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Abstract: This paper presents the development and characterization of a thermoelectric generator
(TEG) system for waste heat recovery to low temperature in industrial processes. The relevance of
this mode of electric energy harvest is that it is clean energy and it depends only on the capture
of losses. These residual energies from industrial processes are, in principle, released into the
environment without being exploited. With the proposed device, the waste energy will not be
released into the environment and will be used for electrical generation, which is useful for heat
production. The characterization of TEGs that are used a data-acquisition system have measured
data for the voltage, current, and temperature, in real-time, for temperatures down to 200 ◦C
without signal degradation. As a result, the measured data has revealed an open circuit voltage
of VOC = 0.4306 × ∆T, internal resistance of R0 = 9.41 Ω, with tolerance ∆Rint = ±0.77 Ω, where
Rint = 9.41 ± 0.77 Ω. The measurements were made on the condition that the maximum output was
obtained at a temperature gradient of ∆T = 80 ◦C, resulting in a maximum power gain of Pout ≈ 29 W.
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1. Introduction

The energy issue and the demand for alternative sources, which are necessary to reduce the
dependency on fossil fuels, are vital for all countries. Currently, electricity is considered a commodity
for the development of a country, providing social and economic growth. However, there is an energy
crisis that has evidenced the limits of the energy supply to meet the growing demand [1,2]. Therefore,
it is important to seek new alternative sources that stand out as environmentally sustainable solutions,
so as to diversify the energy matrix and thus minimize the environmental impacts, by prioritizing the
substitution by renewable sources [3].

Nowadays, much has been discussed about clean and renewable energy sources, and consequently,
the power that has been obtained from the waste heat recovery appears as an alternative, within
renewable energy. This new technology includes the development of thermoelectric materials and
applied systems, for instance, the wall of conventional furnaces, cooling of heat pipes, devices based
on structured deposed, turbo compounding, Rankine and Brayton electric utilities, thermochemical
recuperation, in-cylinder waste heat recovery, and improvement of cogeneration systems; which are
all used for energy harvest using solid state thermoelectric devices [4–15]. The use of thermoelectric
generation brings certain advantages, such as high durability, high precision, and reduced size,
besides being an excellent way of collecting residual thermal energy, which means it is a clean energy
cogeneration [16–20].

The research has been mainly focused on the investigation for high performance thermoelectric
materials (especially resorting to nanostructures), for instance, Half-Heusler based semiconducting
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intermetallic compounds and Graded Germanium–Lead Chalcogenide [20,21]. For example, American
researchers have identified an important variation in the performance of the existing thermoelectric
materials that have been doped with rare earths. The Rare Earth Team, managed by Dr. Evgenii
Levin, found that by adding the equivalent of 1% cerium or ytterbium to the Bi2Te3 compound, the
thermoelectric modules had an improved performance by up to 25% [22].

In addition, the performance improvement of the conventional thermoelectric generators, whose
main objective is (i) in combustion vehicles, (ii) in the aerospace industry, (iii) in building installations,
and (iv) in electronics industry [4,5,23–50].

This article presents the design and development of a new solid-state generator device using
thermoelectric modules, for the experimental analysis of the technical viability of the uses of residual
energy (thermal losses) in industrial processes. These processes include forging and hot rolling,
industrial refrigeration systems, boilers, ceramic kilns, and the heat that is wasted by the motor of an
automobile that can be converted into electricity to charge the batteries. For this purpose, this paper
presents the following contributions:

• Modeling and analytical methodology [6] for the design of a thermoelectric generator
system (TEGs);

• Prototype of TEGs for waste heat recovery at a low temperature [7]; and
• Prototyping and experimental analysis of the proposed TEGs.

2. Methods and Design

In this chapter, we have described the small-scale development of the thermoelectric generator
prototype, which was sized from the analytical model that was described by Ando Junior [7].
Then it has presented the electric characterization of the generator, performed by means of an
experimental method.

The Figure 1 shows the schematic design of the idealized generator prototype that was classified
as a Full Regenerative System, which was aimed at cogeneration of electric energy, through the capture
of the dissipated heat (residual energies) of the industrial processes, transforming thermal energy
directly into electricity [6].

