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FEATURES OF STRUCTURAL, ENERGETIC, ELECTROKINETIC  
INVESTIGATION OF ENERGY AND ELECTROKINETIC  

CHARACTERISTICS OF THERMOELECTRIC MATERIAL TiCo1-xMnxSb 

The crystal and electronic structure, temperature and concentration dependences of the resistivity 
and the Seebeck coefficient of the thermoelectric material TiСo1-xMnxSb, х = 0.01–0.10, in the 
temperature range T = 80-400 K have been studied. It was shown that the doping of the initial 
TiCoSb semiconductor by Mn atoms is accompanied by the simultaneous generation of structural 
defects of acceptor and donor nature and the appearance in the band gap of acceptor band εA  

(substitution of Co atoms by Mn ones) and also donor bands  of different nature. The 
concentration ratio of the ionized acceptors and donors generated in TiСo1-xMnxSb determines the 
position of the Fermi level  and the mechanisms of electrical conductivity of the thermoelectric 
material. Bibl. 14, Fig. 7. 
Keywords: electronic structure, electrical resistivity, Seebeck coefficient. 

Introduction 
One of the ways to obtain semiconductor thermoelectric materials with high efficiency of 

thermal into electrical energy conversion is doping of the base semiconductor by impurity atoms, 
which generate structural defects of donor and/or acceptor nature in the crystal. This allows purposeful 
changing the values of conductivity σ, the Seebeck coefficient α and thermal conductivity κ to obtain 
the maximum values of thermoelectric figure of merit Z (Z = α2·σ/κ) [1].  

The results of studies of a new semiconductor thermoelectric material TiСo1-xMnxSb,  
х = 0.01–0.10, obtained by doping the base semiconductor TiCoSb (MgAgAs structure type, space 
group  [2]) by Mn atoms (3d54s2) by replacing of Co (3d74s2), are given below. It was 
expected that the substitution of Co atoms by Mn would generate structural defects of acceptor nature 
in the TiСo1-xMnxSb semiconductor (the Mn atom has fewer 3d-electrons than Co), which would allow 
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us to control the position of the Fermi level  and change the values of its electrokinetic 
characteristics. 

In [3], the authors showed that the structure of the base semiconductor TiCoSb is defective. 
Thus, there are vacancies (Va) (~ 1%) in the crystallographic position 4a of Ti atoms, and additional 
Co* atoms (up to ~1%) are located in the tetrahedral voids of the structure, which occupy ~24% of the 
unit cell volume [2]. As result, the formula of the TiCoSb semiconductor is transformed into 
(Ті0.99Va0.01)Co(Co*

0.01)Sb. Vacancies generate structural defects of acceptor nature in position 4a of Ti 
atoms, and the corresponding acceptor band  appears in the band gap . Additional Co* atoms 
generate defects of donor nature in the tetrahedral voids of the semiconductor structure, and the donor 
band  appears in the band gap . 

All described above explains the nature of the mechanism of simultaneous "a priori" doping of 
the initial TiCoSb semiconductor by donor and acceptor impurities, which makes it heavily doped and 
highly compensated [4]. Taking into account that the Fermi level  in TiCoSb lies within the band 
gap between the states of ionized donors and acceptors, the changes in the ratio between them caused, 
for example, by the modes of thermal annealing of samples and their cooling, purity of initial 
components, etc., will shift the position of the Fermi level  relative to impurity bands and 
continuous energies bands. For this reason, the compound TiCoSb is a semiconductor of the hole-type 
conductivity at temperatures T < 90 K, which is indicated by positive values of the Seebeck coefficient 
α, and at higher temperatures the majority carriers are electrons. This temperature dependence of the 
type of the majority carriers also indicates a different depth of energy levels: the acceptor states are 
smaller and ionized at lower temperatures than the donor ones. 

Semiconductor thermoelectric materials based on TiCoSb were reported in [3-9]. Thus, in Ti1-

хVхCoSb and Ti1-xMoxCoSb semiconductors, structural defects of acceptor nature are simultaneously 
generated as vacancies in the positions of Ti and Co atoms, and occupation of 4a positions of Ti atoms 
by V or Mo atoms generates defects of donor nature. The mechanism of simultaneous appearance of 
acceptors and donors provides the semiconductor properties of Ti1-хVхCoSb and Ti1-xMoxCoSb. Doping 
of TiCoSb by Sc atoms (3d14s2) introduced by substitution of Ti atoms (3d24s2) generates structural 
defects of acceptor nature in Ti1-xScxCoSb (Sc atom has fewer 3d-electrons than Ti), and the ratio of 
defects of donor and acceptor nature determines the position of the Fermi level  in the band gap  
and the mechanisms of electrical conductivity. 

The study of the semiconductor thermoelectric material TiCo1-xNixSb revealed a linear variation 
in the value of the unit cell parameter a(x), which indicates the substitution of Co atoms by Ni ones. In 
this case, donors are generated in the crystal, because the Co atom (3d74s2) has a smaller number of 
3d-electrons than the Ni atom (3d84s2). The thermoelectric material TiCo1-xCuxSb has a different 
behaviour of structural parameters depending on the impurity concentration. 

The presented results of studying the electrokinetic and energy characteristics of the 
semiconductor solid solution TiСo1-xMnxSb, x = 0.01–0.10, as well as their comparison with the results 
of modeling the electronic structure, will help to identify the mechanisms of electrical conductivity in 
order to determine the conditions of synthesis of thermoelectric materials with maximum efficiency of 
thermal energy into electrical  energy conversion. 

Investigation procedures 
TiСo1-xMnxSb samples were synthesized by arc-melting the charge of the constituent 

components (the content of the main component not less than 99.9 wt.%) in an electric arc furnace in 
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an inert atmosphere followed by homogenizing annealing for 720 h at 1073 K. Excess 1–3 wt. % Sb 
was used to compensate for losses during the electric arc-melting procedure. The chemical and phase 
compositions of the samples were examined by X-ray phase (DRON-4.0 diffractometer, FeKα 
radiation) and metallographic analyses (TESKAN VEGA 3 LMU electron microscope equipped with 
an X-ray analyzer with energy dispersion spectroscopy (EDRS)). The structural parameters of the 
solid solution TiСo1-xMnxSb samples were calculated using the Fullprof Suite program [10]. Modeling 
of the electronic structure of TiСo1-xMnxSb was performed by the KKR method (Corringa-Kohn-
Rostoker method) in the approximation of the coherent potential CPA and local density LDA [11]. 
Licensed software AkaiKKR and SPR-KKR in the LDA approximation for the exchange-correlation 
potential with Moruzzi-Janak-Williams (MJW) parameterization were used for KKR calculations [12]. 
The Brillouin zone was divided into 1000 k-points, which were used to model energy characteristics 
by calculating DOS. The width of the energy window was 22 eV and was chosen to capture all semi-
core states of p-elements. The full potential FP in the representation of plane waves was used in the 
calculations by the linear MT orbital method. The LDA approximation with MJW parameterization 
was used as the exchange-correlation potential. The accuracy of calculating the position of the Fermi 
level is ± 4 meV. Temperature and concentration dependences of electric resistivity (ρ) and the 
Seebeck coefficient (α) relative to copper of TiСo1-xMnxSb were measured in the ranges: T = 80–400 
K, x = 0.01–0.10. 

Research on structural characteristics of TiСo1-xMnxSb 
Microprobe analysis of the concentration of atoms on the surface of TiСo1-xMnxSb samples 

established their correspondence to the initial compositions of the charge (Fig. 1), and X-ray phase and 
structural analyses showed that the powder patterns of samples, including the composition x=0–0.10, 
are indexed in the MgAgAs structure type and contain no traces of other phases. (Fig. 2a). 

 

 

 

  

  
 а)  b) 

Fig. 1. Photograph of the surface (a) and distribution of elements (b) in the sample TiCo0.95Mn0.05Sb  
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Structural studies of TiСo1-xMnxSb solid solution revealed the complex character of the inclusion 
of impurity Mn atoms into the semiconductor structure matrix. Since the atomic radius of Mn 
(rMn = 0.130 nm) is larger than that of Co atom (rСо = 0.125 nm), then the increase of the unit cell 
parameter a(x) of TiСo1-xMnxSb in the concentration range x = 0–0.05 is logical (Fig. 2b). Such 
behavior of the parameter a(x) should indicate the realization of TiСo1-xMnxSb substitutional solid 
solution, where structural defects of acceptor nature are generated in the crystallographic site 4c of Co 
atoms. In this case, an impurity acceptor band  should be formed in the band gap  of the 
semiconductor. 

 

  
а) b) 

Fig. 2. X-ray powder diffraction patterns of samples (a) and variation of the  
unit cell parameter a(x) (b) for TiСo1-xMnxSb 

However, the appearance of an extremum on the dependence a(x) of TiСo1-xMnxSb at x = 0.05, 
followed by a decrease of the unit cell parameter a(x) at x > 0.05 do not fit into the logic of forming a 
substitutional solid solution when Co atoms are replaced by Mn atoms. Thus, if the concentration of 
impurity Mn atoms at x = 0.05 would be the limit of the existence of solid substitution (the limit of 
solubility of these atoms in the semiconductor structure matrix), then the value of the unit cell parameter 
a(x) of TiСo1-xMnxSb should not change significantly. At the same time, the decrease in the values of a(x) 
of TiСo1-xMnxSb at x > 0.05 indicates the existence of a substitutional solid solution, but now the impurity 
Mn atoms occupy a different crystallographic position. In this connection, it is worth reminding the study 
of Ti1-хVхCoSb semiconductor [8], where the authors found the fact of simultaneous occupation of V 
(3d34s2) impurity atoms both in the 4a crystallographic position of Ti atoms, which generated structural 
defects of donor nature (V atom contains more electrons than Ti atom) and in the 4c position of Co atoms, 
which generated defects of acceptor nature (V has fewer 3d-electrons than Co). 

The most probable in TiСo1-xMnxSb at x > 0.05 is the occupation by the Mn atoms of the 
crystallographic position 4a of the Ti atoms. Indeed, since the atomic radius of the Mn atom is smaller 
than that of Ti (rТі = 0.146 nm), the decrease of the unit cell parameter a(x) for TiСo1-xMnxSb at 
x > 0.05 (Fig. 2b) becomes clear. In this case, structural defects of donor nature will be generated in 
crystallographic position 4a (Mn atoms have a larger number of 3d-electrons than Ti), and the impurity 
donor band  should be formed in the band gap  of the TiСo1-xMnxSb semiconductor. 

We can assume that in a real TiСo1-xMnxSb crystal these processes occur simultaneously, but the 
rate of substitution of certain atoms depends on the concentration of impurity Mn atoms. At lower 
concentrations of Mn atoms (x ≤ 0.05) they replace Co atoms to a greater extent, and at x > 0.05 – Ti 
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atoms. Herewith, donors and acceptors are generated simultaneously at different rates in TiСo1-xMnxSb, 
and the semiconductor becomes heavily doped and highly compensated (HDHCS) [13]. 

However, taking into account the small number of impurity Mn atoms dissolved in the structure 
matrix of the initial semiconductor, as well as the poor accuracy of the X-ray method of studying the 
structure, we failed to record any other structural changes. 

Thus, structural studies of the semiconductor thermoelectric material TiСo1-xMnxSb showed a 
complex mechanism of impurity inclusion into the semiconductor matrix. The results of experimental 
investigations of electrokinetic properties for TiСo1-xMnxSb will show the correspondence of the 
conclusions to the real processes in the crystal. 

Investigation of the electronic structure of TiСo1-xMnxSb  
To predict the behavior of the Fermi level , the band gap , and the electrokinetic 

characteristics of the TiСo1-xMnxSb semiconductor, the distribution of density of electronic states 
(DOS) was calculated (Fig. 3) for an ordered variant of the structure when Ti atoms are substituted by 
Mn atoms in the crystallographic position 4a. From Fig. 3 we can see that in the base TiCoSb 
semiconductor the Fermi level  lies near the middle of the band gap , but closer to the edge of the 

conduction band . Since the substitution of Co atoms by Mn ones generates structural defects of 
acceptor nature, already at the concentration of TiCo0.99Mn0.01Sb the Fermi level  will drift from the 
conduction band  and will be located in the middle of the band gap . At higher concentrations of 

the acceptor impurity, the concentration of acceptors will increase, and the Fermi level  will 
approach, and then will cross the percolation level of the valence band  of TiСo1-xMnxSb, and the 
dielectric-metal conduction transition will occur [14].  

 

 
 

 

  

Fig. 3. Distribution of density of electronic states DOS for an ordered  
variant of the TiСo1-xMnxSb structure 
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Approaching the Fermi level  to the percolation level of the valence band  will lead to the 
sign inversion of the Seebeck coefficient α(T, x) from negative to positive, and the Fermi level  
crossing the percolation level of the valence band  will change the conduction of the TiСo1-xMnxSb 
semiconductor from activation to metal type [4, 13]. That is, in the experiment the activation parts will 
disappear on the dependences ln(ρ(1/T)), and the values of the resistivity ρ will increase with 
temperature. 

The calculation of distribution of the density of electronic states DOS for the ordered variant of 
the crystal structure of the thermoelectric material TiСo1-xMnxSb allows modeling the behavior of 
electrokinetic characteristics (Fig. 4). In Fig. 4a, as an example, the results of variation of the Seebeck 
coefficient α(х,Т) are shown at different impurity concentrations and temperatures. As expected, the 
values α(х,Т) are positive at all concentrations and temperatures, and the maximum values α(х,Т) are 
reached at concentration x ≈ 0.08. At the concentrations of Mn atoms, x≈0.08–0.10, the values of the 
thermoelectric power factor Z*calc. increase rapidly (Fig. 4b). 

