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THE ROLE OF THERMOELECTRICITY  
IN SELF-ORGANIZATION PROCESSES  

OF POLYSULFIDE ORES 

The purpose of this work was to study the correlation between the electrical and chemical 
parameters of ore bodies and their role in the restoration of geosystem balanced state. The 
investigation was concerned with studying the material composition, the electrical and thermal 
properties of polysulfide ores and the laws of their change with a destabilization of geological 
formation. A close correlation between the electrophysical and electrochemical properties of 
sulfide materials has been established. It has been shown that synergism effects contribute to 
restoration of a disbalance between the material and energy components of the ore system due to 
development of electrochemical reactions and thermoelectric effect resulting in the active 
formation of oxidation zone. The results of research can be used to control the processes of crude 
ore treatment and to prevent its self-ignition. 
Key words: polysulfides, synergism, oxidation zone, geosystem stability, electric dipole, 
galvanocouple, thermoEMF. 

Introduction 
Natural bodies, including geological ones, by definition of academician V.I. Vernadsky, are 

formations combining two substances: material and energy. They are in close correlation and, under 
stable external conditions, in a balanced state. With a change of external conditions in the natural 
systems, this balance is disturbed, bringing about the processes aimed at its restoration with a new 
state of environment. The synergetic effects are distinctly traced by the results of analysis of the 
material characteristics of ore bodies, their composing ore minerals, the electrophysical, electro-
chemical properties of these formations and the electrical fields produced by them [1, 2]. 

The nature of energy effects 
There are two main types of reasons for destabilization of geological systems: natural, related to 

development of different geodynamic, metamorphological, etc. processes, and antropogenic, caused 
by human technological activity. 

Ore accumulations and bodies of pyrite-polymetal deposits are nonuniform in the distribution of 
material and physico-chemical parameters in them, which is caused by polygenesis and polychronism 
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of their formation. When ore bodies of deposits are formed in several stages, the distribution of ores in 
them has a zone structure, in the form of stripes or layers. In so doing, the ore materials in each zone 
are characterized by their unique physico-chemical properties leading to a drastic difference in the 
electrophysical properties of the layers formed. Owing to this, in terms of energy, they are natural 
thermoelectric elements combined with micro- and macrogalvanic elements located on different 
hierarchical levels. In the open environment such thermoelectric elements are generally arranged in 
subconformity with the occurrence of the ore bodies. The higher is temperature difference on the ends 
of these elements, the higher is thermoelectromotive force with which they generate current.  

For many millions of years the established deposits have been under stable conditions with a 
balanced state between the material and energy components. In the case of blind ore bodies the 
difference in temperatures between the upper and lower parts is determined by the temperature 
gradient of the Earth. Under Rudny Altai conditions this temperature difference with a vertical drop of 
the ore body and its length to 2 km is 20 to 30 °С. With such temperature difference, the intensity of 
emerging electrical field does not exceed tenths of a microvolt and thermal currents are minor.  

Reaching the erosive truncation changes the environmental conditions (humidity, oxygen 
concentration, etc.) for micro- and macrogalvanic elements which initiates development of 
electrochemical reactions with formation of secondary minerals. This process is accompanied by heat 
release and heating up the upper part of ore body to temperature beyond 100 – 150 °С (almost five-
fold increase). Creation of high-power thermal gradient results in the origination of considerable 
thermoelectric effect and re-formation of natural dipole electrical system: position of ore body heating 
area is changed and potential difference of the upper and lower dipoles is increased considerably. In 
the former case heating area was concentrated in the fringe zone, whereas in the latter case it migrates 
to the head of the ore body. In so doing, due to a large temperature difference between the upper and 
lower areas of the ore bodies, the intensity of natural electrical field is much in excess of the intensity 
of electrical fields of the ore bodies that are in a stable state. Such deposits have a well-developed 
oxidation zone whose formation is related to bringing the material and energy components into a 
balanced state and which is frequently a seat of sulfide fires. 

Antropogenic reasons leading to destabilization of geological systems during extraction and 
treatment of ores are represented by a continuous process including consecutive steps of development 
of ore bodies and accumulations by mining; storing of mass in the stockpiles of mines and dressing 
works; preparation of charge for dressing; dressing; subsequent treatment. 

Development of ore accumulation by mining brings about synergism effects similar to those that 
emerge when an ore body reaches the erosive truncation. Synergism is most conspicuous in places of 
self-ignition of ores. These processes first appear in the ores enriched with microgalvanic elements. The 
temperature in places of ignition reaches 90 – 110 °С, which contributes to launching of local 
thermoelements. Thermal currents resulting from the work of thermoelectric element, in turn, produce a 
significant influence on the work of micro- and macrogalvanic elements and intensify oxidation 
processes. The work of described system of electric elements results in formation of secondary minerals. 

Ore excavation disturbs the balance between the material and energy components in total 
break pieces. Transition to a new stable state during this stage is accompanied by self-organization 
processes aimed at establishing the balance by transformation of material component due to the effect 
of micro- and macrogalvanic elements. Transformation of material component changes, in turn, the 
energy component, cancelling part of natural galvanic elements. 

Synergism effects are also observed in the ore stacks of homogenizing yards at the mines and 
dressing works with a layer by layer formation of ores with different electrophysical (electrochemical) 
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properties. Crushing and grinding of ores being prepared for flotation enlarges the total surface of 
natural galvanic elements which intensifies their work.  

Results of research on the composition and properties of ores 
This paper presents the results of research on pyrite-polymetal and gold-sulfide deposits of 

Rudny Altai which are notable for their polygenetic nature. It is shown [3, 4] that each step of 
formation of such deposits took place under specific thermobarogeochemical conditions, unique to this 
step. This determined zonal distribution of the natural types of ores within ore bodies, as well as the 
polymorphism of same-name minerals and, hence, the impurity composition and quantitative relations 
of impurities therein. In Tables 1 and 2 are given compositions of various types of ores and impurity 
distribution in the depth of occurrence of the ore deposit. Deviations of crystal lattice shape of 
minerals (including same-name) from perfect one, as well as different composition of impurities in 
them account for the difference in their electrophysical properties.  

Table 1 
Chemical composition of typical ores of East Kazakhstan  

gold-bearing deposits 

Content, % (mass) 

Components 
Average for the upper horizons 

Deep horizons 

(“Central” area) 

Deep horizons 

(“Intermediate” area) 

SiO2 60.0 – 65.0 66.0 – 67.0 55.0 – 56.0 

Fe general 4.1 – 4.3 5.0 – 6.0 2.8 – 3.0 

Al2O3 12.1 – 12.5 12.0 – 13.0 14.0 – 15.0 

CaO 1.0 – 2.0 2.0 – 2.1 2.2 – 2.3 

MgO 1.0 – 2.0 1.3 – 1.4 1.4 – 1.5 

Cu 0.010 – 0.015 0.01 – 0.015 0.010 – 0.015 

Pb 0.04 – 0.07 – 0.001 – 0.0015 

Zn 0.10 – 0.15 0.009 – 0.011 0.007 – 0.009 

As 0.90 – 0.93 1.0 – 1.1 0.6 – 0.7 

Sb 0.05 – 0.07 0.05 – 0.07 0.01 – 0.02 

Sgeneral 1.85 – 1.90 1.3 – 1.4 1.8 – 1.9 

Ssulfide 1.65 – 1.68 1.2 – 1.3 – 

C 3.0 – 3.5 1.2 – 1.3 2.1 – 2.5 

Au, g/t 9.0 – 10.0 10.0 – 11.0 8.0 – 9.5 

Ag, g/t 3.3 – 3.6 1.0 – 2.0 – 

According to their electrophysical properties, sulfide minerals are classified as semiconductors. 
This is directly related to the Fermi level position in the surface layers of mineral-semiconductors 



A.O. Teut, N.A. Kulenova 
The role of thermoelectricity in self-organization processes of polysulfide ores 

 Journal of Thermoelectricity №1, 2013 ISSN 1607-8829 8

which determines such important surface characteristic as electrode potential representing potential 
drop at the interface of mineral and ionic medium (for instance, leaching solution) or other mineral 
forming an aggregate with it. 

Table 2 
Chemical composition of various types of ores of the Nikolayevskoye deposit 

Crystalline ores Metacolloidal ores 

Component Sulphuric-
pyrite 

Copper pyrite 
Copper-zinc 

pyrite 
Copper-zinc 

pyrite 
Zinc pyrite 

Cu, % 2.5 7.8 23.4 25.45:8 9.95 

Pb, % 0.55 0.5 1.1 4.8 4.55 

Zn, % 1.55 3.25 11.65 26.45:5 37.1 

Ssulfate., % 2.03 0.44 0.48 0.84 2.03 

Sgeneral, % 44.89 37.99 43.96 46.00 40.53 

Fegeneral., % 39.39 32.50 34.49 38.58 31.75 

Al2O3, % 2.41 1.75 0.34 1.36 0.17 

BaO, % 0.06 0.86 0.11 2.3 4.56 

CaO, % 0.36 0.13 0.08 0.15 0.07 

MgO, % 0.20 0.54 0.13 0.48 0.14 

Bi, % 0.01 0.0021 0.008 0.012 0.0062 

Ga, % 0.001 0.00044 0.0003 0.002 – 

Ge, % Not detected 0.0002 0.00032 0.0005 0.0002 

In, % Not detected 0.0001 0.00005 0.0009 0.0009 

Cd, % 0.002 0.0108 0.004 0.014 0.003 

Mo, % 0.002 0.0018 0.002 0.002 0.0018 

As, % 0.07 0.11 0.10 0.22 0.22 

Ni, % weak 0.00098 0.0009 0.0012 0.0038 

Sn, % 0.001 0.003 0.003 0.009 0.010 

Sb, % 0.004 0.0032 0.002 0.0016 0.022 

Se, % – 0.009 weak 0.006 weak 

Tl, % 0.0005 0.0029 weak 0.004 0.004 

Te, % 0.0020 0.00174 weak 0.001 0.0016 

Ti, % – 0.0106 0.082 – 0.042 
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Tables 3 and 4 present the electrophysical properties of the ore minerals of the main deposits of 
Rudny Altai [5]. The estimates of semiconductor properties of minerals were made on the basis of 
results of measuring the thermoelectric, galvanomagnetic effects, the electrical conductivity and 
studying the volt-ampere characteristic of minerals. As can be seen, the thermoEMF ТEMF and 
electrical resistivity ρ of minerals vary within wide limits. The largest variation range is peculiar to 
iron sulfides (pyrite, markasite) composing, as a rule, a matrix of pyrite-polymetal and gold-sulfide 
ores (from 60 to 95% of mineral composition). Among them there are species possessing both 
electron- and hole-type conductivity. 

Chalcopyrites are mostly characterized by electron-type conductivity. Grains with hole-type 
conductivity are extremely rare in the metamorphized ores of the Maleyevskoye deposit.  

Among the ores of studied deposits, galenite mainly possesses the electron-type conductivity. 
Grains with hole-type conductivity are sometimes found in the ores of the Orlovskoye, Maleyevskoye 
and Tishinskoye deposits. 

Table 3 
Electrophysical properties of the main ore minerals of the Nikolayevskoye and Orlovskoye deposits 

Deposits 

Nikolayevskoye Orlovskoye 

ТEMF, mV/degree ТEMF, mV/degree Minerals 
n-con-

ductivity  
(–ТEMF) 

p-con-
ductivity  
(+ТEMF) 

ρ, Ω·m n-con-
ductivity 
(–ТEMF) 

p-con-
ductivity 
(+ТEMF) 

ρ, Ω·m 

Markasite – 
0.1; 9.0

2.43
 

35 10 ; 3.4−⋅
−

 – – – 

Pyrite 
18; 7
13

 7; 28
16.22

 
4

3

12.5 10 ;1.8
3.5 10

−

−

⋅
⋅

 
18; 6
12

 0.1;15
7.8

 
4

2

9.4 10 ;1.1
4.18 10

−

−

⋅
⋅

 

Chalcopyrite 
48; 20

32
 – 

4

5

1.8 10 ; 0.81
5.1 10

−

−

⋅
⋅

 
32;18

28
 – 

4

3

9.7 10 ; 0.14
2.3 10

−

−

⋅
⋅

 

Sphalerite 3.0 ; 0∗

−
 0.1; 2.5∗

−
 

2 4

3

3.1 10 ; 48 10
9.2 10

−⋅ ⋅
⋅

8.2 ; 0∗

−
 0.2;12∗

−
 

7

5

0.16;1.1 10
5 10

⋅
⋅

 

Galenite 
42; 5
28

 – 
47.2 10 ; 0.1−⋅

−
 

48; 0
32

 0.1 ; 3.4∗ ∗

−
 

513.2 10 ; 0.72−⋅
−

Pyrrhotine – 
8; 32
−

 
62.8 10 ; 0.7−⋅

−
 – – – 

Melnikovite; 
melnikovite-

pyrite 
– 

12; 27
18

 
26.7 10 ;1.42

0.35

−⋅  – – – 

Note. In the numerator – the minimum and maximum values, respectively, in the denominator – the 
average value; 
* – is of limited occurrence. 

ThermoEMF of sphalerites rarely exceeds tenths and even hundredths of mV/degree. In so 
doing, the hole-type conductivity is mostly recorded. In the ores of the Nilolayevskoye deposit the 
varieties of sphalerite are sometimes found (marmatite with increased iron content), characterized by 
thermoEMF value within 5 to 9 mV/degree. 
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Table 4 
Electrophysical properties of the main ore minerals of the Tishinskoye  

and Maleyevskoye deposits 

Deposits 

Tishinskoye Maleyevskoye 

ТEMF, mV/degree ТEMF, mV/degree Minerals 
n-con-

ductivity  
(–ТEMF) 

p-con-
ductivity  
(+ТEMF) 

ρ, Ω·m n-con-
ductivity 
(–ТEMF) 

p-con-
ductivity  
(+ТEMF) 

ρ, Ω·m 

Pyrite 30;16
21

 
2;13

6
 

414 10 ; 8.1
0.24

−⋅
 

17; 0
8

 
0.1; 27
−

 
4

2

1.1 10 ; 0.13
8.4 10

−

−

⋅
⋅

 

Chalcopyrite 
48; 20

32
 – 

4 2

3

3.6 10 ;1.3 10
15 10

− −

−

⋅ ⋅
⋅

42; 20
22

 0.1 ; 3.8∗ ∗

−
 

5 2

3

4.6 10 ; 4.8 10
2.5 10

− −

−

⋅ ⋅
⋅

Sphalerite ∗

−
4.0

 
∗

−
9.0

 – 
0.8; 0
−

 0.27; 6.3∗

−
 

3 61.8 10 ; 9.3 10⋅ ⋅
−

 

Galenite 
34;18
−

 6 ;18∗ ∗

−
 – 

49;16
32

 1.4 ; 3∗ ∗

−
 

5 38.8 10 ; 2.6 10− −⋅ ⋅
−

Pyrrhotine – – – – 
2.4;12
−

 
5 3

4

3.1 10 ; 6.6 10
2.8 10

− −

−

⋅ ⋅
⋅

 

Note. Notation is the same as in Table 3 

Thus, ores under study are a complex electrode “composed of individual mineral electrodes 
having relatively positive and negative values of electrode potential” [6]. In so doing, the minerals 
electrochemically interact and form complex microgalvanic elements. Experimental studies aimed at 
simulating the work of galvanic elements formed by natural mineral aggregates have shown [5] that 
electrode potentials of grains as part of polymineral ores differ considerably from steady-state 
potentials of isolated monominerals (Table 5). 

Table 5 
Effect of “sphalerite – chalcopyrite” galvanic element from the ores of the Nikolayevskoye  

deposit on passing of copper and zinc into solution 
Content in solution, mg/dm3 

without pulp aeration with aeration Experiment  Minerals 
Cu Zn Cu Zn 

1 Chalcopyrite – sphalerite 
49.0
31.0  

77.1
57.1  

54.0
35.0  

85.1
70.1  

2 Chalcopyrite, sphalerite 
23.0
18.0  

77.0
64.0  

25.0
20.0  

88.0
75.0  

3 Chalcopyrite (n-type) 
19.0
17.0  – 

19.0
18.0  – 

4 Sphalerite (p-type) – 
28.0
21.0  – 

33.0
25.0  

Note. In the numerator – within 24 hours, in the denominator – within 48 hours. 
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From Table 5 it is seen that with formation of a short-circuited galvanocouple (experiment 1) 
passing of copper and zinc into solution is increased almost twofold as compared to separate leaching 
of chalcopyrite and sphalerite (experiments 3 and 4). Some increase of extraction of metals to solution 
with a simultaneous location in it of non-contacting electrodes of chalcopyrite and sphalerite 
(experiment 2) is apparently related to formation of ionic electrical bond. Fig. 1 shows a change in 
electrode potentials on different mineral electrodes in acid and alkali media. The run of potential 
curves indicates that the work of galvanocouples is controlled by anode process which is retarded both 
due to products of direct oxidation of sulfides and of secondary reactions on the anode surface, 
particularly in alkaline medium. 

 
a) 

 
b) 

Fig. 1. Results of measuring steady-state electrode potentials of the main minerals  
of the Maleyevskoye pyrite-polymetal deposit at different рН values of medium (а)  

and a change in current density of chalcopyrite-sphalerite galvanocouple with time, mV/degree (b):  
pyrite: 1) +14; 2) –6,3; 3) –15; chalcopyrite: 4) –21; 5) –60; sphalerite:  

6) –2,5; 7) with air purging; 8) without purging. 

Electrochemical oxidation processes related to the work of microgalvanic elements, are rather 
widespread in nature in the formation of hypergenesis zones. Electrochemical processes and chemical 
oxidation processes are interrelated and mutually enhancing. Current strength of galvanocouples made of 
mineral electrodes (simulating natural aggregates), under conditions of active aeration contributing to 
chemical oxidation of mineral surface, is increased (for the case in Fig. 1, b by a factor of about 2). The 
generated electrochemical currents, in turn, intensify chemical oxidation of electrodes accompanied by 
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formation of secondary minerals (Fig. 2). It was established that the electrochemical properties (electrode 
potential) and the Seebeck coefficient depending on specific features of mineral crystal structure, the 
character of impurity atoms entry into crystal lattice of sulfides, are closely correlated [7]. 

 
Fig. 2. Result of work of microgalvanic elements formed by p-type pyrite (position1, light-yellow, relief) and  
n-type chalcopyrite (position 2, orange, oxidized) in the ore of the Rubtsovskoye deposit: bornite (position 3, 

brick-red), covellite (position 4, blue), chalcosine (position 5, crimson). 

The fact that pyrites qualitatively prevail in polysulfide ores allows singling them out as a 
mineral which is most responsible for semiconductor properties of ores. From comparison of the 
composition of pyrites of metacolloidal and crystalline ores in Table 6 it follows that despite the 
identical collection, the concentration of impurity elements differs considerably, and dependence 
thermoEMF of pyrites on the content of individual elements in them (Fig. 3) permits a conclusion to 
be made on the impurity nature of iron sulfides conductivity. Hence it follows that there exists a 
certain relation between thermoelectric characteristics of pyrite matrices of ores and microsystems of 
carrier minerals comprised in them (sphalerite, chalcopyrite) with emulsion or microimpregnated 
inclusions of other minerals (pyrite, chalcopyrite, galenite). 

Table 6 
Content of the main elements-impurities in the pyrites of ores of the Nikolayevskoye deposit 

Elements Crystalline ores, n⋅10–4 % Metacolloidal ores, n⋅10–4 % 

Copper 1568.7 523.5 

Zinc 430.0 318.8 

Lead 78.9 617.9 

Silver 6.2 47.9 

Cobalt 286.4 31.8 

Nickel 80.7 10.6 

Arsenic 534.1 1169.7 

Titanium 218.4 674.3 



A.O. Teut, N.A. Kulenova 
The role of thermoelectricity in self-organization processes of polysulfide ores 

ISSN 1607-8829 Journal of Thermoelectricity №1, 2013   13

 
Fig. 3. Correlation dependence of electrophysical properties of iron disulfides 

 of the Nikolayevskoye deposit on the content of elements-impurities  
(а – dependence of thermoEMF of pyrites on cobalt content;  

b – the same, on nickel content; c – the same, on silver content). 

To characterize the thermoelectric properties of ores, P.S. Revyakin [8] proposed a term “the 
Seebeck effect” denoting the total thermoEMF value of minerals in the ore which is a resultant of this 
parameter with a simultaneous measurement of thermoEMF value of crystal grains composing the ores 
(including those with different conductivity type) and is proportional to the share and thermoEMF 
value of predominant-sign crystals. 

Practical use of this parameter makes it possible not only to separate  and trace different types of 
sulfide ores in the mine workings (Fig. 4, Table 7), but also to localize zones corresponding to 
different stages of deposit ore formation (Fig. 5). 
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Fig. 4. Results of measuring the Seebeck effect in the quarry of the Nikolayevskoye ore mine: 

М – crystalline copper-pyrite ores; МС – metacolloidal copper-zinc ores; Р – veinlets of barite-polymetal ores. 

Table 7 
The Seebeck effect in the ores of pyrite-polymetal deposits of Rudny Altai 

Conductivity type, µV/degree Deposit,  
Natural types of ores Prevalence of electron conductivity prevalence of hole conductivity 

Nikolayevskoye deposit 

Metacolloidal ores 
– 

–  

98; 510
275

 

Transient ores 
258; 0.63

125
− −

−
 18.7; 420

110
 

Crystalline ores 
520; 110

315
− −

−
 

– 

 
–  

Orlovskoye deposit 

Polymetal ores 
480; 18

276
− −
−

 5; 520
206

 

Copper-pyrite ores 
590; 127

360
− −

−
 

– 

 
–  

Maleyevskoye deposit 

Polymetal ores 
510; 12.8

260
− −

−
 34; 490

211
 

Copper-zinc ores 
605; 208

418
− −

−
 

– 

 
–  

Rubtsovskoye deposit 

Polymetal ores 
390; 23

186
− −
−

 11.8; 620
316

 

Note. In the numerator – the minimum and maximum values, respectively, in the denominator –  
the average value. 
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Fig. 5. Schematic of thermoEMF versus crystallization temperature of pyrites (a)  
and schematic of through-tier zoning of the electrical properties  

of pyrites of pyrite-polymetal deposits (b). Areas: 1 – low-temperature barite-polymetal ores;  
2, 3 – medium-temperature polymetal and copper-zinc ores, respectively;  
4 – chlorite-quartz metasomatites of iron-magnesium metasomatism area;  

5, 6 – relatively high-temperature pyrite and copper-pyrite ores, respectively; 
 7 – ceriсite-quartz metasomatites of acid leaching zone. Areas of change in electrical properties:  

1′ – barite- and carbonate-polymetal veinlets with p-type pyrites;  
2′ – chlorite metasomatites and quartzites with p-type pyrites; 

 3′ – sericite-quartz metasomatites with n-type pyrites (external zone); 4′ – the same, internal zone;  
5′ – granitoids. Sign “+” corresponds to positive thermoEMF values, sign “–“ – to negative. 

