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THERMOELECTRIC POWER SOURCES USING
LOW-GRADE HEAT (PART 3)

This work is the third part of the cycle of research on thermoelectric power sources using low-grade heat.
The results of computer-aided design of a thermoelectric generator with heat pipes and forced convection
liquid heat exchange that uses thermal waste from industrial installations are presented. The generator
design has been developed and a series of its experimental studies have been conducted on a test bench.
Bibl. 9, Fig. 5.
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Introduction

General characterization of the problem. Further improvement of the efficiency of thermoelectric
generators using low-grade heat is largely related to the optimization of their heat exchange system
[1 —5]. The most promising in this context is a combination of a combined liquid and air heat exchange
system using heat pipes and thermosyphons [6 — 9], which ensure the transfer of a large amount of
thermal energy with minimal losses. Their use also simplifies the integration of a thermoelectric
generator with industrial installations that emit a large amount of waste thermal energy.

This paper presents the results of research aimed at improving the design of thermoelectric power
sources for the use of low-grade thermal energy of industrial installations. The results of theoretical and
experimental studies of a thermoelectric recuperator with an air-liquid heat exchange system and heat
pipes for supplying thermal energy to it, as well as their comparison with previous design options
described in [1 — 2], are presented.

Physical and mathematical models of a thermoelectric generator

The physical model of a thermoelectric heat recuperator with heat removal by a liquid-air heat
exchanger is presented in Fig. 1. This model is the most general and takes into account all the
possibilities of heat exchange systems in combination with thermoelectric energy conversion. Therefore,
the direct conversion of thermal energy of the waste heat source into electrical energy of electric power
W is carried out using thermoelectric generator modules 4. The heat flux O from the hot coolant 1 with
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temperature 7. . and flow rate G is transferred to the fins 2 of the heat pipe 3, which transfers heat O,
to the thermoelectric module 4. Heat removal from the cold side of the thermoelectric module is carried
out by a cold heat exchange circuit containing a liquid heat exchanger 5 and a liquid-air heat exchanger
7. The movement of the liquid is provided by a liquid pump 6, which consumes electrical power W),
and the movement of the air is intensified by a fan 8, which consumes electrical power W5. In this model,
heat losses occur on the elements of the heat exchange system and due to the presence of contact thermal
resistances.
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Fig. 1. Physical model of a thermoelectric heat recuperator: 1 — volume filled with hot coolant,
2 — heat pipe fins 3, 4 — thermoelectric modules, 5 — liquid heat exchangers, 6 — liquid pump,
7 — liquid-air heat exchangers, 8 — air fan, 9, 10 — thermal contact area between
the elements of the recuperator structure

Let us consider the main parameters of a thermoelectric generator, the physical model of which
is shown in Fig. 1. These include the electric power W generated by thermoelectric modules, as well as
their efficiency m, which is determined by the ratio of the obtained electric power W to the thermal
power Q consumed by the heat sources. However, during operation, the thermoelectric generator (TEG)
additionally consumes electrical energy (powering air fans, electric pumps, etc.), moreover, there are
always heat losses in its structural elements Qj,ss, Which are mainly associated with the imperfection of
the heat supply and removal systems. Therefore, the real useful electrical power of the TEG will be less
than W, = W — W, — W, accordingly, the real efficiency will be determined by the value of ¥, and the

real heat flux Q,, which will take into account all losses in the TEG structural elements M= W,/ Op.

W,
Nrec zga (1)

where n,.;is TEG efficiency, W, is useful electric power, Qcons is consumed thermal power.
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w =W -W,

u — "7 thermopile loss » (2)

where Winermopite 18 the electric power of the thermopile, Wi is the electric power used for additional
power supply to the TEG (power supply to electric fans and electric liquid pumps).

I/Vthermopile (Th ’Tc) = Qh ’ nthermopile (Th H Tc’) s (3)
Qh = Qc + I/Vthermopile (Th b Tc) . (4)

In the formulae, O, is heat flux to the thermoelectric module, Q. is heat flux after the
thermoelectric module, 7, is hot side temperature of the thermoelectric module, 7. is cold side
temperature of the thermoelectric module, Neermopie (Tn, Tc) is the efficiency of the thermopile.