 

  
а) b) 

Fig. 4. Modeling of variation of the Seebeck coefficient α (a) and the thermoelectric 
 power factor Z*calc. (b) for an ordered variant of the TiСo1-xMnxSb structure at temperatures: 

 1 – 80 K; 2 – 160 K; 3 – 250 K; 4 – 380 K 

Investigation of the electrokinetic and energy characteristics of TiСo1-xMnxSb  
Temperature and concentration dependences of electrical resistivity ρ and the Seebeck 

coefficient α for TiСo1-xMnxSb are given in Figs. 5–7.  
The temperature dependence of the electrical resistivity ln(ρ(1/T)) for TiCoSb (Fig. 5) is 

typical for doped and compensated semiconductors and is described by known relation [13]:  
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3

11
1

1
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−+⎟

⎟
⎠

⎞
⎜
⎜
⎝

⎛
−= −−−

TkTk
T

BB

ρρ ερερρ                                          (1) 

where the first high-temperature term describes the activation of current carriers  = 100.6 meV from 
the Fermi level  to the percolation level of the conduction band , and the second term, at low 
temperatures, – the hopping conduction with energy  = 5.1 meV at donors impurity states. As seen 
from Fig. 5, for TiСo1-xMnxSb samples, except for the sample at х=0.05, the dependences ln(ρ(1/T)) are 
also described by relation (1). 
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Fig. 5. Temperature dependences of electrical resistivity ln(ρ(1/T)) and the Seebeck  
coefficient α(1/Т) of thermoelectric material TiСo1-xMnxSb  

 
The variation of the Seebeck coefficient values α(1/Т) for TiСo1-xMnxSb (Fig. 5) is also a 

classic for doped and compensated semiconductors and is described by the relation [14]: 
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where γ is a parameter that depends on the nature of scattering. From the temperature dependence of 
α(1/Т) of TiCoSb at high temperatures, the value of activation energy  = 214.1 meV is calculated, 
which is proportional to the amplitude of large-scale fluctuations of the continuous energies bands of 
heavily doped and highly compensated semiconductor [4, 13]. In turn, from the low-temperature 
dependence α(1/Т) at low temperatures, the value of activation energy  = 10.2 meV is determined, 
which is proportional to the amplitude of modulation of small-scale fluctuation of HDHCS [4, 13]. 

The results of measuring the electrokinetic characteristics for the initial TiCoSb semiconductor 
are fully consistent with those previously obtained in Refs. [3–9]. The high compensation of TiCoSb 
(closeness of concentrations of ionized acceptors and donors) is evidenced by the character of the 
variation of the Seebeck coefficient α (Figs. 5, 6). Indeed, TiCoSb is a semiconductor of the hole-type 
conduction at temperatures T = 80–90 K, as indicated by the positive values of the Seebeck 
coefficient: α80 К = 7.75 μV/K and α90 К = 0.71 μV/K. However, at higher temperatures, the sign of the 
Seebeck coefficient α of TiCoSb becomes negative (α95 К = -6.33 μV/K), indicating electrons as the 
majority charge carriers. 

Doping the initial semiconductor TiCoSb by the lowest concentration of impurity Mn atoms, 
x = 0.01, leads to substantial changes in the temperature dependence ln(ρ(1/T)) (see Fig. 5). The 
presence of a high-temperature activation part on the ln(ρ(1/T)) dependence for TiСo0,99Mn0,01Sb is 
evidence of the location of the Fermi level  within the band gap , and the negative values of the 
Seebeck coefficient α(Т,х) (Figs. 5, 6) specify its position which is at a distance of ~6 meV from the 
percolation level of the conduction band  (Fig. 7). In this case, the electrons are the majority carriers 
of the semiconductor.  

 

  
а) b) 

Fig. 6. Variation of electrical resistivity ρ(х,Т) (a) and the Seebeck coefficient α(х,Т) (b) for  
TiСo1-xMnxSb at different temperatures: 1 – 80 K, 2 – 160 K, 3 – 250 K, 4 – 380 K 

The fact that there is no mechanism of hopping conduction  at low temperatures in 
TiСo0,99Mn0,01Sb (low-temperature activation part is absent on the dependence ln(ρ(1/T))) indicates a 
significant number of donors, which exceeds the concentration of introduced acceptors. There is an 
overlap of the wave functions of the electrons of impurity states near the Fermi level , which makes 
the mechanism of hopping conduction needless [13]. 
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Negative values of the Seebeck coefficient α(Т,х) for TiСo0,99Mn0,01Sb in the temperature range 
80–400 K (Figs. 5, 6), when the concentrations of acceptors and donors are close according to DOS 
calculations (Fig. 3), can be explained by a slightly higher concentration of uncontrolled donors over 
acceptors. But even at higher impurity Mn concentration, in TiСo0,98Mn0,02Sb, the sign of the Seebeck 
coefficient α(Т,х) is negative. An increase in the value of resistivity ρ(х,Т) was observed, for example, 
at temperature T = 80 K from ρ(х = 0.01)≈341 μΩ⋅m to ρ(х=0.02) ≈ 2612 μΩ⋅m (Fig. 6a). This 
increase in the values of ρ(х,Т) is evidence of an increase in the compensation degree of the 
semiconductor, which will lead to the appearance of the hopping conduction mechanism  at low 
temperatures (low-temperature activation part appears on the dependence ln(ρ(1/T))).  

The change of the position of the Fermi level  in the sample TiСo0,98Mn0,02Sb, which has 
shifted from the percolation level of the conduction band  at the distance of ~30 meV (Fig. 7), is 
evidence of an increase of the compensation degree of semiconductor (reduction of the difference 
between ionized donors and acceptors). Therefore, the increase in the values of the resistivity ρ(х,Т) of 
TiСo1-xMnxSb in the concentration range x = 0.01–0.02 is a direct proof of the generation of acceptors 
in the crystal when the Co atoms are substituted by Mn atoms. This generation of acceptors leads to 
the capture of free electrons, which reduces their concentration and causes an increase of the resistivity 
values ρ(х,Т). On the other hand, the negative values of the Seebeck coefficient α(х,Т) are also 
experimental evidence that the TiСo1-xMnxSb semiconductor has a significant concentration of donors 
that is greater than the number of introduced acceptors (x = 0.02), or in the crystal acceptors and 
donors are generated simultaneously by different mechanisms. 

 

 
Fig. 7. Variations of the activation energies values  

 (1) and  (2) for TiСo1-xMnxSb 

The appearance of the maximum on the dependence of the resistivity ρ(х, Т) of TiСo1-xMnxSb 
(Fig. 6a) is an argument that the generation rates of acceptors and donors in the semiconductor are 
different. At the point of maximum of dependence ρ(х, Т) for TiСo1-xMnxSb, these rates are balanced. 
However, the number of acceptors is slightly less than the number of free electrons. This is indicated 
by the negative values of the Seebeck coefficient α(х, Т) (Fig. 6b). Thus, at T = 80 K, to balance the 
ionized acceptors and donors, it is necessary to introduce a concentration of Mn atoms (x = 0.02) that 
generates acceptors so that the concentrations of holes and electrons are close. At higher temperatures, 
ionization of deep donor states takes place, which increases the concentration of electrons, and 
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therefore it is necessary to introduce a higher concentration of impurity Mn atoms into the crystal 
(x = 0.03). It is logical that the maximum on the dependence ρ(х,Т) appears at x = 0.03 (Fig. 6a). The 
fact of shifting the maximum on the dependence ρ(х,Т) with increasing temperature is evidence of the 
existence of several mechanisms for generating donors of different nature (origin), which generate in 
the band gap  donor bands  and  of different nature with different depths of their location 

relative to the percolation level of the conduction band . 
The experimental result described above does not correspond to the conclusions made in the 

calculations of the electronic structure of the TiСo1-xMnxSb semiconductor for the ordered variant of its 
crystal structure (Fig. 3). When Со (3d74s2) atoms are substituted by Mn (3d54s2) atoms in TiСo1-

xMnxSb, acceptors should be generated in the semiconductor, which will capture all free electrons at 
concentration x ≈ 0.02. This process must not be accompanied by inversion of the sign of the Seebeck 
coefficient α, and free holes will remain the majority charge carriers of the semiconductor (Fig. 4a). 
We can assume that more complex structural changes occur in TiСo1-xMnxSb than the substitution of 
Co atoms by Mn. At the same time, structural defects of acceptor and donor nature are generated in the 
crystal by different mechanisms, but the concentration of donors exceeds the concentration of 
acceptors. 

Calculations of the location depth of the Fermi level  relative to the percolation level of the 
conduction band  of TiСo1-xMnxSb at a higher concentration of impurity Mn atoms (x ≥ 0.07) (the 
sign of the Seebeck coefficient α(Т,х) is negative) showed that the Fermi level  very closely 
approached the percolation level: (x = 0.07) = 1.8 meV and (x = 0.10) = 1.6 meV (Fig. 7). The 
presence of high- and low-temperature activation parts on the ln(ρ(1/T)) dependences of TiСo1-xMnxSb 
at x ≥ 0.07 is possible provided semiconductor compensation (simultaneous existence of ionized 
donors and acceptors). However, the fact that the Fermi level  lies within the band gap  near the 
percolation level of the conduction band indicates a weak compensation of the semiconductor, when 
the concentration of free electrons is much higher than the concentration of holes. 

What is the reason for such, at first glance, illogical behavior of electrokinetic and energy 
characteristics in the semiconductor thermoelectric material TiСo1-xMnxSb? 

If we remind that in the structure of the base semiconductor TiCoSb there are simultaneously 
~1% of vacancies in position 4a of the Ti atoms that generate acceptors, and in the tetrahedral voids of 
the structure there are ~1% of additional Co* atoms that generate donors [3], the situation becomes 
clearer. In turn, structural studies of TiСo1-xMnxSb showed that the introduction of impurity Mn atoms 
into the disordered structure of the base semiconductor TiCoSb is accompanied by its ordering. This 
means that the vacancies in position 4a of the Ti atoms, and also the corresponding acceptor band  
disappear. Instead, the Ti atoms occupying the vacancies in position 4a are a source of electrons that 
generates the donor band . Partial occupation of tetrahedral voids of the structure by impurity Mn 
atoms is a mechanism of the formation of another donor band .  

Conclusions 
The result of a complex investigation of the crystal and electronic structures, electrokinetic and 

energy characteristics of the thermoelectric material TiСo1-xMnxSb is the establishment of the nature of 
structural defects of donor and acceptor nature. It was shown that doping of the base semiconductor 
TiCoSb by Mn atoms simultaneously generates the acceptor band  (substitution of Co atoms by Mn) 
and the donor bands  and  of different nature. The ratio of the concentrations of ionized acceptors 
and donors generated in TiСo1-xMnxSb determines the position of the Fermi level  and the 
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mechanisms of electrical conduction. However, this issue requires additional research, in particular, 
modeling the electronic structure of thermoelectric material under different conditions of introduction 
into the structure and concentrations of impurity Mn atoms. The investigated TiСo1-xMnxSb solid 
solution is a promising thermoelectric material. 
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ДОСЛІДЖЕННЯ ЕНЕРГЕТИЧНИХ ТА КІНЕТИЧНИХ  
ХАРАКТЕРИСТИК ТЕРМОЕЛЕКТРИЧНОГО  

МАТЕРІАЛУ TiCo1-xMnxSb 

Досліджено кристалічну та електронну структури, температурні і концентраційні 
залежності питомого електроопору та коефіцієнта термо-ерс термоелектричного 
матеріалу TiСo1-xMnxSb, х = 0.01–0.10, у діапазоні температур T = 80–400 K. Показано, що 
легування базового напівпровідника TiCoSb атомами Mn супроводжується одночасним 
генеруванням структурних дефектів акцепторної та донорної природи та появою в 
забороненій зоні акцепторної  (заміщення атомів Со на Mn) і донорних зон  та  
різної природи. Співвідношення генерованих у TiСo1-xMnxSb концентрацій іонізованих 
акцепторів і донорів визначає положення рівня Фермі  та механізми електропровідності 
термоелектричного матеріалу. Бібл. 14, рис. 7. 
Ключові слова: електронна структура, електроопір, коефіцієнт термоЕРС.  

 
 
 
 
 

Ромака В.А., док. тех. наук, профессор1 
Стаднык Ю.В., канд. хим. наук2 

Ромака Л.П., канд. хим. наук2 
Горынь А.М., канд. хим. наук2 

Романив И.М., канд. хим. наук2,  
Пашкевич В.З., канд. техн. наук1 
Гопернюк А.Я., канд. техн. наук1 



 Romaka V.A., Stadnyk Yu.V., Romaka L.P., Horyn A.M., Romaniv I.M., Pashkevych V.Z., Horpeniuk A.Ya. 
Features of structural, energetic, electrokinetic investigation of energy and electrokinetic characteristics… 

ISSN  1607-8829 Journal of Thermoelectricity №3, 2020   17

1Национальный университет "Львовская политехника",  
ул. С. Бандеры, 12, Львов, 79013, Украина,  

e-mail: vromaka@polynet.lviv.ua; 
2Львовский национальный университет имени Ивана Франко, 

ул. Кирилла и Мефодия, 6, Львов, 79005, Украина, 
e-mail: lyubov.romaka@lnu.edu.ua; 

ИССЛЕДОВАНИЕ ЭНЕРГЕТИЧЕСКИХ И КИНЕТИЧЕСКИХ 
ХАРАКТЕРИСТИК ТЕРМОЭЛЕКТРИЧЕСКИХ  

МАТЕРИАЛОВ TiCo1-xMnxSb 

Исследованы кристаллическая и электронная структуры, температурные и концентрационные 
зависимости удельного электросопротивления и коэффициента термоЭДС термоэлектрического 
материала TiСo1-xMnxSb, х = 0.01 – 0.10, в диапазоне температур T = 80 – 400 К. Показано, что 
легирования базового полупроводника TiCoSb атомами Mn сопровождается одновременным 
генерированием структурных дефектов акцепторной и донорной природы и появлением в 
запрещенной зоне акцепторной  (замещение атомов Со на Mn) и донорных зон   различной 
природы. Соотношение генерируемых в TiСo1-xMnxSb концентраций ионизированных акцепторов и 
доноров определяет положение уровня Ферми  и механизмы электропроводности 
термоэлектрического материала. Библ. 14, рис. 7. 
Ключевые слова: Электронная структура, электросопротивление, коэффициент термоЭДС 
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EFFECT OF DEVIATION FROM  
STOICHIOMETRY ON  

THERMAL CONDUCTIVITY OF Bi2Se3 POLYCRYSTALS 

The dependences of electronic and lattice thermal conductivity on the composition (59.9 - 60.0) at. 
% Se of Bi2Se3 polycrystals subjected to a long-term annealing at 650 K. A non-monotonic 
behavior of these concentration dependences, associated with a change in the phase composition 
and defect structure under the deviation from stoichiometry, was observed. The boundaries of the 
Bi2Se3 homogeneity region were estimated. The results of the present work confirm those obtained 
earlier in our study of the effect of deviation from stoichiometry (59.9 - 60.0 at.% Se) on the 
electrical conductivity, Hall coefficient, Seebeck coefficient and microhardness of Bi2Se3 
polycrystals after a similar preparation technology. Bibl. 33. Fig. 3. 
Keywords: bismuth selenide, stoichiometry, concentration, defect structure, thermal conductivity 

Introduction 
Solid solutions based on the bismuth selenide are the well-known n-type thermoelectric (TE) 

materials for cooling devices [1]. Bi2Se3 belongs to a narrow-gap semiconductor group and 
demonstrates the unique properties of topological insulator (material which is dielectric in the bulk 
with a metallic layer on the surface) [2]. The efficiency of a TE energy convertor depends on the value 
of TE figure of merit Z of a TE material (Z = S2·σ/λ, where σ and λ are the electrical and thermal 
conductivities, respectively, S is the Seebeck coefficient).  