From the represented data it is seen that the natural types of ores are characterized by different 
electrophysical properties. Such distribution is exemplified by the ores of the Nikolayevskoye deposit. 
According to electrophysical properties, in the ores of this deposit there are zones with prevalent hole 
conductivity, prevalent electron conductivity and mixed conductivity. Localization of contacting ore 
bunches with different conductivity type causes formation of natural thermoelectric elements. 

The technological properties of studied ores have the following specific features: 
– in combination, the natural microgalvanic and thermoelectric elements in potential-forming 

medium are the reason for ignition of sulfide ores in their natural occurrence and in ore stockpiles or 
dumps. Isolation in the wells and minings during different prospecting stages of ores with different 
electrophysical properties allows estimating their fire hazard [9]. It is established that if the potential 
of natural electric field formation is 500 ÷ 700 mV, the fire hazard of the deposit is high; 

– the presence of natural microgalvanic elements (aggregates) in the ores has a negative effect 
on flotation processes, due to which by the results of determination of electrophysical properties one 
can recognize the rebellious ores; 
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– electrochemical reactions occurring in operation of natural thermoelectric and microgalvanic 
elements, have a beneficial effect on hydrometallurgical ore dressing techniques, intensifying 
oxidation processes. Owing to this, as early as at the stage of studying the electrophysical properties, 
one can estimate the advisability of using a hydrometallurgical technique for ore dressing. 

Conclusions 
Geological formations, just as any natural bodies, tend to retention of equilibrium state. Any 

external exposures disturbing geosystem stability, initiate a response in the form of chemical and 
energy processes in crystal mass aimed at restoring the equilibrium. 

Electrophysical properties of sulfide minerals belonging to semiconductor class due to 
peculiarities of material composition and structure are of considerable importance both in formation 
and life cycle of pyrite-polymetal and refractory pyrite and arseno-pyrite gold-bearing ore deposits. 
The zone structure of such deposits corresponds to thermobarogeochemical conditions of 
mineralization at each stage of ore body formation. With a change in the external conditions of stable 
existence of polysulfide ore deposit, getting its head into erosive truncation zone exposed to potential-
forming medium (water, atmosphere air), the process of chemical oxidation of ore minerals is 
intensified by microgalvanocouples coming into operation (mineral aggregates with different 
conductivity type). The emerging electrochemical currents many times intensify the oxidation process, 
which raises essentially the temperature of ore body in oxidation zone. As a result, there is not only a 
reversal of temperature gradient direction (earlier determined by geothermal heating in the ore body 
fringe), but the gradient value itself is also considerably increased. A synergistic effect takes place 
which is manifested in the work of thermoelement formed by ore layers with different conductivity 
types. Currents generated thereby form an electrical field with a dipole structure activating the work of 
natural galvanocouples and intensifying mineral oxidation process. Such self-organization process 
goes on until there is full conversion of sulfide minerals contacting with potential-forming medium 
into secondary minerals and a new balance is established between the material and energy components 
of geological system. 

Semiconductor properties of sulfides are the most important characteristic of pyrite-polymetal 
deposit ores. In combination with other geophysical methods of parameter estimation (electrode 
potentials, early stage of induced polarization), contact method of polarization curves, measurement of 
thermoelectric properties of ores and ore minerals yields information on the ontogeny, genesis of 
accumulation helpful in the search, exploration and estimation of explored deposits. On the other 
hand, thermoEMF measurements allow classifying the ores by technological types, predicting the 
history of ore treatment processes, in particular, flotation and hydrometallurgical ore dressing 
methods, estimating the degree of fire hazard of polysulfide deposits.  

The Authors express their deep gratitude to professor V.D. Bortsov and other collaborators of 
VNIITSVETMET for submission of materials for this publication. 
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REDUCTION OF THERMOELECTRIC 
MATERIAL LATTICE THERMAL 

CONDUCTIVITY USING SHAPE-FORMING 
ELEMENT OPTIMIZATION 

Within the four different model approaches the lattice conductivity of Bi2Te3 was calculated for a 
physical model of shape-forming element of thermoelectric material structure, namely two 
hemispheres contacting in a circle with regard to phonon scattering on the contact boundary as 
applied to Bi2Te3. The calculated data is briefly discussed from the general physics and applied 
standpoints of thermoelectric material science. 
Key words: thermoelectric material, extrusion, figure of merit, lattice thermal conductivity, 
shape-forming element, contact, boundaries, phonons, scattering, normal processes, U-processes. 

Introduction 
The most widely used thermoelectric materials nowadays are Bi-Te based alloys (Bi2Te3 

compounds). They are prepared by different methods, namely zone recrystallization, Czochralski 
pulling and oriented crystallization process. These three methods yield thermoelectric figure of merit Z 
in the range of (2.8 ÷ 3.1)·10–3 K–1. Such Z values are achieved with heat flux and electric current 
orientations in the directions normal to Bi2Te3 trigonal axis. Whereas in the direction parallel to 
trigonal axis the Z values are essentially lower. This situation is due to the fact that Bi2Te3 is uniaxial 
anisotropic crystal whose conductivity values σ11 in the direction normal to trigonal axis are 
σ11 = (800 ÷ 1000) Ω–1сm–1 and are considerably higher than σ33 – conductivity along trigonal axis. 
The values of thermal conductivity χl are also anisotropic and make χ11 = 1.45 W/m·K and 
χ33 = 0.58 W/m·K. At the same time, the thermoelectric coefficients α11 and α33 are little different and 
make 210 ÷ 220 μV/K. Therefore, Z11 = (2.4 ÷ 2.5)·10–3 K–1. For this reason, practical use is found by 
materials oriented normal to trigonal axis. 

Thermoelectric instruments and devices are also manufactured with the use of Bi2Te3 based 
materials prepared by extrusion method whose thermoelectric figure of merit is about 3·10–3 K–1, that 
is, rather close to that of single crystal materials. 

It should be noted that the macroscopic structure of extruded materials is a combination of 
arbitrarily oriented powder particles of size (40 ÷ 80) μm whole properties are close to those of 
oriented crystalline thermoelectric materials. For extruded thermoelectric materials 11 33efσ = σ σ  and 

11 33efχ = χ χ . Therefore, thermoelectric figure of merit of extruded material must be lower than that 

of single crystal. Taking into account that electric conductivity anisotropy of Bi2Te3 depending on 
conductivity type is 2.7 for p-type and 4 ÷ 6 for n-type, and thermal conductivity anisotropy is 2 ÷ 3, 
the figure of merit can be reduced by a factor of 2  – 3 , that is, by 30 – 40 %. However, in the best 
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case for p-type material it can even grow by about 5 %. In practice, no figure of merit reduction is 
observed. Hence, there must be a mechanism leading to thermoelectric figure of merit increase in 
going from single crystal to extruded material structure due to a change in the character of phonon and 
current carrier scattering. Research on this mechanism would provide for helpful information as to the 
ways of radical improvement of thermoelectric figure of merit of said materials.  

The physical concept of thermoelectric figure of merit improvement in extruded material is that 
thermal conductivity in going from a bulk to porous or fine-dispersed structure is reduced considerably 
and the electric conductivity – essentially weaker. 

The authors of [1] who were among the first who paid attention to this fact, made evaluation 
calculations of the electric and thermal conductivity of model structure of thermoelectric material rods 
divided by vacuum gaps. From the evaluation formulae it follows that if the characteristic dimensions of the 
rods are small, then the electric and thermal conductivity of the structure is proportional to these dimensions. 
However, with the large rod dimensions said characteristics tend to parameters of the bulk material. 
Moreover, in the estimation of thermoelectric figure of merit in this work it was considered that the lattice 
conductivity of such structure is zero. The electric and thermal conductivity of the structure caused by free 
charge carriers is essentially dependent on the coefficient of electrons passage through the vacuum gap 
which does not affect, however, the thermoelectric figure of merit. Said approach did not yield quantitative 
estimates of rod dimensions and gaps between them that are optimal in terms of thermoelectric figure of 
merit. In [2] it is shown that in going from single-crystal to fine-dispersed germanium with the average grain 
radius 2.0 ÷ 2.5 μm (of which samples with porosity 70 % were made), the ratio of electric conductivity to 
thermal conductivity increased by a factor of 100 as compared to single crystal, and thermoelectric figure of 
merit – only by a factor of 4 – 6, which, in the authors’ opinion is attributable to incomplete restoration of 
negative thermoEMF after annealing. In [3], formulae were obtained for the determination of the electric and 
thermal conductivity of a dispersed medium comprising spherical particles of thermoelectric material, but 
electron and phonon scattering on the boundaries of spheres and contacts between them was not considered. 

Paper [4] is a theoretical study of the thermal conductivity of the bulk nanostructured  bismuth 
telluride samples which, nevertheless, does not take into account that phonon scattering on the boundaries of 
individual nanoparticles occurs at all phonon frequencies, rather than at “selected” ones. 

In patent [5] for the efficient phonon drag it is proposed to use small-area contacts between 
relatively large parts of thermoelectric material. In so doing, said contacts must have dimensions of the 
order of several nanometers. 

There were also considered the possibilities of creating such thermoelectric materials that would be 
“phonon glasses”, remaining in this case “electron crystals” due to the fact that lattice thermal conductivity 
with a large concentration of structural defects is reduced more than the electric conductivity owing to the 
peculiarity of electron density of states [6]. The researchers’ attention is also focused on the whiskers of 
organic conductors of the type TTF-TCNQ and the like [7, 8]. It is considered that a high degeneracy level 
of free charge carriers gas is attainable in these crystals, owing to which lattice thermal conductivity cannot 
affect considerably the thermoelectric figure of merit of material, and the latter can be regarded as the 
integral characteristic of free charge carriers subsystem in material [9], that is, the lower limit of thermal 
conductivity in these crystals has already been achieved, and the only opportunity of thermoelectric figure of 
merit improvement is the Lorentz number increase.  

In the manufacture of thermoelectric modules of conventional material powders by hot pressing 
or extrusion methods, a question arises as to the optimal in terms of thermoelectric figure of merit size 
of powder grains and contacts between them. According to [10], particles of source powder can be 
adequately considered spherical. In the course of pressing they can acquire the shape of hemispheres 
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with a circular contact between them. The shape-forming element of such structure can be 
approximated by two equal-radius hemispheres contacting in a circle. Research on the generalized 
conductivities of such shape-forming element should be a preliminary to a research on the above 
mentioned characteristics of structure as a whole. It is this that motivates the relevance of the problem 
solved in this work. 

Our purpose in this work is to calculate changes in the lattice thermal conductivity of shape-
forming element of extruded thermoelectric material structure due to phonon scattering on the 
boundaries of contact between two osculating hemispheres, and estimate the radius of contact 
necessary for 30 – 40 % reduction of lattice thermal conductivity of shape-forming element. 

Consideration of the problem of phonon scattering on the boundaries  
of shape-forming element in the approximation of constant relaxation time  

As will be shown below, for consideration of this problem it is reasonable to involve a model of 
unit sphere placed in a heat flux. This will enable a more transparent physical interpretation of 
quantitative estimates. With a constant phonon relaxation time, the following expression for the 
resulting phonon mean free path in a limited sample is valid [11]: 

 .p
tp

p

l L
l

l L
=

+
 (1)  

In this formula, lp is phonon mean free path in material caused by all scattering mechanisms, 
except for the boundaries of contact spot or sample as a whole; L is effective phonon mean free path due 
to sample boundaries. As long as the effective mean free paths in a sample due to the boundaries are not 
equal for all the phonons, the thermal conductivity of material at boundary scattering is: 

 1
3

ef
l V p

p

Lvc l
L l

χ = ρ
+

. (2)  

In this formula, ρ is material density, v is sound velocity in it, cV is specific heat of material with 
a constant volume. The angular brackets mean averaging of respective expression over possible 
effective lengths L of phonon mean free path in a sample, including the shortest ones, because theirs is 
the major contribution to general possibility of phonon scattering [11]. In the case of a circular contact 
which is small as compared to hemisphere diameters, it can be considered that phonon drag takes 
place only in its vicinity. Moreover, all points of contact boundary are equivalent by virtue of its 
symmetry. Hence, formula (2) implies the following ratio between thermal conductivity of shape-
forming element and that of the bulk sample: 

  
1 2 2

1

2
0 0

1 2 cos d d
1 1 2 cos

ef
l l

k x xx x
k x x

π
− + − ϕ

χ χ = π ϕ
+ + − ϕ

∫ ∫ . (3)  

In this formula, k = r / lp, lp is phonon mean free path. As it must be, at k = 0 formula (3) gives 
zero, and at k → ∞ – thermal conductivity of a bulk sample. The results of these calculations are 
shown in Fig. 1. 

From the results of calculations it follows that for thermal conductivity reduction, for instance, 
by 30 – 40 %, the contact radius must not exceed (1.3 ÷ 2.5) lp. Taking into account that according to 
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[12] the phonon mean free path corresponding to a greater thermal conductivity value is 4.16 nm, we 
obtain that contact radius must not exceed (5 ÷ 10) nm. The mean free path corresponding to the lower 
thermal conductivity value is, however, 1.4 nm. Therefore, for the same reduction of the lower thermal 
conductivity value the contact radius must not exceed (1.8 ÷ 3.3) nm. By analogy, this problem can be 
solved for a unit sphere. The respective formula is given by: 

 
1 2 2

2

2
0 0

1 2
1.5 d d .

1 1 2
ef
l l

k x xy
x y x

k x xy

π + −
χ χ =

+ + −
∫ ∫  (4)  

 

Fig. 1. Dependence of thermal conductivity of a system of two hemispheres  
contacting in a circle on the contact radius. 

Double integral in this formula is caused by averaging the expression for thermal conductivity 
over the effective phonon mean free paths inside the sphere. In this formula, k = R / lp, where R is 
sphere radius. The corresponding plot is presented in Fig. 2 

 

Fig. 2. Sphere radius dependence of a relative decrease  
in lattice thermal conductivity due to phonon drag size effect.  

It is seen that for the above discussed thermal conductivity reduction the sphere radius should 
not exceed (1.2 ÷ 2.2) lp. For a greater thermal conductivity value it makes (5.1 ÷ 9.3) nm, and for the 
lower – (1.6 ÷ 2.9) nm. 
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Problem consideration with regard to frequency dependence  
of phonon relaxation time 

All previous calculations have been valid in the approximation of constant phonon relaxation 
time. Next, we consider the problem with regard to frequency dependence of phonon relaxation time. 

If we normalize phonon relaxation time to the time of normal processes, then, taking into 
account [11], components of thermal conductivity tensor of the bulk sample of such layered material 
as bismuth telluride can be written as: 

 
( )

( )
( ) ( ) ( )

4 41
||,

||, 22 3 2 3
||, ||,0||,

3 exp 1 2 d .
32 exp 1

B
l

l tB D
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⊥

⊥
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⎛ ⎞θ
χ = +⎜ ⎟⎜ ⎟γ θ π ⎡ θ − ⎤ ⎝ ⎠⎣ ⎦

∫  (5)  

In these formulae, χl is lattice thermal conductivity; M is average atom mass in bismuth telluride;  
v is sound velocity in it; kB is the Boltzmann constant; γ is the Gruneisen parameter; TD is the Debye 
temperature of material; θ = T / TD, Ql(x) and Qt(x) are frequency polynomials introduced by one of the 
authors (P.V. Gorsky) that are to a power not higher than the fourth and caused by scattering 
mechanisms for the longitudinal and transverse phonons, indexes ⊥ and || refer to thermal conductivity 
and sound velocity normal and parallel to the layers.  

At room temperatures and higher the thermal conductivity of thermoelectric material is mainly 
determined by Umklapp processes (U-processes). Therefore, polynomials Ql(x) and Qt(x) are 
determined as: 

 ( ) ( )||, ||, ||, .l tQ x Q x x⊥ ⊥ ⊥= = μ  (6) 

Coefficient μ in the analytical form was calculated by Leibfried and Shleman [11] for a cubic 
lattice. However, according to experimental data [11], the value μ is not universal. Therefore, we will 
“retrieve” μ|| and μ⊥ coefficients from the real values of components of thermal conductivity tensor of 
bismuth telluride [12], on condition of their coincidence with the theoretical values (5) and (6). At 
χl⊥ = 0.58 W/m·K, χl|| = 1.45 W/m·K, M = 158.8 a.m.u., a⊥ = 3⋅10–9 m, v⊥ = 1867 m/s, a|| = 7⋅10–10 m, 
v|| = 2952 m/s, TD = 155 K and T = 300 K we obtain μ|| = 0.131, μ⊥ = 6.657·10–4. 

Based on these coefficients, it is easy to calculate a relative reduction of thermal conductivity 
due to scattering on the boundaries of circular contact and sphere. By analogy with formula (3) in the 
case of a circular contact: 
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In so doing, 
42
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The afore-mentioned figures of thermal conductivity reduction for its greater value are obtained 
at k* = 17.37 ÷ 33.02. With the above defined problem parameters we get r|| = (3.5 ÷ 6.7)·10–9 m. The 
same figures of thermal conductivity reduction for its lower value are obtained at k* = 3419 ÷ 6498. 
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Therefore, r⊥ = (0.6 ÷ 1.2)·10–9 m. Such radii of contacts between particles of diameter 60 ÷ 80 μm are 
hardly feasible.  

In the case of a sphere, by analogy with formula (4) we have:  
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where 
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Hence, in case of a sphere, to obtain the above reduction of greater thermal conductivity value, 
there must be k* = 15.57 ÷ 29.07, whence R|| = (3.2 ÷ 5.9)·10–9 m. To obtain the same reduction of 
lower thermal conductivity value, there must be k* = 3420 ÷ 6500, whence R⊥ = (0.6 ÷ 1.2)·10–9 m. 
Such particle dimensions are realizable only in nanostructured thermoelectric materials. Thus, the 
approach that takes into account only U-processes, cannot explain yet a small change in thermoelectric 
figure of merit in going from a single crystal to extruded thermoelectric material.  

Therefore, it is worthwhile to consider phonon scattering on the boundaries of a circular contact 
and sphere with regard to not only U-processes, but normal processes as well. For this purpose, 
frequency polynomials Ql(x) and Qt(x) may be written as follows: 

 ( ) 4
||, ||, ,lQ x x x⊥ ⊥= + μ  (9) 

 ( ) ( )3
||, ||, 3.125 .tQ x x⊥ ⊥= μ + θ  (10)  

Hence we get μ|| = 4.142⋅10–5, μ⊥ = 5.917⋅10–12. In this case, to obtain the above reduction of 
greater thermal conductivity value with phonon scattering on the boundaries of a circular contact, 
there must be k* = (1.52 ÷ 4.37)·105. Thus contact radius r|| = 31 ÷ 89 μm. To obtain the same 
reduction of lower thermal conductivity value, there must be k* = (1.839 ÷ 5.454)·1014, whence 
r⊥ = 32÷97 m. Quite similarly, in the case of phonon scattering on the boundaries of a sphere, to obtain 
the above reduction of greater thermal conductivity value, there must be k* = (1.37 ÷ 3.90)·105, 
whence R|| = 28 ÷ 80 μm. For the same reduction of lower thermal conductivity value, there must be 
k* = (1.66 ÷ 4.88)·1014, whence R⊥ = 29 ÷ 87 m. 

From the absurd, on the face of it, results for r⊥ and R⊥ parameters it follows that thermal 
conductivity anisotropy of macroscopic (e.g. meter long) samples cut from Bi2Te3 single crystal must 
be essentially dependent on their size, which is not the case. So, such an approach needs to be 
modified. Its main disadvantage introducing an excessive error lies in a forced replacement of real 
crystal lattice of material by a simple cubic lattice with one atom in the unit cell. However, in this case 
it is clear that neither a|| nor a⊥ can serve as cube edges, since M / a||

3and M / a⊥3quantities yield 
evidently understated material density values.  

In conclusion, we consider an approach based on the substitution of a real Bi2Te3 crystal lattice 
by a simple cubic lattice of the same density. According to this approach, the value of dimensionless 
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parameter ∗
⊥||,k  for the case of a circular contact should be redefined as: 

 
42

||,
||, 2

||, ||,

,B D B Dr k T k Tk
v v

⊥∗
⊥

⊥ ⊥

⎛ ⎞ ⎛ ⎞γ
= ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ρ ⎝ ⎠ ⎝ ⎠

 (11)  

and for the case of а sphere as: 

 
42

||,
||, 2

||, ||,

.B D B DR k T k Tk
v v

⊥∗
⊥

⊥ ⊥

⎛ ⎞ ⎛ ⎞γ
= ⎜ ⎟ ⎜ ⎟⎜ ⎟ ⎜ ⎟ρ ⎝ ⎠ ⎝ ⎠

 (12) 

As to formula (5), it must be re-written as:  

 
( )

( )
( ) ( ) ( )

4 41
||,

||, 22 2 3
||, ||,0

3 exp 1 2 d .
32 exp 1

B
l

l tB D

v k x x
x

Q x Q xk T x
⊥

⊥
⊥ ⊥

⎛ ⎞ρ θ
χ = +⎜ ⎟⎜ ⎟γ θ π ⎡ θ − ⎤ ⎝ ⎠⎣ ⎦

∫  (13)  

Just as before, with regard to formulae (9) and (10), we obtain μ|| = 0.022, μ⊥ = 2.177⋅10–3. 
According to this approach, for the reduction of either thermal conductivity values by 30 – 40 % in the case 
of phonon scattering on the circular contact boundaries, k||

* must be 69.6 ÷ 167.7 and k⊥ – 1008 ÷ 2691. 
Therefore, contact radius must be 0.4 ÷ 1.1 μm. In the case of phonon scattering on the sphere boundaries, 
k||

* must be 62.5 ÷ 149.1 and k⊥ – 908 ÷ 2400. Therefore, the sphere radius is 0.35 ÷ 1 μm.  
Contacts of said dimensions can occur between particles of diameter 40 ÷ 80 μm at extrusion, 

which can account for the absence of a considerable decrease in thermoelectric figure of merit in going 
from a single crystal to extruded material.  

Conclusions and recommendations 
1. Based on the model of a shape-forming element of thermoelectric material structure in the form of 

two hemispheres contacting in a circle, it is shown that one of possible mechanisms of 
thermoelectric material lattice conductivity reduction in going from a single crystal to extruded 
material can be additional phonon scattering on the boundaries of contacts or spherical particles 
themselves.  

2. In the approximation of constant phonon relaxation time it is shown that for the reduction of lattice 
thermal conductivity of a shape-forming element by 30 – 40 % as compared to that of the bulk 
material the radius of contact between the particles should not exceed 1.3 ÷ 2.5 of the mean free 
path of phonon in material. With the use of a drag on the boundaries of spherical particles 
themselves, their radius should not exceed 1.2 ÷ 2.2 of the mean free path of phonon in material. 

3. With a substitution of a real crystal lattice of bismuth telluride by a model simple cubic lattice with 
unchanged material density and account of both U- and normal processes, the above discussed 
reduction of both components of thermal conductivity tensor is obtained with contact or particle 
radii within 0.3 ÷ 1 μm. As long as such contacts may be created between particles in the process 
of extrusion, it is exactly phonon scattering on their boundaries that can account for a slight change 
in thermoelectric figure of merit in going from a single crystal to extruded material.  