As it can be seen in Figure 1, the prototype of the thermoelectric generator consisted of two
thermal transfer independent systems working jointly. The first system captured the residual heat
(3, 4) of the industrial processes, which consisted of a heat transfer module (3) and a heat transfer (hot
place) (4), which was responsible for transferring heat (4) by convection from the process to the heat
transfer block (3), where the arrangement of the thermoelectric modules (5) was located. In addition,
the second system was a hybrid refrigeration-cogeneration set (1, 2, 7, and 8) that was composed of
fins (1, 7) and a flat cooling block (2, 8), in order to increase the contact area with the thermoelectric
modules, simultaneously obtaining hot water (6), which could have even been reused in the industrial
process itself, and warranting a thermal gradient for thermoelectric generation. It should be noted that
the thermal system that has been presented allowed for its adaptation to any process by substituting
the heat exchanger (4), thus optimizing the thermal transfer to the generator.

Subsequently, the electrical system was preconceived by means of a calculation methodology for
the design and electrical dimensioning of generators, based on the Seebeck effect, from the theoretical
performance curves of the thermoelectric modules and temperature gradients that were usually found
in the industrial processes. It allowed for sizing and conditioning of the signal (power and voltage)
that best suited the conditions of operation of the load that was supplied, as well as the operating
conditions of any industrial process (temperature gradient), optimizing the power generation.

Therefore, the design and dimensioning of an electric power generator device with a heat transfer
system (4), together with the electric calculation methodology, resulted in a prototype of a generator for
energy harvesting. It should be noted that the thermoelectric generator was an innovative development
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regarding the modular design and reconfigurable topology, which was related to the application
in cogeneration.
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Figure 1. Design of the proposed (a) and demonstrated parts and pieces of the generator prototype (b).

3. Characterization of TEGs

The solid state thermoelectric generator prototype was dimensioned to serve a load of
approximately 40W, with the output voltage of 15VDC for a maximum temperature gradient of 800 ◦C.
For this, 20 thermoelectric modules (model INBC1-127.08HTS, WATRONIX, West Hills, CA, USA) were
used in the electrical arrangement that consisted of 10 modules in series, with two associated series
sets in parallel, the 20 modules were arranged on both sides of the hot source. Each were composed of
ten modules per layer (Figure 1—item 5) [8].

It should be noted that the tests were performed with temperature gradients below the maximum
operating limit of the generator system (170 ◦C), as a result of compliance with laboratory safety
standards. For data acquisition purposes, the system was developed and presented in [9] applying the
same test methodology used by Ando et al. [10].

3.1. Open Circuit Test

The open circuit test consisted of supplying a given temperature gradient and measuring the
thermal quantities (temperature, hot and cold source) and the electrical voltage that was generated at
the open output terminals (Vout), that is, without the load connection at the terminals. Figure 2 shows
the graph that was obtained from the results of the open-circuit test, which demonstrated the increase
of the output voltage (Vout) for different temperature gradients (∆T).
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Figure 2. Results obtained in the open circuit test (INBC1-127.08HTS).

Based on Figure 2, it could be seen that the voltage that was generated varied linearly with the
temperature gradient. Applying the least squares method for all of the samples of the output voltage
(Vout), we obtained Equation (1), which described the open circuit voltage.

Vout = 0.4306 ∆T (V) (1)

If it was necessary to maintain the output voltage in a fixed value, it is necessary to use a
DC-DC converter.

3.2. Determination of the Voltage-Current Curve

In order to determine the voltage versus current curve (V–I) of the thermoelectric generator,
we used a set of resistors as a load to measure the output voltage (Vout) in (V), compared to the
output current (Iout) in (A), for different temperature gradients (∆T) ranging from 5 ◦C up to the
predetermined operating limit of 80 ◦C. The results are shown in Figure 3, dashed lines were obtained
by the method of least squares (linear regression), where each one referred to a temperature gradient
from 5 ◦C to 80 ◦C, in 5 ◦C intervals.

When analyzing the output voltage (Vout) curve as a function of the output current (Iout), shown in
Figure 3, for the different temperature gradients (∆T = TH − TC (◦C)), it could be seen that, analogously
to the open-circuit voltage, the increase of both Vout and Iout was directly proportional to the increment
of the temperature gradient (∆T), consequently there was a significant increase in the output power
(Pout) in the presence of higher temperature gradients (∆T). Figure 3 shows some linearity between the
curves for different temperature gradients (∆T = TH − TC (◦C)). This was because of the fact that the
internal resistance (Rint) of the module had a linear behavior in relation to the test temperature gradient.
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3.3. Internal Resistance of the TEGs Device

For the determination of the internal resistance of the solid-state thermoelectric generator, we
used the data that were obtained in the open circuit test, presented in Figure 2, and the data that were
obtained in the test for the determination of the output voltage curve (Vout) in (V) versus the (Iout) in
(A), shown in Figure 3. Using these data and applying the general theory of circuit analysis, it was
possible to obtain the values of the internal resistance (Rint) samples, measured in (Ω), of the proposed
generator for different temperature gradients (∆T), as shown in Figure 4.Energies 2018, 11, x FOR PEER REVIEW  6 of 13 
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Figure 4. Demonstration of internal resistance (Rint) samples as measured in the test.