Bi2Se3 is a bertollide [3-5] with the homogeneity region (HR) shifted to the Bi-rich side at T > 
675 K [6]. Bi2Se3 melts congruently with an open maximum at 979 K [3,7,8], which is deviated from 
stoichiometry and located at (59.98 ± 0.01) at. % Se [3-6,9]. 

Bi2Se3 always exhibits n-type conductivity which is commonly associated with the presence of a 
large number of Se vacancies (VSe1) [5,6,10-21] acting as donors. The existence of VSe1 was confirmed 
by a number of authors [6,12,15-18,22-24] with the help of different experimental and theoretical 
methods (scanning tunneling microscopy, measurements of the Hall coefficient in the temperature 
range 80-330 K, calculation of the formation energies of various types of defects etc.). Later [24-26], 
the coexistence of VSe1 and antisite defects (AD) – bismuth atoms that occupy positions of selenium 
ones (BiSe), in the n-Bi2Se3 was suggested. 

The deviation from stoichiometry in chemical compound leads to the appearance of intrinsic 
defects, the concentration of which varies within the HR of the compound which determines the 
properties of the TE material. Analysis of the literature showed, that the HR boundaries of the Bi2Se3 
were determined just for temperatures above 675 K [6], and the boundaries of the maximal HR are 
(59.984 - 59.997) at.% Se at 900 K. Despite the fact that Bi2Se3 is used for TE applications at 
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temperatures close to room temperature, the investigation of the HR boundaries at these temperatures 
are not available in the literature. In our previous work [27], based on the study of the electrical 
conductivity, Hall coefficient, Seebeck coefficient and microhardness of Bi2Se3 polycrystals with 
deviation from stoichiometry to the Bi-rich side after a long-term annealing at 670 K with subsequent 
cooling to the room temperature, the HR boundaries were estimated. The investigation of the thermal 
properties of such crystals could expand the range of research, supplement and/or confirm the results 
of [27]. As far as we know, no study of the thermal properties of Bi2Se3 polycrystals under the 
deviation from stoichiometry has been performed yet. 

The typical values of λ for Bi2Se3 single crystals lie within 2.5-3.1 W·m-1·K-1 [12,28,29] and for 
pressed polycrystals – within 1.0-1.3 W·m-1·K-1 [30-32]. It is also known, that usually electronic 
component of thermal conductivity is comparable to the lattice one in single [28] and pressed [33] 
crystals. The values of Z = 5·10-4 K-1 [29] and Z = 1.6·10-4 K-1 [33] at a room temperature are typical 
for single and polycrystals Bi2Se3, respectively. 

The purpose of the work was to study the effect of deviation from stoichiometry on the thermal 
conductivity and TE figure of merit of Bi2Se3 polycrystals at a room temperature. 

Experimental 
Bi-Se polycrystals with different Se concentrations (59.9 - 60.0) at. % were prepared by fusing 

high-purity (99.999 at. % of the main component) Bi and Se in evacuated quartz ampoules at a 
temperature of T = (980 ± 10) K. The melt was kept at this temperature for 3 h with vibrational 
stirring. After that the alloys were annealed for 200 h at T = 820 K with subsequent cooling to room 
temperature in the turned-off furnace. The synthesized alloys were used for subsequent preparing of 
powders for pressing with particle size of 200 μm. Pressed samples were prepared by cold-pressed 
method at a fixed load of 400 MPa for 60 s with subsequent homogenizing annealing in evacuated 
quartz ampoules at 650 K for 250 h with subsequent cooling to room temperature.  

The thermal conductivity λ was measured by the dynamic λ-calorimeter method in monotonic 
heating regime with help of IT-λ-400 experimental facility. The errors of λ measurement did not 
exceed ± 5 %. The measurements were carried out at a room temperature. 

The determination of the lattice component λph of thermal conductivity was determined by 
subtracting the electronic component λel from the total thermal conductivity. The λel values were 
calculated with the help of the Wiedemann-Franz law:  

el L Tλ σ= , 

where L is the Lorenz number (L = 2.44·10-8 V2/K2 for degenerate statistics), T is the 
temperature. The values of σ obtained in our previous work [27] for Bi2Se3 polycrystals with a deviation 
towards the excess of Bi after a similar preparation technology were used for calculation of λel. 

Experimental results and discussion  
The investigated polycrystals were homogeneous in its chemical composition and properties 

[27]. 
The obtained room-temperature dependence of λ on the composition of the Bi-Se pressed 

crystals is shown in Fig. 1. 
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Fig. 1. Room-temperature dependence of thermal conductivity λ on Se content in Bi-Se polycrystals 

The results of calculation of λel and λph for Bi-Se polycrystals with different composition are 

shown in Fig. 2. 
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Fig. 2. The dependences of electronic λel (а) and lattice thermal conductivity  

λph (b) on Se content in Bi-Se polycrystals 

The calculation of the value of the TE figure of merit of Bi2Se3 crystals with an excess 
of Bi for different composition was made using the values of σ and S, obtained in our previous 
work [27], and λ, obtained in the present work (Fig. 3). 
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Fig. 3. The dependence of the TE figure of merit Z on  Se content in Bi-Se polycrystals 
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As can be seen from Fig. 1 and Fig. 2, under the deviation from the stoichiometry of Bi2Se3 to 
the Bi-rich side, general trends of increasing in λel and decreasing in λ and λph are observed. Starting 
from ~ 59.95 at.% Se, the values of λel, λ and λph practically do not change. In the composition range 
(59.95–60 at.% Se) the concentration dependences of the thermal conductivity and its components are 
non-monotonic and exhibit an oscillating behavior. From Fig. 1 and Fig. 2 one can identify five 
regions with different dependence behaviors of properties on Se content:  

1) 60.0 - 59.998 at.% Se, where λel tends to decrease, and λ and λph tend to increase;  
2) 59.998- 59.985 at.% Se, where λel increases, λ and λph decrease;  
3) 59.985- 59.98 at.% Se, where λel decreases, λ and λph increase again;  
4) 59.98 - 59.95 at.% Se, where increase in λel and decrease in λ and λph are observed;  
5) 59.95 - 59.90 at.% Se, where λel, λ and λph do not change. 
It should be noted that behavior of σ (see [27]) and λel (Fig. 2) on concentration coincide. This is 

logical, because λel is determined by the values of σ. The dependences of λel and λph on the composition 
have an opposite character: the positions of observed maxima of the λel correspond to the positions of 
the minima of λph.  

A complicated behavior of the concentration dependences of compound properties under the 
deviation from stoichiometry indicates the crossing of the phase boundary. But within the HR, which 
is a single-phase region, such a behavior can indicate the self-organization processes in the compound 
and be determined by the redistribution of atoms and non-stoichiometric defects. Taking into account 
the long-term isothermal annealing at 650 K carried out for Bi-Se polycrystals after its pressing, one 
can assume that a phase state close to the equilibrium state at 650 K was reached and the subsequent 
cooling in the turned-off furnace to room temperature does not change this state. 

According to the phase diagram of Bi-Se [3,4,6], a two-phase region (Bi2Se3 + Se) under the 
deviation from stoichiometry to the Bi-rich side should exist at a temperature T > 675 K. At 
temperature decrease below 675 K, the phase boundary may be shifted. Taking into account the trend 
of the boundary shifting with temperature decrease from 900 K to 675 K [3,6], the shift of phase 
boundary is most likely to occur at a lower Se concentration. So, it assumed that the first concentration 
range 60.0–59.998 at.% Se corresponds to the two-phase region (Bi2Se3 + Se), which is in the state of 
decomposition of the solid solution. In this region, many different factors affect the character of the 
composition dependences of properties (for example, the number and size of precipitated particles, 
cooling rate, etc.). 

In the second region (59.998 - 59.985 at.% Se) we could expect the reaching of the HR 
boundary of Bi2Se3 from the Se-rich side. We can assume that subsequent deviation from 
stoichiometry towards the Bi excess in this region leads to VSe1 increase, which are electrically active 
defects and cause an increase in electron concentration (λel increases) and creates additional centers of 
phonon scattering in the lattice (λph decreases). 

The further deviation from stoichiometry (region 59.985 - 59.980 at.% Se) should result in 
further increase in the concentration of non-stoichiometric defects. It can be assumed, that the 
formation of an another type of non-stoichiometric defects – acceptor type AD (BiSe) [18,24] – 
becomes thermodynamically favorable. The appearance of Bi atoms at Se positions can lead to an 
increase in λph. Taking into account that BiSe defects provide acceptor effect [18,23,24], these defects 
can partially compensate the donor action of VSe1 and lead to the decrease in λel in this region. 

The next concentration region 59.98 - 59.95 at. % Se (λel increases, λ and λph decrease) 
presumably corresponds to the reaching of the boundary of the Bi2Se3 HR from the Bi-rich side. 
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Further practically unvaried values of thermal properties of crystals in the range 59.95 - 59.90 at.% Se, 
most probably, indicate the precipitation of a second phase BiSe [3] upon crossing the solidus line.  

Thus, based on the analysis of the obtained experimental data (Fig. 1, Fig. 2) we assumed that 
the boundary of the Bi2Se3 HR on the Bi-rich side lies in the range 59.98 - 59.95 at.% Se, and on the 
Se-rich side corresponds to ~ 59.998 at% Se. It should be noted that the HR boundaries of the Bi2Se3 
and the character of change in the defect structure, experimentally determined in the present work, 
coincide and add further confirmation of the results of our earlier work [27]. 

Analysis of calculated electronic and lattice components of λ shows that the contribution of 
electronic component for all investigated samples is close to the lattice one. It should be also noted 
that under the deviation from stoichiometry to the Bi-rich side the contribution of λph to the total 
thermal conductivity becomes smaller (see Fig. 2b). It is logical to associate this tendency with 
creation of different types of crystal defects. The latter indicates that phonons scatter strongly on 
defects (presumably, BiSe and VSe1). 

It should be noted that the value of λph for the stoichiometric crystal (λph = 0.85 W·m-1·К-1) was 
slightly lower than the data available in the literature (λph = 1.07 W·m-1·К-1 [32]) for pressed crystals. 
This difference in the values of λph could be explained by a different method of preparing samples 
(spark-plasma sintering at a temperature of 593 K for 5 min at a uniaxial pressure of 40 MPa was used 
in [32]). 

As can be seen from Fig. 3, the value of Z also exhibits a non-monotonic type of dependence on 
the Se content in Bi-Se polycrystals. It can be seen that the largest value of Z = 8·10-4 К-1 is inherent in 
a crystal with the stoichiometric composition, and even under a slight deviation from the stoichiometry 
towards the Bi excess (59,998 at.% Se), the value of Z drops sharply (Z = 4.2·10-4 К-1), which is 
important from a practical point of view. It should be noted that the values of Z obtained here for Bi-
Se crystals at a room temperature were slightly higher than those known in the literature for pressed 
stoichiometric Bi2Se3 [29,33]. This gain in the value of Z is a consequence of the lower value of λ and 
the higher value of S [27] of the crystal, which was subjected to a long-term annealing at 650 K with 
subsequent cooling to room temperature in the turned-off furnace in the present work, compared with 
the literature data [29,33] for the pressed crystals. 

Conclusions 
The effect of the deviation from stoichiometry to the Bi-rich side (59.9–60.0) at. % Se on the 

electronic and lattice components of thermal conductivity of the Bi2Se3 polycrystals was studied. The 
boundaries of the Bi2Se3 homogeneity region (on the Se-rich side – 59.998 at. % Se, and on the Bi-rich 
side – in the interval of 59.98–59.95 at. % Se) after a long-term annealing at 650 K with subsequent 
cooling to the room temperature were estimated. 

The estimated HR boundaries of Bi2Se3 confirm the previous results [27] in the analysis of the 
concentration dependences of the electrical conductivity, Hall coefficient, Seebeck coefficient and 
microhardness. 

The non-monotonic behavior of the concentration dependences of the electronic and phonon 
thermal conductivities at a room temperature attributed to a change in the phase composition and 
defect structure under the deviation from stoichiometry of Bi2Se3 was observed. It is supposed that 
within the homogeneity region with the dominant type of non-stoichiometric defects (selenium 
vacancies) the formation of antisite defects BiSe occurs. 

This work was supported by the Ministry of Education and Science of Ukraine (Project No. 
M0625). 
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ВПЛИВ ВІДХИЛЕННЯ ВІД СТЕХІОМЕТРІЇ НА  
ТЕПЛОПРОВІДНІСТЬ ПОЛІКРИСТАЛІВ Bi2Se3  

Отримано залежності електронної та граткової теплопровідності від складу (59.9 - 60.0 
ат. % Se) полікристалів Bi2Se3 після довготривалого відпалу за температури 650 К. 
Виявлено немонотонний характер цих залежностей, який пояснюється зміною у фазовому 
складі та дефектній структурі при відхиленні від стехіометрії. Зроблено оцінку меж 
області гомогенності Bi2Se3. Результати даної роботи підтверджують результати, які 
були отримані нами раніше при дослідженні впливу відхилення від стехіометрії (59.9 - 60.0 
at. % Se) на електропровідність, коефіцієнт Холла, коефіцієнт Зеєбека та мікротвердість 
полікристалів Bi2Se3 після аналогічної технології приготування. Бібл. 33, рис. 3. 
Ключові слова: селенід вісмуту, стехіометрія, концентрація, дефектна структура, 
теплопровідність 
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ВЛИЯНИЕ ОТКЛОНЕНИЯ ОТ СТЕХИОМЕТРИИ НА  
ТЕПЛОПРОВОДНОСТЬ ПОЛИКРИСТАЛЛОВ Bi2Se3 

Получены зависимости электронной и решеточной теплопроводности от состава  
(59.9 - 60.0 ат.% Se) поликристаллов Bi2Se3 после длительного отжига при температуре 
650 К. Обнаружен немонотонный характер этих зависимостей, который объясняется 
изменением в фазовом составе и дефектной структуре при отклонении от стехиометрии. 
Произведена оценка границ области гомогенности Bi2Se3. Результаты данной работы 
подтверждают результаты, полученные нами ранее при исследовании влияния отклонения 
от стехиометрии (59.9 - 60.0 at.% Se) на электропроводность, коэффициент Холла, 
коэффициент Зеебека и микротвердость поликристаллов Bi2Se3, изготовленных по 
аналогичной технологии. Библ. 33, рис. 3. 
Ключевые слова: селенид висмута, стехиометрия, концентрация, дефектная структура, 
теплопроводность 
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COMPUTER SIMULATIONOF CYCLIC TEMPERATURE EFFECT 
ON THE ONCOLOGICAL NEOPLASM OF THE HUMAN SKIN 

The paper presents the results of computer simulation of the temperature effect on the tumor of the 
human skin in a dynamic mode. The physical, mathematical and computer models of the human 
skin with oncological neoplasm (melanoma) were built with regard to thermophysical processes, 
blood circulation, heat exchange, metabolic processes and phase transition. As an example, the 
case is considered when a work tool is located on the tumor surface, the temperature of which 
changes cyclically according to a predetermined law in the temperature range [-50 ÷ +50] °C. 
Temperature distributions in the tumor and various layers of human skin in the cooling and 
heating modes have been determined. The results obtained make it possible to predict the depth of 
freezing and heating of biological tissue, in particular a tumor, at a given temperature effect. 
 Bibl. 59, Fig. 6, Tabl. 2. 
Keywords: temperature effect, human skin, tumor, melanoma, dynamic mode, computer 
simulation.  

