had just commenced, the LCZ temperature closely tracked the ambient temper-
ature, both fluctuate around 7 °C. With the progressive operation of the SGSP, the LCZ tem-
perature gradually increased. The LCZ temperature surpassed the ambient temperature from the
6™ day. After operated 135 days (August 14"), the average temperature of the LCZ reached its
peak of 67.8 °C, while the ambient temperature stood at 33.7 °C, resulting in a temperature
differential of 34.1 °C. Notably, the LCZ temperature shows a characteristic of uniform varia-
tion with the increasing operational time, rather than showing significant fluctuations in re-
sponse to changes in ambient temperature.
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Figure 2. Temperature development of the SGSP during one year of operation;
(a) the ambient temperature and (b) the LCZ temperature

Figure 3 illustrates substantial fluctuations in ambient temperature on all four typical
days in a year, demonstrating a characteristic pattern of initial decrease followed by an increase,
where June 1% (Day 152), August 1%t (Day 213), October 1% (Day 274), and December 1%t (Day
335) are used to represent the four seasons of spring, summer, autumn, and winter in a year,
respectively. In contrast, the temperature variations within SGSP, especially in LCZ, shows a
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comparatively smaller variation. The average LCZ temperatures on these four days are 51 °C,
67 °C, 60 °C, and 39 °C, and August 1st has the highest temperature. Similarly, the average
temperature differentials of LCZ and ambient on these days are 23 °C, 32 °C, 37 °C, and 33 °C,
with October 1% exhibiting the highest average temperature differential.
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Figure 3. Temperature development in solar ponds on four dates;
(@) June 1%, (b) August 1%, (c) October 1%, and (d) December 15t

The previous analyses reveal that throughout the year-long operational cycle, the tem-
perature within the LCZ of the SGSP undergoes even and gradual variation over time. Remark-
ably, the temperature changes within a single day remain below 1 °C, affirming the SGSP status
as a dependable and stable hot reservoir. As a stable heat source, the SGSP can provide an
average heat source temperature of nearly 40 °C or more throughout the year; in summer, au-
tumn and winter, the AT between the LCZ and the environment is more than 30 °C, and only in
the spring is the AT lower, but the AT in the spring is also increased in the actual multi-year
operation situation.

Performance of the thermoelectric generator systern

In the numerical calculation, SGSP was applied for the TEG system after it operated
for 30 days (May 1%) with a rather stable state. Figure 4 depicts the variation in the performance
of the TEG system on June 1%, August 1%, October 1%, and December 1%, utilizing the SGSP as



Ma, H., et al.: Study on the Performance of Semiconductor Thermoelectric ...
4364 THERMAL SCIENCE: Year 2024, Vol. 28, No. 5B, pp. 4357-4368

a constant-temperature hot reservoir. As illustrated in fig. 4, the performance trends of the TEG
system on these selected days are all increasing and then decreasing, all reaching a maximum
at around 3 a. m. and a minimum at around 14 p. m. The performance of the TEG system on
each of these selected days is shown in fig. 4. This is because the temperature difference be-
tween the LCZ and the environment is maximum around 3 a. m., so the current, voltage and
output power generated by the power generation system reach the maximum value. Similarly,
the temperature difference between the LCZ and the environment is minimum around 14 p. m.,
so the current, voltage and output power achieve minimum values. The maximum currents gen-
erated in the four days were 0.481 A, 0.659 A, 0.744 A, and 0.686 A, and the maximum volt-
ages were 4.81V, 6.59 V, 7.44 V, and 6.86 V, respectively. For all four days, the pinnacle of
output power is reached at 3 a. m., registering values of 1.80 W, 3.61 W, 4.66 W, and 3.86 W,
corresponding to thermoelectric efficiencies of 1.38%, 1.90%, 2.95%, and 2.07%, respectively.
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Figure 4. Performance of TEG on four dates; (a) the current and voltage values and (b) the output
power and efficiency (for color image see journal web site)

The previous analysis indicates that the primary reliance of current and voltage output
from the TEG system on the AT between the LCZ of the SGSP and the ambient environment.
However, the temperature of the cold and hot ends of the TEG will have an effect on it as well.
On both August 1%t and December 1%, where the average temperature differentials between the
LCZ and the environment differ by approximately 1 °C, the resulting electrical output from the
TEG system was similar, but the thermoelectric conversion efficiency on December 1t was
slightly higher than that on August 1. The temperature at the hot end of the TEG is lower on
December 15t than on August 1%, and from egs. (12), (16) and (17), the output power of the TEG
system is lower on December 1%t than on August 1%, and the thermoelectric conversion effi-
ciency is slightly higher on December 1%t than on August 1%,

Experimental results and discussion

Based on the numerical studies, a thermoelectric power generation experimental set-
up was established. The cold side of TEG, T, of the experimental set-up is used to simulate the
average ambient temperature, and the hot side of TEG, Th, is used to simulate the LCZ temper-
ature. The AT between the hot and cold reservoir is used to drive the TEG to generate electricity.
In order to simulate the ambient temperature of the four seasons in one year (the average ambi-
ent temperature in spring and autumn is 24 °C, 38 °C in summer and 10 °C in winter), the T of
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the experimental set-up are 24 °C, 38 °C, 24 °C, and 10 °C, respectively, and the AT varies
between 11 °C and 38 °C. Specifically, the experimental set-up was operated under constant
temperature conditions for the cold reservoir, with temperatures set at 10 °C, 24 °C, and 38 °C,
denoted as Case A, Case B, and Case C, respectively.