The authors express gratitude to academician L.I. Anatychuk for the statement of the problem 
and important critical remarks. 
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BAND STRUCTURE OF TlInTe2 AND THERMOELECTRIC FIGURE  
OF MERIT OF SOLID SOLUTIONS ON ITS BASIS 

In this work, using pseudopotential methods, the band structure of ternary compound TlInTe2 is 
calculated, the origin of valence band and conduction band is identified, and, on the basis of 
temperature dependences of the electrical conductivity, Seebeck coefficient and thermal 
conductivity, the thermoelectric figure of merit of solid solution of the type TlIn1–xLnxTe2, where Ln 
is Се, Nd, Pr, Sm, Eu, is calculated in the temperature range of 300 – 700 K. 
Key words: TlIn1–xAx

IIITe2 solid solutions, band structure, thermoelectric figure of merit, group-
theoretic analysis. 

Introduction 
State-of-the-art technology widely employs thermoelectric materials with high thermoelectric 

figure of merit. It is known that thermoelectric figure of merit of semiconductor materials is 
proportional to the ratio between current carrier mobility and crystal lattice thermal conductivity.  

The thermoelectric figure of merit reaches maximum under certain concentration of carriers. To 
increase the thermoelectric figure of merit, it is necessary to find materials with maximum ratio 
between current carrier mobility and thermal conductivity, to create in these materials the 
concentration of carriers assuring optimal thermoelectromotive force, to develop methods for further 
increase of the ratio between current carrier mobility and lattice thermal conductivity.  

These problems are solved as follows. A different substance, crystallized in the same syngony, 
is introduced into material crystal lattice. In such systems solid substitution solutions are formed. In 
this case distortions prove to be rather efficient for the dissipation of thermal vibrations, the 
wavelength of which at ordinary temperatures is little more than lattice constant, and, as a result, 
lattice thermal conductivity is considerably reduced, and mobility is reduced only slightly. On the 
other hand, the most efficient thermoelectric materials are based on multi-component semiconductor 
compounds or solid solutions comprising heavy elements with a complex or defective crystalline and a 
complex electronic structure. These requirements are met by solid solutions of the type TlIn1–xAx

IIITe2, 
obtained with a partial substitution of indium atoms by third group atoms, including lanthanides in 
TlInTe2 lattice. The data can be found in the literature that TlIn1–xGaxTe2 solid solutions possess high 
thermoelectric figures of merit [1]. However, information on the research of thermoelectric figure of 
merit of solid solutions of the type TlIn1–xLnxTe2 is not available. In this connection, the purpose of this 
work is to study the thermoelectric properties of solid solutions of the type TlIn1–xLnxTe2, where Ln is 
Ce, Pr, Nd, Sm, Eu. 

The electrical conductivity (σ), Seebeck coefficient (α) and thermal conductivity (χ) were measured 
using a compensation method, the errors of measuring σ, α, χ were 5, 7 and 4 %, respectively. 

The alloys were synthesized by alloying the initial components taken in stoichiometric ratio, in 
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evacuated to 0.0133 Pa and sealed quartz ampoules. For synthesis of TlIn1–xLnxTe2 alloys as the initial 
substances there were used Tl – 99.99 mas.%, In – 99.99 mas.%, Pr-comprising rare-earth element – 
0.5, Ca-0.01, Cu-0.04, Fe-0.03, Се-comprising rare-earth element – 0.6, Ca-0.01, Cu-0.02, Fe-0.01, 
Nd-comprising rare-earth element – 0.31, Ca-0.01, Cu-0.01, Tl-0.017, Sm-comprising rare-earth 
element – 0.05, Fe-0.01, Cu-0.01, Eu-comprising rare-earth element – 0.03, Cu-0.016 and tellurium  
А-1. The temperature of the heater comprising quartz ampoules with the substance was raised to 750 
to 900 K at the rate of 20 to 30 K/h depending on the composition. At these temperatures the samples 
were held for 2 – 3 hours and then heated to 1150 to 1250 K and held for another 4 – 5 hours. After 
that the samples were cooled to room temperature at the rate of 10 K/hour. 

The ternary compound TlInTe2 belongs to chain semiconductors of the type TlSe, is crystallized 
in the structure with bulk-centered tetragonal lattice with 18

4 ( 4 / )hD I mcm  symmetry group. 
From considerations of a chemical bond, the formula of TlInTe2 compound is written as 

Tl+(In+Te2)–. In this compound the ions In3+ and their nearest tetrahedral environment of four Tl2
+ ions 

form negatively charged chains –Tl2
2– – In3+ – Te2

2– – along the tetragonal c  axis. Univalent ions Tl+ 
are localized between the four chains, having in this case an octahedral environment of eight ions Te2–. 
TlInTe2 is crystallized in tetrahedral syngony with the lattice parameters a = 8.482 Å, c = 7.792 Å. The 
band structure of TlInTe2 was calculated by pseudopotential methods [2-4]. Maximum kinetic energy 
of plane waves was 20 rydbergs. The lattice parameters were а = 8.494 Å, с = 7.181 Å, the chalcogen 
parameter х = 0.181.  

About 2700 plane waves were used in the expansion of wave function. The results of 
calculation of TlInTe2 band structure are given in the Figure 1. The obtained data suggests the 
following conclusions. 
1. The top of valence band is at high-symmetry point T(0, 2π/а, 0) on the surface of Brillouin zone 

and corresponds to irreducible representation of Т3, and the bottom of conduction band is on the 
line D(π/а, π/а, k), also located on the surface of Brillouin zone between the points Р(π/а, π/а, π/с) 
and N(π/а, π/а, 0), corresponds to irreducible representation of D. The energy gap width 0.66 eV, 
obtained from calculations, fits the experimental data well [5-9]. 

2. The lowest-energy direct transition is done approximately at point Т between the states Т3 and Т4. 
According to selection rules, Т3 – Т4 transition is forbidden in a dipole approximation. The bottom 
of conduction band at point Т is a saddle point. The minimum lies a short distance from point 
Т΄(0, 0, 2π/с), which is an equivalent of Т beyond the Brillouin zone, namely at point А(0, 0, π/с) 
[1+(c/а)]2 at the boundary of Brillouin zone along А1 line and corresponds to irreducible 
representation of А2. 

3. The third largest minimum of conduction band is also located on line А at point А(0, 0, π/с) and 
corresponds to irreducible representation of А4. 

4. According to composition and nature the valence bands can be divided into three groups. 
According to group-theoretic analysis, the lowest group consisting of four zones nearly –11 eV 
owes its origin to 5s states of Te. The middle group of four zones in the area of – 3.5 to –6 eV 
mainly comes from 6s states of Tl atoms and 5s states of In atoms. The upper group, structurally 
most complicated, consisting of 10 overlapping zones in the area from 0 to –3.5 eV, is mainly 
formed by 5p states of Te atoms, 5p states of In atoms. It should be noted that in the vicinity of 
valence band top the states of univalent ion Tl+ begin to appear, whose main contribution is 
observed at point Т. The main contribution to formation of the two lower conduction bands is made 
by a trivalent In3+ ion taking part in the formation of ion-covalent bond with Te2– ions.  
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Fig. 1. Band structure of TlInTe2 compound. 

These results show that the band structure of TlInTe2 is complex. In works [10-12] based on 
differential-thermal, microstructural, X-ray phase analyses it was established that in TlInTe2-TlLnTe2 
systems there is a solubility region based on TlInTe2. In works [5-7] the electrophysical and thermal 
properties of solid solutions of the type TlIn1–xLnxTe2 were studied. These crystals satisfy the 
requirements of efficient thermoelectric materials, i.e. they are multi-component, comprise heavy 
elements and possess complex crystalline and band structures.  

Investigations of the temperature dependences of the electrical conductivity, Seebeck coefficient 
and thermal conductivity of TlIn1–xLnxTe2 alloys were conducted in the temperature range of 300 to 700 K. 

Experimental data shows that in solid solutions based on TlInTe2 with increasing content of 
lanthanides in the alloys, the electrical conductivity grows by two orders of magnitude and then 
thermal conductivity is reduced. Therefore, it could be expected that in TlInTe2-TlLnTe2 systems in 
certain compositions and in certain temperature range the thermoelectric figure of merit reaches the 
value which is of practical significance. 

We have analyzed the thermoelectric peculiarities of TlInTe2-TlLnTe2 solid solutions in the 
temperature range of 300 to 700 K. The results of calculation of the thermoelectric figure of merit of 
TlInTe2-TlLnTe2, Ln-Ce, Pr, Nd, Sm, Eu alloys are given in the Table. As it follows from the Table, 
for all investigated alloys it is typical that as the content of lanthanides increases, the thermoelectric 
figure of merit grows. Increase in Z is also observed with temperature growth, and at 700 K the 
value of Z proves to be especially high. For TlIn1–xEuxTe2 solid solutions at 700 K Z is on the order 
of 2 – 2.5·10–3 K–1. Probably, the increase in Z is due to the fact that with a constant ratio between 
mobility and crystal lattice thermal conductivity in compounds with a complex structure the 
effective mass of charge carriers increases, and with a rise in carrier concentration or temperature, 
the Fermi level gets into a subband of heavy carriers. Then the important role is played not only by 
the energy gap width, but also by the energy gap between the subbands. This fact can be satisfied in 
TlIn1–xLnxTe2 crystals, since in TlInTe2 the upper part of valence band is mainly formed of 5p states 
of tellurium and indium atoms. With a partial substitution of indium atoms by lanthanide atoms, 
both 6s2 and 5d1 lanthanide electrons take part in the formation of the upper part of valence band. 
Accordingly, there is a reduction of the energy gap and increase in free carrier concentration 
thermoelectric figure of merit of TlIn1–xLnxTe2 crystals. 
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Table 
Thermoelectric parameters of TlIn1–xLnxTe2 system alloys 
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The obtained results testify that thermoelectric figure of merit of TlIn1–xLnxTe2 solid solutions 
can be increased and controlled with a variation of their composition. Research works in this direction 
should be continued. 

Conclusion 
In this work, the band structure of ternary compound TlInTe2 was calculated using 

pseudopotential methods, the origin of valence band and conduction band of this phase was identified, 
and the results of research on thermoelectric properties of TlIn1–xLnxTe2 alloys obtained by substitution 
of trivalent indium atoms by Pr, Nd, Ce, Sm and Eu atoms in TlInTe2 lattice in the temperature range 
of 300 to 700 K were stated. It was established that in certain temperature range these alloys possess 
high values of thermoelectric figure of merit and can be used in thermoelectric converters. 
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MELT SPINNING AS A PROMISING METHOD FOR PREPARATION  
OF BISMUTH AND ANTIMONY TELLURIDE  

SOLID SOLUTION MATERIALS 

This work is concerned with fabrication and study of pressed fine-crystalline materials based on p-type 
Bi0.5Sb1.5Te3 solid solution of melt spun powder. The effect of melt spinning conditions (temperature and 
disc rotation rate, purity of inert gas used in the chamber) on the dimensions and morphology of 
powders, the structure of hot-pressed samples and their thermoelectric properties has been studied. 
Mechanical properties of samples obtained by different methods were studied during compression and 
bending tests. Thermoelectric properties of materials, namely thermoelectric  coefficient, electrical 
conductivity and thermal conductivity were measured at room temperature and in the range of 100 to 
700 K. For samples pressed of melt spun powder the maximum value of thermoelectric figure of merit 
ZТ was ~ 1.3, whereas for materials prepared by other methods ZТ does not exceed 1.1. It became 
possible due to considerable reduction of lattice component of thermal conductivity and increase of 
thermoelectric coefficient of samples obtained by melt spinning method. 
Key words: bismuth and antimony telluride solid solutions, melt spinning, scanning electron 
microscopy, mechanical properties, thermoelectric properties. 

Introduction 
Thermoelectric power converters are widely used in a variety of science and technology fields. 

Particularly topical is the problem of thermoelectric device efficiency improvement. Apart from 
traditional methods for improving thermoelectric material efficiency, such as doping and a search for 
novel materials, of large interest is a research on the effect of structure of known thermoelectric materials 
on their thermoelectric properties, where considerable increase of thermoelectric figure of merit ZT is 
possible due to their nanotexturing. The physics behind such ZT increase are changes in the energy 
spectrum of charge carriers and phonons in nanostructured materials. A number of researchers [1-5] 
think that ZT increase of nanostructured materials can be achieved due to the following mechanisms: 
additional phonon scattering at the grain boundaries, tunnelling of carriers between nanostructured 
elements and energy filtration of carriers on potential barriers between nanograins. Additional phonon 
scattering at the grain boundaries with a slight reduction of charge carrier mobility occurs in the case 
when grain size is less than the mean free path of electrons, which means less than 10 to 20 nm. 
According to theoretical estimates, the probability of tunneling thermoelectric material electrons 
becomes rather large with the gaps between grains of the order of several nanometers. In so doing, 
phonons cannot tunnel through vacuum gap and no longer participate in thermal conductivity processes. 
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In the nanostructured materials the structure of electron bands can change and energy filtration of 
carriers may occur, when high-energy charge carriers will overcome the boundary between nanograins, 
practically without being scattered. Reduced probability of scattering at the nanograin boundaries with 
increasing energy of carriers leads to thermoEMF increase. Theory predicts the increase in ZT of 
nanosized thermoelectric material up to 3.5, provided all three mechanisms of figure of merit increase 
are realized [1-5]. To this date, the bulk thermoelectric materials with grain size 10 to 20 nm and vacuum 
gaps between grains 1 to 2 nm have not been obtained yet. There are experimental works reporting оn 
fine-dispersed materials with ZT = 1.2 – 1.4 [6-9]. 

Materials based on solid solution of Bi2Te3-Sb2Te3 system are used to manufacture p-type legs for 
various purpose thermoelectric coolers and generators. This work employs a method of manufacturing 
fine-crystalline pressed samples from the above solid solution of powder prepared by melt spinning. This 
method has been elaborated and used to obtain quickly quenched powders and thin stripes of amorphous, 
composite and magnetic metal alloys [10]. Thermoelectric materials  based on solid solutions of 
antimony and bismuth chalcogenides were first obtained by spinning method in Sukhumi Physics and 
Technical Institute, which was reported in 1988 in Uzhgorod at VII All-Union Conference “Chemistry 
and Technical Application of Chalcogenides” [11-13]. Papers have appeared recently which show the 
promising character of using this method to obtain nano-sized powders [14-17] of the above indicated 
materials. A combination of melt spinning and arc plasma powder sintering methods was used to obtain 
materials of bismuth and antimony chalcogenide solid solutions of the n-type with thermoelectric figure 
of merit ZT ~ 1.0 [14] and р-type with ZT ~ 1.5 [16, 17]. 

Experimental procedure 

Samples of bismuth and antimony telluride solid solution were obtained by hot pressing from 
powder prepared by melt spinning technique. This technique lies in obtaining fine particles of alloys by 
superfast cooling the melt on the surface of rotating cold disc. A pre-alloyed ingot was heated to 
temperature 30 – 50 K exceeding material melting point. A flush of melt of diameter 1 – 1.5 mm was 
poured on the surface of water-cooled disc rotating at the rate of 900 to 1500 rpm, which assured cooling 
rate ~ 106 K/s. The process took place in argon atmosphere at excess pressure 0.2 MPa. From the obtained 
powders briquettes were prepared by cold pressing which were subsequently subject to hot pressing in the 
air or in vacuum at temperature 350 °С and pressure 5 MPa. The samples were annealed in different media: 
inert gas atmosphere, hydrogen current and air from 4 to 24 hours at 280, 300 and 350 °С. 

The morphology and size of particles of powder obtained by melt spinning and the structure of 
cleavages of hot-pressed samples was studied on scanning electron microscope (SEM) (LEO 1420). The 
X-ray diffraction study of powders was conducted on DRON-UM diffractometer (Cu Kα-radiation) with 
a graphite monochromator. Qualitative and quantitative X-ray phase analysis of powders obtained by 
melt spinning was conducted with the use of XRAYAN program and the PDF (The Power Diffraction 
File) international database. Mechanical properties (strength limits, deformation ratio, elongation) of 
samples having identical dimensions and shape, obtained by different methods, were studied under 
compressive and bending strains at room temperature on INSTRON-5800 setup at strain rate 
vstrain ~ 1 mm/min. Thermoelectric properties of samples: thermoelectric coefficient α, electric 
conductivity σ and thermal conductivity κ were measured at room temperature and in the range of 100 to 
700 K. The lattice component of thermal conductivity was determined as κр = κ – κel, where κel = АσТ  
(А is the Lorentz number, Т is the ambient temperature). The thermoelectric figure of merit of materials 
was calculated from the formula Z = α2σ/κ. 
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Discussion of results 
The powders of bismuth and antimony telluride solid solution were obtained under different 

conditions of melt spinning. While the powders prepared according to traditional technology of ingot 
grinding in the ball mill are characterized by considerable oxidability in the air, no oxides were 
observed on the surface of particles obtained by melt spinning method. Powder compositions were 
analyzed using X-ray phase analysis. It was established that powders retain their crystalline structure, 
and their compositions in the main components meet the compositions of the initial charge. The X-ray 
diffraction pattern of one of the powders and its indexing results are given in Fig. 1. 
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Fig. 1. X-ray diffraction pattern of powder obtained by melt spinning of Bi05Sb1.5Te3 solid solution. 

Analysis of this X-ray pattern and comparison of the results obtained to the PDF international 
database have shown that the main portion of peaks in the intensity, reflection angles and interplanar 
spaces coincides with the respective characteristics of Bi0.5Sb1.5Te3 solid solution having the following 
parameters of hexagonal lattice: а = 0.42852(1) nm and с = 3.04916(13) nm. Moreover, there were lines 
on the X-ray pattern that can be referred to tellurium spectrum, the amount of which is estimated as 
~ 3% of the total volume. Thus, it was established that powder under study has Bi0.5Sb1.5Te3 
composition and comprises Те excess that was introduced into the initial ingot.  

SEM-images of powders obtained by melt spinning and grinding in the ball mill, as well as of 
cleavages of hot-pressed samples are represented in Fig. 2. 

Powder obtained by melt spinning had rather coarse particles shaped as plates of size from units 
to hundreds of microns (Fig. 2 а, b, c). However, on the cleavage of sample after hot pressing of this 
powder the size of grains is considerably smaller than the size of particles of the initial powder, their 
maximum dimensions did not exceed tens of microns (Fig. 2 d, e), though it is known that at hot 
pressing the grains in the samples are enlarged due to recrystallization. Investigation of powder 
particles with a large magnification (Fig. 2 b, c) has shown that powder plates consist of thin flakes 
located with their flat side perpendicular to cooled disc surface. The thickness of scales is from units to 
hundreds of nanometers, their length is several microns. The size of flakes depends on the value of 
crystallization gradient (the temperature of disc where the melt finds itself). On hot pressing, powder 
particles disintegrate into small flakes of which sample grains are formed. In so doing, grains in the 
structure of samples retain their plate-like shape (Fig. 2 d, e). Powder obtained by grinding in the ball 
mill comprises both large particles to several hundreds of microns, and small particles, of less than 
micron in size, having round edges (Fig. 2 f, g). The samples pressed of such powders (Fig. 2 h, i) 
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retain a layered structure typical of these materials, but in the bulk the distribution of grains according 
to size is more heterogeneous as compared to samples pressed of powder obtained by melt spinning. 

а) b) c)

d) e)

f) g)

h) i)

3 μm

2 m0 μ

2 m0 μ

2 m0 μ 1 μm

10 mμ

1 μm

30 mμ 2 μm

 
Fig. 2. SEM-images of powders obtained by Bi0.5Sb1.5Te3 melt spinning (а, b, c)  

and ingot grinding in the ball mill (f, g), as well as of cleavages  
of hot-pressed samples from powders obtained by melt spinning (d, e)  

and grinding in the mill (h, i). 

Fig. 3 shows the diagrams of strain due to compressive (Fig. 3 а) and bending loads (Fig. 3 b) of 
materials of bismuth and antimony telluride solid solutions prepared by different methods. 
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а) 

 
b) 

Fig. 3. Dependences of strain on compressive (а) and bending load (b) of samples obtained  
by different methods (curve numbers correspond to the numbers of samples in Table 2),  

deformed at strain rate vstrain = 1 mm/min. 

Table 1 gives strength limits (σB
compr, σB

bend) and strains (εB
compr, εB

bend) of samples obtained from 
the strain diagrams. 

Тable 1 
Maximum permissible strains (εB

compr, εB
bend ) and strength limits (σB

compr, σB
bend) during compression 

and bending tests of samples obtained by different methods 
Compression Bending 

№ Fabrication method εB
сompr

, 
% 

σB
сompr, 

MPa 
εB

bend, 
 % 

σB
bend, 

MPa 

1 Czochralski method, Se doping 4.7 15   
2 Zone melting   22.7 10 
3 Extrusion 1.4 48   
4 Hot pressing (ingot ground in the mill) 1.5 67   
5 Hot pressing (powder after melt spinning) 2.5 62 2.7 23 

It has been established that hot-pressed samples of powder obtained by melt spinning of these 
solid solutions have rather high strength limits at compressive and bending strains. Brittle failure of such 
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samples takes place at strain 2.5 – 2.7 %. The strength limits made 62 MPa on compression and 23 MPa 
on bending. Samples obtained by Czochralski method and zone melting had the lowest compression 
strength (sample № 1) and bending strength (sample № 2), however, they are more ductile, and failure 
occurs due to shift of layers along cleavage planes. In such samples cracks appeared rather early which 
grew in number with further load increase, but, unlike pressed samples, these samples did not fail. 

Research on thermoelectric properties (thermoelectric coefficient, electrical conductivity and 
thermal conductivity) of hot pressed samples of powder obtained by Bi05Sb1.5Te3 melt spinning yielded 
the optimal conditions and modes for production of powders and bulk samples with high 
thermoelectric figure of merit. The results of research at room temperature on thermoelectric 
properties of samples depending on thermal treatment modes, powder particle dimensions and the 
rotation rate of disc where the melt comes are given in Tables 2, 3 and in Fig. 4. 

The necessity of thermal treatment of samples was established. Annealing of samples can be 
conducted in the inert atmosphere, in hydrogen atmosphere (at 350 °С) or in the air (at 280 °С). It 
increases their thermoelectric figure of merit. The unannealed samples had different concentration of 
charge carriers: the values of thermoelectric coefficient of samples were ~ 230 μV/K (№ 1 and № 2), 
~ 220 μV/K (№ 3) and 200 μV/K (№ 4 and № 5) (Table 2). 

Table 2 
Thermoelectric properties: α, σ, κ and Z at room temperature of materials depending on conditions of 

melt spinning and thermal treatment of pressed samples 
Annealing 

№ 
Particle 

size, mm 
Disc rotation 

rate, rpm Т, °С atm time, h 
α, 

μV/K 
σ, 

S/cm 
κ × 103, 
W/сm⋅K 

Z × 103, 
K–1 

– – – 234 509 10.9 2.6 
1 0.5 – 0.064 900 

350 H2 4 220 764 10.8 3.4 
– – – 232 523 10.2 2.5 

2 0.5 – 0.064 900 
350 Ar 4 218 762 11.0 3.3 

– – – 222 556 11.0 2.5 
3 < 0.064 900 

350 Н2 4 221 600 9.6 3.0 
– – – 204 657 11.0 2.5 

4 
without size 

grading 
1500 

350 Н2 4 219 768 11.2 3.3 
– – – 203 681 11.0 2.5 

5 
without size 

grading 
1500 

280 Air 14 216 654 9.8 3.1 

On annealing, the value of α of all these samples made ~ 220 μV/K. In so doing, σ increased and 
thermal conductivity was almost unchanged. Possibly, due to thermal treatment, charge carrier concentration 
became equalized and the nonequilibrium structure became ordered. As a result of annealing for 4 hours at 
350 °С or 14 hours at 280 °С in the air (Fig. 4) an increase in Z by 10 – 20 % was obtained. A change in disc 
rotation rate (from 900 to 1500 rpm) hardly increased Z of these samples at room temperature. 