Introduction 
Cryodestruction [4 5, 8 27] and hyperthermia [28 32] of biological tissue are increasingly used 

to neutralize malignant and benign oncological neoplasms of the human skin [1 7].  When performing 
such procedures, it is important to control the temperature in the tumor, but there are still no tools to 
determine the temperature in the tumor during cryodestruction and hyperthermia. Thus, during the 
above procedures, the temperature in the tumor remains unknown, and, therefore, the destruction of 
oncological neoplasm remains an open question. 

One of the methods for determining the temperature in a tumor with a given cyclic change in the 
temperature of the work tool is computer simulation [33 – 35]. However, in the computer models used so 
far, blood circulation, heat exchange, metabolic processes and other thermophysical processes are taken 
into account, but the phase transition in biological tissue is disregarded [36 38]. 

Therefore, the purpose of this work is computer simulation to determine the temperature in the 
tumor, taking into account the phase transitions. 

Physical model 
A physical model (Fig. 1) of the area of biological tissue of human skin is a structure of three 

skin layers (epidermis 1, dermis 2, subcutaneous layer 3), inner biological tissue 4 and tumor 5 which 
is characterized by thermophysical properties [33-35, 39-43], such as thermal conductivity κі, specific 
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heat Сі, density ρі, blood perfusion rate ωbi , blood density ρb, blood temperature Tb, blood heat 
capacity Сb and specific heat release Qmeti due to metabolic processes and latent heat of phase 
transition L. The thermophysical properties of biological tissue of the skin and tumor in the normal 
[44-49] and frozen states [50, 51] are given in Tables 1, 2. In this paper, we use a 2D model with axial 
symmetry, because the proposed physical model is symmetric about the y-axis. Also, such a model 
allows increasing the speed of calculations without loss of accuracy [33-35, 39 – 43].  

The corresponding layers of biological tissue 1-5 are considered as bulk heat sources qi, where: 

( ), 1..5i met i b b bi bq Q С T T i= +ρ ⋅ ⋅ω ⋅ − = .    (1) 

The geometric dimensions of each skin layer 1-4 are aі, bі, and of tumor (melanoma) are as 
follows: thickness b5 and radius n. The skin surface accommodates a work tool 6 with thickness d and 
radius c. The temperatures at the boundaries of respective layers 1-5 and work tool 6 are T1, T2, T3, T4, 
T5, T6, T7. The temperature inside biological tissue is T1. The ambient temperature is T9. The surface of 
the human skin with temperature Т5 is in the state of heat exchange with the environment (heat transfer 
coefficient α and radiation coefficient ε) at temperature Т9. The lateral surface of the skin is 
adiabatically insulated.  

 

 

 

Fig.1. Physical 2D model of the human skin with a tumor: 1 – epidermis, 2 – dermis,  
3 – subcutaneous layer, 4 – inner biological tissue, 5 – tumor (melanoma), 6 – work tool 

Mathematical description 
In the general form, the equation of heat exchange in biological tissue is as follows [52]: 

(κ ) ρ ω ( ) , 1..5i i b b bi b met i
TC T C T T Q i
t

∂
⋅ = ∇ ⋅ ⋅∇ + ⋅ ⋅ ⋅ − + =
∂

,   (2) 

where iC , iκ  is specific heat and thermal conductivity of the respective skin layers and tumor, 

ρb  is blood density, bC  is blood specific heat, ωbi  is blood perfusion of respective layers, 

bT  is blood temperature, Т is temperature of biological tissue; met iQ is heat released due to metabolic 
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processes in each layer. 
The term on the left side of equation (2) is the rate of change of thermal energy contained in a 

unit volume of biological tissue. The three terms on the right part of this equation represent, 
respectively, the rate of change of thermal energy due to thermal conductivity, blood perfusion and 
metabolic heat. 

Heat transfer equation in biological tissue (2) is solved with the corresponding boundary 
conditions. The temperature on the surface of work tool changes by the given dependence in the 
temperature range T8 = [-50 ÷ +50] °С. The temperature inside biological tissue is T1 = +37°С. The 
lateral surfaces of biological tissue are adiabatically insulated (q = 0), and the upper surface of the skin 
is in a state of heat exchange (heat transfer coefficient α and radiation coefficient ε) with the 
environment at temperature Т9. 

4 4
9 5 9 5( , , ) ( ) ( )

с x a
y bi

iq x y t T T T Tα ε σ
≤ ≤
=

= ⋅ − + ⋅ ⋅ − ,    (3) 

where qі(x,y,t)  is heat flux density of the і-th layer of the skin and tumor, α is coefficient of convective 
heat exchange of the skin surface with the environment, ε is radiation coefficient, σ is the Boltzmann 
constant, Т5 is surface temperature of the human skin,Т9  is ambient temperature (Т9=+22 °C). 

At the initial moment of time t = 0 s, it is considered that the temperature in the entire volume of 
the skin is T = Тb = +37°C, that is, the initial conditions for solving equation (2) are as follows: 

  Tі(x,y,0) = T,      i = 1..5.     (4) 

As a result of solving the initial boundary value problem (2) - (4), the distributions of 
temperature Tі(x,y,t)  and heat fluxes qі(x,y,t) in the corresponding layers of the skin and tumor at any 
time are determined. 

During the freezing process, a phase change will occur in the cells at the freezing point, while 
there will be a loss of phase transition heat (L) and the temperature in these cells will not change. The 
phase transition in biological cells occurs in the temperature range (-1 ÷ -8) ° С. In the temperature 
range (-1 ÷ -8) ° C, when the cells are frozen, the heat of the phase transition is absorbed which in this 
work is simulated by adding the corresponding value of L to the heat capacity C [50, 51]. 

Freezing of the human skin causes vasoconstriction and freezing of blood, therefore the value of 
blood perfusion ωbi  tends to zero. In addition, cells will not be able to generate metabolic heat when  

frozen, and metabolic heat met iQ will be zero at temperatures below zero. 

In the frozen state, the properties of biological tissue of the skin will have the following values 
(5)-(8), where i = 1..4: 

(1)
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Accordingly, the properties of tumor in the frozen state will have the following values (9)-(12): 
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Computer simulation example 

To create a computer model, as an example, we used the following geometric dimensions of the 
skin – the thickness of epidermis b1=0.08 mm, dermis b2=2 mm, subcutaneous layer b3=10 mm, inner 
tissue b4=30 mm, radius ai=20 mm (i=1..4) and tumor (melanoma) – thickness b5 = 1 mm and radius 
n = 2 mm [53, 54]. The surface of the skin accommodates a work tool 6, which is a copper probe in 
the form of a round disc. Its geometrical dimensions are as follows: thickness d = 1 mm and radius 
c = 3 mm. This model does not take into account the thermal contact resistance between the work tool 
and the human skin, since it is estimated to be insignificant and makes Rc = 2∙10-3 m2∙K/W [55]. The 
temperature inside the biological tissue is T1 = +37°С. The ambient temperature is T9 = +22 °С. As an 
example, this paper considers the case when the temperature of the work tool varies according to a 
given dependence in the temperature range of T8 = [-50 ÷ +50] °С. However, it is noteworthy that the 
developed computer model makes it possible to consider the cases when the temperature of work tool 
Тf(t) varies in any temperature range or according to any predetermined function. The thermophysical 
properties of biological tissue of the human skin and tissue in the normal and frozen states are given in 
Tables 1, 2 [44 – 49]. 
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Table 1. 

Thermophysical properties of biological tissue of the human skin  
and tumor in the normal state [44 – 49] 

Layers of biological tissue Epidermis Dermis 
Subcuta-

neous layer 
Internal tissue 

Tumor 
(melanoma) 

Specific heat, 
С (J·kg–1·K–1) 

3590 3300 2500 4000 3852 

Thermal conductivity, 
κ (W·m–1·K–1) 

0.24 0.45 0.19 0.5 0.558 

Density, 
ρ (kg⋅m–3) 

1200 1200 1000 1000 1030 

Metabolism, 
Qmet (W/m3) 

368 368 368 368 3680 

Blood perfusion rate, 
ωb (ml/s∙ml) 

0 0.0005 0.0005 0.0005 0.0063 

Blood density, 
ρb (kg·m–3) 

1060 1060 1060 1060 1060 

Blood heat capacity, 
Сb (J·kg–1·K–1) 

3770 3770 3770 3770 3770 

Тable 2 
Thermophysical properties of biological tissue of the human 

 skin in the frozen state [50, 51] 

Thermophysical properties of biological tissue Value 
Measurement 

units 

Heat capacity of frozen biological tissue (C2) 1800 J/m3 °С 

Thermal conductivity of frozen biological tissue (κ2) 2 Wт/m °С 

Latent heat of phase transition (L) 250∙103 J/m3 

Upper temperature of phase transition (T1) -1 °С 

Lower temperature  of phase transition (T2) -8 °С 

     
Thus, a three-dimensional computer model of the human skin with oncological neoplasms 

(melanoma) was created. To construct a computer model, the Comsol Multiphysics software package 
was used [56], which makes it possible to simulate thermophysical processes in biological tissue, 
taking into account blood circulation, heat exchange, metabolic processes and phase transition. 

The distribution of temperatures and heat flux densities in biological tissue was calculated by 
the finite element method, the essence of which is that the object under study is divided into a large 
number of finite elements and in each of them a function value is sought for that satisfies given 
second-order differential equations with the corresponding boundary conditions. The accuracy of 
solving the formulated problem depends on the level of partitioning and is ensured by the use of a 
large number of finite elements [56] and is Т=±0.1 °C. 
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Computer simulation results 
According to the known methods of cryodestruction and hyperthermia of biological tissue [11, 

31, 57-59], the cooling rate should be at least (40-50) °C/min, and the heating rate (20-25) °C/min.  
Therefore, in this paper, as an example, we consider the case in which the temperature of the work tool 
Тf(t) varies in the range [-50 ÷ +50] ° C as follows (Fig. 2, graph 1). First, cryodestruction of the tumor 
is carried out with a cooled work tool at a temperature of Т=-50°C for t=30 s, then the temperature of 
the work tool changes from -50°C to +50°C for the next 240 s (note that in this case when the 
temperature changes, the freezing of the tumor continues to grow for a few more seconds), following 
which a heated work tool is used to conduct tumor hyperthermia at a temperature of Т=+50°C for 
t=30 s.  The subsequent decrease in temperature to T = - 50 °C occurs within 120 s, and then this 
temperature effect is repeated cyclically to achieve tumor destruction. 

 

 
Fig.2. The plots of work tool temperature (1) and tumor temperature  

(2) versus time. The tumor temperature was taken at the depth of 1 mm from  
the skin surface along the Оу axis. 

With the help of computer simulation, the temperature distribution in the tumor was determined 
at different points in time with the corresponding specified cyclic change in the temperature of the 
work tool. The results of computer simulation, namely the temperature in the tumor at a depth of 1 mm 
from the skin surface on the Оу axis, are shown in plot 2, Fig.2. 

Figs.3-6 show the temperature distributions in the cross-section of the skin with the tumor the 
surface of which accommodates a work tool the temperature of which changes cyclically according to 
the above dependence in the temperature range of [-50 ÷ +50]°C. 
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Fig.3. Distribution of temperature in the cross-section of the skin with a tumor the surface of which 
accommodates a work tool at a temperature of Т=50°С at point of time  t=30 s 

 
 
 
 

 

 
 

Fig.4. Distribution of temperature in the cross-section of the skin with  
a tumor the surface of which accomodates a work tool at a temperature 

 of Т=+50°С at point of time t=300 s 
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Fig.5. Distribution of temperature in the cross-section of the skin with a tumor the surface of which 
accommodates a work tool at a temperature of Т=-50°С at point of time t=450 s 

 
 
 

 
 

Fig.6. Distribution of temperature in the cross-section of the skin with a tumor the surface of which 
accommodates a work tool at a temperature of Т=+50°С at point of time t=720 s 

 
From Fig .3, 4 it is seen that at t = 30 s the skin tumor (melanoma) is cooled at point 1 to a 

temperature of -48.8 ° C, and at point 2 to -30.5 ° C (it should be noted that when changing temperature 
from -50 ° C to + 50 ° C freezing of the tumor at point 2 continues to increase to a temperature of T = -31.3 
° C for t = 4 s). And at t = 300 s the temperature at point 1 of the tumor rises to + 49.9 ° C, and at point 2 of 
the tumor the temperature is + 42.8 ° C. Since the tumor is in direct contact with the work tool, the 

1 2 

1 2 
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temperature at point 1 of the tumor will be close to the temperature of the work tool. 
Subsequently, with repeated cyclic temperature exposure (Figs. 5, 6), it is observed that at t = 

450 s after cooling, the temperature at point 1 of the tumor reaches 49.4 ° C, at point 2 of the tumor the 
temperature is -32.3 ° C. At t = 720 s, the temperature at point 1 of the tumor rises to + 48.6 ° C, and at 
point 2 of the tumor the temperature is + 40.1 ° C. 

It is established that taking into account the phase transition increases the accuracy of determining 
the temperature in the tumor at ΔT = 6 ° C and the depth of freezing (heating) by Δh = 0.8 mm. 