Performance of the experimental set-up

Figure 5 depicts the current variation produced by the experimental set-up under dif-
ferent temperature differences. As can be seen in fig. 5, the current, voltage, and output power
increase with the temperature difference under the three operating conditions. The current, volt-
age, and output power produced by the generation system are higher under Case A than the
other two cases, and the current and voltage produced by the generation system are close to
each other under Case B and Case C conditions. In three cases, the maximum current is 0.149 A,
0.159 A and 0.124 A, the maximum voltage is 1.49 V, 1.59 V, and 1.24 V, and the maximum
output power is 0.223 W, 0.254 W, and 0.154 W, respectively. The experimental results show
that the greater the temperature difference between the cold and heat sources, the greater the
current, voltage and output power.

This is because when the AT increases, the open-circuit voltage E increases according
to egs. (11)-(16), the current and output power increases with the increase of open-circuit volt-
age under the condition that the load resistance remains unchanged. Under the condition that
the AT is the same, the temperature of the cold and hot reservoirs is different, and the current
generated by the TEG is different. This is due to the thermoelectric figure of merit will change
with the change of temperature [18], so the current generated by TEG is different in the same
AT and different temperature ranges.

0.18 0.18 0.30
— ——T.=10°C - = ——T.=10°C
S C
%’ —=—T,=24°C o %- —=—T.=24°C
5015- To=38°C -0A15§ g 0.25} Te=38°C
3 S 8
0.12 ~40.12 5 0.20+
o
=]
(@]
0.09 ~10.09 0.15F
0.06 -0.06 0.10
0.03 710.03 0.05F
0.00 5 § g ; : 0.00 0.00 L . . . .
0 15 20 25 30 35 40 0 15 20 25 30 35 40
(a) Temperature difference [°C] (b) Temperature difference [°C]

Figure 5. The current generated by the thermoelectric power generation experimental set-up;
(a) the current and voltage values and (b) the output power values

Comparative analysis of experimental and theoretical results

As depicted in fig. 6, a comparative analysis between experimental and theoretical
results reveals a consistent trend where the experimental outcomes under all three conditions
consistently fall below their simulated counterparts. The average deviation of the experimental
results from the theoretical calculations for the current and voltage generated by the power
generation system for the three cases were 0.026 A, 0.023 A, 0.012 A, and 0.26 V, 0.23 V,
0.12 V, respectively.
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It can be ascribed to several contrib-
uting factors for the deviations between ex-
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Figure 6. Comparison of experimental results the TEG surface and the temperature of the

and theoretical results; 1 — experimental results,

Te = 10 °C, 2 — experimental results, Te = 24 °C, hot reservoir. Consequently, theoretical re-
3 — experimental results, Tc = 38 °C, 4 — theoretical sults tend to surpass the corresponding exper-
results, Tc = 10 °C, 5 - theoretical results, imental outcomes. In the process of theoreti-
Tc =24 °C, and 6 — theoretical results, Tc = 38 °C cal simulation, the current and voltage gener-

ated by the TEG are calculated according to
a certain theoretical formula. In the experiment, the TEG needs to be connected in series, and
the welding of the line will increase the internal resistance, so that the theoretical results are
greater than the experimental results. Because the figure of merit of the thermoelectric material
is closely related to the temperature, in most cases the figure of merit will increase with the
increase of the temperature, and the larger the figure of merit is, the better the thermoelectric
conversion performance of the material is [15]. The theoretical value of the thermoelectric ma-
terial figure of merit in the low-temperature-difference range is about 1 [19, 20], and we spec-
ulate that the higher the temperature at the ends of the TEG, the closer the experimental value
of the thermoelectric material figure of merit is to the theoretical value. Among three cases, the
temperature limitations range of Case A is lowest, leads to the smallest value of figure of merit,
and the largest deviation of the experimental results from the theoretical results, while Case C
has the highest temperature limitations range, the largest value of figure of merit, and the small-
est deviation of the experimental results from the theoretical results. All these reasons lead to
some deviation of the experimental results from the simulation results.

Conclusions

In this study, the numerical model of TEG system driven by SGSP and the thermoe-
lectric power generation experimental set-up are established. The results show that:
¢ In the numerical simulation, the current generated by the power generation system in the
four days is 0.481 A, 0.659 A, 0.744 A, and 0.686 A, respectively. The voltage is 4.81 V,
6.59V, 7.44V, and 6.86 V, respectively. The output power is 1.80 W, 3.61 W, 4.66 W,
and 3.86 W. The conversion efficiency is 1.38%, 1.90%, 2.95%, 2.07%. 2.95%, and 2.07%.
e Under the experimental conditions of this study, the generated current and voltage from the
TEG primarily depend on the AT between the LCZ temperature and the ambient tempera-
ture, and the current increases with the increase of the AT. It is also influenced by the actual
temperatures at both ends of the TEG, and the current increases with the increase of the
temperatures.
e The set-up under different temperatures of the cold reservoir (10 °C, 24 °C, and 38 °C), a
AT ranging from 11 °C to 38 °C, and a load resistance of 10 Q. The maximum current is
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0.149 A, 0.159 A, and 0.124 A, the maximum voltage is 1.49 V, 1.59 V, and 1.24 V, and
the maximum output power is 0.223 W, 0.254 W, and 0.154 W, respectively. The average
deviation of the experimental results from the theoretical calculations for the current and
voltage for the three cases were 0.026 A, 0.023 A, 0.012 A, and 0.26 V, 0.23 V,and 0.12 V,
respectively.

e Theoretical results are higher than the experimental results, since there exists heat loss for
the hot reservoir, which makes the hot side temperature of the TEG different from the actual
temperature of the heat reservoir. The welding of the circuit increases the internal resistance
of the experimental set-up. The figure of merit of the thermoelectric material during the
experiment is affected by temperature and other factors and is less than the theoretical
value.
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