When analyzing the trend line of the samples, it was clear that the internal resistance (Rint) was
directly proportional to the temperature gradient (∆T).

In order to perform a statistical treatment of the internal resistance (Rint) samples (Ω) that were
measured in the test, the internal resistance (Rint) was calculated for the different temperature gradients
(∆T) and their respective standard deviations (σn). The mean of the average internal resistance
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(Rint_med) of the entire sample universe was calculated and the respective standard deviation of the
sample set (σmed) was given by the mean of the standard deviations (σn). Figure 5 shows the mean
values of internal resistance (Rint) for different temperature gradients (∆T) and their respective standard
deviations (σn).
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It should be noted that, in Figure 5, the dotted line represented the trend line of the mean internal
resistance and its respective standard deviations (±σ), which demonstrated that the internal resistance
(Rint) presented a linear variation with the increase of the temperature gradient (∆T). While the last bar
to the right of the graph labeled ‘Average Rint’ represented the average resistance values.

The central triangle of the resistance lines’ values, in Figure 5, represented the average internal
resistance (Rint_med) of the entire sample universe (Rint_med = (µ1 + µ2 + ··· + µ15 + µ16)/16 ≈ 9.41 Ω),
while the marked edges with a circle symbol at the vertex of the upper and lower line were the standard
deviation of the sample set (σmed), which represented the standard deviation of the set (σmed = σ1, σ2,
··· σ15, σ16 ≈ 0.77 Ω), which were equidistant from the center that was demarcated by the triangle,
which represented the mean resistance (Rint_med).

Consequently, it was possible to state that the internal resistance (Rint_med) of the analyzed
solid-state thermoelectric generator was equal to the Rint_med = 9.41 Ω, with a tolerance equal to
∆Rint_med = 0.77 Ω, that is, Rint = 41 ± 0.77 Ω.

3.4. TEGs Power Curve

For the determination of the maximum power curve that was transferred by the solid state
generator, the data that were obtained in the open circuit test, presented in Figure 2, were used.
The data that were obtained in the test for determination of the output voltage–current curve, shown
in Figure 3, and the Rint = Rint_média ± ∆Rint_med = 9.41 ± 0.77 Ω, allowed us to establish a directly
proportional relation between the temperature gradient (∆T) and the power supplied (Pout) in (W) for
a given fixed load, RL in (Ω). Therefore, based on the general theory of electrical circuit analysis, we
found that the power that was dissipated in the external load would be Pout = RL I2

out (W). Based on
this finding, and using different resistance values as fixed load RL, Figure 6 shows the curve of
the maximum power that was supplied (Pout) as a function of the output current (Iout) for different
temperature gradients (∆T). The graph of Figure 7 shows the maximum output power (Pout) curve as
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a function of the output voltage (Vout) for different temperature gradients (∆T). The dashed curves
in Figures 6 and 7 were obtained with the help of the lines of the linear regression in Figure 3, by
multiplying those values by the current that the module had injected into the load.
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By analyzing the power output (Pout) curve as a function of the output current (Iout), shown in
Figure 6, it was possible to determine the maximum current and power that were supplied by the
thermoelectric generator for different temperature gradients (∆T). Analogously, the maximum power
output (Pout) and voltage (Vout) at the output terminals of the solid state thermoelectric generator could
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be easily determined by analyzing the data that were provided by the maximum power curve (Pout),
as a function of the voltage of (Vout), shown in Figure 7, for the different temperature gradients (∆T).

4. Results and Discussion

The results that were obtained were analyzed and have been discussed in this chapter to make
it more comprehensible, and at the same time, to provide information regarding the validation and
application of the new proposed generator in other places.

