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The paper analyzes the differences in the average values of the dimensionless
thermoelectric figure of merit ZT ., when averaging over the operating temperature range
with and without taking into account the real temperature distribution along the legs. The
temperature distribution along the thermoelements is calculated based on some low-
temperature (based on Bi,Te3) and medium-temperature (based on PbTe) materials. The
maximum efficiency n is estimated based on the dependence 1 = f(ZT..) for the considered
materials and their series-connected combinations, as the basis for segment
thermoelements.
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Introduction

Thermoelectric converters, which directly convert thermal into electrical energy, are
characterized by high reliability, compactness, and environmental friendliness, which makes
them promising for a wide range of applications [1-3]. In modern conditions of increasing
requirements for energy efficiency and rational use of resources, optimization of thermoelement
parameters is of particular importance, which determines the efficiency of thermoelectric
modules in different temperature ranges. Selection of optimal material characteristics and
design parameters makes it possible to increase the conversion coefficient, reduce energy losses
and ensure stable operation of the system under given conditions.
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One of the most consistent methods for calculating the efficiency of converting thermal
into electrical energy in a thermoelement is to solve a system of two differential equations
describing the heat flow q and electric current j [4]:

divqg = 0,divj = 0. (1)

To obtain correct numerical values of the efficiency, it is necessary to take into account many
factors, in particular, the temperature dependences of the Seebeck coefficient S(7), the specific
electrical conductivity o(7) and the thermal conductivity coefficient A(7), the electrical
resistances of the contact and transient layers, etc. This problem is relatively laborious and is
usually solved using numerical methods and mathematical or physical application programs,
such as COMSOL [4]. However, for the case of optimal conditions that provide the maximum
efficiency of the thermoelement, this value (efficiency) can be estimated by a relatively simple
analytical dependence [5]:

n= Th—T; ZTavg+1-1 (2)
= —
Th /ZTa,,g+1+T—;

Here, Tn, Tc are the temperatures of the hot and cold ends of the thermoelement, Z7uvg is the

average value of the dimensionless figure of merit ZT in the temperature range (7—7%) [5]:

7T = S, 3)
K
Then [5]
_ 1 Th S%0
Dlarg = 7 Sy 55T - T, @)

Averaging the ZT value according to (4) will be correct in the case of a linear temperature
distribution in a thermoelement. However, it is known that this distribution, although usually
close to linear, is somewhat different from that in the case of a real thermoelement. The task of
this work was to calculate the real temperature distribution in a thermoelement and to evaluate
the influence of the ZT averaging method on the numerical efficiency values calculated using
this method by example of several of the most effective low- and medium-temperature
thermoelectric materials known today.

Properties and methods of obtaining some effective thermoelectric materials
based on A%:B%3 and A*B% compounds

Compounds 4%B% and A*B® are among the most common materials used to create
thermoelectric converters. This is due to many factors. First of all, as is known, these materials
are characterized by a set of fundamental characteristics that contribute to the possibility of
achieving high figures of merit. This, in particular, is the multi-valley energy spectrum of carriers
and their small effective masses, high carrier mobilities and relatively low values of the thermal
conductivity coefficient. In addition, these materials can usually be obtained with both n- and
p-type conductivity, and the solubility of many impurities in these materials is quite high, which
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contributes to the possibility of optimizing the chemical potential of carriers in materials and
reducing the thermal conductivity coefficient, especially when creating solid solutions. Another
important advantage of these materials is a relatively simple, well-studied production technique.

To date, the most proven method for producing low-temperature thermoelectric materials
based on Bi2Tes involves creating solid solutions of BizTe2,7Seo3 to obtain n-type conductivity
legs and BiosSbisTes to obtain p-type conductivity legs. These solution compositions provide
relatively low values of the lattice components of the thermal conductivity coefficient, and
additional doping optimizes the chemical potential of the carriers to achieve maximum Z7T
values.In particular, the possibility of increasing the figure of merit of the Bi2Te2.7Seo.3 solid
solution by doping with iodine was demonstrated in [6]. High-purity components Bi, Te, Se,
and I were used to synthesize the chemical compounds Bi2Tez2.7.+Seo.31.. They were fused in pre-
cleaned quartz ampoules at a temperature of 1000 K. The ampoules with the charge were
evacuated at a pressure of 10~* mbar. The synthesis was carried out in an oscillating furnace,
which could change the angle in the range of £30° with a period of 15 s, which ensured forced
mixing of the components. At a temperature of 1000 K, the ampoule was removed from the
furnace and quenched in cold water. The resulting material was ground in a planetary ball mill.
The powder was then pressed in a protective atmosphere at room temperature into pellets 20
mm in diameter and 5 mm thick under a pressure of 1 GPa. These pellets were then compacted
using spark plasma sintering under an axial pressure of 60 MPa in an argon atmosphere. The
sintering temperature was 673 K, and the process lasted 20 minutes. The heating/cooling rate
was 50 K/min.

