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Abstract: Thermoelectric generators can operate at small temperature differences providing enough
electricity for low-power electronics, sensors in distribution networks, and biomedical devices.
The article presents the obtaining of a thermoelectric generator and its electrical characteristics
using usual substances. Experimental research was carried out using a mixture consisting of several
substances (copper sulfate, calcium hydroxide, silicon dioxide, and sodium silicate) in different
proportions. The mixture was inserted between two plates, one graphite (hot plate) and the other
aluminum (cold plate), thus obtaining a thermoelectric generator. Electrical voltage, output current,
and electrical power were measured at different temperatures.
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1. Introduction

The technology-based age we are in today has brought great advantages for a more comfortable
and intelligent life and leads the way for even faster development in all areas of science and engineering,
but at the same time brings a very high demand for energy. Current and future energy consumption
requires alternative energy sources with low environmental impact. Easily available solar and wind
energy have led to the use of fossil fuels as alternative energy sources [1]. Moreover, due to more
recent developments in thermoelectric materials and devices (TE), the possibility of efficient use of heat
energy, usually wasted, has become a feasible alternative [2]. More importantly, thermal waste has
become a very important and environmentally friendly source of wasted energy [3,4]. There are already
many studies explaining the mechanism of conversion of heat into electricity [5-8]. Such studies were
the starting point for the development and optimization of new materials using the resources of rising
nanotechnologies [9,10].

Thermoelectric devices are an attractive solution, due to their passive operation and simplicity and lack
of moving parts. A thermoelectric generator is based on the Seebeck effect that generates tension in materials
in the presence of a temperature gradient. Although many materials exhibit the Seebeck effect, the energy
generation efficiency is based on a complex interaction between temperature, temperature gradient,
Seebeck coefficient, and electrical and thermal conductivity [9]. Often, these properties do not extend
in the same direction, which leads to challenges in the efficient generation of thermoelectric energy.
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Altenkirch derived the thermoelectric efficiency, ZT, better known as the thermoelectric figure of
merit [11], to describe the thermoelectric energy conversion capacity of a material. This value is given as

)

where a is the Seebeck coefficient, o is the electrical conductivity, T is the absolute temperature, and A
is the thermal conductivity.
The maximum conversion efficiency of thermoelectric energy is given by the relationship:

Th_Tc \/1+ZTavg_1
Nmax =
Tn | T+ ZTwg + 1

Materials that offer an intrinsically high ZT value are rare and are generally composed
of rare earth-based substances, in particular selenes and telluride-based alloys. SiGe alloys [4],
skutterudites [12], clathrates [13], and semi-heusler alloys [14] are other promising systems, among them
skutterudite, for example. p-Zn,Sbs, P-CeFe3Coq 55b1,, and N-CoSbj3 are actively studied by numerous
research groups, providing a high value of merit in the intermediate temperature range from 500 to 973 K
with conversion efficiency of 9.5% [9,15]. One approach to improving the ZT is by nano-structuring,
by introducing superlatories [16] or nanostructures [17,18], since it has been recognized that it has
a reduction in phononic thermal conductivity. Venkatasubramanian et al. [16] reported that the P-type
BiyTez/SbyTes superstructures exhibit an exceptionally high ZT of 2.4 at room temperature with
a remarkably low thermal conductivity of 0.22 Wm~'K~!. There are other references to Si/Ge [19],
GaAs/AlAs [20], and PbTe/PbSe [21] superstructures that have lower thermal conductivity than their
alloy counterparts. However, many of these materials have low thermal and chemical stability, difficult
to produce in useful forms, and are expensive, with low availability and in some cases high toxicity.
There are many studies around the world to find thermoelectric potential alloys and oxides and to
create multifunctional properties through microstructural engineering. The expansion of thermoelectric
applicability will require the development of low-cost, abundant materials as well as the viability or
applicability of scalable manufacturing technologies. A potential source of scalable thermoelectric
materials is those based on transition metal oxides, which provide reasonable electrical conductivity
and a Seebeck coefficient, while being cost-effective and environmentally friendly. Oxides based on
Ti, Mg, W, Zn, Cu, V, Co, Rh, and Mo represent a wide range of materials, less investigated than

)

TE materials [22]. Metal oxides can provide a wide range of electronic properties, from insulators
to semiconductors.