To determine the effect of particle size of melt-spun powder on Z of materials made of this 
powder (Table 3, № 6 and № 7) as compared to materials made of powder ground in the mill (Table 3, 
№ 8 and № 9), these samples were studied on annealing for 24 hours at 600 K in argon atmosphere. At 
room temperature the thermoelectric figure of merit of samples № 6 and 7 made (3.5 ± 0.2) × 10–3 K–1 
which is considerably higher compared to samples № 8 and № 9, for which Z = (2.8 ± 0.2) × 10–3 K–1. 
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Table 3 
Thermoelectric properties: α, σ, κ, κр and Z at room temperature of materials annealed for 24 hours 
at 300 оС in argon atmosphere, depending on the particle size of powder obtained by melt spinning 

(№ 6, № 7) and ingot grinding in the ball mill (№ 8, № 9) 

№ 
Disc rotation 

rate, rpm 
Particle size, 

mm 
Α,  

μV/K 
σ, 

S/cm 
κ × 103, 

W/сm⋅K 

κр × 103, 

W/сm⋅K 
Z × 103, 

K–1 

6 1500 0.5 – 0.064 226 626 9.1 6.2 3.5 

7 1500 < 0.064 240 580 9.0 6.3 3.5 

8 – 0.5 – 0.064 203 800 11.2 7.4 2.9 

9 – 0.5 – 0.064 194 1030 14.6 9.6 2.6 

 

 
Fig. 4. Dependence of thermoelectric coefficient on annealing time at 280 °С  

in the air of samples made of melt spun powder. 

Thermoelectric characteristics α, σ, κ, κр and Z at room temperature of bismuth and antimony 
telluride solid solution samples with close values of charge carrier concentration (α value), obtained 
by different methods, are given in Table 4. 

Table 4  
Thermoelectric properties: α, σ, κ, κр and Z at room temperature  

of materials depending on fabrication methods  

№ Method of samples fabrication 
α, 

μV/K 
σ, S/сm 

κ × 103, 
W/сm⋅K 

κр × 103, 
W/сm⋅K 

Z × 103, 
K–1 

1 Czochralski method, Se doping 200 1060 13.5 8.5 3.1 
2 Zone melting 200 1200 16.0 10.2 3.0 
3 Extrusion 208 960 12.9 8.2 3.2 

4 
Hot pressing, 

ingot ground in the mill 
200 700 10.2 6.8 2.75 

5 
Hot pressing, 

powder after melt spinning 
212 780 10.0 6.3 3.5 

6 
Hot pressing, 

powder after melt spinning 
230 587 9.4 6.7 3.3 
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In the hot-pressed samples of powders obtained by ingot grinding in the ball mill and melt 
spinning there was a reduction of both total and lattice component of thermal conductivity as 
compared to other samples. Besides, samples made of melt-spun powder had higher thermoelectric 
coefficient owing to which their Z is higher compared to samples obtained by other methods. A hot-
pressed sample with α = 212 μV/K made of melt-spun powder has Z ~ 30% higher than Z of a sample 
having the same composition and obtained by ingot grinding in the ball mill and 15% higher than Z of 
a sample having the same charge carrier concentration and obtained by extrusion. 

 
Fig. 5. Temperature dependences of thermoelectric coefficient (а), electric conductivity (b), 

 total (c) and lattice thermal conductivity (d), thermoelectric figure of merit (e)  
and ZT (f) of samples made of melt-spun powders (№ 2, № 6, № 7) and ground in the ball mill (№ 9)  

(curve numbers correspond to numbers of samples in Tables 2 and 3). 

Temperature dependences of thermoelectric properties (α, σ, κ, Z and ZТ) in the range of 100 to 
700 K of hot-pressed samples made of powders obtained by bismuth and antimony telluride melt 
spinning under different spinning conditions (№ 2, № 6, № 7), and of powders ground in the ball mill 
(№ 9) are represented in Fig. 5. The powders were prepared using ingot of the same solid solution 



L.D. Ivanova, L.I. Petrova, Yu.V. Granatkina, V.G. Leontyev, А.S. Ivanov, S.A. Varlamov, Yu.P. Prilepo… 
Melt spinning as a promising method for preparation of bismuth and antimony telluride solid solution… 

ISSN 1607-8829 Journal of Thermoelectricity №1, 2013   39

composition. The samples were annealed for 24 hours at 300 °С in argon atmosphere. Materials of 
various-size powders obtained by melt spinning (№ 6 and № 7, Table 2), had maximum ZT = 1.32 and 
1.2. For the hot-pressed sample (№ 9, Table 3), obtained of powder ground in the ball mill, maximum 
ZТ value did not exceed 0.8. The thermoelectric figure of merit of samples made of melt-spun powder 
increased mainly due to low lattice thermal conductivity and higher thermoelectric coefficient value, 
which resulted in ZТ increase by ~ 30 %. 

Conclusions 
The effect of melt spinning modes on the size and morphology of particles of p-type 

Bi0.5Sb1.5Te3 solid solution powders was studied. Thermoelectric and mechanical properties of the 
above solid solution materials prepared by different methods were investigated. Optimal conditions 
were found to obtain samples with the use of melt spinning method with thermoelectric figure of merit 
Z = (3.5 ± 0.2) × 10–3 K–1 at room temperature and ZT ~ 1.3. As compared to conventionally used 
materials prepared by directional crystallization or extrusion methods, in the hot-pressed samples 
based on bismuth and antimony telluride solid solution made of melt-spun powder the lattice 
component of thermal conductivity is essentially reduced and thermoelectric coefficient is increased, 
which results in material thermoelectric figure of merit increase by ~ 15 %. 

The work was performed under the financial support of Russian Foundation for Basic Research 
(project №11-08-01109-а). 
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A PROPOSAL OF THERMOELECTRIC DIVERTOR BY USING SILICON 
CARBIDE IN NUCLEAR FUSION EXPERIMENT 

Fusion reactor needs a divertor plate to reduce a plasma surface interaction in order to realize long 
confinement time of high temperature plasmas. The plate is attached on the vacuum vessel, and it 
should be cooled. The function of the divertor is to control the plasma particle flow, and it is set with 
the pumping system. The heat flux to the divertor plate is quite high as the order of 10 MW/m2 in 
fusion reactor, and the high-energy particles and the radiation from the plasma are bombarded on 
the surface of the plate. The heat flux on the divertor plate is the same as the inside of the rocket 
engine, but the heat flux of the rocket engine does not include high-energy particles. In order to 
remove the heat flux from the divertor plate, the reverse side of the plate is cooled by the water flow, 
and the plate should be thin to realize the low thermal resistance. Therefore, the temperature 
difference of the plate is higher than 1500 K. Carbon and tungsten are used in the present 
experiment as materials for the divertor plate because they possess high thermal conductivity and 
high melting point temperature. One of authors proposed the thermoelectric divertor to generate 
electric power in 2002, however, the Seebeck coefficients of these materials are not high and the 
output power of the thermoelectric divertor is not high. Here, we propose to use silicon carbide (SiC) 
as a new material for the thermoelectric divertor again because its thermal conductivity is higher 
than tungsten, the Seebeck coefficient of SiC is the order of 100 μV/K, and it does not melt and its 
sublimation temperature is 2700 K. In the paper we also propose thermionic emission combined with 
the thermoelectric conversion system. We discuss the structure of the divertor plate and its 
performance about the heat removal and electric power generation. 
Key words: thermoelectric cooling, energy conversion, nuclear fusion, high temperature materials. 

Introduction 
Fusion reactor needs the divertor plate [1, 2] to reduce the plasma surface interaction in order to 

realize the good confinement of high temperature plasmas. The plate is attached on the vacuum vessel, 
and the vacuum pumping system and the cooling system are connected with the divertor plate in order 
to control the particle influx and pumping, and the temperature of the plate [3, 4]. Since the energy 
confinement time of plasma is longer for larger plasma depending on the experimental scaling law 
[5, 6, 7], the heat flux to the divertor plate is high extremely, and its order is the order of 10 MW/m2 in 
fusion reactor [8], and the high energy particles of plasma are bombarded on the plate, too. The heat 
flux on the divertor plate is the same as on the inner wall of the rocket engine, the heat removal is 
important to operate fusion experiment and reactors. The material of the divertor plate is carbon and 
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high melting point metals, such as tungsten and molybdenum, and their composite materials [9]. These 
materials should have high thermal conductivity because of the removal of high heat flux. They should 
conjugate to the copper plate, and the conjugation technology is also important. Usually the water and 
helium gas flows cool the copper plate. Therefore, large temperature difference appears between the 
plasma side of the plate and the copper plate, and it is higher than 1500 K. 

This structure and the operation conditions are good for thermoelectric power generation 
because of high temperature difference, and one of authors proposed the thermoelectric divertor (TED) 
to generate electric power in 1996 [10] and 2002 [11], and also proposed the thermionic divertor (TID) 
and its structure in 1996 [12]. However, since the Seebeck coefficients of these materials (carbon and 
metals) are not high and their figures of merits are extremely low, the output power of the TED is not 
high. Here, in order to improve the performance of the TED, we propose to use silicon carbide (SiC) 
as a new material for the TED. Thermal conductivity of SiC is higher than those of tungsten, 
molybdenum and the carbon, and moreover the Seebeck coefficient of SiC is the order of 100 μV/K 
[13, 14, 15], therefore we can expect high output voltage of the TED. It does not melt and its 
sublimation temperature is ~ 3000 K, therefore it is high temperature material. If we install the TED in 
the fusion reactor, we can also consider the concept of TID with the TED at the same time in order to 
enhance the electric power output. In the paper, we propose and discuss the new structure of the 
divertor plate, and estimate its performance about the heat removal, electric power generation, and the 
perspective of the future experiment in the present device. 

Proposal of SiC Thermoelectric Divertor 
In order to generate high temperature plasma, the plasma-wall interaction should be reduced, and 

the limiter had been used in tokamaks in 1960’s and 1970’s. However, the limiter material is going into 
plasma as the impurities because the surface temperature of the limiter may exceed 2500 K. The 
radiation loss of the impurity is high, and finally the energy confinement time is limited and not long for 
fusion reactor. The divertor configuration was developed in magnetic confinement devices, such as the 
tokamak and the helical system in order to reduce the impurity contaminations in the plasma. This can be 
called the magnetic limiter, and the magnetic field of the main plasma is not touched to the wall and the 
limiter directly. Therefore, the high temperature plasmas are realized in the divertor configuration in 
many experimental devices, and it is the standard magnetic configuration in the present time. 

Fig. 1 shows the concept of TED in fusion experiments. This is based on the Fig. 1 (b) in ref. 
[4]. Some of the parts in the figure are changed, such as the cooling channel in the first wall of the 
divertor. X point means the poloidal magnetic field is zero, and the upper parts of the X point is the 
main plasma, and this is called the divertor configuration. The dotted lines mean the magnetic 
surfaces, and those are composed of the magnetic field lines. The plasma particle flows along the 
magnetic field line mainly, and the wall where the magnetic field line is crossing must be cooled to 
keep it. The radiation from the plasma is strong, and the first wall must be cooled. The charged 
particles of the plasma are neutralized at the wall, and they can be pumped out from the vacuum 
vessel. This is an important process to control the density of plasma. The thermoelectric modules (TE 
modules) are added on the original figure and they are connected to the wall of the vacuum vessel 
where the particle fluxes bombard, as shown in Fig. 1. 

The TE module is composed of n-type and p-type SiC semiconductor, and they are connected 
with the high temperature metallic material such as tungstain in high temperature side. The low 
temperature side of the semiconductor is connected with the copper and the copper parts are cooled by 
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the water. This configuration is the same as the divertor plate fundamentally. The plasma side of the 
TE module is hot because of high heat flux of the plasma particle and the radiation, and the other side 
is cold. Therefore, the TE module has large temperature difference, and can generate electric power. 

first wall 
of divertor

Plasma

magnetic line of force
(surface)

output

TE module-1

cooling
channel

TE 
module-2

output
X point

heat flux

N
P

P
N
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Fig. 1. Setup of the thermoelectric divertor (TED),  
and the magnetic configuration of plasma. 

The functions of the TED should be as 
1) to remove the heat at the wall of the vacuum vessel, 
2) to pump out the particles from the plasma for controlling the plasma density, 
3) to generate electric power. 
The first two functions are the same as the original divertor’s, but the last one is a new addition. 

Therefore, the material of TED has high thermal conductivity and strong for the bombardment of high-
energy particle from plasma and the thermal shock (rapid temperature change), and in addition its 
Seebeck coefficient should be high and it is low electrical resistivity in order to generate electric 
power. The materials of the divertor are tungsten and molybdenum as the first wall because they are 
high melting points material and have high thermal conductivities. The carbon and the related 
materials are also used because it can be used in high temperature and their thermal conductivity is 
also high. However, their Seebeck coefficients are low, and therefore they are not good material from 
thermoelectric points of view. We cannot expect high electric power output from these materials. 

We proposed the silicon carbide, SiC, to solve the problem. The thermal conductivity of SiC is 
higher than those of tungsten, molybdenum and carbon, and therefore it is good for cooling and we 
can keep the same structure of the present divertor. The Seebeck coefficient of SiC is also higher than 
those of tungsten, molybdenum and carbon, and therefore it is good for electric power generation as in 
Fig. 1. In the present time, we do not have enough data of SiC’s parameters at high temperature, but 
the known parameters are listed in Table 1. The tungsten is a good material to connect the p-type and 
n-type semiconductors in the high temperature side because it is strong for the bombardment of high-
energy particle from plasma and it is used in the present experiment. SiC is a good material as n-type 
semiconductor even in high temperature, but it is hard to make p-type. Therefore, B4C is a candidate of 
the p-type semiconductor at high temperature. Usually we can find p-type semiconductor in high 
temperature. However, since the thermal conductivity of B4C is low, this is limited to use in divertor. 

It is valuable to estimate the electric power generation by using SiC. The figure of merit of the 
SiC in Table 1 is expected to be ~ 10–5 [K–1], and it is not large as the present BiTe, but the temperature 
difference of the module is high as 1500 K, therefore the efficiency of the electric output power is not 
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low, and can be evaluated by the following equation, where α is the Seebeck coefficient, κ is the 
thermal conductivity, ρ is the electrical resistivity, TH is the temperature of high temperature side of 
the element, TC is the temperature of low temperature side of the element. 

 2
( )1 1

2 ,
( )1

2

H C

H C

H H C C

H

Z T T
T T Z

T Z T T T
T

+
+ −− α

ε = =
κρ+

+ +
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Table 1 
Parameters of the high temperature materials 

Material 
MP(melting point) 

SP(sublimation point) 
[K] 

Thermal 
conductivity 

[W/m⋅K] 

Seebeck 
coeff. 

[μV/K] 

Resistivity 
[Ωm] 

comments 

Tungsten 3695/MP 
~ 170 
≅ 300 K 

< 10 
5.2 × 10–8 
≅ 300 K 

for first wall 

Carbon 3915/SP 100 ~ 300 < 10 10–6 ~ 10–2 
high thermal 
conductivity 
in diamond 

B4C [16] 2763/MP 
30 ~ 42 
≅ 300 K 

~ 120 
≅ 1000 K 

~ 0.006 
≅ 1000 K 

used in fission 
reactor 

SiC 3003/SP ~ 490 > 400 < 0.0001 new proposal 

The calculation result of the efficiency is shown in Fig. 2. The efficiency of the thermoelectric 
conversion is shown as the vertical axis, and the horizontal axis is the figure of merit Z [%]. If Z 
exceeds 10–5 K, the efficiency is higher than 1%. Therefore, the output power of the TED is several 
hundred kWatts for the ITER design, and the conversion efficiency may not be low because the 
temperature difference is larger as 1500 K. Moreover, the cooling of the divertor may be easy because 
of high thermal conductivity of SiC. 

 
Fig. 2. Efficiency of thermoelectric divertor (TED) by using silicon carbide (SiC)  

for temperature difference of 1500 K. 
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Discussions and Future Perspective 
The concept of SiC TED will be good for the divertor plate, but unfortunately the experimental 

data is not enough at high temperature for SiC and the related materials in the present time. Therefore, 
it would be good subjects to study. The connection with the metallic material is also important, and the 
tungsten is used at the high temperature side and the copper should be connected as the electrode in 
the proposal of Fig. 1. In this meaning, we should develop the connecting technology, and it is not 
easy because the thermal expansions of these materials are not same usually. The plasma is one of 
electric conducting media, and the resistivity along the magnetic field line is low because the electron 
in the plasma can be moved easily along the field line. And it is high for the perpendicular direction of 
the magnetic field. Moreover, the electrical resistivity is low for high temperature plasma. Therefore, 
if we can set the TED along the magnetic field line, we may be able to omit the tungsten-plate 
connection to make the TED. But the magnetic field configuration is controlled by the currents of the 
magnet current and the plasma. However, when we look at the divertor configuration shown in Fig. 1 
carefully, we can find many available settings for the TED. 

The other idea is related with thermionic emission [12]. We bring the two electrodes into the 
vacuum vessel as shown in Fig. 3. One is W-plate 1, and the other is W-plate 2. These are connecting 
each other electrically by the magnetic field line and 
plasma. And we should control that the surface 
temperature of the W-plate 1 is set to be low and the  
W-plate 2’s is high. The setting of temperature 
difference between two plates depends on the design of 
the plate and the control of plasma and the cooling 
system operation. The system can operate as the 
thermionic emission generator if we connect the 
electrode and the cables as shown in Fig. 3. 

The radiation from high temperature plasma is 
strong, and therefore we can expect the photon 
enhanced thermionic emission in this case, and the 
solid angle of two plates for the plasma is not the same 
in Fig. 3, it means that we can realize the temperature 
difference of these two surface plates. And if the 
electrical connection between two plates is realized, we 
can install the thermoelectric part behind the plates. 
Because high temperature and/or high radiation flux 
plate can emit electron and low temperature plate 
adsorb the electron from plasma, the p-type semiconductor should be attached behind the high 
temperature plate, and the n-type semiconductor should be connected to the low temperature plate. 
Then, we can expect the power from both the thermoelectric and thermionic conversions from 
proposed schemes. It is also important idea to apply the usual system that is not fusion reactor. 
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COMPUTER DESIGN OF 
THERMOELECTRIC HEAT METER 
READINGS UNDER REAL-SERVICE 

CONDITIONS 

This paper presents the results of computer investigations of thermal insulation effect on thermoelectric 
heat meter readings under real-service conditions. Three-dimensional physical, mathematical and 
computer models of biological tissue having on its surface thermoelectric heat meter with thermal 
insulation are constructed. It is established that the presence of medical thermal insulation on 
thermoelectric heat meter and biological tissue can change heat meter readings up to 35 %. 
Key words: computer design, thermoelectric heat meter, medical thermal insulation. 

Introduction 
General characterization of the problem. It is known [1, 2] that inflammatory processes are 

attended by a change in heat release that can become a reliable indicator of various diseases. Any 
changes in human heat release can be readily determined by thermoelectric heat meters [3, 4] that are 
an efficient tool for local diagnostics of human organism, early detection of inflammatory processes, 
oncologic diseases, blood circulation anomalies and analysis of human state of health under extreme 
conditions [5-8]. The effect of such heat meters on the object under research was studied with the help 
of computer simulation in [9, 10]. 

In the investigation of human heat release of paramount importance is a manner of heat meter 
fastening to human body surface, heat meter spatial orientation, the presence of thermal insulation on 
heat meter (medical bandage, clothes, etc) that can essentially distort the temperature field of 
investigated human body area and affect thermoelectric heat meter readings. 

The purpose of this work is to determine the effect of thermal insulation on thermoelectric heat 
meter readings under real-service conditions. 

A physical model of biological tissue with thermoelectric heat meter  
and thermal insulation 

According to a physical model (Fig. 1), an area of human biological tissue is a three-layered 
structure (epidermis 1, dermis 2, subcutis 3) and internal tissue 4 characterized by thermal conductivity 
κі, specific heat Сі, density ρі, blood perfusion rate ωbi, blood density ρb, blood heat capacity Сb, human 
blood temperature Тb and specific heat release qmet due to metabolic processes (Table 1). The respective 
biological tissue layers 1 – 4 are considered as the bulk sources of heat qi, where: 

 ( ),  1 ...4.i met b b bі bq q С T T і= + ρ ⋅ ⋅ω ⋅ − =  (1) 

The geometric dimensions of each such layer are ai, bi and li. The temperatures at the boundaries 
of respective biological tissue layers are T1, T2, T3 and T4. 
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Thermoelectric heat meter 6 is a rectangular bar of the geometric dimensions a6, b6 and l6, 
characterized by thermal conductivity κ. From the theory it is known [3, 4] that thermoelectromotive 
force (EMF) of thermoelectric gradient heat meter is determined as follows: 

 ,E N T= α ⋅ ⋅ Δ  (2)  

where α is the Seebeck coefficient, N is the number of thermoelectric material legs in heat meter, ΔT 
is temperature difference between the upper and lower surfaces of thermoelectric heat meter. As a rule, 
the number of thermoelectric material legs in heat meter is N = 1500 – 2500 pcs. Simulation of heat 
meter with such a number of elements is an intricate problem even for modern personal computers. As 
the same time, from formula (2) it is seen that the heat meter EMF values are mainly influenced by 
temperature difference ΔT between heat meter surfaces. Therefore, to reach the purpose set in this 
paper, it is quite sufficient to replace thermoelectric heat meter having a large number of elements by 
the bulk homogeneous sample of equivalent thermal conductivity κ. Then, on the basis of calculated 
ΔT, one can easily determine heat meter EMF value according to formula (2). 

 
Fig. 1. A physical model of biological tissue with thermoelectric heat meter  

and thermal insulation 1 – epidermis, 2 – dermis, 3 – subcutis, 4 – internal tissue, 
5, 7 – thermal insulation, 6 – thermoelectric heat meter. 

As long as a physical model is an area of a four-layered biological tissue, with identical 
biochemical processes occurring in adjacent layers, it can be assumed that there is no heat overflow 
along biological tissue (q = 0). 

The skin surface layer (epidermis 1) of temperature Т5 is in the state of heat exchange with thermal 
insulation 5 of the geometrical dimensions a5, b5 and l5 and contact surface temperature Т6. Located on 
the surface of thermal insulation 5 is thermoelectric heat meter 6 of the geometric dimensions a6, b6, and 
l6 and contact surface temperature Т7. In the absence of thermal insulation 5, the heat exchange between 
skin surface and the environment of temperature Т9 is taken into account by heat exchange coefficient α1 
and emissivity coefficient ε1. Skin heat exchange due to perspiration is disregarded. 