The Seebeck coefficient of the materials studied in [6] is characterized by a non-
monotonic temperature dependence, with a maximum, the coordinates of which depended on
the iodine content. The temperature dependence of the thermal conductivity coefficient is also
non-monotonic, with a minimum around 350400 K. The specific electrical conductivity
decreases with increasing 7. The ZT(T) dependences are characterized by a maximum around
400 K. The highest values of ZT = 1.2 are observed for the composition Bi2Te2.695S€0.310.005 at
415 K. For a material without iodine impurity, the maximum value of Z7 is = 1.1 at 380 K.

In [7], the possibility of increasing the thermoelectric efficiency of the Bi2Te2.7Seo.3 solid
solution by adding a nanodispersed CuzTe additive to the pre-synthesized and ground material
during the pressing stage was investigated. The Bi2Te27Seos array was synthesized using a
fusion method followed by quenching. Pure elements (Bi, Te, Se with a purity of 99.999 %)
were mixed in the required proportions, evacuated, and heated to a temperature of 1000 K for
6 hours. Following that, the ampoules were rapidly cooled in water. The obtained ingots were
ground in a ball mill to a powder state. CuxTe nanoparticles were synthesized separately by
chemical reduction method. For this, tellurium was dissolved in an aqueous solution of NaBH4
after which an aqueous solution of CuCl2-H20 was added. After the reaction was completed,
the precipitate was centrifuged and washed with ethanol. The obtained nanoparticles had a size
of 20-50 nm. Next, Bi2Te2.7Seo0.3 powder was mixed with CuxTe nanoparticles in ethanol, this
mixture was dried in vacuum and sintered by spark plasma sintering (SPS) at a temperature of
773 K under a pressure of 60 MPa for 3 minutes.
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According to the results of measuring thermoelectric parameters obtained in [7], the
introduction of CuxTe nanoparticles contributes to a significant decrease in lattice thermal
conductivity due to the effective scattering of phonons. The best effect was observed with the
introduction of 0.4 % CuxTe. At higher concentrations, the particles begin to stick together,
which worsens phonon scattering. The authors of [7] managed to achieve a maximum figure of
merit Z7 = 0.75 at a temperature of 374 K. This is 15 % better than that of the original material
without the addition of Cu2Te (ZT = 0.65 at 425 K), however, much less than in the case of
iodine doping described in [6].

Low-temperature p-type materials based on Bio,sSbi,sTes, even without doping, exhibit
higher ZT values than n-type materials. Thus, according to [6], for an undoped solid solution
of the BiosSbisTes composition, the maximum value of 0.95 was achieved at 330 K. The
production technique is similar to that described above for the n-type material Bi2Te27Seo3
from the same work. The nature of the temperature dependences of S, o, and k is also similar
to those of n-type materials.

Adding lead to the solution does not lead to a significant improvement in the Z7 value
[6]. On the other hand, when copper is added, the Z7 value can be increased to values of =~ 1.2
[8]. The authors of this work used an original method of dispersing the synthesized solid
solution of Cuo.07BiosSbisTes using a water jet at the crystallization stage. The obtained
powders were sintered by hot pressing at 490 °C for 30 minutes under a pressure of 50 MPa.
The nature of the temperature dependences of S(7), o(7) and k(7) is also similar to the other
materials described above.

The most effective medium-temperature thermoelectric materials of n-type conductivity
are usually obtained based on solid solutions of A*B® with a predominant PbTe content, and p-
type ones with a predominant GeTe content.

To obtain solid solutions based on n-type lead telluride and optimize the carrier
concentration, doping with iodine is most often carried out. With its use, it is possible to achieve
ZT values that correspond to the estimates of the maximum figure of merit for n-PbTe [9], if
the phonon subsystem is not additionally affected. Thus, in [10] and [11], almost identical
maximum values of ZT'= 1.4 for PbTe:I were achieved. In both works, the material was obtained
by fusing the components in evacuated quartz ampoules. The synthesis was carried out at
1273 K for 6 hours, after which the ingots were quenched in water. After synthesis, additional
annealing was carried out at 973 K for 48 hours. After annealing, the ingots were crushed
manually. The resulting powder was compacted by induction hot pressing at a temperature of
823 K for 1 hour under a pressure of 44 MPa.

Atrelatively high iodine concentrations in PbTe (according to [5] — from 0.0007 at. parts),
the S(7) dependences are monotonically increasing, and o(T) — monotonically decreasing
functions. The A(7) dependences are monotonically decreasing functions starting from a
concentration of 0.002 at. parts, while at lower concentrations, due to the manifestation of
bipolar conductivity, this dependence is characterized by a minimum around 600-700 K. The
highest thermoelectric figure of merit Z7 in [5] was achieved for the composition of 0.0028 at.
parts, although ZT7uvy is equally high for compositions with a slightly lower iodine content
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(0.0007, 0.0012 and 0.0020 at. parts). The authors of [5] emphasize that the material
PbTeo.999310.0007 has very stable and reproducible properties.