The experimental characterization and validation of the generator experiment, demonstrated
consistency with the data that were presented by the authors [11,12]. Their results were validated by a
performance analysis by the authors of [8], which was additionally validated by the comparison by the
authors of [26,28,30] and other references that were cited throughout this chapter. Other applications
of the evaluated technology (TEGs) gave gains of up to 52 W in residential chimneys [51], generation
rates of up to 10.9 kWh/m2 per year in of solar ponds [52], potential power to near 50 W in driving
cycle conditions of diesel light-duty engines [53], and allowed efficiencies to reach 55% in proton
exchange membrane fuel cells [54].

Based on the data in [8], the prototype solid state thermoelectric generator was sized to be capable
of supplying a 40 W power with the 15 V output voltage for an average temperature gradient of
800 ◦C. However, when analyzing the maximum power curve (Pout) as a function of the output voltage
(Vout), shown in Figure 7, it could be seen that the generator was capable of supplying approximately
29 W with a voltage of 17 V for a temperature gradient (∆T) of 80 ◦C. Therefore, when comparing the
experimental results with the theoretical results, it was noticed that the generator that was developed
with the thermoelectric module model INBC1-127.08HTS presented a performance below the expected
value. It should have been noted that this performance discrepancy was principally as a result of
the variation in the contact surface temperature of the modules, which had a temperature gradient
difference (∆T) of up to 7 ◦C, which was associated with the thermal contact resistance. In addition,
the component and surface temperatures were determined by means of spot measurements, using
thermocouples (type K) to establish the temperature gradients (∆T), a strategy that was implemented
in response to the physical access limitation of the surfaces of the already coupled device.

The thermoelectric device DT1089 (Marlow Industries Inc., Dallas, TX, USA) at its current best
configuration, generated approximately 0.5 W per unit of thermoelectric module for a temperature
gradient (∆T) of 80 ◦C, still the developed generator produced approximately 1.45 W per unit of
thermoelectric module (INBC1-127.08HTS) for a temperature gradient (∆T) of 80 ◦C, which represented
an energy generation per module increase of about three times.

Based on the maximum power curve (Pout), as a function of the output voltage (Vout) (Figure 7) and
making an approximation of the values by means of interpolation, it was realized that the developed
generator produced about 1.8 W using 20 thermoelectric modules, model INBC1-127.08HTS, for a
temperature gradient (∆T) of 18 ◦C, occupying a surface area of 320 cm2, representing a generation
increase of approximately 50% (516 W) compared to the device shown by Azarbayjani et al. [40], per
unit surface area. Using low temperature modules would require a higher number, (i.e., more than
the 90 modules) were used by Azarbayjani et al. [40]. This difference was principally as a result of
the characteristics of the thermoelectric modules that were used in the development of the proposed
thermoelectric generator that presented a better performance in the operating range between 40 ◦C
and 170 ◦C, according to Dalola et al. [5] and the tests that were performed. Therefore, after this
analysis, it could be stated that the choice of the thermoelectric modulus that was to be used for
the development of a thermoelectric generator should have considered primarily the range of the
temperature gradient (∆T).

When comparing the proposed prototype with devices that operated with relatively high
temperature gradients (∆T), such as the Hi-Z technology system that was presented by Faria et al. [41],
which generated 20 W with an output voltage of 12 to 14 V, or the system presented by
Nuwayhid et al. [42], which generated 12.6 W using three modules and a surface area of about 430 cm2
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for a temperature gradient (∆T) of 152 ◦C, we found that, from the performance curve of the maximum
power (Pout) as a function of the output voltage (Vout) (Figure 7), the generator that had developed
when it was subjected to a temperature gradient (∆T) of 152 ◦C would generate approximately 90 W,
with an output voltage between 32 V and 74 V, over a surface area of about 320 cm2. Therefore, it could
be stated that when the developed prototype was compared with systems such as those presented by
Faria et al. and Nuwayhid et al. [41,42], which operated at range of temperature between 40 ◦C and
170 ◦C, the prototype presented a satisfactory and superior performance both in (Pout) as it did in the
smallest occupied area.

Using the performance curve of the thermoelectric modulus with the model (INBC1-127.08HTS)
being employed, having re-adjusted the theoretical estimate and the correlating the values of the
maximum power curve (Pout) as a function of the output voltage (Vout) of Figure 7, we found that
the generator that had developed when it was subjected to a temperature gradient (∆T) of 170 ◦C
would generate approximately 107 W, with an output voltage of 36.15 V over a surface area of about
320 cm2. Thus, it could be stated that the solid state thermoelectric generator produced results that
were consistent with the current state of the art methods, according to the authors of [22,29,35,38].
It presented a similar performance to the thermogenerator that was presented by Riffat et al. [25],
which generated 150 W in 12 V and 24 V and was capable of charging batteries and accessories of
the automobile, with the output power similar to that of Gao [36], whose multi-mission radioisotope
thermoelectric generator (MMRTG) generated 120 W.