The obtained results make it possible to determine the depth of freezing and heating of the skin 
layers, in particular the tumor, at a given cyclic temperature effect to achieve maximum efficiency 
during cryodestruction and hyperthermia. The developed computer model in dynamic mode allows 
determining at any time the temperature distributions in different layers of the skin and tumor with a 
predetermined arbitrary function of temperature change of the work tool with time Tf(t). 

Conclusions 

1. A computer model was developed to determine the temperature in the tumor, taking into account 
the phase transitions in the dynamic mode for any given cyclic change in the temperature of the 
work tool. 

2. Using computer simulations, it was found that taking into account the phase transitions increases the 
accuracy of determining the temperature in the tumor by ΔT = 6 ° C and the depth of freezing 
(heating) by Δh = 0.8 mm. 
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КОМП’ЮТЕРНЕ МОДЕЛЮВАННЯ 
ЦИКЛІЧНОГО ТЕМПЕРАТУРНОГО ВПЛИВУ 

НА ОНКОЛОГІЧНЕ НОВОУТВОРЕННЯ ШКІРИ ЛЮДИНИ 
 

У роботі наведено результати комп’ютерного моделювання температурного впливу на 
пухлину шкіри у динамічному режимі. Побудовано фізичну, математичну і комп’ютерну 
моделі шкіри з онкологічним новоутворенням (меланомою) із врахуванням теплофізичних 
процесів, кровообігу, теплообміну, процесів метаболізму та фазового переходу. Як приклад, 
розглянуто випадок, коли на поверхні пухлини знаходиться робочий інструмент, 
температура якого змінюється циклічно за наперед заданою залежністю у діапазоні 
температур [-50 ÷ +50] °C. Визначено розподіли температури у пухлині та у різних шарах 
шкіри в режимах охолодження і нагріву. Отримані результати дають можливість 
визначати глибину промерзання і прогріву біологічної тканини, зокрема пухлини, при 
заданому температурному впливі. Бібл.59, рис. 6, табл. 2. 
Ключові слова: температурний вплив, шкіра людини, пухлина, меланома, динамічний 
режим, комп’ютерне моделювання. 
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КОМПЬЮТЕРНОЕ МОДЕЛИРОВАНИЕ ЦИКЛИЧЕСКОГО 
ТЕМПЕРАТУРНОГО ВОЗДЕЙСТВИЯ НА ОНКОЛОГИЧЕСКИЕ

 НОВООБРАЗОВАНИЯ КОЖИ ЧЕЛОВЕКА 

В работе приведены результаты компьютерного моделирования температурного 
воздействия на опухоль кожи в динамическом режиме. Построены физическая, 
математическая и компьютерная модели кожи с онкологическим новообразованием 
(меланомой) с учетом теплофизических процессов, кровообращения, теплообмена, 
процессов метаболизма и фазового перехода. В качестве примера, рассмотрен случай, 
когда на поверхности опухоли находится рабочий инструмент, температура которого 
изменяется циклически по заранее заданной зависимости в диапазоне температур  
[-50 ÷ +50] °C. Определены распределения температуры в опухоли и в различных слоях 
кожи в режимах охлаждения и нагрева. Полученные результаты дают возможность 
определять глубину промерзания и прогрева биологической ткани, в частности опухоли, 
при заданном температурном воздействии. Библ. 59, рис. 6, табл. 2. 
Ключевые слова: температурное воздействие, кожа человека, опухоль, меланома, 
динамический режим, компьютерное моделирование. 
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 THERMOELECTRIC GENERATOR WITH A  
PORTABLE STOVE 

The paper presents the results of the development and experimental research of a thermoelectric 

generator, which consists of a thermoelectric unit based on an army pot and a portable stove of 

widespread use. The obtained results confirm the possibility of using a thermoelectric generator to 

power mobile phone batteries and various gadgets. The achieved energy parameters significantly 

outperform the closest existing analogues. The expediency of constructive revision of the selected 

portable stove in terms of providing the possibility of using an open flame has been established. 

The economical calculations of the device have determined the average cost of the TEG at $ 170. 

Bibl.7, Fig. 7, Tabl. 2. 

Key words: thermoelectric generator, physical model, portable stove. 

Introduction 

Portable power sources are now in active demand in places where there is no centralized grid. 
Interest in such sources has grown in recent years due to the need to charge the electric batteries of 
modern laptops and gadgets. Ukrainian soldiers in Eastern Ukraine are particularly interested in such 
devices. Thermoelectric generators (TEGs) on solid fuel have serious advantages over generators 
whose operation is based on other physical principles: photovoltaic, wind. They are more reliable, 
easy to maintain, not afraid of shocks and vibrations, easily disguised in the field. With the help of 
such devices, one can not only get electricity, but also cook and heat food, heat in winter. 

The purpose of this work was to create and study a highly efficient portable thermoelectric 
generator characterized by low weight and size parameters and economically accessible to a wide 
range of consumers. 

A brief overview of portable TEGs with solid fuel heat sources with analysis of the 
achieved parameters and characteristics. 

Scientists and engineers from many countries are actively working to create more efficient 
thermoelectric portable generators, which would be characterized by lower weight and size 
parameters, high enough efficiency and modern design. 

The Biolite Basecamp [1] device can use fallen branches, dry wood chips, cones or other wood 
as fuel. 
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The power output to the USB port of this device is 5 W, the voltage is 5V. The weight of the 
device is 8.16 kg. The cooking surface area is 50.5 cm2, the diameter of the device is 33 cm. The cost 
of the generator is 301 US dollars.  

The disadvantage of this design is the significant weight and low efficiency of thermoelectric 
conversion. The ratio of electric power to the weight of the generator with the stove is 0.6. 

The thermoelectric generator FireBee Power Tower [2] converts heat from any portable stove 
into electricity for charging smartphones, tablets and other electronic gadgets. 

The device can be used with various heat sources, it can achieve an electrical power of 10 W at 
a voltage of 5V, but its disadvantage is that in addition to the heat of the stove, for its operation it 
needs a regular replacement of the heated water with cool water. This creates an inconvenience in the 
field and makes it much more difficult to use this device. 

The thermoelectric generator [3] comprises thermoelectric generator modules, "hot" heat 
exchangers, "cold" heat exchangers.  “Hot" heat exchangers are immersed in the reservoir of a hot 
geyser, and "cold" heat exchangers are buried in the "permafrost" or immersed in a cold reservoir. The 
thermoelectric generator works as follows. Hot "heat exchangers" are heated from the hot reservoir of 
the geyser and supply heat to the thermoelectric generator modules, while "cold" heat exchangers 
remove heat from the thermoelectric generator modules and are cooled in "permafrost" or in a cold 
reservoir.  Due to the temperature difference created by "hot" and "cold" heat exchangers, 
thermoelectric modules generate electricity. Thus, for the operation of a thermoelectric generator, 
natural sources of heating and cooling are used. This design solution in the actual operation of the 
device requires the presence of natural sources of heat and cold. This fact makes impossible wide 
application of such a device. 

The tourist generator PowerSpot Mini Thermixc [4] realizes a stable output power of 7 W and 
allows charging electronic devices in the appropriate time: 
Mobile phone (1500 mAh) - 1 h 30 min 
Smartphone (3000 mAh) - 3 h 
iPhone 6 (1800 mAh) - 1 h 45 min 
iPhone 7 (1969 mAh) - 2 h 
iPhone 7 plus (2900 mAh) - 2 h 50 min 
iPad / tablet (6500 mAh) - 6 h 30 min 
GoPro HER04 (1160 mAh) - 1 h 10 min 

The developers declare a service life of 50.000 hours at operating temperatures of 150 ºC - 400 
ºC. For operation, the device consumes about 50 g of liquefied gas. This circumstance makes regular 
use of the generator in the field practically impossible. 

The purpose of this work is to create and study a highly efficient portable thermoelectric 
generator, which would have low weight and size and would be economically available to a wide 
range of consumers. 

Physical model of a TEG with a heat source 

Fig. 1 shows a physical model of thermoelectric generator unit comprising a thermopile, heat 
spreaders for heat supply and removal from the thermopile, a device for intensive heat removal and a 
heat source – flat-parallel surface uniformly heated with flame. 
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Fig. 1. Physical model of thermoelectric generator unit:  

1 – heated surface; 2 – hot heat spreader;  

3 – thermopile; 4 – cold heat spreader;  

5 – housing; 6 – thermopile cooling block. 

Since the generator is built into a heated surface, the processes of heat exchange between a real 
source of fuel combustion and this surface are not considered. The temperature of the heated surface is 
assumed to be equal to the temperature of the hot TEG heat exchanger. 

Thus, heat supply from the heated surface to the hot side of the thermopile and heat removal 
from the thermopile cold junctions to the cold heat exchanger is carried out due to thermal 
conductivity and is described by the equations [5]: 

1 ( ),Т Т
Т Г

Т

S
Q T T

l


            (1) 

2 ( ),т т
Х т
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
  ,          (2) 

where λТ, λт  is thermal conductivity of material of the hot and cold heat conductors; ТТ, Тт  are 
temperatures of the hot and cold heat conductors; ТГ, ТХ  is temperature of the hot and cold side of 
thermopile, respectively. 

Thermal power Q3 is removed from the cold heat conductor by free convection into the water 
contained in the cooling block (pot capacity): 

3 0( )т тQ T T S   ,           (3) 

where α(v) is the coefficient of convective heat transfer between the cold heat conductor and water in 
the cooling block; Т0 is the temperature of the liquid in the cooling block. 

The electric power generated by the thermopile is proportional to Q1 and the efficiency of the 
thermopile η: 

Р= 1ТЕБP Q  ,           (4) 
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The main heat losses Q4 occur on the thermopile through thermal insulation: 

4 0( )Т
Б

S
Q T T

L


  ,           (5) 

where λ is the thermal conductivity of the insulating material; SТ is the surface area of the hot heat 
conductor which is not occupied by the thermopile; L is the thickness of the insulating layer.   

The heat balance equation for the selected model of the thermoelectric generator can be written 
as: 
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
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421 ,

QQQ

QQРQ
          (6) 

The solution of the system of equations (6) makes it possible to determine the main energy and 
design parameters of the thermoelectric generator unit in particular and a complex unit with a portable 
heater in general. 

Optimization of TEG design 

Optimization of the generator unit was preceded by an experiment to determine the 
temperatures of the elements of the selected portable stove [6]. Fig. 2 presents the results of such 
measurements. 

 

                  
 

     а)    b)                 c) 

Fig.2. Results of measuring the temperatures of the heater walls (оС) 

а) – front view, b) – rear view, c) – top view. 

Optimization computer calculations, which took into account the experimental temperature 
measurements, made it possible to determine the design parameters of the thermoelectric generator 
unit which was designed to be placed on the cooking surface of a portable stove. 

From the computer analysis it followed that thermoelectric generator unit based on a military 
pot should contain two thermoelectric generator modules in its bottom facing the heat source. The 
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Altec-1061 module is installed as the optimal thermoelectric module for certain temperature and 
thermal conditions. 

Calculation of energy characteristics of the TEG with a stove 

The approximate calculated mass of firewood at one loading in the stove m = 60g = 0.06 кg. 
When burning one load of firewood, the released energy E is:      

𝐸 = 𝐺⋅𝑚 = 750 (kJ)         (7) 

where 𝐺=12.56  mJ/kg   is calorific value of firewood.      
Thermal power Q absorbed by thermoelectric modules: 

η =  → 𝑄 = = 110 (W)    (8) 

where Р = 5 W  is calculated electric power generated by modules, η = 0.045 is the efficiency of 
modules at the  hot and cold side temperatures Тh = 300°С and Тc = 100°С, respectively. 

 Operating time t at one loading while minimizing heat losses:  

= 2 (h )
E E

Q t
t Q
             (9) 

Thermal power Qн consumed to heat water in the generator pot: 

н =105 (W)Q Q P              (10) 

 Time t of heating water in the generator pot:  

1 0 1 0
н

н

( ) ( )
= 1(h )

с m T Т с m T Т
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t Q

     
                              (11) 

 where /=4.22 kJс kg K  is heat capacity of water;   

m=1l is the volume of water in the pot; 
Т1=100 °С is the final water heating temperature; 
Т2=20 °С is the initial temperature of water in the pot. 

In the absence of heat loss, the operating time of the thermoelectric generator at one loading of fuel 
can be approximately 2 hours.  

Calculation of energy characteristics of the TEG with a stove 

The approximate calculated mass of firewood at one loading in the stove m = 60g = 0.06 кg. 
When burning one load of firewood, the released energy E is:      

=750 (kJ)E G m                       (7) 

where =12.56 /G mJ kg   is calorific value of firewood.                 
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Thermal power Q absorbed by thermoelectric modules: 

η= 110 (W )
η

P P
Q

Q
            (8) 

where Р = 5 W  is calculated electric power generated by modules, η = 0.045 is the efficiency of 
modules at the  hot and cold side temperatures Тh = 300°С and Тc = 100°С, respectively. 

 Operating time t at one loading while minimizing heat losses:  

= 2 (h )
E E

Q t
t Q
              (9) 

Thermal power Qн consumed to heat water in the generator pot: 

н =105 (W)Q Q P              (10) 

 Time t of heating water in the generator pot:  
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н

н

( ) ( )
= 1(h )

с m T Т с m T Т
Q t

t Q

     
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 where /=4.22 kJс kg K  is heat capacity of water;                    

m=1l is the volume of water in the pot; 
Т1=100 °С is the final water heating temperature; 
Т2=20 °С is the initial temperature of water in the pot. 
In the absence of heat loss, the operating time of the thermoelectric generator at one loading of 

fuel can be approximately 2 hours. 

Description of TEG design 

The design of a thermoelectric unit for work with a portable stove is shown schematically in 
Fig. 3. 
 
 

 

Fig.3. Schematic of thermoelectric generator 

 unit.1 – thermopile; 2 – heat-conducting  

plate;3 – heat sink plate; 4 – army pot 

 with a lid;5 – protective housing; 

 6 – electric output; 7 – electronic  

voltage stabilization unit; 8 – electric  

connecting cable. 
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To protect the electrical terminals of the thermopile from direct flame and external mechanical 
loads, the generator contains a protective housing 5, which ends with an electrical output 6. Using an 
electric cable 8, the thermoelectric generator is connected to the electronic output voltage stabilization 
unit 7. The appearance of the unit is shown in Fig. 4. 