Qconx = Cm '(TgAcA _];mb) = CGp(Tgc _];mb) > (5)
where C is coolant heat capacity, m is coolant mass, G is coolant flow rate, p is coolant density, T..

is gas coolant temperature, 7. is ambient temperature, .
The heat flux and the temperatures of the hot and cold sides of the thermoelectric module are
determined from the heat balance equations:

0, =o,(v)-S,-(T,, -T), (6)
where a,(v,)is the heat transfer coefficient of the outer surface of the liquid-air heat exchanger, which
is a function of the hot coolant velocity, S, is the area of the outer surface of the liquid-air heat exchanger

in contact with the hot coolant, 7| is the temperature of the surface of the heat pipe in contact with the

hot coolant;

O,=x-T-T,), (7)
where y, is the thermal resistance of the heat pipe, 7', is the ¢ old side temperature of the heat pipe;
0, =% T,-T),), (8)
where %, is the thermal contact resistance between the heat pipe and thermoelectric modules;
Oy =%s (T =T )+ Wy (T, T,) )
where 7, is the thermal resistance of thermoelectric modules;
0.=y, (T.-T,), (10)

where y,is the thermal contact resistance between the thermoelectric modules and the liquid heat
exchanger, T, is the temperature of the liquid heat exchanger surface in contact with the thermoelectric
modules;

Q.=xs (T4 =T5), QY
where 7, is the thermal resistance of the water heat exchanger, 7’ is the temperature of the cold liquid
heat exchanger surface in contact with the liquid,

0. =0,(v,)S,-(T;-T,), (12)
where a,(v,)is heat transfer coefficient of the liquid heat exchanger, which is a function of the liquid
velocity v,, S, is surface area of the liquid heat exchanger, 7' is average fluid temperature between the
inlet and outlet of the cold liquid heat exchanger;

Q. =a;3(»)- 8- (T~ T,), (13)

where o, (v,)1is the heat transfer coefficient of the inner surface of the liquid-air heat exchanger, which
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is a function of the liquid velocity v,, S;is the internal surface area of the liquid-to-air heat exchanger,
T,is the average temperature of the liquid between the inlet and outlet of the cold liquid-to-air heat
exchanger;

0, =y (T, -Ty), (14)
where 7, is the thermal resistance of the liquid-air heat exchanger, T is the temperature of the liquid-
air heat exchanger surface in contact with the environment;

0.=0,(v5)-8,-(T,-T,,), (15)
where a,(v,) is the heat transfer coefficient of the outer surface of the liquid-air heat exchanger, which
is a function of the air velocity v;, S, is the surface area of the liquid-air heat exchanger in contact with

the environment.
Substituting (2-5) into (1), we get:
W I/Vtherm()pile - VVlass _ Qh ' nthermopile (Th s Tc) - W;oss

=—u = 16
VT CGop-(I,, T,  C-GpI, T, 1o
Using the heat balance equation in (16), we obtain
a’l : Sl : (Tg.(.: - ];mb) : nthermapile (Th s Tc) _
loss
_ 1+ al : Sl |:N1 + NZ (1 _nthermopile(Th’Tc))] (17)
T]TEG CGp(T:gc _]:zmb) ’
1 1 1
where N=—+—+—,

X1 X2 Xs

N2:L+L+ ! + ! ! (18)

Development of a thermoelectric generator design

As a result of the design, a thermoelectric recuperator with a heat pipe was proposed (Fig. 2). It
consists of a heat pipe with fins on the hot side and a platform for placing 10 thermoelectric modules on
the cold side. The movement of the liquid in the cold heat exchange circuit is carried out using liquid
pumps powered by the electrical power generated by the thermoelectric modules. Heat removal from
the thermoelectric modules is provided by a liquid-air heat exchange system.