From the point of view of application, thermoelectric materials have been widely used in cooling
processes, transforming electric energy into thermal energy (Peltier effect) [24,28,30,37]. However, the
use of the reversible thermoelectric effect (i.e., transforming thermal energy directly into electrical
energy) (Seebeck Effect) had still not been explored much for the purposes of electric energy generation,
as shown in [13–15]; in this way, the proposed device provided a valuable contribution to the
implementation of this new technology.

When analyzing the proposed thermoelectric generator, within the large scale, it was clear that it
could help improve the energy efficiency of the processes and reduce the electrical energy consumption
of any system. Moreover, it was possible to adapt the proposed microprocessor to various processes and
to obtain high power values, as in the case of a large-scale cogeneration system with high temperature
gradients. This technology could be widely used in industry, because there were many processes
involving heat exchanges, for example, thermoelectric plants, ceramics, and foundries were identified
as industries with a great potential for the application of solid state generators.

It was noteworthy that, despite the difficulties in obtaining thermoelectric materials with high
efficiency—that is, high electrical conductivity and low thermal resistance, which was not common
in any material, as can be seen from the authors of [55–58]—interest in the development of new
thermoelectric materials had recently returned, as they had a promising future, given the need to
ensure new sources of clean energy. In conclusion, it could be stated from the authors of [20,34] that
this solid-state cogeneration system could be applied in any process involving heat, since even with
a low yield of thermoelectric materials as demonstrated by Azarbayjani et al. [40], the result was
significant when it was analyzed globally.

Finally, it was verified that, despite the adversities to which the real system was exposed, both
in the generation and in the variation of the temperature gradient, as well as in the data collection,
the obtained results were satisfactory for an experimental bench prototype and demonstrated the
functionality and effectiveness of the solid state thermoelectric generator, a fact that was validated
by references and experimental tests, which proved the technical feasibility of using it to capture
thermal losses in industrial processes and subsequent generation of electric energy. Therefore, it was
an embryonic technology that needed to be developed for large-scale application, and thus in the
medium and long term, it would make it a competitive source of clean energy.
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5. Conclusions

This paper presents the proposal of a generator to capture thermal losses resulting from industrial
processes, without affecting the efficiency of the main system, thus characterizing the reuse of
residual energy.

According to the principle of conservation of energy, the utilization of part of the thermal wasted
energy can be done at the same place that generates this waste. Consequently, reusing part of this
residual energy will maximize the yield of the system as a whole. In addition, it is worth noting that
the capture of residual energy through the Seebeck effect for energy cogeneration is possible, besides
its ease of application, weight, and size, it also contributes to generating electricity in a renewable and
clear way. From this, the application of the proposed thermoelectric generator can be made in places
such as a thermoelectric plant, where the residual energy resulting from the generation process is easy
to capture; in the flue gas exhaust of a vehicle; in industrial heat exchangers; and at forging or forming
processes, developments that guarantee an ease of capture in which the presence of the thermoelectric
generator does not interfere with the main manufacturing process.

It should be noted that the generator that has been presented will have an important impact on
the operation of the industries, as it will enable the improvement of the overall performance of the
system through the capture of losses. In addition to the reduction in losses, there is a decrease in the
consumption of electricity and fuel, which consequently leads the containment of works to increase
generation capacity, thus causing a positive impact in economic terms and socio-environmental issues
for both industries and the electricity sector.

The relevance of this mode of electric energy harvest is the fact that it is clean energy and that
it depends only on the capture of losses. Those residual energies from industrial processes are, in
principle, released to the environment without being exploited. With the proposed invention, the
waste energy will not be released into the environment and it will be used for electrical generation and
useful heat production.

The results of this research project demonstrated the technical feasibility of the use of
thermoelectricity for the capture of thermal losses in industrial processes, having main equipment as
the prototype of an energy regeneration system capable of converting thermal energy directly into
electric energy by means of the abstraction of residual energy from industrial processes, including for
operating with relatively low temperature gradients.

As a continuation of this research, it is proposed that there should be further analysis of the TEG
life cycle in industrial processes, as there are currently no studies that address the economic viability
and usefulness, because it is a new technology in its design and application.
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