Additional thermal insulation 7 of the geometric dimensions a7, b7 and l7 is arranged on the 
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surface of thermoelectric heat meter 6. Free surface of thermal insulation 7 of temperature Т8 is in the 
state of heat exchange with the environment of temperature Т9 which is taken into account by heat 
exchange coefficient α2 and emissivity coefficient ε2. Specific heat flux from the surface of thermal 
insulation 7 to the environment is q6, and specific heat flux from human internals – q5. 

Table 1 
Thermophyical properties of human biological tissue [11-15] 

Biological tissue layers Epidermis Dermis Subcutis Internal tissue 

Thickness, l (mm) 0.08 2 10 30 
Specific heat, 
C (J·kg–1·K–1) 

3590 3300 2500 4000 

Thermal conductivity, 
κ (W·m–1·K–1) 

0.24 0.45 0.19 0.5 

Density, ρ (kg⋅m–3) 1200 1200 1000 1000 

Metabolism, qmet (W·m–3) 368.1 368.1 368.3 368.3 

Tissue blood perfusion rate, 
ωb (m3·s–1·m–3) 

0 0.00125 0.00125 0.00125 

Blood density, ρb (kg·m–3) 1060 1060 1060 1060 

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

3770 3770 3770 3770 

Mathematical description and a computer model 
A general equation of heat exchange in biological tissue is as follows [11-15]: 

 ( ) ( ) ,i i i b b bi b met
TC k T C T T q
t

∂
ρ ⋅ ⋅ = ∇ ⋅∇ + ρ ⋅ ⋅ω ⋅ − +

∂
 (3)  

where ρi is the density of corresponding biological tissue layer, Сi is specific heat of biological tissue 
layer, ρb is blood density, Сb is specific heat of blood, ωbi is blood perfusion rate, Тb is human blood 
temperature, where Тb = 310.15 K, qmet is specific metabolic heat release. 

The sum in the left-hand side of equation (3) is the rate of change in thermal energy comprised in the 
unit volume of biological tissue. Three summands in the right-hand side of this equation are the rate of 
change in thermal energy due to thermal conductivity, blood perfusion and metabolic heat, respectively. 

To solve the problem formulated in this work, it is sufficient to consider a three-dimensional 
steady-state model. Then equation (3) will acquire the form of (4): 

 
2 2 2

2 2 2( ) ( ) 0.i b b bi b met
T T Tk C T T q

x y z
∂ ∂ ∂
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 (4)  

Steady-state equation of heat exchange in biological tissue (4) was solved with the respective 
boundary conditions (5 – 6): 
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Here, qi is heat flux density of the respective layer of biological tissue, Т4 is absolute temperature 
of the lower surface of internal tissue 4, Т8 is absolute temperature of thermal insulation surface 7, Т9 is 
ambient temperature, α1 is effective heat exchange coefficient of skin surface, α2 is effective heat 
exchange coefficient of heat meter and thermal insulation. Conditions of temperature equality and 
thermal balance are observed at the boundaries between the biological tissue layers. 

To determine the effect of thermal insulation on thermoelectric heat meter readings, a three-
dimensional computer model of biological tissue having on its top thermoelectric heat meter with 
thermal insulation was created. For this purpose, the Comsol Multiphysics software package was 
employed [16] enabling simulation of thermophysical processes in biological tissue with regard to 
blood circulation and metabolism. 

The distribution of temperature and heat flux density in biological tissue and thermoelectric heat 
meter was calculated by finite element method (Fig. 2). According to this method, an object under 
study is split into a large number of finite elements, and in each of them the value of function is sought 
which satisfies given differential equations of second kind with the respective boundary conditions. 
The accuracy of solving the formulated problem depends on the level of splitting and is assured by 
using a large number of finite elements [16]. 

Computer simulation results 
Calculations were performed for two models: in the first case the values of effective heat 

exchange coefficient α2 were taken from the experimental measurements of heat exchange between the 
environment and heat meter surface without thermal insulation, and in the second case medical thermal 
insulation was taken into account. 

Computer simulation was used to obtain the distributions of temperature and heat flux density 
lines in human biological tissue and thermoelectric heat meter (Figs. 3 to 5), as well as to construct the 
isothermal surfaces in biological tissue (Figs. 6 and 7) with regard to edge effects in a three-
dimensional computer model. 

  

Fig. 2. Finite element method mesh. 
Fig. 3. Temperature distribution in biological tissue 

having on its top thermoelectric heat meter  
with thermal insulation. 
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Fig. 4. Heat flux density distribution in 
biological tissue having on its top thermoelectric 

heat meter with thermal insulation. 

Fig. 5. Temperature distribution in the cut of biological 
tissue having on its top thermoelectric heat meter with 

thermal insulation 

 
Fig. 6. Isothermal surfaces in biological tissue 

having on its top thermoelectric heat meter 
without thermal insulation. 

Fig. 7. Isothermal surfaces in biological tissue  
having on its top thermoelectric heat meter  

with thermal insulation.  

To determine temperature difference between thermoelectric heat meter surfaces, the resulting 
temperature distributions on the upper and lower heat meter surfaces were averaged, since such 
distributions are uneven. As an example, temperature distributions along the line in the centre of the 
lower (Fig. 8) and upper (Fig. 9) surfaces of thermoelectric heat meter are shown. 

  
Fig. 8. Temperature distribution on the lower surface 
of thermoelectric heat meter with thermal insulation 

extending beyond the heat meter. 

Fig. 9. Temperature distribution on the upper surface 
of thermoelectric heat meter with thermal insulation 

extending beyond the heat meter. 
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Fig. 10 depicts temperature distribution in biological tissue having on its top thermoelectric heat 
meter with thermal insulation. Fig. 11, accordingly, shows temperature distribution on the surface of 
external thermal insulation. 

  

Fig. 10. Temperature distribution on the surface  
of biological tissue having on its top thermoelectric 

heat meter with thermal insulation. 

Fig. 11. Temperature distribution on the surface  
of thermal insulation located on thermoelectric  

heat meter. 

Computer simulation was used to determine the effect of thermal insulation on thermoelectric 
heat meter readings under real-service conditions. Dependence of temperature difference in 
thermoelectric heat meter on the thickness of heat meter thermal insulation (the number of external 
bandage layers Nextern) with a different thickness of thermal insulation between biological tissue and 
heat meter (the number of internal bandage layers Nin) was established for the case when thermal 
insulation does not extend beyond the heat meter (Fig. 12) and does so (Fig. 13). 

 
Fig. 12. Dependence of temperature difference in thermoelectric heat meter on the thickness of heat meter 

thermal insulation (the number of external bandage layers Nextern) with a different thickness  
of thermal insulation between biological tissue and heat meter (the number of internal bandage layers Nin)  

for the case when the external thermal insulation does not exceed beyond the heat meter upper surface. 

From Fig. 12 it is seen that increasing the thickness of thermal insulation between biological 
tissue and thermoelectric heat meter, as well as increasing the thickness of external insulation on heat 
meter definitely results in decreasing temperature difference between heat meter surfaces. A reduction 
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in thermoelectric heat meter readings can reach 35 % as compared to the case when thermal insulation 
is absent. The irregularity of curves in Figs. 12 and 13 is due to the difference in heat exchange 
coefficients between the skin surface and thermoelectric heat meter surface. 

For the case when the external thermal insulation extends beyond the heat meter upper surface, 
its effect on temperature difference changes for the opposite (Fig. 13). 

Thus increasing the thickness of thermal insulation on the biological tissue results in the reduction 
of temperature difference between heat meter surfaces, however, increasing the thickness of heat meter 
insulation in this case results in the increase of the corresponding temperature difference. It is due to the 
fact that thermal insulation on thermoelectric heat meter serves as a peculiar heat exchanger. From 
Fig. 13 it is seen that the presence of external thermal insulation on thermoelectric heat meter can 
increase heat meter readings up to 30% as compared to the case when such insulation is absent. 

 
Fig. 13. Dependence of temperature difference in thermoelectric heat meter on the thickness of heat meter 

thermal insulation (the number of external bandage layers Nextern) with a different thickness 
 of thermal insulation between biological tissue and heat meter (the number of internal bandage layers Nin) 

according to a physical model when the external thermal insulation extends beyond the heat meter. 

Thus it is established that the presence of thermal insulation on the biological tissue and 
thermoelectric heat meter really has an effect on heat meter readings. Thermal insulation does not 
always cause a decrease in heat meter readings. In some cases it leads to their increase, since thermal 
insulation serves as a peculiar heat exchanger. This, in turn, should be taken into account in the 
measurement of human heat fluxes by creating identical conditions at repeated measurements. 

Conclusions 
1. With the aid of computer simulation the effect of thermal insulation on thermoelectric heat flux 

readings under real-service conditions is investigated. It is established that the presence of thermal 
insulation on thermoelectric heat meter does not always cause a decrease in its readings, and there are 
instances where it leads to their increase, since thermal insulation serves as a peculiar heat exchanger. 

2. It is established that due to the presence of medical thermal insulation on thermoelectric heat meter and 
biological tissue, heat meter readings can change up to 35%. This fact should be taken into account in 
the measurement of human heat fluxes by creating identical conditions at repeated measurements. 
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PERFORMANCE EVALUATION OF ОТЕС  
WITH THERMOELECTRIC  

POWER CONVERTER 

The possibility of using thermoelectric generators in systems of ocean thermal energy conversion 
(OTEС) is considered. Performance evaluation of such configurations is made, the possibility of 
creating OTEС with acceptable technical and economic features is shown. 
Key words: ocean thermal energy; thermoelectric generator; OTEC. 

Introduction 
The world ocean is a natural accumulator of solar energy whose heat content is estimated as 20 

to 25 kWh/m3. A small part of energy stored in the ocean would have sufficed to cover all needs of 
mankind. However, this resource is hard to reach, since currently existing technologies of ocean 
thermal energy conversion have not reached yet the level sufficient for a large-scale application. 

Though a number of implemented pilot projects have confirmed the possibility of obtaining 
quite acceptable technical and economic features of OTEC [1, 2], this technology has not received any 
commerical development effort. This is due to the necessity of heavy capital investments in OTEC 
projects – their sum is estimated as 1 milliard $ for a plant of power 200 to 300 МW, which, naturally, 
is a serious constraint on the way to using the energy source under study. Nevertheless, research and 
activities related to ОТЕС keep up. They are primarily aimed at developing the most capital-intensive 
system components, namely heat exchangers, turbines, cold and hot water pipelines. 

The experience of using modern systems of renewable energy sources conversion (photovoltaic 
converters, wind-powered engines) shows that their wide application became possible due to commercial 
use of low-power systems (of order 1 to 100 kW) and introduction of special feed-in tariffs assuring the 
profitability of running such systems. For ocean thermal energy converters the use of low-power generators 
is considered to be inacceptable, since economic 
feasibility of the system is affected considerably 
by scale factor, i.e. with power reduction below 
10 МW, the relative capital investments in 
ОТЕС drastically increase (Fig. 1) [1]. It is due 
to peculiarities of employed energy conversion 
system based on steam-turbine cycle using a 
low-boiling heat carrier. 

This paper is concerned with the 
possibility of using a thermoelectric converter 
in OTEC and analyzes the possibilities of 
application of such devices in the power range 
of order 0.1 MW. 

Fig. 1. Specific cost of ОТЕС versus power level. 
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OTEC configuration with a thermoelectric energy converter 
Similar to a classical OTEC system, as a source of thermal energy the configuration under study 

employs warm water of ocean surface layers and as a heat sink – cold water of deep layers. 
The major configuration components: 
– thermoelectric generator with systems of supply and removal of heat; 
– cold and hot water pipelines; 
– pumps; 
– OTEC direct current converter into alternating current of industrial parameters (mains inverter). 
All configuration components, except for thermoelectric generator, are standard; their 

characteristics can be determined knowing the source data (power, heat carrier flow rates, hydraulic 
resistance of the system, etc). 

Thermoelectric generator is a thermopile consisting of n × m standard modules equipped with 
systems of supply and removal of heat in the form of counter-current heat exchanger. The specific 
feature of this configuration is essential dependence of generator characteristics on the flow regime of 
heat carriers. A change in mass flow affects both the available and working temperature difference 
(i.e. the generator power and efficiency) and the thermal and hydraulic resistance of heat exchangers (i.e. 
the size and cost of device, as well as auxiliary energy expenditures). Therefore, in the analysis of OTEС 
characteristics it is necessary to use a mathematical model taking into account the interrelation of said 
parameters with regard to real design peculiarities. 

To determine the generator characteristics, we will use a mathematical model of counter-current 
TEG in the form [3]: 

 2 2
1 2 o( , )   –  0.5 / ,J Y C C Y J Y Iθ = +  (1) 

where  1 2 1 2 ( Bi –  ) / (  –  Bi ( Bi )),c c h cC a t a J a J= + +  (2) 

 2 1( Bi ) –  Bi ,c c cC C J t= +  (3) 

 2 2
1 o o / – 0.5 ( – Bi ) /   Bi ,h h ha J I J J I t= +  (4) 

 2 Bi 1.ha J= − −  (5) 

Here θ = T/to is dimensionless temperature of thermoelement; Y is dimensionless coordinate; 
J = jeh/λ is dimensionless current density; e is thermoelectric coefficient; λ is thermal conductivity;  
α is heat transfer coefficient; Bi = αh/λ is the Biot criterion; Io = zto is the Ioffe criterion; z = e2σ/λ is 
thermoelectric figure of merit of material; h is thermoelement height; to = th is defining temperature;  
tc is cold water temperature; th is hot water temperature. 

Indexes “c” and “h” correspond to the cold and hot thermopile temperatures. 
To specify current values of heat carrier temperatures tc, th, we use a well-known expression for 

heat carrier temperature difference in a counter-current heat exchanger: 
 o o( ),h ct A t tΔ = −  (6)  

where tho and tco are initial temperatures of heat carriers; 
  1 / (1 / ),A W KS= +  (7) 

W = Go⋅Cp is water equivalent of heat, kJ/s; K = 1/(1/αh + 1/αc + h/λ) is heat transfer coefficient, 
W/m2⋅K; S is heat exchange surface, m2. 

Considering a change in heat carrier temperatures within one module to be negligibly small, we 
obtain expressions for heat carrier temperatures: 
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 о( ) d ,c ct x t t= +  (8) 

 о( )  d ,h ht x t t= −  (9) 

where d / .t t n= Δ   
Solving the system of equations (1 – 9), one can find temperature distribution in a thermopile 

and, accordingly, thermoelectric generator power.  
As mentioned above, parameters of thermoelectric generator are essentially dependent on heat 

carrier flow rate and the intensity of heat exchange on the surface of modules. A significant influence on 
the economic feasibility of OTEС is also exercised by heat exchanger’s hydraulic resistance which dictates 
the auxiliary power expenditures. All these parameters are interrelated; the kind of these relations is mainly 
determined by heat exchanger construction.  

For specification of the source data we use characteristics of standard 100 kW plate heat 
exchanger of the type Funke FP-10 (Fig. 2). 

 
Fig. 2. The correlation between heat exchange intensity α, heat exchange area S,  

and hydraulic resistance dP of 100 kW heat exchanger (corresponds to 1 kW OTEС). 

The data given in the figure is approximated by dependences of the type 

 o o( ,d ) ( ) d ,cS G P aG b P= −  (10) 

 ( )o o,d d ,eG P dG Pα =  (11) 

where Go is heat carrier flow rate, kg/s.  
As the source data, we also use the following:  
– hot water temperature tho = 27 °С; 
– cold water temperature tco = 5 °С; 
– thermoelectric module figure of merit z = 0.003; 
– thermoelement height h = 0.5 mm; 
– module size 40 × 40 mm; 
– the cost of one module – 3 $; 
– specific cost of heat exchanger – 250 $/m2; 
– total length of pipelines 3000 m; 
– the cost of pipeline – 10 $/m; 
– the cost of pumps – 75 $/(kg/s); 
– the cost of invertor – 150 $/kW.  
All prices are taken from manufacturers’ catalogs [4]. 
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The analysis of a mathematical model of OTEС has shown that in conditions under consideration 
the governing operating parameter affecting the cost of system in general is a hydraulic resistance of heat 
exchangers that can be varied over considerably wide limits with a specified heat exchanger power and 
heat carrier flow rate (in this case, in conformity with hydrothermal analogy concept, the thermal 
resistance also changes accordingly). The specific cost of a TEC optimized with respect to heat carrier 
flow rate for different values of heat exchanger hydraulic resistance is illustrated in Fig. 3. 

 
Fig. 3. Specific cost of TEС ($/W net power) versus heat exchanger hydraulic resistance. 

Fig. 4 represents dependences of relative net power (Nnet/No), full power No, relative power of feed 
pumps (Npump/No) and specific cost of OTEС ($/W) on heat carrier flow rate (kg/s) for generator of net 
power 100 kW. 

  

  
Fig. 4. Characteristics of 100 kW OTEС versus heat carrier flow rate (kg/s). No – full power;  

Nnet / No – relative net power; Npump / No – relative power of feed pumps; Price – specific cost of OTEС, $/kW. 
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The resulting data helps to determine the basic technical and economic features of OTEC 
configuration under study, i.e. the cost of electric energy produced. For a 100 kW generator, with the 
above source data, the project cost is: 

– generating part – 1 million 110 thousand $; 
– pipelines – 50 thousand $; 
– pumps – 20 thousand $; 
– invertor – 15 thousand $; 
– other expenditures (50 %) – 600 thousand $; 
– Total: 1 million 795 thousand $. 
With 100% load of OTEC the electric energy production is about 900 thousand kW⋅h/year, 

which for standard appreciation periods of 20 years yields the cost price of electrtic energy of order 
0.1 $/kW⋅h. With regard to maintenance costs, tax deduction and operating organization profit, this 
figure can increase by another 50% maximum, i.e. to 0.15 $/kW⋅h.  

For comparison, it can be noted that current feed-in tariff for systems of photovolatic conversion 
of solar energy in power range under study is 0.3...0.6 $/kW⋅h [4-6]. That is, the existing tariffs exceed 
by a factor of 2...4 the values obtained for OTEС, which confirms high competitive ability of OTEC 
configuration analyzed. 

Conclusions 
The analysis of thermoelectric system of ocean thermal energy conversion has shown the 

possibility in principle of creating ОТЕС in the power range of 100 kW with technical and economic 
features acceptable for a wide commercial use. 
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DESIGN OF THERMOELECTRIC GENERATOR  
MODULES MADE OF Mg AND Mn SILICIDE  

BASED MATERIALS 

The results of computer simulation of segmented thermoelectric modules, functionally graded 
materials based modules, as well as stage structures from Mg and Mn silicide-based materials are 
presented in this work. The optimal concentrations of doping impurities for the materials of 
segments and optimal inhomogeneity distributions in functionally graded materials (FGTM) based 
thermoelements have been defined. The optimal values of thermoelectric parameters have been 
estimated thus providing maximum efficiency for the two-stage generator modules within the 
temperature range of 323 – 773 K. It has also been demonstrated that in silicide-based modules 
manufactured from homogeneous silicide-based materials maximum efficiency equals η ≈ 6.5 %, 
whereas in modules made of two-segmented thermoelements it is η ≈ 8.5 %, and η ≈ 8.1 % for 
two-stage generator modules. The use of Bi2Te3-based materials for cold segments or for cold 
stage of the module, can improve their efficiency up to ~ 10 %. 
Key words: generator modules, heat recovery, energy converters, efficiency. 

Introduction 
A thermoelectric way of conversion of heat energy into electric one is widely used for waste 

heat of various industrial devices and combustion engines utilization [1, 2]. The temperature level of 
such sources can reach 800 – 900 K. Therefore the design and development of high-efficient, low-cost 
and environmentally friendly thermoelectric energy converters (generator modules) for heat recovery 
with the range of operating temperatures from 300 to 800 K is a topical task. 

For generator modules such materials should be used whose figure of merit Z temperature 
dependence reaches its maximum in the interval of generator operating temperatures. Moreover, along 
with demands for high values of the figure of merit, important features for industrial applications are 
considered to be the low cost of the initial materials, mechanical strength and ecological safety. For 
generator modules with operational temperatures in the range from 300 to 800 K thermoelectric 
materials based on some metals (Mg, Mn, Fe) silicides [3-5], are the best option and among those the 
most promising seem doped solid solutions on the base of MgSi and MnSi of n-type and p-type, 
correspondingly. Such compositions are characterized by similar physicochemical, mechanical and 
cost criteria and can, therefore, be used as materials for fabrication of generator thermoelements of the 
medium temperature range. 

The objective of the present research is the calculation of the optimal doping level for 
magnesium and manganese silicides and estimation of characteristics of generator modules fabricated 
from homogeneous, segmented, as well as functionally graded and stage structures on the base of the 
said materials. 
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Optimization of materials and modules made of homogeneous, segmented and 
functionally graded MgSi and MnSi based thermoelements 

A number of scientific publications [6-17] give examples of technologies of fabrication of 
specimen and results of experimental research into thermoelectric properties of magnesium and 
manganese based silicides. The analysis of these results has shown that, considering high values of the 
figure of merit, the following materials can be effective for generator thermoelements: 

for n-type conductivity legs: 
– Mg2Si0.58Sn0.42–xBix (0.005 ≤ х ≤ 0.01), obtained by melting of the initial components followed 

by hot pressing [6]. Maximum figure of merit ZТ of such bismuth doped silicide reaches 0.62 at 675 K 
for the composition х = 0.0075. 

– Mg2(Si0.3Sn0.7)1–xSbx (0.02 ≤ x ≤ 0.03), obtained by way of two-stage solid-state reaction in 
connection with spark plasma sintering [7]. Maximum figure of merit of this antimony doped silicide 
ZТ ≈ 1.0 at 640 K for the composition х = 0.025. 

for p-type conductivity legs:  
– Mn(AlxSi1–x)1.80 (0 ≤ x ≤ 0.003), obtained using induction melting of compressed powders of 

the initial components with further spark plasma sintering [8]. Maximum figure of merit of this 
aluminium doped manganese silicide ZТ ≈ 0.65 at 850 K for the composition х = 0.0015. 

– Mn(Si1–xGex)1.733 (0.2 ≤ x ≤ 1.6), obtained using induction melting with further hot compaction 
[9]. Maximum figure of merit of such germanium doped specimen ZТ ≈ 0.6 at 830 K for the 
composition х = 0.8. 

Experimental dependences of thermoEMF α, electric conductivity σ and thermal conductivity κ 
of those materials on the temperature T and concentration x of corresponding impurities have been 
used to estimate optimal characteristics of generator modules in the maximum efficiency mode. The 
calculations have been carried out with computer methods designed on the base of the theory of 
optimal control [18-20]. Concentration-temperature dependences α, σ, κ have been approximated with 
the help of two-dimensional polynomial in the form of αn,p = αn,p(x, T), σn,p = σn,p(x, T), κn,p = κn,p(x,T). 
Polynomial coefficients were entered into the computer programme as input data for thermoelectric 
modules design. 