 

 

Fig. 4. Appearance of the thermoelectric unit 

The Institute of Thermoelectricity of the National Academy of Sciences and the Ministry of 
Education and Science of Ukraine has developed, researched and standardized a thermoelectric unit 
for universal use with various heat sources and fuels. Table 1 shows the main parameters of the Altec -
8046 unit [7]. 
 

 
Table 1 

Basic parameters of the Altec-8046 thermoelectric unit 
 

1 Electric power, W 5 

2 Electric voltage output, V 5.10 

3 Pot volume, l 1.3 

4 Overall dimensions, mm 170 × 170 × 100 

5 Mass, kg 1 

Methods of experimental research       

The purpose of research conducted at the Institute of Thermoelectricity was to determine the 
energy characteristics of a thermoelectric army pot on a portable stove. The maximum electric power of 
the generator was measured in the range of water temperatures Тw = (20-100) °С every 10°С from the 
moment of ignition of the stove.  The schematic of the experiment is shown in Fig. 5. 
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Fig.5 Schematic of the experiment to study the energy characteristics of thermoelectric army pot. 

1 – tourist stove; 2 – cooking surface; 3 – thermoelectric generator; 

4 – thermoelectric generator modules; 5 – thermocouples;  

6 – thermometer; 7 – vessel with melting ice;8 – millivoltmeter; 9 – voltmeter. 

When studying the energy characteristics of the generator, at all stages of the experiment, the 
fuel consumption was recorded to determine the obtained thermal power and the efficiency of 
thermoelectric conversion. 

Research results 

The time dependences of the energy characteristics of the Altec-8046 thermoelectric unit with a 
portable stove are presented in Fig. 6. 

 
 

 

Fig. 6. Dependence of electromotive force Е of thermoelectric modules on time  

t. Vertical black lines indicate the moments of throwing fuel into the stove. 
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In these studies, firewood was used as fuel. Firewood consumption g = 840 g / hour. Thermal 
design power of the stove Q = 2.9 kW. For comparison, a study of a thermoelectric generator unit was 
carried out on an open flame from dry alcohol. Fig. 7 shows the obtained dependence of the 
electromotive force and the value of power on time. 

The comparison of the obtained results showed the expediency of refining the portable stove, 
which would allow operation of the thermoelectric unit with an open flame. This design solution can 
improve the efficiency of TEG by a factor of ~ 1.6. 
 

 

Fig. 7. Dependence of electromotive force on time in the variant of open flame   

The consumption of dry alcohol g = 420 g / h. In this case, the thermal power of the stove was  
Q = 3.6 kW. The volume of water poured into the pot is 1 liter. The achieved efficiency values were 
about 1% for a TEG with a portable stove. The ratio of the output power to the weight of the device 
with a wood-fired stove is ~ 0.8, with an open flame - 1.3. These values are higher than those of the 
closest analogues. 

Economic calculations of the cost of the developed device were carried out. Table 2 presents the 
cost of a single product of a thermoelectric generator with an army pot "Altec-8046" versus the batch 
size. 

Table 2 

The cost of thermoelectric generator versus the batch size 

Batch size, pcs. 1 10 100 1000 

Cost, $ 190 178 163 150 

Conclusions 

1. A thermoelectric generator based on the Altec-8046 thermoelectric unit with a portable stove has 
been developed. 

2. Studies carried out on various fuels have shown the possibility of using the developed device for 
power supply of modern means of communications and various gadgets. 



 Rozver Yu.Y., Tinko E.V. 

Thermoelectric generator with a portable stove  

 Journal of Thermoelectricity №3, 2020 ISSN  1607-8829 54

3. The achieved values of the output electric power with respect to the weight of the device 
significantly outweigh the closest known analogues. 

4. The expediency of constructive revision of the selected portable stove in terms of providing the 
possibility of using an open flame has been established. 

5. The energy efficiency of a TEG with a portable stove after its improvement can increase by a 
factor of 1.6. 

6. The economic calculations of the device have determined the average cost of the TEG as $170. 
The authors express their sincere gratitude to the scientific supervisor, academician of the 

NAS of Ukraine LI Anatychuk, for the idea of work and valuable advice in its implementation. 
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ТЕРМОЕЛЕКТРИЧНИЙ ГЕНЕРАТОР З  
ПОРТАТИВНОЮ ПІЧКОЮ 

У роботі наводяться результати розробки та експериментального дослідження 

термоелектричного генератора, що складається з термоелектричного блоку на базі 

армійського казанка та портативної пічки широкого використання. Отримані результати 

підтверджують можливість використання термоелектричного генератора для живлення 

акумуляторів мобільних телефонів та різноманітних гаджетів. Досягнуті енергетичні  

параметри суттєво переважають найближчі існуючі аналоги. Встановлено доцільність 

конструктивного допрацювання  вибраної  портативної пічки  в частині забезпечення 
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можливості використання відкритого полум’я .Економічні розрахунки пристрою визначили 

середню вартість  ТЕГ на рівні 170 доларів США. Бібл. 7, рис. 7, табл. 2. 

Ключові слова: термоелектричний генератор, фізична модель, портативна пічка. 
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ТЕРМОЭЛЕКТРИЧЕСКИЙ ГЕНЕРАТОР С  
ПОРТАТИВНОЙ ПЕЧЬЮ 

В работе приводятся результаты разработки и экспериментального исследования 

термоэлектрического генератора, состоящего из термоэлектрического блока на базе 

армейского котелка и портативной печи широкого применения. Полученные результаты 

подтверждают возможность использования термоэлектрического генератора для 

питания аккумуляторов мобильных телефонов и различных гаджетов. Достигнутые 

энергетические параметры существенно превышают таковые, присущие ближайшим 

существующим аналогам. Установлена целесообразность конструктивной доработки 

выбранной портативной печи в части обеспечения возможности использования 

открытого пламени. Экономические расчеты устройства определили среднюю стоимость 

ТЭГ на уровне 170 долларов США. Библ. 7, рис. 7, табл. 2. 

Ключевые слова: термоэлектрический генератор, физическая модель, портативная печь. 
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 THE USE OF THERMOELECTRIC ENERGY 
CONVERTERS TO REDUCE  

THE INFLUENCE OF NATURAL AND  
CLIMATIC FACTORS ON  

THE TECHNICAL READINESS OF A VEHICLE 

The article discusses the problem associated with the operation of a vehicle at low ambient 

temperatures, substantiates the need for special measures to maintain the optimal thermal regime 

of the battery. The analysis of the factors influencing the start of a cold engine is carried out. The 

effect of low temperature of the storage battery on the energy performance of the electrical 

starting system is shown. Computational studies of the proposed system for compensating the heat 

losses of the storage battery during the maintenance of a vehicle at low temperatures by the 

method of thermostating with the use of thermoelectric energy converters are carried out. Bibl. 14, 

Fig. 4, Tabl. 3. 

Key words: technical readiness, storage battery, thermoelectric generator, phase transition thermal 

accumulator, electric heating elements. 

Introduction 

The car has become an integral part of modern life. However, its use raises a number of 
problems primarily related to environmental pollution and low energy efficiency. Since the creation of 
the car, there has been a problem associated with ensuring a reliable and trouble-free start of the cold 
internal combustion engine (ICE) at low ambient temperatures. This problem is still relevant today. 

The purpose of the work is to carry out computational studies of the system to ensure 
compensating the heat losses of the storage battery by the method of thermoelectric stabilization of its 
optimal temperature when a vehicle is kept out of the garage at low ambient temperatures. 

Analysis of previous research 

Review and analysis of literary sources related to the impact of natural and climatic factors on a 
vehicle during operation, primarily in urban conditions, characterized by long periods of inactivity, 
small movements, frequent and short stops and garage-free maintenance during the inter-shift period 
allows one to determine precisely the ambient air temperature as the main factor that affects the 
technical readiness of a vehicle. 
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 Low temperatures complicate the start of a cold engine and lead to deterioration of its operating 
conditions, which generally reduces the technical readiness and use of the vehicle for its intended 
purpose. 

The technical readiness of a vehicle at low ambient temperatures is mainly determined by the 
reliable start of a cold engine and the recovery time of its thermal regime. It is largely complicated as a 
result of a decrease in the discharge characteristics of storage battery in the mode of starting the engine 
due to an increase in the viscosity and resistance of the electrolyte, an increase in resistance to 
cranking of the engine crankshaft and deterioration of the conditions for the formation of the fuel-air 
mixture. 

Mixing deteriorates due to a decrease in the intake temperature below the optimum, which leads 
to a deterioration in fuel evaporation and a decrease in the temperature of the working fluid at the end 
of the compression stroke. With a decrease in the ambient air temperature from 20 ° C to minus 30 ° 
C, the temperature at the end of the compression stroke decreases by 100 ... 210 ° C, while in diesel 
engines there is a delay in the autoignition of fuel two to three times in time, which leads to a 
deterioration of burning process. The viscosity of winter diesel fuel with a decrease in inlet air 
temperature from +20 ° C to minus 30 ° C increases 15 times. The viscosity of gasoline when the inlet 
temperature decreases from 0 ° C to minus 30 ° C is one and half times higher, and evaporation is 50 
percent lower. 

As the temperature decreases, the viscosity of the oil in the engine lubrication system increases.   
This leads to an increase in friction power losses in the conjugate parts of the cylinder-piston group 
and as a consequence to a decrease in the cranking speed of the engine crankshaft. 

The reliability of starting the internal combustion engine at low ambient temperatures is largely 
determined by the performance of the battery. The battery performance is understood as the maximum 
possible number of crankshaft rotations with a duration of 15 seconds each [1]. 

The decrease in the temperature of the electrolyte is accompanied by an increase in its viscosity 
and internal resistance, which leads to a significant decrease in voltage at the terminals of the battery, 
which reduces the power developed by the starter in the cold engine start mode. With a decrease in the 
temperature of the electrolyte from + 30 ° C to minus 40 ° C, its resistivity increases 8 times [2]. 
According to the Research Institute of Starter Batteries, at a temperature of 0 ° C, the current 
efficiency of batteries is 90%, and at minus 40 ° C - 20%. At an electrolyte temperature below minus 
20 ° C, an intensive deterioration in the efficiency of charging batteries from the on-board network 
was established. When charging the battery from a stationary device, the battery electrolyte is actively 
boiling at a constant density. Because the energy supplied is almost completely spent on water 
hydrolysis, batteries are practically inoperable at minus 30 ... 35 ° С [3]. 

A decrease in the battery capacity in the starting mode leads to a decrease in the starting 
crankshaft rotation speed, and a decrease in voltage leads to a decrease in the torque developed by the 
starter. Achieving the required starting speed of the crankshaft at low temperatures is difficult due to 
an increase in the cranking resistance torque of the engine crankshaft. In the process of starting the 
engine at low temperatures, the determining factor is the ratio of the moment of resistance of the 
engine crankshaft and the torque developed by the starter. 

In this connection, the main concern of ensuring the operability of the battery and, as a 
consequence, of the technical readiness of a vehicle as a whole, should be the maintenance of the 
optimal temperature of the battery. The easiest way to solve this problem is to slow down the 
electrolyte cooling. For example, according to the Research Institute Avtoprilad uninsulated battery 
6ST-132 is cooled from + 25 ° C to minus 30 ° C at a rate of 6.6 °C for one hour; and  
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insulated – 1.4 ° C for one hour. 
In practice, there are many ways to ensure the technical readiness of a vehicle at low 

temperatures. However, most of them require the solution of complex design and technical problems 
and, under operating conditions, turn out to be ineffective or quite energy consuming. Therefore, the 
proposed work considers those that are based on the methods of storage battery thermal control 
through use of secondary energy resources of the internal combustion engine, which arise in large 
quantities during its operation. 

Research results 

With the rapid growth in the number of vehicles over the past decades, combined with the 
tightening of standards for fuel consumption and emissions of harmful substances, the utilization of 
thermal energy of exhaust gases as part of the secondary energy resources of a transport engine is 
becoming a promising direction for solving the above problem.  This allows the implementation of 
energy-efficient technologies for road transport. Exhaust gases have a high thermal potential, take 
about 30% of the fuel energy into the environment, not only wasting primary energy resources, but 
also increasing the heat load on the environment.  

Application of heat accumulators using phase transition heat-accumulating materials is an 
effective and promising way of storing heat energy on board a vehicle. This method makes it possible 
to provide a high density of accumulated energy with an isothermal nature of the accumulation process 
and makes it possible to store accumulated thermal energy on board a vehicle for quite a long time. 

In this regard, it seems promising to develop systems that would have the ability to convert the 
thermal energy accumulated in phase transition heat accumulator into electrical energy. To solve this 
problem, according to the authors, thermoelectric energy converters can be effectively used [4]. The 
advantages of the latter are the absence of moving parts, silent operation, environmental friendliness, 
versatility in terms of methods of supply and removal of thermal energy, potentially high  
reliability [5, 6]. 

This article presents the results of computational studies of the thermoelectric system proposed 
in [7,8], which provides the optimal thermal regime of the starter battery at the end of the operation of 
the internal combustion engine during the maintenance of the vehicle at low ambient temperatures.  

Thermoelectric generators (TEG), as autonomous direct current sources, received intensive 
development after semiconductor thermopiles were taken as the basis for their design. Over the past 
decades, there has been a constant improvement of semiconductor thermoelectric materials, which is 
aimed primarily at increasing their thermoelectric figure of merit in order to increase the electricity 
they produce and improve the efficiency [9]. 

Significant disadvantages of semiconductor TEGs are their fragility, high cost and complexity 
of the design of an automobile thermoelectric generator (ATEG) to ensure efficient operation, due to 
the need for an external source of cooling, which makes it possible to obtain the necessary (stable) 
temperature gradient and the presence of an electronic converter, which allows maintaining the 
necessary output voltage. The need for such a scheme is explained by the fact that the electromotive 
force generated by ATEG is not constant, since the temperature difference constantly changes its value 
in different operating modes of the transport ICE. 

In the conditions of real operation of the vehicle, the ATEG, from the point of view of the 
efficiency and stability of its thermoelectric properties, must have the necessary mechanical strength 
and chemical resistance under the conditions of prolonged vibration and shock loads, with sharp drops 
in the temperature, pressure, and humidity. 



 Dmytrychenko M.F., Gutarevych Yu.F., Trifonov D.M., Syrota O.V.,  

The use of thermoelectric energy converters to reduce the influence of natural and climatic factors on the… 

ISSN  1607-8829 Journal of Thermoelectricity №3, 2020   59

Thus, it is fair to assume that in order to obtain electrical energy sufficient to power low-
power devices under conditions of a small temperature gradient, metal conductors are more suitable 
for the manufacture of ATEG. 