Fig. 2. Schematic diagram of a thermoelectric recuperator with liquid heat removal

The finned part of the heat pipe is placed inside the exhaust pipe into which the exhaust gases
move. Such use significantly expands the possibilities of its practical use due to the possibility of
converting not only the heat of the surface layers of exhaust gases of industrial installations (Fig. 3), but
also virtually the entire volume filled with gases. The calculated efficiency of the generator is efficiency
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= 3.8 % and the electric power W = 9.8 W per thermoelectric module. Therefore, by placing about 100
units of such a thermoelectric generator in the internal cavity of the exhaust gas pipe, it is possible to
obtain an electric power of up to 100 kW (Fig. 3).
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Fig. 3. Cross-sectional diagram of a possible arrangement of thermoelectric generator
units inside the pipe of an industrial installation

Fig. 3 shows a cross-sectional diagram of the exhaust gas box of an industrial installation with
thermoelectric generator units placed in it: 1 — inner wall of the box, 2 — outer wall, 3 — thermoelectric
generator unit, 4 — part of the heat pipe placed outside the box (condensation zone) of the generator on
the walls of the box, 6 — thermal insulation, 8 — rectangular plates placed on the vertical surfaces of the
heat pipe and form a heat-absorbing heat sink, 9 — part of the heat pipe placed in the box with waste
gases, 10 — clamps with which two oppositely placed heat pipes are fastened.

Experimental test results

To verify the design results, an experimental model of a thermoelectric generator with a heat pipe
was manufactured and its studies were carried out using a measuring bench that maximally reproduces
the thermal conditions of an industrial installation.

Therefore, the measurements gave the following results (Fig. 4): the power generated by one
recuperator unit is ~ 90 W.

Additionally, the uniformity of temperature distribution in the heat pipe was investigated (Fig. 5).

Thus, the output power of such a thermoelectric generator is W=91W (9.1 W per 1
thermoelectric module) at an efficiency of n=3.5%. It should be noted that the efficiency of the specified
design is 1.3 times higher than for the recuperator option with forced air and 2.3 times higher than the
option with natural convection. In addition, the specific dimensions of such a generator per 1
thermoelectric module significantly exceed those of analogues with air heat exchange, which provides
it with wide scalability capabilities to achieve the required values of the output electric power.

ISSN 1607-8829 Journal of Thermoelectricity Ne4, 2024 65



L.I. Anatychuk, A.V. Prybyla, M.M. Korop, Yu.V. Kiziuk, 1.A. Konstantynovych
Thermoelectric power sources using low-grade heat (part 3)

It should be noted that, despite the significant advantage in energy and mass-dimensional

characteristics of the specified design, other considered options can also find their use due to the
simplicity of the design, the absence of liquid coolants and, in general, the need for additional provision

of additional power supply to the heat exchange system.
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Fig. 4. Measurement results.
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Fig. 5. Distribution of temperature distribution non-uniformity along the heat pipe.

Conclusions

1. A thermoelectric generator with liquid-air heat exchange and a heat pipe that uses low-grade thermal

waste from industrial installations has been designed and developed.
2. It has been established that the design efficiency of such a generator is 3.8 %, which ensures the
generation of electrical energy at the level of 9.8 W from one thermoelectric module.

3. Experimental studies were conducted, confirming the main design results.
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It was established that the experimental values of the energy characteristics of the thermoelectric
generator are: efficiency n =3.5 % and power W =9.1 W.