The results of calculations for optimal impurity concentrations in silicides for homogeneous two-
segmented thermoelements and parameters of generator modules based on such materials in the 
maximum efficiency mode within the range of operating temperatures from 323 to 773 K are presented 
in Table 1. The estimation of parameters was performed for the modules with the dimensions 
40 × 40 mm2, containing 32 thermoelements, with the height of legs L = 5.6 mm and cross section area 
4 × 4 mm2. The values of contact resistances in calculations were accepted to be equal 5⋅10–5 Ω·cm2. 

Analysis of the results obtained shows that the efficiency of modules with two-segmented 
thermoelements exceeds the efficiency of modules from homogeneous materials by 1.3 to 1.5 times. The 
highest efficiency of about 8.5 % can be reached on the modules from two-segmented thermoelements 
fabricated from n-type conductivity Mg2(Si0.3Sn0.7)1–xSbx materials and р-type Mn(AlxSi1–x)1.80 materials. 
That is why these very compositions are appropriate for creation of functionally graded thermoelectric 
materials, those being created by way of inhomogeneous impurity distribution. 

Fig. 1 demonstrates optimal antimony concentrations distributions xn along the n-type 
conductivity Mg2(Si0.3Sn0.7)1–xSbx leg and aluminium concentration xp along р-type Mn(AlxSi1–x)1.80 leg 
calculated by computer methods. The calculated maximum efficiency of the module fabricated from 
the said FGTM is reached 8.5 % at the temperature difference from 323 to 773 K at the power of 
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19.9 W thus giving no significant advantages to a FGTM module over a similar on fabricated from 
two-segmented thermoelements. 

Table 1 
Optimal impurity concentrations in Mg and Mn silicides and parameters  

of generator modules on their base at the temperature differences 323 – 773 K 

               Materials 
              of the legs 

 
Parameters 

n-type 
Mg2Si0.58Sn0.42–xBix 

р-type 
Mn(AlxSi1–x)1.80 

n-type 
Mg2Si0.58Sn0.42–xBix 

р-type 
Mn(Si1–xGex)1.733 

n-type 
Mg2(Si0.3Sn0.7)1–xSbx 

р-type 
Mn(AlxSi1–x)1.80 

n-type 
Mg2(Si0.3Sn0.7)1–xSbx 

р-type 
Mn(Si1–xGex)1.733 

Modules with homogeneous legs  
xn 0.008 0.008 0.025 0.025 Optimal 

impurity 
concentration xp 0.0021 0.8 0.00203 1.04 

Power, W 8 7.3 15.8 13.7 
Efficiency % 4.2 4.2 6.5 6.2 

Modules with two-sectional legs 
xn

h 0.00825 0.008 0.027 0.02675 
xn

c 0.0074 0.00725 0.0255 0.02575 
xp

h 0.00204 0.92 0.0021 0.98 

Optimal 
impurity 

concentration 
xp

c 0.0018 0.8 0.00165 0.896 
ℓn

h 3.2 3.2 
ℓn

c 2.4 2.4 
ℓp

h 2.4 2.4 
Height of legs, 

mm 
ℓp

c 

2.8 2.8 

3.2 3.2 
Tn 547 550 505 507 Intersectional 

temperature, K Tp 545 539 582 580 

Power, W 12.7 11.4 20.4 17.6 
Efficiency % 6.3 6.1 8.5 8.0 

 

 
Fig. 1. Antimony concentration optimal distribution xn along the n-type leg  

from Mg2(Si0.3Sn0.7)1–xSbx and aluminium concentration xp along the р-type leg from Mn(AlxSi1–x)1.80  
for generator modules. x/L = 0 corresponds to the cold side of the leg. 
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Results of optimization of modules from Bi-Te and Mg і Mn silicides based materials 
It is a well-known fact that in the temperature range from 300 to 450 K Bi-Te based 

compositions is the most efficient materials for thermoelectric generators. Thus reasonable models of 
generator modules with the range of operating temperatures from 323 to 773 K the following ones can 
be considered: 

– modules with two-segmented legs where low-temperature sections are fabricated from Bi-Te 
based materials, whereas high-temperature ones from Mg and Mn based silicides; 

– two-stage modules with a low-temperature Bi-Te based stage and a high-temperature one 
based on Mg and Mn silicides. 

The results of calculations for parameters of modules from two-segmented legs are given in 
Table 2. There optimal values of characteristics (electric conductivity σ and thermoEMF α) of 
materials based on n- and p-type conductivity Bi-Te for low-temperature sections and impurity 
concentrations xn, xp in Mg and Mn silicides for high-temperature sections. Electric power and 
efficiency were calculated for the modules of two different designs. It has been found out that if Bi-Te 
based materials are used for cold sections instead of silicides the efficiency can be increased from 
8.5 % to 9.6 % (Module No. 1). Optimizing the module design by search of optimal segments heights 
ratio optimal cross section areas of legs allows reaching the efficiency as high as 10 % (Module 
No. 2). Here wastes of thermoelectric materials are 2.5 times reduced for such module design. 

Table 2 
Parameters of generator modules from two-segmented legs fabricated from Bi-Te-based materials and 
Mg and Mn silicides under operating temperatures within the temperature difference of 323 – 773 K 

Parameter value 
Parameter 

Module No. 1 Module No. 2 
n-(Bi2Te3)0.90(Sb2-Te3)0.05(Sb2Se3)0.05, 

I2-doped [19] 
σn(300 K) = 1340 Ω–1 cm–1 

αn(300 K) = 187 µV/K 
cold 

p-(Bi2Te3)0.25(Sb2-Te3)0.72(Sb2Se3)0.03, 
Pb-doped [19] 

σp(300 K) = 1680 Ω–1cm–1 

αр(300 K) = 164 µV/K 
n-Mg2(Si0.3-Sn0.7)1–xSbx [7] xn = 0.027 

Parameters 
of the 

materials of 
segments 

hot 
p-Mn(AlxSi1–x)1.80 [8] xp = 0.00195 

n-(Bi2Te3)0.90(Sb2-Te3)0.05(Sb2Se3)0.05, 
I2-doped [19] 

ℓn = 2.4 ℓn = 0.9 
cold 

p-(Bi2Te3)0.25(Sb2-Te3)0.72(Sb2Se3)0.03, 
Pb doped [19] 

ℓp = 3.2 ℓp = 0.9 

n-Mg2(Si0.3-Sn0.7)1–xSbx [7] ℓn = 3.2 ℓn = 2.1 

Segments 
height, mm 

hot 
p-Mn(AlxSi1–x)1.80 [8] ℓp = 2.4 ℓp = 2.1 

Tn 526 473 
Intersectional temperature, K 

Tp 582 480 
Number of thermocouples 32 48 
Cross-section area of legs, mm2 4 × 4 1.8 × 4.3 
Electric power P, W 22.9 30.8 
Efficiency η, % 9.6 10 
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The results of calculation of two-stage modules of different designs provided the cold and the hot 
stages are connected in series under the electrical and thermal compatibility are given in Table 3. For 
both stages of the module No. 3 silicides based materials have been chosen. Bi-Te is suggested for the 
low-temperature stage in modules No. 4 and No. 5. Table 3 gives optimal values of parameters of Bi-Te 
based materials and optimal impurity concentrations in Mg and Mn silicides, as well as calculated values 
of modules power and efficiency for every stage. Efficiency and power dependences of modules No. 3 
and No. 4 on the modules hot side temperature are shown in Fig. 2. 

Table 3 
Parameters of two-stage generator modules fabricated from Bi-Te-based materials and Mg and Mn 

silicides under operating temperatures within the temperature difference of 323 – 773 K  

Parameter value 
Parameter 

Module No. 3 Module No. 4 Module No. 5 

n-Mg2(Si0.3-Sn0.7)1–xSbx [7] 
x = 0.0255 

n-(Bi2Te3)0.90(Sb2Te3)0.05(Sb2Se3)0.05, 
I2-doped [19]  

σn(300 K) = 1365 Ω–1⋅cm–1 

αn(300 K) = 189 µV/K 
Cold stage 

p-Mn(AlxSi1–x)1.80 [8] 
x = 0.00165 

p-(Bi2Te3)0.25(Sb2Te3)0.72(Sb2Se3)0.03, 
Pb-doped [19]  

σр(300 K) = 1570 Ω–1⋅cm–1 

αр(300 K) = 175 µV/K 

n-Mg2(Si0.3-Sn0.7)1–xSbx [7] 
x = 0.027 

n-Mg2(Si0.3Sn0.7)1–xSbx [7] 
x = 0.025 

Parameters of 
materials 

Hot stage 
p-Mn(AlxSi1–x)1.80 [8] 

x = 0.0021 
p-Mn(AlxSi1–x)1.80 [8] 

x = 0.00203 

Cold stage  3 Height of 
legs, mm Hot stage  3 3 5.6 

Cold stage  48 Number of 
thermocouples Hot stage  48 48 32 

Cold stage  1.8 × 4.3 Cross-section 
area of legs, 

mm2 Hot stage  1.8 × 4.3 1.8 × 4.3 4 × 4 

Temperature between 
stages, K 

518 501 489 

Electric power P, W 10.2 11.9 8.9 

Efficiency η, % 8.1 10.2 9.4 

Application of Bi-Te based materials instead of silicides for the low-temperature stage and 
design optimization can ensure the efficiency of such modules as high as 10 %. It should be stated 
here that the waste of material for module No. 4 fabrication is 2.5 times less than that for module 
No. 5, whereas its efficiency and power are higher. 
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a) b) 

Fig. 2. Efficiency η and electric power P of two-stage modules No. 3 (a) and No. 4 (b)  
as a function of module hot side surface temperature Thot. 

 Module cold side surface temperature Тс = 323 K. 

The data presented make it evident that, when similar materials are used for stages and 
segments, the efficiency of two-stage modules does not, actually, exceed the efficiency of modules 
fabricated from two-segmented legs.  

Conclusions 
With computer simulation methods implemented, both optimal composition and impurity 

concentrations in Mg and Mn silicides have been found that ensure maximum efficiency of the 
generator modules fabricated from such materials provided the operational temperature difference is 
from 323 to 773 K.  

When two-segmented or FGTM legs are used for Mg and Mn silicides based modules instead of 
homogeneous materials, their efficiency can be increased by 1.3 to 1.5 times. Furthermore, if silicides 
in low-temperature sections of the legs is substituted by bismuth telluride, the efficiency can even 
reach 10 %. 

Research into two-stage structures has shown that the use of Bi-Te based materials for the cold 
stage and magnesium and manganese silicides for the hot stage enables the heat energy conversion 
within the temperature range from 323 – 773 K with the efficiency of ~ 10 %. 

Such values of the generator modules efficiency together with the relatively low cost of silicides 
allows expanding of both possibilities and spheres of practical application of thermoelectric converters 
of heat power into electric one. 
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THE EFFECT OF HEAT EXCHANGE SYSTEM  
ON THE EFFICIENCY  

OF THERMOELECTRIC AIR CONDITIONER 

Results of calculation of the efficiency of thermoelectric air conditioner with regard to the effect of 
heat exchange system are presented. Optimal operating conditions of heat exchange system for 
achieving the highest air conditioner efficiency are determined. 
Key words: air conditioner, heat exchange, thermoelectricity. 

Introduction 
General characterization of the problem. Efficiency enhancement of thermoelectric air 

conditioners [1] in the majority of cases comes down to increase in the figure of merit [2] of 
thermoelectric materials. However, their efficiency to no small degree depends on the heat exchange 
devices and systems used to transfer thermal energy through thermoelectric power converters (the so-
called heat pumps). Preliminary analysis shows that the real efficiency values of thermoelectric air 
conditioners are much lower than the expected ones even at the achieved values of material figure of 
merit. It is due to the fact that in the design and optimization of thermoelectric equipment use is 
mostly made of simplified physical models [3-6] that do not take into account the quality of heat  
exchange systems, the thermal and electric losses that may deteriorate considerably the energy 
characteristics of thermoelectric air conditioner. In Ref. [7], a procedure for calculation of 
thermoelectric air conditioner efficiency for generalized physical models of thermoelectric power 
converters is discussed. 

The purpose of this work is to analyze the effect of real heat exchange system on the efficiency 
of thermoelectric air conditioner and to optimize its operation. For this purpose, multi-parameter 
computer optimization of thermoelectric air conditioner efficiency was carried out with regard to the 
experimentally determined characteristics of heat exchange system. 

1. Physical model of thermoelectric air conditioner 
A physical model of thermoelectric air conditioner is shown in Fig. 1. Closed space 1 is cooled 

by thermoelectric cooling modules 7. Heat abstraction system is composed of the cold and hot loops 5, 
10. The cold loop comprises a liquid-air heat exchanger 3 with a fan 2, a liquid pump 4 and a liquid 
heat exchanger 6. The cold loop assures heat abstraction from cooling chamber 1 to thermoelectric 
modules. The hot loop comprises a liquid heat exchanger 8, a liquid pump 9 and a liquid-air heat 
exchanger 11 with a fan 12. The hot loop assures heat abstraction from thermoelectric modules to the 
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environment. The electric energy consumers in the physical model are thermoelectric modules of 
electric power Wm, fans of liquid-air heat exchangers of electric power Wv1 and Wv2, and liquid pumps 
of electric power Wn1 and Wn2 for the cold and hot loops, respectively. 

 
Fig. 1. Physical model of thermoelectric heat pump: 1 – cooling chamber; 2, 12 – fans;  

3, 11 – liquid-air heat exchangers; 4, 9 – liquid pumps, 5, 10 – liquid loops;  
6, 8 – liquid heat exchangers, 7 – thermoelectric cooling modules. 

2. Thermoelectric air conditioner efficiency 
The air conditioning system is characterized by such parameters as cooling capacity Q0, that is, 

the amount of heat abstracted from cooling chamber (it is a function of temperature difference on 
thermoelectric modules, heat leak-in through air-conditioner chamber insulation from the ambient and 
the quality of heat exchange system), as well as coefficient of performance ε which is a ratio between 
cooling capacity Q0 and electric energy spent on supply of thermoelectric modules, fans and liquid 
pumps. It is obvious that the real-life coefficient of performance of thermoelectric air conditioner will 
be much different from the coefficient of performance of thermoelectric modules. In so doing, it will 
depend on the electric power values of all system consumers: 

 0
1 2 1 2

1 2 1 2

( , , , , , )n n v v m
n n v v m

QW W W W W N
W W W W W

ε =
+ + + +

 (1) 

where N is the number of thermoelectric modules.  
Thus, to achieve maximum coefficient of performance of thermoelectric air conditioner, one 

should find the optimal operating conditions for each of heat exchange system components. For this 
purpose, in the present paper we employ the experimental dependences of parameters of heat 
exchange system components on their electric power consumption and seek the multi-parameter 
maximum of coefficient of performance using numerical methods. 
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2.1. Thermal and energy balance equations 

The air conditioner thermal balance equations may be written as: 

 1 TEB

2 TEB 0

r

r

Q Q
Q Q W

=⎧
⎨ = +⎩

 (2) 

where Qr1 is heat which is absorbed on liquid-air heat exchanger of the cold loop. It defines air-
conditioner cooling capacity Q0 and corresponds to heat which is absorbed on the cold side of 
thermopile, Qr2 is heat which is dissipated on liquid-air heat exchanger of the hot loop. It corresponds 
to heat which is released on the hot side of thermopile, QTEB is thermopile cooling capacity, W0 is 
thermopile supply power. 

The balance of temperatures is given by: 

 1 1 TEB 2 2amb cold r t t rT T T T T T T= − Δ − Δ + Δ − Δ − Δ  (3) 

where Tamb is ambient temperature, Tcold is designed temperature in the isolated chamber, ΔTr1 = Tcold – T1 
is temperature drop on the liquid-air heat exchanger of the cold loop, ΔTt1 = T2 – Tc is temperature drop 
on the liquid heat exchanger of the cold loop, ΔTTEB = Th – Tc is temperature drop on the thermopile, 
ΔTt2 = Th – T3 is temperature drop on the liquid heat exchanger of the hot loop, ΔTr2 = T3 – Tamb is 
temperature drop on the liquid-air heat exchanger of the hot loop. 

Let us introduce the following functional dependences of air conditioner component 
characteristics. 

Qm(Wm, ΔT, Th) is cooling capacity of thermoelectric modules as a function of the electric power 
of modules, temperature drop on the modules and the hot side temperature of modules; 

G(Wn, N) liquid flow rate in the heat-exchange loop as a function of pump supply power and the 
number of thermoelectric modules; 

Qr(Wn, Wv, ΔTr, N) = Fr(Wn, Wv, N)⋅ΔTr is thermal power which is transferred by liquid-air heat 
exchanger as a function of liquid pump and fan supply powers and the difference in temperature 
between the air and liquid at the heat exchanger inlet; 

Qt(ΔTt, Wn, N) = Ft(Wn, N)⋅ΔTt is thermal power which is transferred by liquid heat exchanger as 
a function of temperature difference between thermoelectric module surface and liquid at the heat 
exchanger inlet, liquid pump and fan supply powers and temperature difference between the air and 
liquid at the heat exchanger inlet. 

Based on this, the following relations will be obtained to find temperature drops listed in (3):  

 1 1 1 1 0( , , )r r n v rQ F W W N T Q= ⋅Δ =  (4) 

 2 2 2 2 0 0( , , )r r n v rQ F W W N T Q W= ⋅Δ = +  (5) 

 1 1 1 0( , )t t n tQ F W N T Q= ⋅Δ =  (6) 

 2 2 2 0 0( , )t t n tQ F W N T Q W= ⋅Δ = +  (7) 

The air conditioner cooling capacity will be found from equation (8) 

 0 TEB 0 TEB( , , )hQ Q W T T= Δ  (8) 

The expression for temperature drop on thermopile ΔTTEB will be obtained by substituting 
(4) – (7) into (2): 
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2
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1 1

0 0
2 2

1 1
( , , ) ( , )

1 1 .
( , , ) ( , )

amb cold
r n v t n

r n v t n

T T T Q
F W W N F W N

Q W
F W W N F W N

⎛ ⎞
Δ = − + + +⎜ ⎟⎜ ⎟

⎝ ⎠
⎛ ⎞

+ + +⎜ ⎟⎜ ⎟
⎝ ⎠

 (9) 

The expression for Th will be obtained from the equation 

 2 2h amb r tT T T T= + Δ + Δ . (10) 

Substituting (4) and (6) into (10), we obtain: 

 ( )
2

0 0
2 2

1 1 .
( , , ) ( , )h amb

r n v t n

T T Q W
F W W N F W N

⎛ ⎞
= + + +⎜ ⎟⎜ ⎟

⎝ ⎠
 (11) 

The expressions (8), (9) and (11) form a system of equations to find the air conditioner cooling 
capacity Q0 which is solved with respect to Q0, ΔTTEB, Th for given Tamb, Tcold values and Fr(Wn, Wv, N), 
Ft(Wn, N) and QTEB(W0, ΔTTEB, Th) functions. 

The air conditioner coefficient of performance is found from (1). The objective function of 
optimization will be air conditioner coefficient of performance, and optimization parameters – the 
electric powers of air conditioner components. 

2.2. Optimization methods 

The above described awkward and complicated optimum criteria motivate the use of numerical 
methods of seeking the optimal value of objective function.  

The objective function of thermoelectric air conditioner – coefficient of performance – is a 
nonlinear function that depends on the combination of parameters which, in turn, are expressed 
implicitly, using a plurality of empirical equalities. So, it is impossible to use the methods of search for 
the first and second-order extremes (due to the impossibility of finding the derivatives). A search for 
the optimal coefficient of performance value employed gradient-free zero-order method – a modified 
Hook-Jeeves method [8]. 

At each iteration step of the main program cycle, a system of nonlinear equations (8 – 11) is solved 
and cooling capacity is found. Coefficients of approximating polynomials that are used to determine the 
empirical relations between the physical parameters of optimization program are calculated. 

3. Thermoelectric air conditioner optimization 
3.1. Empirical functions of parameters of thermoelectric air conditioner components  

Thermoelectric modules. Based on the experimental investigations of the dependence of cooling 
capacity of thermoelectric cooling module Altec-127 on the supply power and the hot and cold heat 
exchanger temperatures, in the numerical calculations the function of module heat capacity Qm was 
approximated by the analytical dependences: 

 
( ) ( )

( )
( , , ) ( ) 1 0.0015 1.334 0.00233

0.07217 0.00317 ,
m m h m m h

h

Q W T T F W T T T

T

Δ = ⎡ − Δ − − Δ ⎤×⎣ ⎦
× +

 (12) 

where ( )8.45 0.115 0.37 3.25m m mF W W= − − + . (13) 
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Liquid pumps. Dependence of liquid flow rate in heat exchange loop on the pump power and the 
number of modules was found as follows: 

 max ( )( , ) n
n t

g g

P WG W N
r NR
Δ

=
+

, (14) 

where ΔPmax(Wn) is dependence of maximum pump pressure on its power, Rg
t is hydraulic resistance of 

liquid heat exchanger, rg is hydraulic resistance of heat exchange loop without heat exchangers. 
From the experiments with the liquid pump the following dependences were established: 

 max ( ) 0.01283n nP W WΔ =   (atm), (15) 

 4 3

0.01283( , )
6.31 10 1.835 10

n
n

WG W N
N− −=

⋅ + ⋅ ⋅
  (ml/s). (16) 

Liquid-air heat exchangers. Experimental studies were used to establish the values of power 
that can be transferred from liquid to air depending on the difference in temperature between water at 
heat exchanger inlet and air, liquid losses in heat exchange loop and fan supply power Qr(ΔTr, G, Wv). 
Taking into account that G = G(Wn, N), and Qr ∼ ΔTr, the value Qr was obtained as follows: 

 ( , , , ) ( , , )r n v r n v rQ W W T N F W W N TΔ = ⋅Δ , (17) 

where Fr(Wn, Wv, N) is experimental function which characterizes the heat exchanger. 
For the heat exchanger under study function Fr was approximated as follows: 

 
2

2

( , , ) 15.5783 0.3402 ( , ) 0.0018 ( , )

0.15 0.14125 0.00437 .

n v n n

v v

F W W N G W N G W N

W W

⎡ ⎤= + − ×⎣ ⎦
⎡ ⎤× + −⎣ ⎦

 (18) 

Liquid heat exchangers. Dependence of liquid heat exchanger power Qt(ΔTt, G) on the 
difference in temperature between water at heat exchanger inlet and heat exchanger surface, and on 
water flow rate in the heat exchange loop was experimentally determined. Taking into account that 
G = G(Wn, N) and Qt ∼ ΔTt dependence Qt will be sought as follows: 

 ( , , ) ( , )t t n t n tQ T W N F W N TΔ = ⋅Δ , (19) 

where Ft(Wn, N) is experimental function characterizing the heat exchanger. For the heat exchanger 
under study function Ft was approximated as: 

 4 2( , ) 2.5349 0.08292 ( , ) 3.02648 10 ( , )t n n nF W N N G W N G W N−⎡ ⎤= + − ⋅⎣ ⎦ . (20) 

3.2. Results of thermoelectric air conditioner optimization 

As a result of thermoelectric air conditioner optimization, the operating conditions of air 
conditioner components were found whereby its coefficient of performance has a maximum. 