 
 

 

Fig. 1. Thermoelectric system for utilization of thermal energy 

 of exhaust gases with phase transition heat accumulator:  

1 – phase transition heat accumulator,  

2 – layer of heat-resistant compound,  

3 – thermoelectric generator,  

4 – heat regulator, 5 – heating element. 

Taking into account the above, the authors proposed a method for increasing the thermal 
readiness of a vehicle, in particular, the electrical starting system, under low temperatures. The 
implementation of this method and, as a consequence, the provision of the optimal thermal mode of 
the storage battery, is possible due to the use of a device for compensating heat losses of storage 
battery by thermostating with heating elements. 

The heat capacity of the battery is quite high, so when you install it in a container with 
insulated walls (thermocase), the rate of drop of the electrolyte temperature will be quite low. Heating 
elements are added inside the thermocase. The built-in temperature regulator turns off heating on 
reaching + 25 ° C and turns it on again at + 15 ° C.  

The operating principle of the proposed system is as follows (Fig. 2): after stopping the 
internal combustion engine the storage battery naturally cools down (section I), upon reaching the 
storage battery temperature 15 °С, electric heating elements are connected to ATEG to heat the storage 
battery to 25 °С (section II), following which the heating elements are turned off. After reducing the 
temperature of the storage battery to 15 °С (section III) – the process is repeated. Responsible for the 
switching of electrical circuits is the electronic control unit that receives information from the 
temperature sensor of the storage battery (the temperature sensor is installed on the negative terminal 
of the storage battery). 

The proposed technical solution makes it possible to generate electrical energy without any 
additional energy transmitted to the system both the internal combustion engine is in operation and 
when the vehicle is kept in open areas under low temperatures. Based on the results of previous 
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experimental studies, the possibility of using metal TEGs for generating electrical energy for quite a  
long time after the end of the ICE operating cycle was confirmed [7].  

 

 
 

Fig. 2. Operating principle of a device for compensating  

heat losses of storage battery 

Computational studies 

Calculation of the amount of energy required for thermal stabilization of the 6СТ-44А battery of 
ZAZ Tavria class cars with a capacity of 44 А·h in the temperature range 15...25 °С. 

The mass of the specified battery is 13.6 kg, of which the mass of the electrolyte is 3.6 kg. To 
simplify the calculation, we assume that another mass – 10.0 kg falls on lead (the mass of the body of 
the storage battery and separators is neglected). Some design parameters of the 6СТ-44А battery are 
shown in Table 1 [10].  

 
Table 1  

Some design parameters of the 6СТ-44А storage battery 

Overall dimensions, mm Mass, kg 

length width height without electrolyte with electrolyte 

207 175 175 10 13,6 

 

The amount of heat required to heat the battery (Qb) is defined as the sum of the amount of heat 
for heating the lead (QPb) and the amount of heat for heating the electrolyte (QEl):   

 Q﷩АБ﷩= Q﷩Pb﷩+ Q﷩Ел﷩QАБ = QPb + QЕл     (1) 

The amount of heat is defined by the formula: 
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Q = m·cp·Δt,     (2) 

where m  is mass of heated substance, kg; 
сp  is specific heat, J/kg·K; 
Δt is temperature difference, K. 
The values of specific heats of storage battery components are given in Table 2. 
 

Table 2  

The values of specific heats of storage battery components 

 

Storage battery components 

 

cp, J/(kg·K) 

 

Water H2O 

 

4182 

 

Sulphuric acid (100%) H2SO4 

 

 

1380 

 

Lead Pb 

 

 

128 

 

The heat capacity of electrolyte with a density of 1.28 g/сm3 was determined using the data 
given in Table 3 [11]. 

 
Table 3  

The amount of distilled water and acid, required  
to prepare 1 l of electrolyte with a density of 1.28 g/cm3 (at 25 °С) 

 

The required 
electrolyte density, 

g/cm3 

 

The amount of 
water, l 

 

The amount of sulphuric acid with a 
density of 1.83 g/cm* 

 

 

l 
kg 

 

1.28 

 

 

0.781 

 

0.285 

 

0.523 
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Using the data in Table 1 and 3, we received the required amount of sulfuric acid with a 
density of 1.83 g / cm3 - 1.88 kg; distilled water - 2.81 kg. Based on the obtained values and data of 
Table 2 we calculated the specific heat of the electrolyte with a density of 1.28 g/cm3 - 1.15 kJ/(kg·K). 

Based on the obtained values and formulae 1, 2, we calculated the amount of heat required to 
heat the 6ST-44A battery from 15 ° C to 25 ° C: 

Qb = 10·10.0·128 + 10·3.6·1150  54 (kJ) 

If the calculated thermal energy is converted into consumed electrical power, then we get 
about 15 W · h. 

In practice, it is impossible to achieve the full use of storage battery active materials involved 
in current-forming process. Moreover, the electrolyte (height h3), which is located in the mud space 
between prisms 5 and the electrolyte reserve (height h2 in a battery with a sheet separator and height 
h2+h3 in a battery with an envelope separator), does not take part in current-generating process during 
electrical starting of the internal combustion engine. In this connection, the paper proposes to limit the 
heating area of storage battery (side and end surfaces with height h1) by the height of the electrode to 
reduce the power of the electric heating element 7 (Fig. 3).  

 

 
                           a                                                                   b     

Fig. 3. Schematic of storage battery: [12] 

а – conventional battery; b – battery with unattended envelope separators; 

1 - plug; 2 – electrolyte level in a battery; 3 - electrode; 4 – envelope separator; 

 5 – mud space prisms; 6 – card separator;7 – electric heating element;  

Н – battery height; h1 – electrode height; h2 – electrolyte reserve in a battery with  

a sheet separator; h3 – height of prisms; h2 + h3 – electrolyte reserve in  

a battery with an envelope separator 

Therefore, the value of the required electric power of the electric heating element can be much 
lower than the calculated and with regard to the volume of electrolyte that does not participate in the 
current-generating process it can be reduced by 40… 60%, which will make up to 9 W · h. 

Calculation of thermoelectric generator. 
Based on the analysis of possible electric heating materials for heating storage battery, the use 

of carbon fiber material as an external electric heater of storage battery is proposed (Fig. 4). 

 



 Dmytrychenko M.F., Gutarevych Yu.F., Trifonov D.M., Syrota O.V.,  

The use of thermoelectric energy converters to reduce the influence of natural and climatic factors on the… 

ISSN  1607-8829 Journal of Thermoelectricity №3, 2020   63

 

Fig. 4. Electric heating elements based on carbon fiber materials 

The use of carbon fiber materials as heating elements helps provide: 
• larger area with a uniform temperature  distribution on the surface; 
• high heat transfer rates; 
• reliable operation for a long time; 
• low cost of electricity consumption compared to counterparts about 30%; 
• heating in 3s after power supply and the same fast cooling. 
The technical characteristics of the proposed heating element are as follows: 
 • thickness: about 0.3 mm 
• substrate size: about 110 * 70 mm 
• heating temperature: 50…55 ℃ 
• voltage: 3.7 ... 5.0 V 
• current: 1.85 ± 0.05 А 
• power output: 8.5 ± 0.2 W 
• resistance: 3 Ohm 
Based on the technical characteristics of the heating element, we calculated a thermoelectric 

generator based on chromel-copel (L) thermocouples to power an external electric heater of 6СТ-44А 
storage battery. As a heat source, a phase transition thermal accumulator was used, assuming its 
average temperature in the zone of contact with TEG (th) = 78.5 °C, the temperature of the cold 
junction (tc) = 0 °C. The calculations used the method proposed in [13].  

The purpose of the calculation is to determine the required number of series-connected L type 
thermocouples to ensure the operation of the external electric heater of storage battery. 

The required number K of thermocouples in TEG, each of which having internal resistance r 
and thermoEMF еt, was calculated by the formula (3): 

      (3) 

where U  is voltage on the load, V;  
еt  is thermoEMF developed by thermocouple, V; 
I  is current flowing in the thermocouple circuit, А 
r  is internal resistance of thermocouple, Ohm. 
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Current flowing in the thermocouple circuit was calculated by the formula (4): 

      (4) 

where R is load resistance, Ohm.  
The internal resistance of thermocouple was calculated by the formula (5): 

     (5) 

where 1, 2  are the resistivities of materials of which thermocouples are made, Оhm·mm2/m; 

l  is the length of thermocouple conductor (assumed to be equal for both conductors), m; 
s1, s2  are cross-sectional areas of thermocouple conductors, mm2.         

According to [14], the thermoEMF developed by thermocouple of L type is on the average 4.1 
mV. According to [14], the resistivity of chromel metal alloy was assumed to be 0.038 Оhm•mm2/m 
and the resistivity of copel alloy – 0.027 Оhm•mm2/m, with the wire diameter 0.7 mm and the length 
of both thermocouple conductors assumed to be 0.02 m. 

Based on the results of calculating the cross-sectional area of the thermocouple conductors, we 
obtained 0.38 mm2. 

   According to formula (5), the resistance of thermocouple was determined as r = 0.0034 
Ohm. Formula (4) was used to calculate current flowing in thermocouple circuit, I = 0.0014 А, 

formula (3) – to determine the required number of thermocouples in TEG, K  1200 pcs. 

Conclusions 

1. Based on the results of the studies, a system was proposed for compensating the heat losses of the 
battery during the maintenance of the vehicle at low temperatures by the thermostating method 
using thermoelectric energy converters. 

2. The proposed technical solution makes it possible to generate electrical energy, both when the 
internal combustion engine is operating and when the vehicle is kept in open areas at low 
temperatures, using a phase transition heat accumulator as a heat exchanger, which accumulates the 
thermal energy of exhaust gases. 

3. To power the external electric heater of a car battery, it is proposed to use a thermoelectric 
generator on chromel-copel (L) thermocouples. 

4. According to the calculation results, to ensure thermoelectric stabilization of the optimal 
temperature of the 6ST-44A automobile battery, the required number of series-connected L type 
thermocouples was determined, to ensure the operation of an external electric heater with a total 
power of up to 9 W - about 1200 pieces. 
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ЗАСТОСУВАННЯ ТЕРМОЕЛЕКТРИЧНИХ  
ПЕРЕТВОРЮВАЧІВ ЕНЕРГІЇ ДЛЯ ЗМЕНШЕННЯ  

ВПЛИВУ ПРИРОДНО-КЛІМАТИЧНИХ  
ФАКТОРІВ НА ТЕХНІЧНУ ГОТОВНІСТЬ  

ТРАНСПОРТНОГО ЗАСОБУ 

У статті розглядається проблема, пов'язана з експлуатацією транспортного засобу в 

умовах низьких температур оточуючого повітря, обґрунтовується необхідність 

прийняття спеціальних заходів для підтримки оптимального теплового режиму 

акумуляторної батареї. Проведено аналіз факторів, що впливають на пуск холодного 

двигуна. Показано вплив низької температури акумуляторної батареї на енергетичні 

показники електростартерної системи пуску. Проведені розрахункові дослідження 

запропонованої системи для компенсації теплових втрат акумуляторної батареї під час 

утримання транспортного засобу в умовах низьких температур методом 

термостатування з застосуванням термоелектричних перетворювачів енергії. Бібл.14, 

рис.4, табл. 3. 

Ключові слова: технічна готовність, акумуляторна батарея, термоелектричний генератор, 

тепловий акумулятор фазового переходу, електронагрівальні елементи. 
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ПРИМЕНЕНИЕ ТЕРМОЭЛЕКТРИЧЕСКОГО  
ПРЕОБРАЗОВАТЕЛЯ ЭНЕРГИИ ДЛЯ УМЕНЬШЕНИЯ 

 ВЛИЯНИЯ ПРИРОДНО-КЛИМАТИЧЕСКИХ  
ФАКТОРОВ НА ТЕХНИЧЕСКУЮ ГОТОВНОСТЬ 

 ТРАНСПОРТНОГО СРЕДСТВА 

В статье рассматривается проблема, связанная с эксплуатацией транспортного 

средства в условиях низких температур окружающего воздуха, обосновывается 

необходимость принятия специальных мер для поддержания оптимального теплового 

режима аккумуляторной батареи. Проведен анализ факторов, влияющих на пуск холодного 

двигателя. Показано влияние низкой температуры аккумуляторной батареи на 

энергетические показатели электростартерной системы пуска. Проведены расчетные 

исследования предложенной системы для компенсации тепловых потерь аккумуляторной 

батареи во время содержания транспортного средства в условиях низких температур 

методом термостатирования с применением термоэлектрических преобразователей 

энергии. Библ.14, рис.4, табл. 3. 

Ключевые слова: техническая готовность, аккумуляторная батарея, термоэлектрический 

генератор, тепловой аккумулятор фазового перехода, электронагревательные элементы. 
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 EFFECTIVENESS OF THERMOELECTRIC RECUPERATORS FOR  
RATIONAL TEMPERATURES OF HEAT SOURCES 

The paper presents the results of analysis of thermoelectric recuperators of waste heat for the 
temperature range 100 -300ОС of the heat carrier. Based on computer model, optimization of 
sectional recuperators is carried out, the efficiency of each section and recuperator as a whole is 
calculated. The specific cost and payback time of sectional generators is calculated. Conclusions 
are made on the economic feasibility of using such recuperators. Bibl. 130, Fig. 9, Tabl. 1. 
Key words: thermoelectric recupеrator, waste heat, efficiency, power, specific cost. 

Introduction 
General characterization of the problem. Most types of equipment for technological processes 

in industry, heat engines (turbines, internal combustion engines, etc.) generate a large amount of waste 
heat during their operation. In so doing, more than half of this heat is not only not used in any way, but 
also leads to negative consequences for the environment – to its thermal pollution [1 – 4]. In this case, 
the majority of thermal waste (nearly 90 %) has temperature up to 300 °С (Fig. 1). This determines the 
relevance of creation of waste heat recuperators for this temperature level. 

 
 

Fig. 1. Distribution of thermal waste sources by temperature range [6]. 
The most popular ways of thermal into electrical energy conversion are mechanical. Their 

characteristics are shown in the table. As is seen from the table, mechanical methods are efficient at 
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high temperatures. At low temperatures (up to 300оС) they considerably lose their effectiveness or do 
not work altogether. Another disadvantage is the need to use bulky equipment (boilers, evaporators, 
turbines). Under such circumstances, direct thermal into electrical energy conversion by means of 
thermoelectricity can become a competitive mechanical method. 

Table.  