It has been analyzed that the efficiency of the specified design is 1.3 times higher than for the
recuperator option with forced air flux and 2.3 times higher than for the option with natural convection.
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TEPMOEJIEKTPUYHI JUKEPEJIA EJTEKTPUKH,
110 BUKOPHCTOBYIOTH HU3bKOIMOTEHIIIHE TEILIO
(UACTHHA 3)

Hana poboma € mpemvoio uacmuHow i3 YUKIY 00CTIOHNCEHb MEPMOETEKMPUYHUX OXHCePeil eleKIMPUKU,
Wo  UKOPUCIOBYIOMb  HU3bKonomenyitine menno. Ilpusedeni  pesynomamu  Komn'iomepHozo
NPOEKMYBAHHS MEPMOETEKMPUHHO20 2EHEPAMOPA I3 MENI08UMU MPYOamu ma PiOUHHUM MenI00OMIHOM
BUMYUUEHOIO KOHBEKYIEIO, WO SUKOPUCIOBYE MENI08I 8i0X00U NPOMUCIOBUX YCMAaHo8oK. Pospobnena
KOHCMPYKYiA 2eHepamopa ma npogedeHd cepis U020 eKCHEPUMEHMATbHUX — 00CTIONCeHb  HA
sunpobysanvrHomy cmeroi. bion. 9, puc. 5.

Ki1040Bi cj10Ba: TepMOEIEKTPUYHAI TeHEpaToOp, KOMIT FOTEpHE MMPOEKTYBAaHHS, PEKYIIepallis Tera,
TETUIO0OMIH.

NiTepaTypa

1.

Anatychuk L.I, Prybyla A.V., Korop M.M., Kiziuk Yu.l., Konstantynovych LA. (2024).
Thermoelectric power sources using low-grade heat (Part 1). Journal of Thermoelectricity, (1-2),
90 — 96.

. Anatychuk L.I., Prybyla A.V., Korop M.M., Kiziuk Yu.l., Konstantynovych [LA. (2024).

Thermoelectric power sources using low-grade heat (Part 2). Journal of Thermoelectricity, (3),
36 —43.

. Lysko V.V., Konstantynovych [.A., Kuz R.V., Derevianko T.V. (2024). Possibilities of reducing the

specific cost of thermoelectric generator energy converters. Journal of Thermoelectricity, (3),
44 - 52.

. Anatychuk L.I., Lysko V.V., Prybyla A.V. Rational areas of using thermoelectric heat recuperators.

Journal of Thermoelectricity, 2022 (3-4), 43 — 67.

. Anatychuk L.I., Kuz R.V. and Rozver Y.Y. (2012). Efficiency of thermoelectric recuperators of the

exhaust gas energy of internal combustion engines. AIP Conference Proceedings, 1449, 516 — 519.

. Zhao Y., Fan Y., Li W., Li Y., Ge M., Xie L. (2022). Experimental investigation of heat pipe

thermoelectric generator. Energy Conversion and Management, 252, 115123. Available at:
https://www.sciencedirect.com/science/article/abs/pii/S0196890421012991

10.Muratgobanoglu B., Akyiirek E. F., Manay E. (2025). Experimental evaluation and optimization of

the heat pipes integrated thermoelectric generator using response surface methodology. Applied
Thermal Engineering, 258, Part A., 124599.

11.Islamoglu Y., Taymaz I., Parmaksizoglu C., Ozsoy M., Aslan E. (2020). Design of heat pipe assisted

thermoelectric generator and experimental investigation of the power performance. Sakarya
University Journal of Science, 24(5), 872 — 881.

12.Raut R.S., Rathod S.V. (2017). Use of heat pipes and thermoelectric generator system for waste heat

recovery and power generation. International Journal on Recent and Innovation Trends in
Computing and Communication, 5(6), 539 — 542.