Using the algorithms and program described in paragraph 2, the coefficient of performance of 
air conditioner 0ε  was calculated for the following input parameters of the problem: 

ambient temperature Tamb = 20, 25, 30, 35, 40 °С, 
reduction of temperature in the chamber ΔT = Tamb – Tcold = 10, 15, 20 °С. 
In Tables 1 – 3 are listed the results of calculation of maximum coefficient of performance εmax 

of air conditioner and its cooling capacity depending on the number of thermoelectric modules N. 
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Besides, in the Tables are listed the supply power values of air conditioner systems whereby 
coefficient of performance has a maximum. 

Table 1 
Maximum coefficient of performance of air conditioner  

at Tamb = 20 °С, ΔT = 10 °С 

N εmax Q0, W W0, W Wn1, W Wv1, W Wn2, W Wv2, W 

2 0.519 24.38 21 5 8 5 8 

4 0.628 32.01 25 5 8 5 8 

6 0.667 36.01 28 5 8 5 8 

8 0.676 38.58 31 5 8 5 8.1 

10 0.668 41.86 35 5 8.5 5 9.5 

20 0.587 41.36 48 5 10 5 12 

Table 2 
Maximum coefficient of performance of air conditioner  

at Tamb = 20 °С, ΔT = 15 °С 

N εmax Q0, W W0, W Wn1, W Wv1, W Wn2, W Wv2, W 

2 0.422 22.34 27 5 8 5 8 

4 0.475 29.92 35 5 8 5 8 

6 0.481 32.68 42 5 8 5 8 

8 0.468 36.94 50 5 8 7 11 

10 0.448 40.06 58 5 9.5 9 12 

20 0.331 40.99 87 5 11 21 12 

Table 3 
Maximum coefficient of performance of air conditioner  

at Tamb = 20 °С, ΔT = 20 °С 

N εmax Q0, W W0, W Wn1, W Wv1, W Wn2, W Wv2, W 

2 0.334 20.03 34 5 8 5 8 

4 0.353 28.70 51 5 8 8 9.5 

6 0.340 38.48 75 5 8 16 10 

8 0.320 43.0 87 5 9 22 12 

10 0.26 40.2 124 5.6 10.5 25 12 

20 0.18 39.3 162 6 12 28 12 
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Fig. 2 gives a comparison of the coefficient of performance of thermoelectric modules and air 
conditioner under other optimal operating conditions of thermoelectric air conditioner components. 

 
Fig. 2. Dependences of coefficient of performance of thermoelectric modules and thermoelectric air conditioner 

on the supply power of thermoelectric modules Tamb = 20 °С, ΔT = 15 °С. 

Conclusions 
1. The physical and mathematical models, the algorithms and computer program of search for multi-

parameter maximum of coefficient of performance of thermoelectric air conditioner have been 
developed. 

2. For the specific designs of thermoelectric air conditioner, multi-parameter maxima of coefficient 
of performance have been found in the operating power ranges of thermopile, liquid pumps and air 
fans for specified cooling depth. 

3. It has been established that even under the optimal operating conditions of air conditioner 
components the coefficient of performance of thermoelectric air conditioner differs by a factor of 
~ 7 from that of thermoelectric modules. This testifies to the necessity of improving the 
components of heat exchange systems of thermoelectric air conditioner. 
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ELECTRONIC RECORDER WITH PROCESSING  
SIGNALS FROM HEAT FLUX  
THERMOELECTRIC SENSOR 

This paper presents the results of electronic recorder development with processing signals from 
thermoelectric sensor intended for contact measurement of human heat flux density and temperature. 
Its structural features, technical characteristics and functional block-diagram are shown. 
Key words: electronic recorder, thermoelectric sensor, heat flux. 

Introduction 
General characterization of the problem. Thermoelectric sensors are becoming more common 

in various branches of medicine. A factor of importance in the investigation of human heat fluxes 
using such sensors is the accuracy and speed of recording signals from thermoelectric sensors. 

Analysis of the literature. The need in high accuracy and speed of heat flux measurements leads 
to complication of electric circuits and enlargement of devices for recording signals from 
thermoelectric sensors. The existing devices of this type [1-4] have a relatively high measurement 
error, large dimensions and a low speed and are incapable of measurement time control. The main 
disadvantage of these devices is the absence of internal memory for storing measurement results and a 
demand for external power supply. Therefore, it is of current concern to develop a self-contained 
electronic recorder characterized by improved accuracy of measuring signals from heat flux 
thermoelectric sensor and high speed of processing and storing the measured data 

The purpose of this work is to develop an electronic recorder with processing of signals from 
thermoelectric sensor that assures simultaneous measurement of human heat flux and temperature and 
recording their values in time. 

Electronic recorder design and technical characteristics 
At the Institute of Thermoelectricity NAS and MESYS of Ukraine an electronic recorder with 

processing signals from heat flux thermoelectric sensor has been developed (Fig. 1). 
Device block-diagram (Fig. 2) consists of the following functional assemblies: thermoelectric 

sensor with a built-in thermocouple for measuring human heat flux and temperature, thermocouple 
signal amplifier with ambient temperature compensator, analog-to-digital converters for conversion of 
analog sensor signals into digital ones, digital signal processing unit for storing and graphic 
reproduction of data on the display. 
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1

2

 
Fig. 1. Electronic recorder with processing signals from heat flux thermoelectric sensor: 

 1 – electronic recorder; 2 – thermoelectric sensor. 

 

 
Fig. 2. Device block-diagram. 

The main functional assembly of signal processing unit is a microcontroller [5] operating at a 
frequency up to 20 МHz which assures high processing rate of signals from thermoelectric heat flux 
sensor and comprises 32 Kb of internal memory. Personal computer is used to program the 
microcontroller which, in turn, controls the work of other functional assemblies of the block-diagram, 
information display and read-in  

The left sidewall of the device has a socket for connection of heat flux thermoelectric sensor, a 
switch button and a socket for battery recharging. Thermoelectric sensor is connected to electronic 
recorder with the aid of a mini USB-connector. This allows replacing thermoelectric sensors in case of 
their failure and using sensors of varying configuration and geometry, which makes this device more 
convenient in operation.  

Mounted on the front wall of the case is a liquid-crystal monochrome display with a resolution 
of 128 × 64 pixels. One pixel of display screen is matched by 5 mV of thermoelectric sensor 
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electromotive force. The display shows plotted values of the heat flux of respective human body area 
in millivolts (mV) and temperature values in centigrade (°С). Thus, previous measurement data can be 
analyzed directly from the plot shown on the display. 

Device power supply is from lithium-ion battery of capacity 1000 mA/h assuring 10 hours of 
uninterrupted device work. Device supply voltage is 3.3 V, current consumption is 100 mA, the 
accuracy of measuring human body temperature is ± 0.1 °С, the accuracy of measuring the 
thermoelectric sensor electromotive force is 2 – 3 mV. The overall dimensions of the electronic 
recorder are 90 × 58 × 24 mm and the device weight is 0.15 kg. 

Conclusions 
1. An electronic recorder of signals has been developed that enables simultaneous determination of 

temperature and heat fluxes with recording their values in time over the course of 10 hours. The 
device assures visualization of signals in the form of time-dependent plots. Information transfer to 
personal computer for its subsequent processing according to the assigned algorithm is provided. 

2. The device allows identifying the peculiarities of heat release on human skin surface for a 
correlation with human state. 

The Author is sincerely grateful to academician L.I. Anatychuk for the proposed paper topic and 
the help during its execution. 

References 
1. L.I. Anatychuk, Thermoelements and Thermoelectric Devices. Handbook (Kyiv: Naukova Dumka, 

1979), 766 p. 
2. L.I. Anatychuk, N.G. Lozinsky, P.D. Mykytyuk, Yu.Yu. Rozver, Thermoelectric Semiconductor 

Heat Meter, Pribory i Tekhnika Eksperimenta 5, 236 (1983). 
3. A.A. Ascheulov, L.Ya. Kushneryk, Thermoelectric Device for Medico-Biological Express 

Diagnostics, Tekhnologiya i Konstruirovaniye v Elektronnoi Apparature 4, 38-39 (2004). 
4. L.K. Holtermann, Patent US 4198859, Heat flow probe, 1980. 
5. A.V. Yevstifeyev, ATMEL AVR Microcontrollers of Tiny and Mega Families, 5-th ed. (Moscow: 

“Dodeka XXI” Publishing House, 2008), 430 p. 
 
 

Submitted 28.12.2012. 



 
 

ISSN 1607-8829 Journal of Thermoelectricity №1, 2013  77

 

 

 

 

 

 

 

 

 

 

 

 

 

NEWS 
 

 



 
 

 

 

 

 



 
МАТЕРИАЛОВЕДЕНИЕ 

ISSN 1607-8829 Journal of Thermoelectricity №1, 2013 79 

INTERNATIONAL THERMOELECTRIC ACADEMY 

KIN-ICHI UEMURA 

(Dedicated to the 90-th anniversary) 

 

February 6, 2013 is the day of the 90th anniversary of Kin-ichi Uemura, 
academician of International Thermoelectric Academy, Doctor of Technical 
Sciences, a director of Institute for Thermoelectric Technologies Japan. 

Kin-ichi Uemura was born in Saga prefecture Japan. He graduated as a Bachelor of Technical 
Sciences from Faculty of Engineering, Tokyo University (1946). The scientific interests of  
Kin-ichi Uemura cover a wide scope of relevant problems of modern thermoelectricity. 

Since 1956 Uemura’s professional activity has been inseparable related to thermoelectricity. He 
has studied the electrophysical properties of thermoelectric semiconductor materials, heat exchange 
processes, developed thermoelectric modules and devices on their basis in Thermoelectric Research 
Laboratory of Engineering Division, Komatsu Co. Ltd. 

Kin-ichi Uemura has been in charge of scientific and development projects on thermoelectric 
cooling. Their subject matter: technology for production of superpure Bi, Te, Sb and other source 
materials; increase of thermoelectric figure of merit of materials based on bismuth telluride; methods 
for fabrication of thermoelectric modules for coolers and air-conditioners, including high-current 
(Imax = ~ 30 A) thermoelectric modules without ceramic substrates.  

These studies formed the basis for his doctoral thesis brilliantly maintained in Tokyo University 
in 1961, and successful completion of the projects served the basis for creation in 1960 of a subsidiary 
company Komatsu Electronics Inc., the thermoelectric department of which was headed by  
Kin-ichi Uemura in 1960 – 1988, who was responsible for the thermoelectric activity of the company.  

The scientist’s high international prestige, his remarkable organizing talent, commercial success 
of his developments resulted in creation in 1990 of Institute for Thermoelectric Technologies Japan 
(ITTJ) of which Kin-ichi Uemura became a director. 

Kin-ichi Uemura successfully combines scientific and production, administrative and social 
activities. He was organizer of the 12-th International Conference on Thermoelectrics (ICT93) and 
International Short Course on Thermoelectrics (SCT93) in Yokogama, Japan. In 1993 – 1996 he 
performed duties of a member of the Board of the International Thermoelectric Society. In 1994  
Kin-ichi Uemura was elected academician and Vice-President of International Thermoelectric 
Academy (ITA). He is editorial board member and distributor of “Journal of Thermoelectricity”. In 
2002 Honorable Golden Prize of International Thermoelectric Academy was awarded to him for the 
fundamental contribution to development of thermoelectricity. Now Kin-ichi Uemura is at a well-
deserved rest.  

International Thermoelectric Academy, Institute of Thermoelectricity of the National Academy 
of Sciences and Ministry of Education and Science, Youth and Sports of Ukraine congratulate the 
esteemed Kin-ichi Uemura on his 90th jubilee, wishing him success in his multifarious activity, good 
health and longevity. 
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GIORGIO PASTORINO 

(Dedicated to the 75-th anniversary) 

 

Giorgio Pastorino, Italian scientist, corresponding member of 
International Thermoelectric Academy, president of company PELTECH 
srl, Bachelor in Mechanical Engineering, celebrates his 75-th anniversary. 

The main lines of his research and developments are related to looking for the opportunities to 
realize a new concept of thermoelectric assemblies based on the “platform” concept. 

“Platform” concept means: 
– cost effective solutions; 
– quick response to new requirements; 
– certainty about performance. 
Investigations performed by Giorgio Pastorino allowed finding an ingenious approach to the 

design of thermoelectric devices (a modular architecture made of a set of basic components with 
general interface definitions, using identical thermoelectric coupling methods, guided by the 
constraints of geometry and general assembly methods). Modular components, designed in a special 
way, are part of the platform’s basic set of parts, including the installed commercial components that 
are individually characterized with respect to constraints of platform structure. A proprietary 
mathematical model for predicting performance of any platform assembly has been developed and is 
maintained together with a database on the platform components’ parameters, properties and costs, 
thus permitting to conceive new solutions for any special basic operating characteristics with a precise 
and reliable prediction of parameters and manufacturing cost. Moreover, prototyping a new custom 
solution corresponds to sampling a new combination of well known elements with the generally 
known platform architecture, setting the premises fir the shortest time-to-market for any solution. 

The scientific and development pursuits of Giorgio Pastorino were highly commended at the 
International exhibition in Italy, 2006. He picked up Dame Design Award Metz (category “Winner”). 

Giorgio Pastorino is one of the main organizers of International Workshop on July 14, 2005 in 
Como in honor of pioneer in thermoelectricity Alessandro Volta. 

International Thermoelectric Academy, Institute of Thermoelectricity of the National Academy 
of Sciences and Ministry of Education and Science, Youth and Sports of Ukraine, “Journal of 
Thermoelectricity” Publishers congratulate the esteemed Giorgio Pastorino on his glorious jubilee, 
wishing him good health, creative success and happy longevity. 

 



 
МАТЕРИАЛОВЕДЕНИЕ 

ISSN 1607-8829 Journal of Thermoelectricity №1, 2013 81 

VOLODYMYR OLEKSIYOVYCH SEMENYUK 

(Dedicated to the 75-th anniversary) 

On February 3 this year Volodymyr Oleksiyovych Semenyuk, a 
well-known scientist in thermoelectricity, academician of International 
Thermoelectric Academy, celebrated his 75th birthday. 

In 1960 he graduated from Odessa State Academy of Refrigeration. 
For many years the scientific and pedagogical activity of Volodymyr 
Oleksiyovych has been related to this academic and research institution. 

The research interests of V.O. Semenyuk were formed immediately under the influence of the 
founder of scientific school in the field of power engineering and refrigeration technology, professor 
V.S. Martynovsky, the scientists in thermoelectricity A.F. Ioffe, L.S. Stilbance, E.K. Iordanishvili 
and others. 

Volodymyr Oleksiyovych made a major contribution to study of nonequilibrium 
thermodynamics and physics of thermoelectric effects. He was the first to solve a variety of variational 
problems as applied to thermoelectricity which made the basis for creation of modern computer 
methods for design of thermoelectric instruments and devices. 

The scientist has solved a series of important engineering problems of thermoelectricity, in 
particular, the problems of heat exchange in thermoelectric devices, efficiency increase of multi-stage 
coolers, the problems of using the bulk thermoelectric cooling elements with programmed 
inhomogeneous legs. He studied and successfully solved contact problems in thermoelectric coolers, 
which allowed creating efficient microminiaturization technologies of thermoelectric devices. The 
theory and practice of thermoelectric instrument making was developed, the parametric series of 
thermoelectric micromodules were created which defy competition on global markets. In the 
development of some thermoelectric projects V.O. Semenyuk successfully cooperated with many 
scientific centers in the USA and Western Europe. 

V.O. Semenyuk is the author of over 100 scientific works, certificates of authorship and patents, 
notably a monograph (in co-authorship with academician L.I. Anatychuk) “Optimal Control over the 
Properties of Thermoelectric Materials and Devices”. In 2006 and 2012 the results of his research in 
the theory and practice of thermoelectric instrument making were included as chapters into international 
handbooks “Thermoelectrics Handbook: Macro to Nano” and “Thermoelectrics and its Energy Harvesting”  

Volodymyr Oleksiyovych gives special attention to training high-skilled scientific brainpower. 
He is an outstanding lector whose reports to scientific conferences and international forums arouse 
much interest and admiration among the attendees.  

In recognition of the international level of his scientific achievements, V.O. Semenyuk was elected 
in 1995 full member of the International Thermoelectric Academy. V.O. Semenyuk is a member of the 
International and European Thermoelectric Societies, a member of American Institute of Aeronautics and 
Astronautics, a member of the Board of Directors of the European Thermoelectric Society. 

International Thermoelectric Academy, Institute of Thermoelectricity of the National Academy 
of Sciences and Ministry of Education and Science, Youth and Sports of Ukraine, “Journal of 
Thermoelectricity” Publishers sincerely congratulate the esteemed Volodymyr Oleksiyovych on his 
glorious 75th jubilee, wishing him good health and happy longevity! 
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STEPAN VASYLYOVYCH MELNYCHUK 

(Dedicated to the 65-th anniversary) 

 
On January 14, 2013 the scientific community celebrated the 65th 

anniversary of Stepan Vasylyovych Melnychuk, Doctor of Science in 
Physics and Mathematics, professor, academician of International 
Thermoelectric Academy, Laureate of State Prize of Ukraine in Science 

and Technology, rector of Yuri Fedkovych Chernivtsi National University. 
Stepan Vasylyovych Melnychuk was born in the village of Toporivtsi, Novoselytsia district, 

Chernivtsi region. 
He graduated with distinction from Physics Faculty and the postgraduate course of Theoretical 

Physics Department of Chernivtsi National University. 
Stepan Melnychuk started his career in 1973 in the capacity of an engineer, and then a junior 

research fellow of Chernivtsi Division of Institute of Semiconductors NAS Ukraine. Two years later 
he maintained his PhD Thesis (“Research on Impurity States in Excitonic Insulator”). 

Since 1976 he worked as a senior lecturer, and then associate professor of Theoretical Physics 
Department; having maintained DSc Thesis (“Localized States in Electron and Vibration Spectra of 
AIIBVI Semiconductors Doped with 3d-Elements”) – as a professor of this department. 

In 2001 S.V. Melnychuk was appointed a pro-rector of research, and in 2004 – the first pro-
rector of Chernivtsi National University. In March 2005 року Stepan Vasylyovych was elected rector 
of Yuri Fedkovych Chernivtsi National University. 

Of high priority in the multifarious activity of the university leader is his fruitful research, 
pedagogical and public work. He is head of Computer Systems and Networks Department of 
Computer Sciences Faculty, delivers lecture courses to students, supervises the work of postgraduates. 
Under his guidance, 11 PhD Theses and 1 Doctoral Thesis have been maintained. 

Professor S.V. Melnychuk is the author and co-author of over 160 scientific works, notably a 
monograph, a textbook and several manuals for students and two secondary school books. 

The scope of professor’s research interests covers the problems of mathematical simulation of 
physical characteristics of semiconductor materials and structures used for elements and devices of 
computer electronic, including infrared technique, which is reflected in the monograph (in co-authorship) 
“Cadmium Telluride: Impurity-Defect States and Detector Properties” (2000). 

S.V. Melnychuk is Excellent Worker of National Education, Honoured Worker of Science and 
Technology of Ukraine.  

Professor S.V. Melnychuk was honored with a distinguished title of Laureate of State Prize of 
Ukraine in Science and Technology (2007). 

By Decree of the President of Ukraine for considerable personal contribution to development of 
national education, many years of fruitful scientific and pedagogical activity Stepan Vasylyovych 
Melnychuk was awarded with Third Class Order of Merit (2008). 

International Thermoelectric Academy, Institute of Thermoelectricity of the National Academy 
of Sciences and Ministry of Education and Science, Youth and Sports of Ukraine, “Journal of 
Thermoelectricity” founders and its editorial board cordially congratulate the esteemed Stepan 
Vasylyovych on his glorious 65th jubilee, wishing him sound health and creative inspiration for may 
years to come! 
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TITO HUBER 

(Dedicated to the 65-th anniversary) 

 
 
 
2013 is a jubilee year for a well-known physical scientist, 

corresponding member of International Thermoelectric Academy, Doctor of 
Science, Professor of Howard University Tito Huber. 

The scientific and pedagogical activity of Tito Huber is related to many educational and 
research institutions where he occupied different positions: Instructor, the National University of 
Comahue, Argentine (1973-1976), Research Assistant, Brown University (1976-1983), Assistant 
Professor of Physics, University of Puerto-Rico (1983-1991), Associate Professor of Physics, 
Polytechnic University, Brooklyn, New-York (1991-1998), Professor of Howard University (2000). 

The main lines of research and developments of Prof. Tito Huber: 
– thermoelectric microgenerators and microthermocouples; 
– materials based on bismuth nanowires; 
– nanocomposite synthesis; 
– thermal resistance across interfaces; 
– optical nanocomposites; experimental study of the optical properties of metal and 

semiconductor nanocomposites; 
– nanocomposites synthesized by high pressure injection of porous dielectrics as optical 

materials; 
– optical properties of scattered hydrogen: porous materials and inclusions; 
– semiconductor nanowire composites for thermoelectricity; 
– scanning force microscopy on the nanostructured conducting composites and polymer 

materials; 
– synthesis, processing and characteristics of bismuth based wires; 
– compact thermomagnetic cryocooler based on nanocomposites; 
– nanotubes based on GaN: manufacture, characteristic and application. 
For his successful work Professor Tito Huber was awarded a fellowship of the National Atomic 

Energy Commission (Argentine) and a NATO fellowship (1981). 
International Thermoelectric Academy, Institute of Thermoelectricity of the National Academy 

of Sciences and Ministry of Education and Science, Youth and Sports of Ukraine, “Journal of 
Thermoelectricity” Publishers congratulate the esteemed Tito Huber on his jubilee, wishing him sound 
health and creative success in his work. 
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THE EARTH’S THERMOELECTRICITY AS THE BASIS  
FOR POWER SUPPLIES OF MANKIND 

Oil and other fossil fuels are formed of inorganic carbonates and water in the course of their 
electrochemical reduction by passing electric currents generated due to high temperature of the 
Earth’s interior (thermal currents). Carbon dioxide formed during their combustion, absorbed by 
the Earth and converted into inorganic carbonates in its depths is the initial raw material of their 
formation, and due to the cyclic “formation-combustion” process, similar to water circulation in 
nature, the resource of fossil fuels is never-ending. Within this theory, clear definition is given of 
such global natural phenomena as non-photosynthetic process of oxygen release by the Earth 
through the oceans and absorption of carbon dioxide by the Earth through water surfaces. 
Key words: thermal currents, electric reduction, fossil fuels. 

Introduction 
Fossil fuels account for almost all power supplies used by mankind, and without them it is 

difficult to imagine the today’s level of human civilization. Nevertheless, oil ranks central due to its 
particularly valuable qualities. For some countries it is a vital necessity and to a large extent the basis 
for national policy. There is no product among the minerals that could be compared to oil in its 
significance. Annually, a huge amount of energy is consumed in the world which is equivalent in its 
energy effect to the use of over 11 milliard tons of oil. The share of oil, coal and natural gas is nearly 
87 % of all energy resources consumed. And the first place is still occupied by oil which accounts for 
more than 1/3 of the entire world energy balance [1]. However, despite this, a conceptual scientific 
basis for a theory establishing the origin of oil in the Earth’s crust which would be in good agreement 
with science, practice and logic does not exist today. Therefore, development of a scientific theory for 
this branch of science is a relevant scientific task which is also of a big practical value. 