TEG are divided into two types, large (or bulk) and micro-TEG. The first category has a millimeter
size and provides the output power from several to hundreds of watts in a high heat range. This category
is usually used for industrial purposes. The second category operates with low dissipated heat and
generates electricity in the range of pW up to a few mW [23].

Waste heat temperature, arrangement of TE modules, enhancing heat transfer co-efficient and
parasitic loss plays an important role to maximize the net electric power [24].

In many articles, the thermoelectric material properties are assumed to be constant for easy
calculation, but in fact the three properties of thermoelectricity, electrical resistivity, thermal conductivity,
and Seebeck coefficient, are temperature dependent. The thermal resistance model, whose properties are
assumed to be constant, overestimates the output power and efficiency of the TEG. It can be attributed
to the underestimation of electrical resistance and does not solve the temperature distributions within
the TEG. Assuming the properties of thermoelectric materials as a constant can induce a numerical
deviation at high temperatures [25].

Waste heat recovery is very important in terms of reducing energy costs and environmental
impacts. The method used for waste heat recovery must be feasible [26].
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2. Materials and Methods

For the realization of the thermoelectric generator, the following materials and substances were
used: graphite plate, aluminum strip, copper sulfate, sodium silicate solution of 30% concentration,
calcium hydroxide, and silicon dioxide.

1.2 g CuSOy4 with 0.18 g CaOH and 0.08 g SiO, were mixed until homogenized, after which 2 mL
of 30% Na,5iO3 solution was added. A homogeneous paste was obtained, which was applied to
a graphite plate of 5 mm thickness, and over it was placed an aluminum strip of thickness 0.5 mm and
width 30 mm. The graphite/mixture/aluminum overlap area is 50 x 30 mm?.

The obtained thermoelectric generator and the schematic representation of the layers that make

up it are shown in Figure 1.
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Figure 1. Thermoelectric generator made: (a) photo; (b) schematic representation.

Temperature (T and Ty) and electrical measurements (voltage, current, and resistivity) were
performed using the digital multimeter (Peaktech P4090) from room temperature to 393 K to calculate
the Seebeck coefficient, electrical conductivity, and electrical power. The Seebeck coefficient was
calculated using the measured voltage generated from the temperature gradient. The temperature
difference between the hot and cold part of the sample was generated by heating the graphite plate and
cooling the aluminum strip, using an 800 W thermostat hob as a heater and cold air gun as a cooler.

Electrical resistivity was measured by the four-point probe technique, from room temperature
to 393 K. The Open circuit was made to measure voltage and current as a temperature function to
calculate power.

The thermal conductivity of the TE material was measured using a flash laser analyzer from room
temperature up to 393 K.

3. Results and Discussion

The dimensions characterizing the thermoelectric generator are presented in Table 1 and Figure 2.

Table 1. Parameters of the thermoelectric generator at 393 K.

Properties at 393 K o (mV/K) o (S/m) A (W/mK) 7T N (%)
Graphite/mixture/aluminum 4.3 3.3 0.875 0.027 0.129

Analyzing the data in the table, a high Seebeck coefficient is observed due to the possible
p—njunctions formed between the elements of the mixture and a reasonable thermoelectric performance.
Further experimental research will make it possible to improve TEG parameters by changing the
percentages of substances that make up the mixture.

The Seebeck coefficient allows us to calculate the merit factor ZT and determine the efficiency of
the thermoelectric generator 7.

The heat source touches the graphite plate, which becomes the positive electrode, and the
aluminum plate becomes the negative electrode (Figure 3).
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Figure 2. Seebeck coefficient of graphite/mixture/aluminum system as a function of temperature.
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Figure 3. Schematic representation of the mode of operation of the thermoelectric generator.