Hamitirmura mo penaxii 16.10.2024

68

Journal of Thermoelectricity Ne4, 2024 ISSN 1607-8829


https://www.sciencedirect.com/science/article/abs/pii/S0196890421012991

	References
	1. Anatychuk L.I., Prybyla A.V., Korop M.M., Kiziuk Yu.I., Konstantynovych I.A. (2024). Thermoelectric power sources using low-grade heat (Part 1). Journal of Thermoelectricity, (1-2), 90 – 96.
	2. Anatychuk L.I., Prybyla A.V., Korop M.M., Kiziuk Yu.I., Konstantynovych I.A. (2024). Thermoelectric power sources using low-grade heat (Part 2). Journal of Thermoelectricity, (3), 36 – 43.
	3. Lysko V.V., Konstantynovych I.A., Kuz R.V., Derevianko T.V. (2024). Possibilities of reducing the specific cost of thermoelectric generator energy converters. Journal of Thermoelectricity, (3), 44 – 52.
	4. Anatychuk L.I., Lysko V.V., Prybyla A.V. Rational areas of using thermoelectric heat recuperators. Journal of Thermoelectricity, 2022 (3-4), 43 – 67.
	5. Anatychuk L.I., Kuz R.V. and Rozver Y.Y. (2012). Efficiency of thermoelectric recuperators of the exhaust gas energy of internal combustion engines. AIP Conference Proceedings, 1449, 516 – 519.
	6. Zhao Y., Fan Y., Li W., Li Y., Ge M., Xie L. (2022). Experimental investigation of heat pipe thermoelectric generator. Energy Conversion and Management, 252, 115123. Available at: https://www.sciencedirect.com/science/article/abs/pii/S0196890421012991
	7. Muratçobanoğlu B., Akyürek E. F., Manay E. (2025). Experimental evaluation and optimization of the heat pipes integrated thermoelectric generator using response surface methodology. Applied Thermal Engineering, 258, Part A., 124599.
	8. Islamoğlu Y., Taymaz İ., Parmaksızoğlu C., Özsoy M., Aslan E. (2020). Design of heat pipe assisted thermoelectric generator and experimental investigation of the power performance. Sakarya University Journal of Science, 24(5), 872 – 881.
	9. Raut R.S., Rathod S.V. (2017). Use of heat pipes and thermoelectric generator system for waste heat recovery and power generation. International Journal on Recent and Innovation Trends in Computing and Communication, 5(6), 539 – 542.
	1. Anatychuk L.I., Prybyla A.V., Korop M.M., Kiziuk Yu.I., Konstantynovych I.A. (2024). Thermoelectric power sources using low-grade heat (Part 1). Journal of Thermoelectricity, (1-2), 90 – 96.
	2. Anatychuk L.I., Prybyla A.V., Korop M.M., Kiziuk Yu.I., Konstantynovych I.A. (2024). Thermoelectric power sources using low-grade heat (Part 2). Journal of Thermoelectricity, (3), 36 – 43.
	3. Lysko V.V., Konstantynovych I.A., Kuz R.V., Derevianko T.V. (2024). Possibilities of reducing the specific cost of thermoelectric generator energy converters. Journal of Thermoelectricity, (3), 44 – 52.
	4. Anatychuk L.I., Lysko V.V., Prybyla A.V. Rational areas of using thermoelectric heat recuperators. Journal of Thermoelectricity, 2022 (3-4), 43 – 67.
	5. Anatychuk L.I., Kuz R.V. and Rozver Y.Y. (2012). Efficiency of thermoelectric recuperators of the exhaust gas energy of internal combustion engines. AIP Conference Proceedings, 1449, 516 – 519.
	6. Zhao Y., Fan Y., Li W., Li Y., Ge M., Xie L. (2022). Experimental investigation of heat pipe thermoelectric generator. Energy Conversion and Management, 252, 115123. Available at: https://www.sciencedirect.com/science/article/abs/pii/S0196890421012991
	10. Muratçobanoğlu B., Akyürek E. F., Manay E. (2025). Experimental evaluation and optimization of the heat pipes integrated thermoelectric generator using response surface methodology. Applied Thermal Engineering, 258, Part A., 124599.
	11. Islamoğlu Y., Taymaz İ., Parmaksızoğlu C., Özsoy M., Aslan E. (2020). Design of heat pipe assisted thermoelectric generator and experimental investigation of the power performance. Sakarya University Journal of Science, 24(5), 872 – 881.
	12. Raut R.S., Rathod S.V. (2017). Use of heat pipes and thermoelectric generator system for waste heat recovery and power generation. International Journal on Recent and Innovation Trends in Computing and Communication, 5(6), 539 – 542.