To have a chance for existence, any theory in the field of natural science, particularly related to 
energy and power engineering, should not contradict to the fundamental laws of natural science and 
logic. Moreover, it should be in full agreement with them. One of such laws is the first principle of 
thermodynamics, otherwise called "The law of conservation of energy" which means that energy can 
be neither created nor destroyed – it passes from one kind to another. 

We will use this thesis as a foundation on which we will try to construct a theory of formation 
of oil and all other fossil fuels.  

So, oil is energy material or, in other words, it carries energy. If it has energy, then it is only 
natural to ask: where did it take this energy from or, in terms of thermodynamics, what kind of energy 
has been converted into the energy of oil? In so doing, this energy, converted into oil, should be more 
than enough to cover the energy equivalent at least to 11 milliard tons of oil annually. 
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From the above information it logically follows that in the Earth’s interior there should be a 
permanent source of energy whose energy passes into the energy of oil.  

It is interesting what kind of a source it might be? 
This question will serve a general line of seeking the ways for development of oil formation theory. 

Hydrocarbon formation theory 
The problem of creation of a new hydrocarbon formation theory will be formulated as a solution 

of the inverse problem of complete combustion of hydrocarbons in the presence of oxygen (the reason 
for this will become clear from the subsequent discussion). 

                                                               8е– 
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The figures on the element symbols indicate their respective oxidation degrees. 
As can be seen from equation (1), its respective reaction is oxidation-reduction, i.e. each 

methane molecule giving 8 electrons to two oxygen molecules is converted into one molecule of 
carbon dioxide and two molecules of water. It is natural to ask: could we obtain the initial reaction 
products (1) – СН4 + 2О2, if 8 electrons are passed into a mixture of final products (СО2 + 2Н2О)? In 
other words, could reaction (1) proceed in the opposite direction: 
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The origin of chemical processes in equation (2) means the reversibility of equation (1). It 
means the reversibility of processes described by these equations, which is in full agreement with the 
law of reversibility which is a fundamental law of nature and a principal conclusion from the universal 
thermodynamics [2, 3] elaborated by a Turkmen scientist, professor M. Mamedov.  

Another natural question arises: is there any experimental data – as the basic truth criteria – as 
regards the electric reduction of carbonate compounds to lower carbon oxidation degrees? Yes, these 
processes successfully proceed in reactors-electrolyzers [4]. Besides, with carbon oxide reduction, a 
mixture of hydrocarbons - methane, ethane, ethylene – is formed on a cathode according to reaction: 

 2 4 2 6 2 4        СО Н О е СН С Н С Н ОН− −+ + → + + +   

or, with carbon dioxide reduction, formic acid is formed: 

 2 2      СО Н О е НСООН ОН− −+ + → +   

In so doing, processes of reduction of chemical substances are based both on direct and 
alternating electric current [5]. 
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Thus, the intermediate conclusions: 
1. The electrochemical theory of oil formation has sufficiently strong theoretical and 

experimental basis. 
2. On passing electric current through oxidized carbon forms, the latter are reduced to less 

oxidized forms, sometimes completely to hydrocarbons. 
For the electric reduction of carbonate compounds the following conditions should be observed 

in the electrolyzers: the presence of electrically conducting medium; the presence of electric current; 
the presence of carbonate material for the electric reduction.  

If we show that in the Earth’s crust there exist the same or close conditions for the above 
process, as in the electrolyzers, it will entitle us to admit the idea of the origin of similar processes in 
the Earth’s crust.  

According to classical geoelectricity, the electric current in the Earth is generated due to the 
action of solar plasma flux (the so-called “solar wind") on the magnetosphere [6, 7]. However, in our 
opinion, the main source of the Earth’s electric current is high temperature of the Earth’s centre 
(5000 °С) [8], owing to which a thermal current is formed which is directed from the Earth’s centre to 
its entire surface.  

The presence of a permanent magnetic field of the Earth [8] is a direct proof of the existence of 
direct electric current in it. Since thermal current is a direct current by nature, it should also create a 
direct field. If a direct magnetic field of the Earth is 99 % of the entire magnetic field of the Earth, it is 
logical that it is mainly a direct current that acts in the Earth, and since thermal current is a direct 
current by nature, logically it must be caused by high temperature of the Earth centre. 

The presence of carbonate materials in the Earth is beyond question – almost all rocks include, 
as a rule, limestones, dolomites and other carbonates. In the present work by carbonates are meant all 
minerals, as well as to one extent or other oxidized carbon compounds. 

Thus, we have indicated the presence of all conditions for the electric reduction of carbonates in 
the Earth’s crust – it is electrically conductive, there is an electric current flowing in it and a large 
amount of carbonate minerals. 

It is known [9] that the largest number of oil deposits is located at the boundaries of tectonic 
plates separated by spaces filled with liquid magma the external manifestations of which are 
volcanoes, geysers, mud volcanoes, the sources of hot or warm waters. In other words, these are the 
areas on the Earth’s surface where the largest heat flow from the Earth’s interior is found. According 
to the concepts of nonlinear nonequilibrium thermodynamics, if there is at least one flow in some 
direction, there are all the other possible flows. In this case we are interested in the theoretical 
possibility of electric current flow from the Earth’s centre to its surface. The last achievements of 
thermodynamic theory, to be more precise, the principle of totality of flows, which is one of 
conclusions from the linear nonequilibrium thermodynamics developed, as mentioned above, by 
professor M. Mamedov, also confirms the theoretical possibility of thermal current. 

From these considerations the reason for preferable location of oil deposits at the boundaries of 
geological tectonic plates becomes apparent. Naturally, all other factors being equal, the greater is the 
flow of heat, hence, of electricity, the greater is the amount of oil and gas. 

Thus, the foregoing information suggests the following logical conclusion: oil is formed in the 
Earth’s interior due to passing of the Earth’s electric currents through carbonates and water. In other 
words, under the influence of the Earth’s electric currents created by high temperature of the Earth’s 
interior there is a transition of inorganic carbonates to organic, called "fossil fuels". 
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Basic equations of hydrocarbon formation 

For clarity, let us consider full cycle of formation, combustion with generation of energy on the 
Earth’s surface and absorption of combustion products (CO2) by the Earth for methane which is the 
simplest hydrocarbon following the way proposed in this theory: 

 Q 8e−− →  (3) 

 ( )3 2 4 2
 7   8     8CaCO H O e CH Ca OH OH− −+ + = + +  (4) 

 2 28   4   2  8OH H O O e− −= + +  (5) 

 4 2 2 2 2   2  –  CH O CO H O Q+ = +  (6)  

 ( ) 2 3 22
    Ca OH CO CaCO H O+ = +  (7)  

Let us comment on the schematic and equations (3 – 7). 
Schematic (3) means that the Earth’s heat which actually is a variety of energy denoted by Q, 

gives in the Earth a flow of electrons 8е–, or just an electric current. Later on, this electron flow, 
having passed through calcium carbonate and water (4), reduces carbonate carbon and hydrogen of 
water with formation of methane, calcium hydroxide and hydroxyl group. 

Hydroxyl groups are passed by “relay-race reactions” through the drainage shell of the Earth 
and through the oceans they are carried out to the Earth’s surface as oxygen and water, preliminarily 
subject to recombination reaction, and electron in this case also comes back to the initial point in (4). 
The resulting methane in the form of natural gas is carried out to the Earth’s surface and used as 
energy (6). As this takes place, the initial energy E is released which, in fact, is the Earth’s heat 
converted into thermal current and then methane as the energy of chemical bonds in methane 
molecule. In so doing, carbon dioxide and water are also formed. Then the resulting water joins total 
water circulation in nature, and carbon dioxide through the water surfaces and the Earth’s drainage 
shell finally gets to that place in the Earth from where it was retrieved as methane. Naturally, in this 
case it will be immediately trapped by calcium hydroxide with formation of calcium carbonate. The 
equations (3), (4), (5) and (7) describe processes occurring in the Earth’s interior, and the process 
described by equation (6) occurs on the Earth’s surface. 

Thus, our “travel” through equations (3 – 7) has led us to the initial equation (3) on which basis 
it is quite natural to believe that we deal with a cyclic process. 

Equations (3 – 7) yield a precise material balance, which is a further argument in favour of 
proposed theory. Described by equations (3 – 7), processes for methane as a particular case of the 
variety of fossil fuel formation processes can be denoted by the following equations (8 – 12) for all 
fossil fuels: 

 (4 )Q n m e−− → +  (8)  

 ( ) ( ) ( ) ( )3 2 2
 3   4    4nCaCO n m H O n m e CnHm nCa OH n m OH− −+ + + + = + + +  (9)  

 ( ) ( ) ( ) ( )2 24  4 / 2   4 / 4  4n m OH n m H O n m O n m e− −+ = + + + + +  (10)  

 ( ) ( )2 2 2  / 4   / 2  –CnHm n m O nCO m H O Q+ + = +  (11)  

 ( )2 3 22
   nCO nCa OH nCaCO nH O+ = +  (12)  
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In the above equations (8) – (12) all kinds of fossil fuels are denoted by one formula CnHm, not 
quite clear for non-specialists, hence small comment is needed.  

First of all, n and m are only positive integers.  
Formula CnHm, as a rule, means: 
1. m = 2n + 2 – aliphatic hydrocarbons – methane homologues; 
2. m = 2n – olefinic or cycloaliphatic hydrocarbons; 
3. m = n – aromatic hydrocarbons;  
4. m → 0 or m = 0 – coal. 

Genesis revisited 
One of the main problems of Charles Darwin’s theory of the origin of species is the absence in 

nature of the so-called “intermediate biological species”, i.e. living organisms between the fish and 
reptiles, fish and birds, reptiles and birds and so on, which according to evolution theory once existed 
and resulted in current variety of biological species. Finding in nature of metamorphized remains of 
similar hypothetical animals would confirm this theory and, possibly, would lead to its recognition. 
However, they are absent in the nature, at least up to now no paleonthological excavation in the world 
has ever discovered them, casting doubt upon the validity of this theory.  

The theory of the origin of species deals with genesis of biological species, and the theory of the 
origin of fossil fuels offered for consideration of scientists and specialists covers the problems of 
genesis of oil and other fossil fuels. So, drawing certain analogy between these theories in order to 
eliminate the disadvantages of the former theory in the latter one seems quite natural. 

Thus, putting it in plain language, this theory asserts that oil is formed from any carbonate-
comprising rock (stone).  

Carbonates are salts of carbonic acid Н2СО3 (СаСО3 – calcite, limestone, marble; 
СаСО3*MgCO3 – dolomites, etc. are part of many rocks) and comprise acid residual, namely a 
fragment of СО3

2– which is the object of electric reduction by the Earth’s currents, and logic suggests 
that oil must comprise oxygen-containing compounds. But is it confirmed by facts? 

Indeed, oil comprises a variety of oxygen-containing compounds – “these oil components are 
represented by R-COOH acids, ArOH phenols, ketones, RCOOR ethers and lactones, less frequently 
by anhydrides and furan compounds, and their total content is 5 – 10 % “[10]. 

It counts in favour of the idea that a progenitor of oil is oxygen-containing carbon compound, 
such as carbonates.  

The universally known English name for oil is “stone oil”. Another English word for oil is 
petroleum. The geological dictionary says that “petro” means stone, and “oleum” – oil. Again we have 
come to stone oil! Why did people call this oil stone and not iron, aluminum, wooden or earthen? Why 
are these two names – stone and oil – inseparable?  

One thing is indisputable: if your family name is Ivanov, your ancestor’s name was Ivan! And, 
similarly, if material is called “stone oil”, “stone” is of essential, if not major importance in the origin 
of this “oil”. 

There is a city called Balkanabat in Turkmenistan previously called “Nebitdag”. “Nebit” in 
Turkmen means “oil”, “dag” means “mountain”, which is translated into Russian as “Neftegorsk” (Oil 
Mountain City). But mountain, as a rule, is stones, and again “stone” and “oil” are inseparable. May 
be, all these are accidents? It should be borne in mind that there are no accidents in nature!  
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Shales (Fig. 1) belong to terrigenous rocks with a parallel (layered) arrangement of low-temperature 
minerals. As is evident from the figure below, it is just a stone. 

Visual comparison of these two shales shows that combustible shale has plenty of organic 
carbon which has certainly formed from its inorganic mate. However, are there inorganic carbonates in 
combustible shales?  

Note the following information: 
“Combustible shale (Fig. 2) consists of predominant mineral (calcites (СаСО3), dolomite 

(СаСО3*MgCO3), illites, montmorillonite, kaolin, feldspars, quartz, pyrite, etc.) and organic parts 
(kerogen), the latter making 10 to 30 % of the rock mass and achieving 50 – 70 % only in top quality 
shales” [11]. As the phrase goes, comment is needless. 

  

Fig. 1. Shale. Fig. 2. Combustible shale. 

We finish the etymology (etymology is a section of linguistics studying the derivation of words) 
of the word “oil” with the words of a great Russian chemist D.I. Mendeleyev: “Of crucial importance 
are positions of oil areas close to mountain ranges” [12, p. 239].  

These perfectly correct notes of the great scientist could be supported and substantiated as 
follows: almost all rocks comprise carbonates. Mountains, basically, are a product of volcano activity 
which had abated after a lapse of great time intervals. At the present time the echoes of this abated 
activity are manifested in mountain regions as the hot sources of water – geysers, mud volcanoes or 
even active volcanoes. In other words, in the mountains or their vicinity there are oil-forming minerals 
and heat flow from the Earth’s interior which also account for electric current performing the main oil 
formation work. However, it does not necessarily mean that oil cannot be found beyond mountains! 
Fossil fuels shall be there where carbonate minerals are available (and they may be also in the Earth’s 
interior!), as well as heat flow and, hence, electric current from the Earth’s interior!   

Yet another example. It is known that “…Norway is the second largest net exporter of gas in the 
world and the sixth largest exporter of oil” [13]. But for us the most important is that this 
Scandinavian country with the world hydrocarbon supplies is near Iceland, otherwise called “The 
country of geysers and volcanoes”. Naturally, the proximity of places of huge heat flows from the 
Earth’s interior and the abundance of hydrocarbons is not an accidental geographical phenomenon. 
Such examples are numerous: the point is that practically all large hydrocarbon deposits are located at 
the fractures of geological tectonic plates. 

Global energy cycle 
Processes described above by equations (8 – 12) can be represented in the form of a cyclic 

process, as shown below. Since this cycle describes formation and use of all conventional fossil fuels 
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and in view of the fact that they make the basis for practically all (nearly 90 %) power supplies used 
by mankind, it is reasonable to call it “Global energy cycle” (Fig. 3). 

 

Fig. 3. Global energy cycle. 

Letters n and m in the indexes and coefficients have identical values. It is natural to assume that 
coefficients n and m are functions of parameters characterizing conditions of process origin. It is also 
logical that coal is also formed according to the above scheme with a large deficit or in the absence of 
water in electric reduction zone. Thus, oil formation theory that consists in formation of oil and other 
fossil fuels in the Earth’s interior by electric reduction of inorganic carbonates to “organic carbonates” 
(otherwise called fossil fuels) by terrestrial  currents (thermal current) formed by the high temperature 
of the Earth centre answers all the questions that had been raised in the Introduction. Besides, this 
theory, on the one hand, predicts oxygen release from the Earth’s interior, on the other hand – carbon 
dioxide absorption by the Earth, both these processes having no relation to photosynthetic process. But 
is there any oxygen release from the Earth? Yes, this process takes place in nature. Note the following 
information: “It is known that the main supplier of oxygen to the atmosphere is the world ocean, rather 
than vegetation” [14, 15]. It is quite reasonable to ask: where it comes to the ocean from? 

As can be seen from the above picture and equations, a hydroxyl group which is a charged 
chemical particle is formed as a product of electric reduction of carbonates. Just like proton Н+, this 
particle can be passed along the water chain for huge distances owing to the so-called “relay-race 
reactions” [16] along the Earth’s drainage shell [17, 18] according to the scheme: 

                                                                                              
 – –   – – ; – –   – –  OH H O H H O H OH OH H O H H O H OH− − − −+ → + + → +   

and so on, till hydroxyl groups reach the water surface to be discharged with oxygen formation 
according to known scheme: 

 2 28  4  2  8OH H O O e− −= + +   

and, finally, oxygen comes to atmosphere through the water surfaces. 
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Is carbon dioxide absorbed by the Earth? Yes, it is. Let’s get down to facts.  
“Ponds and other small freshwater bodies absorb carbon from atmosphere in much larger 

quantities than is considered to be the case. John Downing and his colleagues from the University of 
Iowa demonstrated this by an example of small “farmer ecosystems”. They came to conclusion that, 
first, on the cultivated lands of the USA small ponds absorb 20 – 50 times more carbon atoms than 
trees planted on the same area. And, second, in the ratio between absorption and area, ponds are well 
ahead of large lakes. 

According to estimates of scientists, there are nearly 300 million natural ponds and lakes in the 
world, of total area about 4.2 million km2, which is twice the figures reported earlier. More than 90 % 
of these water bodies have areas less than a hectare. According to Downing, ponds and lakes 
contribute to carbon circulation no less than oceans with all their weeds [19]. 

Naturally, carbon dioxide dissolved in water also moves to the Earth’s interior along the Earth’s 
drainage shell and, finally, gets to that place from where it was retrieved in the form of fossil fuels. 

Confinedness of hydrocarbon deposits and earthquakes to the boundaries of geological (also 
called “tectonic”) plates, in conformity with the theses of this oil formation theory, suggests the idea 
that, possibly, earthquakes occur in the cases when oxygen carryover from the electric reduction zone 
is complicated or impossible due to formation of oxygen-fuel "explosive mixture".  

Summarizing the foregoing, it can be stated that this theory claims to establish theoretically the 
existence of some earlier unknown natural phenomena, namely the presence of thermal current in the 
Earth due to high temperature in its centre, formation of fossil fuels by passing of the Earth’s currents 
through carbonates and water. It also explains previously known natural phenomena, such as the entry 
of the bulk of oxygen to atmosphere through the oceans, absorption of carbon dioxide by the Earth and 
logically substantiates a new standpoint for earthquakes.  

Thus, if the Earth’s heat does not decline, and it will not decline, then oil, gas, coal will be 
everlasting! This is the principle of endlessness of the Earth’s energy resources. This is the main conclusion 
from the theory proposed in this study. In this connection, the concept of “nonrenewable energy sources” to 
which fossil fuels have been referred to this date, becomes meaningless, since they are shown to be 
renewed. And, logically, repeated formation of hydrocarbons and coal will take place mainly in the same 
geographical coordinates where they have been formed before and are still formed today. 

Thus, one can state the discovery of earlier unknown natural phenomenon the essence of which 
is that fossil fuels are formed of inorganic carbonates electrically reduced to “organic”  carbonate 
(coal) or its compounds (oil, gas) by the Earth’s currents (thermal current) formed by high temperature 
of the Earth’s centre.  

Therefore, the earlier hypothesis [20, 21] and theory [22] of formation of oil and all fossil fuels 
can be considered completely proved.  

Logically, the Earth is a natural converter of its own heat via thermoelectricity to the energy of 
fossil fuels and simultaneously produces oxygen and passes it through the water surfaces to the Earth 
atmosphere, being its main supplier. 
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STATE OF THE ART AND PROSPECTS  
OF THERMOELECTRICITY ON ORGANIC MATERIALS 

The aim of the paper is to analyze the expected thermoelectric opportunities of organic materials, 
including some highly conducting quasi-one-dimensional crystals. It is shown that interest of 
investigators in these materials has been growing recently. Quasi-one-dimensional organic 
crystals have high prospects for thermoelectric applications. These materials combine the 
properties of multi-component systems with more diverse internal interactions and of quasi-one-
dimensional quantum wires with increased density of electronic states. It is shown that the values 
of the thermoelectric figure of merit ZT ~ 1.3 – 1.6 at room temperature are expected in really 
existing organic crystals of tetrathiotetracene-iodide, TTT2I3, if the crystal parameters are 
approaching the optimal ones. 
Keywords: thermoelectricity, tetrathiotetracene-iodide, polarizability. 

Introduction 
It is known that conducting organic materials usually have much lower thermal conductivity 

than the inorganic materials. Moreover, the organic materials can be fabricated by simpler chemical 
methods, and it is expected that such materials will be less expensive in comparison with the inorganic 
ones. Exactly these properties attracted attention to such materials for the use in thermoelectric (TE) 
applications long time ago [1, 2]. In spite of relatively high value of the thermoelectric figure of merit 
ZT = 0.15 at room temperature observed in polycopper phthalocyanine [2] as early as 1980, the 
thermoelectric properties of organic materials are still weakly investigated. This situation has the only 
explanation that thermoelectricians are still weakly interested in organic materials, and organic 
chemists are also weakly interested in thermoelectric materials. Moreover, in order to seek good 
organic thermoelectrics, it is necessary to organize multidisciplinary consortiums of physicists, 
organic chemists and engineers in the field of thermoelectricity. … 

The aim of this paper is to present briefly the state-of-the-art of investigations in the area of new 
organic thermoelectric materials and to describe the nearest expected results for really existing quasi-
one-dimensional organic crystals of tetrathiotetracene-iodide, TTT2I3. 

Quasi-one-dimensional organic crystals of TTT2I3 
The structure of quasi-one-dimensional organic crystals of tetrathiotetracene-iodide, TTT2I3, has 

been briefly described in [34]. These needle-like crystals are formed of segregate chains or stacks of 
planar molecules of tetrathiotetracene TTT, and iodine ions. The chemical compound TTT2I3 is of mixed-
valence: two molecules of TTT give one electron to the iodine chain which is formed from 3I − ions. The 
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conductivity of iodine chains is negligibly small, so that only TTT chains are electrically conductive and 
holes serve as carriers. The electrical conductivity σ along TTT chains at room temperature varies 
between 103 and 104 Ω–1cm–1 for crystals grown by gas phase method [35], and between 800 and 
1800 Ω–1cm–1 for crystals grown from solution [36]. Thus, the conductivity is very sensitive to crystal 
impurity and perfection which depends on growth method. In the direction perpendicular to chains σ is 
by three orders of magnitude smaller than in the longitudinal direction and is neglected. … 

 

 
Fig. 1. Dependences of electron thermal conductivity κe on n. 

 

 0Rσ = , 1 0/S R eTR= , ( ) ( )12 2
2 1 0/e e T R R R

−
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Thermoelectric properties 
Expressions (2) – (3) have been calculated in order to determine the thermoelectric properties of 

quasi-one-dimensional organic crystals of TTT2I3 with different degrees of purity….  

Conclusions 
The state-of-the-art of research on new organic materials for thermoelectric applications is 

analyzed. It is shown that the interest of investigators in these materials has been growing in recent 
years. The highest value of ZT ~ 0.38 at room temperature has been measured in doped acetylene, with 
the only problem that this material is not stable. Accurate control of the oxidation level in poly  
(3, 4-ethylenedioxythiophene) (PEDOT) gave the power factor 324 μW⋅m–1K–2 and in combination 
with its low intrinsic thermal conductivity (κ = 0.37 W⋅m–1K–1) yielded ZT = 0.25 at room temperature, 
and this material is air-stable…. 
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