The temperature of the graphite plate was increased from 297 to 393 K, and at the same time,
the voltage and the output current were measured. The graphic representation of the voltage and
current variation as a function of temperature can be seen in Figure 4.
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Figure 4. Thermoelectric generator: (a) the voltage; (b) the output current.

The output voltage ranges from 375 to 850 mV in the range 297-393 K, and the output current
ranges from 1 to 658 pA in the same temperature range.

Analyzing Figure 4, it is found that from 330 K, the system is activated so that the output voltage
reaches a maximum value around 850 mV and remains constant, and the output current has a linear
increase, the slope of the line being high.

A doubling of the amount of calcium hydroxide in the mixture between the graphite and aluminum
plates causes a decrease in the current three times, and a doubling of the amount of silicon dioxide
causes a decrease in the current two times.
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It was found that the lack of calcium hydroxide in the mixture causes a fluctuation of the generated
electric current and voltage.

Serial connection of thermoelectric generators causes the Seebeck voltage to increase, while parallel
connections allow the output current to increase. The combination of Serial and parallel connections
should lead to an increase in both voltage and electric current.

The output voltage and current were represented according to the number of modules connected
in series, respectively, in parallel to a temperature gradient of 96 K in Figure 5.
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Figure 5. (a) The output voltage of the thermoelectric generator for serial and parallel connection;
(b) the output current of the thermoelectric generator for serial and parallel connection.

When the modules were connected in series, the increase in the output voltage was from 780 mV
(one module) to 1224 mV (two modules). The simultaneous decrease in current was measured from
658 A (single module) to 510 pA (two modules), because the serial connection increased the internal
resistance of the thermoelectric generator and as a result decreased the power of the electric current.

To reduce the internal resistance and increase the output current of the thermoelectric generator,
the modules were connected in parallel. In this case, the output voltage has changed from 780 mV
(single module) to 510 mV (two modules). The simultaneous increase in current was measured from
658 pA (one module) to 1800 pA (two modules), because the parallel connection decreased the internal
resistance of the thermoelectric generator and as a result increased the power of the electric current.

For a given heat energy supplied, the temperature difference and the values of the output sizes
(voltage, current, electric power) are influenced by the area of the common section—graphite/mixture/
aluminum, by the thickness of the layer forming the mixture, and by the number and mode of
connection of the thermoelectric generators. As the joint area increases, the output power also increases.
An increase in the thickness of the intermediate layer increases the temperature gradient, but also the
internal resistance of the thermoelectric generator. The output power of the thermoelectric generator
according to the temperature of the hot plate is shown in Figure 6.

Even if the output power is small, the realization of this mixture of substances with thermoelectric
properties represents a step for further research on improving the properties of the thermoelectric
generator realized.

The materials used have an advantage over those commonly used, namely, they have thermal
and chemical stability, are found in abundance, are cheap, have low toxicity, and are easy to process in
order to obtain the thermoelement and low cost.

Figure 7 shows a graph from the technical data sheet of the commercial thermogenerator
1MDO03-024-04/1, in which the variation of the electrical voltage and the electrical output power
according to the temperature of the hot plate is observed [27].
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Figure 7. Voltage and power output for commercial thermoelectric generator IMDO03-024-04/1.

By connecting the thermoelectric modules in series and in parallel, it is possible to obtain values
of electrical voltage and output power comparable to commercial ones.

4. Conclusions

This paper demonstrates by experimental data that the thermoelectric generator made is
comparable to those produced industrially and found on the market. The originality of this research is
given by the novelty of substances used to generate electric current under the action of the thermal factor.

Experimental results indicated:

e  The output current and output power depends on the nature of the mixture of substances used.

e  The lack of calcium hydroxide in the mixture causes fluctuations in the output current, and too
much of it causes the current to decrease.

e  Too much silicon dioxide causes the electric current to decrease.

e  The optimum operating temperature is around 393 K.

e If an aluminum electrode is used in which a network of holes with a diameter of 0.2 mm is
practiced, and it is in an environment with high humidity, then the current generated by the
thermoelement increases three times.
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