Mechanical methods of waste heat conversion into electrical energy [7- 11] 

№ 

 
Method Efficiency 

Operating 
temperatures Electrical energy 

cost 
Service life 

1. Rankine cycle 20-30 % > 350 °С 0.8 – 1.8 $ / Wт 15 - 20 years 

2. Kalina cycle ~ 15 % 100 – 540 °С 1.2 – 1.8 $/Wт 20 - 30 years 

3. Organic Rankine cycle ~ 8-15 % 100 – 590 °С 1.4 – 2.2 $/W 20 - 30 years 

Therefore, the purpose of the work is to establish general features that thermoelectric 
recuperators must meet, which will ensure their rational use. 

Unlike thermoelectric generators which use costly heat sources and for which the main criterion 
of effectiveness is their efficiency, thermoelectric recuperators use waste heat. Therefore, to determine 
their effectiveness, it is necessary to apply other approaches, namely to establish their specific cost and 
payback time [129]. 

Known thermoelectric recuperators of waste heat 
Based on the analysis of literature data, it is possible to identify the most common areas of using 

thermoelectric heat recuperators, namely industrial plants, internal combustion engines, thermal power 
plants, boilers, gas turbines, and domestic heat. Waste heat recuperators [43-51] from such energy-
intensive industrial facilities as steel plants [26, 36-41, 54, 55], cement kilns [27-35, 38-40, 52, 54], 
glass furnaces [38-40, 52], furnaces for annealing lime [38, 39, 52], furnaces for the production of 
ethylene [38, 39], garbage recycling plants [104, 105], furnaces for smelting aluminum and other 
metals [38, 39, 52] are under active investigation. 

Thus, the scientists of KELK Ltd. and JFE Steel Corporation (Japan) [36, 37] jointly developed 
and tested a thermoelectric recuperator using waste heat from a steel furnace. Its power is about 9 kW 
with the efficiency of 8%. 

A thermoelectric recuperator using waste heat from a cement kiln was installed at the Awazu 
plant of Komatsu (Japan). The power of such a recuperator is about 10 kW. The waste heat 
recuperator from cement kilns [35] was also developed by scientists from Industrial Technology 
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Research Institute (Taiwan) and Institute of Thermoelectricity (Ukraine). The feature of this generator 
is its placement at some distance from the cement kiln which rotates, while it does not affect the 
technological processes inside the kiln. The project for waste heat recovery from garbage recycling 
plants using thermoelectricity was implemented jointly by Fujitaka (Japan) and Institute of 
Thermoelectricity (Ukraine) [104, 105].  

A large number of publications are devoted to heat recovery from internal combustion engines 
of cars [28, 29, 52, 56 - 103] and motorcycles [28, 29]. However, it should be noted that the use of 
thermoelectric recuperators in cars has a number of disadvantages [60, 70, 71]. The real power gain is 
not significant enough. This leads to a search for more efficient applications of thermoelectricity. First 
of all, it looks promising to recover heat from diesel engines of large ships (in addition to high power, 
their advantage is the ability to remove heat from the thermoelectric converter to the surrounding 
water), as well as large trucks and special equipment [75, 80, 82, 93, 97]. There are also interesting works 
devoted to the use of thermoelectric recuperators in hybrid vehicles [71], where the energy generated 
during the operation of an internal combustion engine is used to recharge the batteries of the vehicle. 

Ref.[106] presents the results of studies on a thermoelectric heat recuperator, which uses waste heat 
energy from power plants of Tokyo Electric Power. By joint efforts of the Komatsu Research Center and 
KELK [107], such a thermoelectric recuperator was created and its experimental studies were carried out. 

In [38, 39], studies of a thermoelectric recuperator, which uses waste heat from industrial 
boilers, are presented. The efficiency of such a converter reaches 2%. 

The Brno University of Technology (Czech Republic) has developed a thermoelectric 
recuperator for recovery of waste heat from a boiler, which uses biomass as a fuel [108].  

The topic of heat recovery from gas turbines is discussed in [23, 110]. The exhaust gases from 
the turbine of pumping stations on gas mains were used as a source of thermal energy. 

Refs. [111-115] present the results of development of a thermoelectric recuperator of heat from 
the combustion of biomass in a household kitchen stove. The temperature difference on thermoelectric 
modules is created on the one hand by flame, and on the other – by water tank.  

One of the applications of thermoelectricity for waste heat recovery is a recuperator that uses 
waste heat from the biomass drying process [116]. The power generated by it is used to power the fans 
that circulate hot air in such a system. 

Toshiba has developed a thermoelectric recuperator for an electric transformer [111]. 
Miniature thermoelectric recuperators used to power low-power equipment and sensors on board the 

aircraft are considered in [117-122]. Such devices are mounted under the wing of the aircraft and use the 
hot heat of the turbine. 

It should be noted that heat recovery from stationary industrial plants (especially at temperatures 
below 600 K) is of great interest for thermoelectricity, since it allows one to fully realize its 
advantages. Estimates show that in the United States alone, about 3.300 TJ of energy are released 
annually from thousands of industrial processes [38, 53], some of which can be returned to active 
balance by direct thermoelectric energy conversion. Moreover, thermoelectric recuperators can be 
used not only to increase the overall efficiency of energy conversion, but also to provide backup 
power to the most critical units of industrial installations, which can significantly increase their 
reliability [23-25]. 

Determination of general properties of thermoelectric recuperators 

Physical model of a thermoelectric sectional heat recuperator is shown in Fig.2.  
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Fig. 2. Physical model of thermoelectric sectional heat recuperator: 

1 – hot heat exchanger; 2 – thermopiles  
3 – cold heat exchanger 4 – matched electrical load of the section. 

 

Each section of the recuperator consists of hot heat exchanger (1), thermopile (2) with thermal 
resistance ( )

2
i

tR  and efficiency 0( , );η HT T  cold heat exchanger (3) with temperature 0T . Thermopiles of 

each recuperator section are loaded on matched electrical load ( )iR  (4). Hot gas input flow has 
temperature in

HT  and thermal power in
HQ . Hot gas gives part of heat ( ) ( )i

HQ x  at temperature ( ) ( )i
hotT x  to 

the hot heat exchanger. At the recuperator outlet the gas flow has temperature out
HT  and thermal 

power out
HQ . From the hot heat exchanger heat is passed to the thermopile, heating its hot side to 

temperature ( ) ( )i
HT x . To calculate maximum possible recuperator power, we will ignore thermal losses. 

For the optimization of TEG it is necessary to find the distribution of temperatures and heat flows in 
thermopiles of each section. Such a calculation for this model was made through use of numerical 
computer methods. 

To calculate the electrical power of TEG, we use the equation of energy balance in the form 

                   ( )( ) ( )

1
( ) ( )

N
i i

H C
i

W Q x Q x dx
=

⎡ ⎤= −⎣ ⎦∑ ∫ .              (1) 

The necessary temperatures and heat flows are found from thermal conductivity equation 
                            ( )( ) ,TE JT T Q−∇ κ ∇ =                        (2) 
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where TEκ  is effective thermal conductivity of thermopile, QJ  is the Joule heat which is released in the 
bulk of the thermopile. 

The boundary conditions for (2) will be given by 

 (1) ( 1) ( ) ( ), ,in in in i out i out N out
H H H H H HQ Q Q Q Q Q+= = = , (3) 

 ( )( ) ( ) ( ) ( )( ) ( ) ( ) /i i i i
H H tQ x T x T x R= − , (4) 

 ( )( ) ( ) ( )
0 2( ) ( ) ( ) /i i i

C tQ x T x T x R= − , (5) 

The set of relations (1) - (5) makes it possible to determine the distribution of temperatures and 
heat flows in each of the sections 

To restrict the hot temperature of the module, the thermal resistance between the hot heat 
exchanger and the thermoelectric module is determined from equation (4). 

The power of each section and total efficiency of TEG can be found from equations 

 ( ) ( ) ( )
0( ) ( ( ), )i i i

H HW Q x T x T dx= η∫ , (6) 

 ( )

1

1 N
i

TEG in
iH

W
Q =

η = ∑ . (7) 

The system of equations (1) - (5) was solved by numerical methods on a two-dimensional mesh 
of finite elements.  

To calculate the efficiency of the thermoelectric recuperator, thermoelectric materials based on 
Bi-Te were selected which are one of the best in terms of quality in the considered temperature range 
[127]. 

At the first stage, the optimization of the hot temperatures of the recuperator sections was 
carried out (Fig. 3). Fig. 4 shows the relative number of thermoelectric modules of the same type in a 
section to achieve optimal temperature distribution. 

 

 
Fig. 3. Dependence of the optimal hot temperature of the sections  on the temperature of heat carrier. 
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Fig. 4. Relative number of thermoelectric modules in a section to  
achieve optimal temperature distribution. 

The next step is to determine the dependence of the efficiency of thermoelectric modules  
(Fig. 5) and the recuperator as a whole (Fig. 6) on the temperatures of the input heat carrier. 

 

 

 

Fig. 5. Dependence of the efficiency of modules of sections on  
the temperature of inlet heat carrier. 
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Fig. 6. Dependence of recuperator efficiency on the  
temperature of inlet heat carrier. 

As is evident from Fig. 6, the use of the second section of the thermoelectric heat recuperator 
leads to an increase in efficiency by ~18%, and the third – only by 3%.  

The percentage contribution of each section of thermoelectric heat recuperator to its total power 
is shown in Fig. 8. As can be seen from the figure, the percentage contribution of the first section of 
recuperator to total power is 85 – 90%, the second – 8 – 12%, the third – about 2%. 

To assess the economic feasibility of using a thermoelectric recuperator, its specific cost was 
calculated (Fig. 8), based on the results obtained in [128]. As can be seen from the figure, the use of 
the third section in the considered temperature range is not economically feasible. The use of the 
second section is also questionable. 

 

 

Fig. 7. Contribution of each section to total power of recuperator.  
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Fig. 8. Specific cost of sectional recuperators. 

 
For a better understanding of the economic efficiency of thermoelectric recuperators, we will 

calculate their payback time, based on a comparison of the cost of their electrical energy with the cost 
of industrial electrical energy. Fig. 9 shows the results of such calculations. For example, a 
comparison was made with the average cost of electricity in Ukraine 0.12 $ / (kWh) (according to the 
data of the company Ukrenergo [130]). 

 

 

Fig. 9. Payback time of sectional recuperators. 

From the analysis of Fig. 9 it becomes clear that for the specified temperature range 
(100 - 300 ° C) it is economically feasible to use only one section. A small gain in power when using 
other sections does not cover material costs. 
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Conclusions 

1. The dependences of the optimal temperatures of the recuperator sections on the inlet gas 
temperature in the range from 100 to 600 ° C are established. For the first section from 37 to 47 

ОС, the second - from 33 to 27 ОС, the third - from 32 to 25 ОС. 
2. The number of thermoelectric converters in each section is determined to achieve the optimal 

temperature distribution in the sections. For low inlet gas temperatures the number of 
thermocouples in the sections is approximately the same. With a rise in temperature, the share of 
thermocouples in the first section increases. 

3. The specific cost of a thermoelectric recuperator and its payback time are calculated. It is shown 
that the cost of each subsequent section is approximately an order of magnitude greater than the 
cost of the previous one. Therefore, for the range of hot temperatures of the heat carrier 100-
300ОC it is economically feasible to use only one section. 
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ЕФЕКТИВНІСТЬ ТЕРМОЕЛЕКТРИЧНИХ  
РЕКУПЕРАТОРІВ ДЛЯ РАЦІОНАЛЬНИХ  

ТЕМПЕРАТУР ДЖЕРЕЛ ТЕПЛА  

У роботі наводяться результати аналізу термоелектричних рекуператорів теплових 
відходів для діапазону температур теплоносія 100 -300ºС. На основі комп’ютерної моделі 
проведено оптимізацію секційних рекуператорів, розраховано ККД кожної секції та 
рекуператора в цілому. Розраховано питому вартість та час окупності секційних 
генераторів. Зроблено висновки про економічну доцільність використання таких 
рекуператорів. Бібл. 130, рис. 9, табл. 1.  
Ключові слова: термоелектричний рекуператор, відпрацьоване тепло, ККД, потужність, 
питома вартість. 
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 ЭФФЕКТИВНОСТЬ ТЕРМОЭЛЕКТРИЧЕСКИХ  
РЕКУПЕРАТОРОВ ДЛЯ РАЦИОНАЛЬНЫХ  

ТЕМПЕРАТУР ИСТОЧНИКОВ ТЕПЛА 

В работе приводятся результаты анализа термоэлектрических рекуператоров тепловых 
отходов для диапазона температур теплоносителя 100 -3000С. На основе компьютерной 
модели проведена оптимизация секционных рекуператоров, рассчитан КПД каждой секции 
и рекуператора в целом. Рассчитаны удельная стоимость и время окупаемости 
секционных генераторов. Сделаны выводы об экономической целесообразности 
использования таких рекуператоров. Библ. 130, рис. 9, табл. 1. 
Ключевые слова: термоэлектрический рекуператор, отработанное тепло, КПД, мощность, 
удельная стоимость. 
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1) in the upper left corner – UDC identifier (for authors from Ukraine and the CIS countries); 
2) surname(s) and initials, academic degree and scientific title of the author(s); 
3) the name of the institution where the author(s) work, the postal address, telephone number, e-

mail address of the author(s); 
4) article title; 
5) abstract to the article – not more than 1 800 characters. The abstract should reflect the 

consistent logic of describing the results and describe the main objectives of the study, summarize the 
most significant results; 

6) key words – not more than 8 words. 

The text of the article is printed in Times New Roman, font size 11 pt, line spacing 1.2 on A4 
size paper, justified alignment. There should be no hyphenation in the article.  

Page setup: “mirror margins” – top margin – 2.5 cm, bottom margin – 2.0 cm, inside – 2.0 cm, 
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Tables are provided on separate pages and must be executed using the MSWord table editor. 
Using pseudo-graph characters to design tables is inadmissible. 

Formulae shall be typed in Equation or MatType formula editors. Articles with formulae 
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         Reference list shall appear at the end of the article. References are numbered consecutively in the 
order in which they are quoted in the text of the article. References to unpublished and unfinished 
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Ukrainian standard of bibliographic description DSTU 8302:2015. With the aid of VAK.in.ua 
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authors).  
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• references should appear at the end of the article. References within the text should be 
enclosed in square brackets behind the text. References should be numbered in order of first 
appearance in the text. Examples of various reference types are given below. 
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2017, Belfast). Chernivtsi, 2017. 64 p. 

Authors’ abstracts 
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Anatychuk L.I. (2003). Thermoelectricity. Vol.2. Thermoelectric power converters.  Kyiv, Chernivtsi: 
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