In [12], the advantages of simultaneous doping with iodine and indium are presented,
which are associated with the creation of an energy subband by the In impurity and the
peculiarities of its filling with electrons due to the presence of an iodine impurity in the crystal.
However, the ZT values obtained by the authors are approximately the same as in [10].

For p-type materials based on A*B® compounds, some of the highest ZT values were
obtained for Gei-ryPbxBiyTe solid solutions. In particular, the positive effect of Bi and Pb on
the properties of GeTe was demonstrated in [13]. Pure (99.999 %) Ge, Te, and Bi elements
were used for the synthesis of the material. Stoichiometrically correct amounts of the starting
elements were loaded into a quartz ampoule, which was hermetically sealed at a pressure of
~ 2¢10-3 mbar. The ampoules were placed in a melting furnace and slowly heated to 1223K
for 8 hours, then held at this temperature for 10 hours and gradually cooled to room temperature
for approximately 6 hours. The resulting alloys were manually crushed and consolidated by
spark plasma sintering at a temperature of 750 K for 5 minutes and an axial pressure of about
60 MPa. The heating rate was ~ 80 K/min. The resulting samples, characterized by a density of
> 98%, were cut and polished for thermoelectric measurements.

Studies have shown that due to the substitution of Ge atoms by Bi atoms, the hole
concentration decreases, which brings the Fermi level position closer to the optimal one. This
allows the material to demonstrate a high dimensionless thermoelectric figure of merit Z7,
which reaches ZT = 2 at 800 K. The temperature dependence of the Seebeck coefficient was
characterized by a maximum at 750 K. While the specific electrical conductivity and thermal
conductivity in the range 300-800 K are monotonically decreasing functions.

In [14], with the simultaneous introduction of both bismuth and lead, it was possible to
achieve ZT values > 2. Pure elements Ge, Pb, Bi, and Te were used to synthesize thermoelectric
alloys Geo.s7Pbo.13Bio.1Ter.1s. The components were loaded into quartz ampoules, which were
hermetically sealed at a pressure of approximately 10~° torr. Melting was carried out in an
oscillatory furnace at a temperature of 1273 K for an hour, which ensured effective mixing of
the melt and homogeneity of the liquid phase. After melting, the ampoules were quickly cooled
in water to preserve the formed crystal structure and reduce the risk of the formation of
unwanted phases. The resulting ingot was manually ground to powder using an agate mortar
and pestle, ensuring a uniform particle size. Then, the powder was compacted by spark plasma
sintering at a temperature of 823 K under a pressure of 25 MPa for 60 min.

In the obtained samples, a significant decrease in lattice thermal conductivity (up to 50 %)
is observed. The combination of low thermal conductivity and optimal carrier concentration
provides a high thermoelectric figure of merit Z7, which reaches values of = 2.1 for the
composition Geo.s7Pbo.13Bio.1 Ter.1s.

Among other p-type materials based on A*B®compounds, mention should be made, in
particular, of the PbTe—PbSe—PbS [15], [16] and PbTe—SrTe [17] solid solutions additionally
doped with Na. In particular, in [16] ZT = 2.24 was obtained for the PbTeo.7sPbSeo.20PbSo.05
800 K composition. To synthesize this solution, the authors used pre-obtained PbSe and PbS,
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which made it possible to avoid significant losses of selenium and sulfur during melting. High-
purity elements Pb (99.999 %), Te (99.999 %) and Na (99.99 %) were added to them. All
components were loaded into quartz ampoules with an internal carbon coating, evacuated
(~ 10~*torr), and hermetically sealed. The ampoules were then heated to 1100 °C, held for
10 hours, and quickly quenched in cold water. The resulting ingots were annealed at 500 °C for
72 hours, after which they were manually crushed and consolidated by hot pressing. Pressing
was performed in a 12.7 mm diameter graphite mold at a pressure of 40 MPa, a temperature of
500 °C, and a vacuum for 1 hour.

For the specified composition, the Seebeck coefficient increases almost linearly with a
rise in temperature. This behavior is explained by the authors by the increase in the energy
selectivity of charge carrier transport, which is associated with the convergence of valence
bands at high temperatures. The electrical conductivity of the alloy decreases with increasing
temperature, which is typical for degenerate semiconductors. The thermal conductivity of the
material also shows a decrease with a rise in temperature, which is due to the effective scattering
of phonons, in particular due to significant disordering when tellurium is simultaneously
replaced by both selenium and sulfur.

Calculation of ZTavg and T{(x)

Fig. 1 shows the ZT(T) dependences for the above-discussed materials of n- and p-type
conductivity, which, in particular, clearly demonstrate the temperature ranges of effective
operation of different materials. Of all the dependences, it is worth paying attention to the
atypical temperature dependence of the figure of merit for the p-Geo.s7Pbo.13Bio.1Tei1.1s solid
solution studied in [14]. The achievement of Z7T =~ 2 already at 600 K and the presence of a
plateau at higher temperatures will determine the prospects of this composition for practical
application. Other materials are characterized by Z7(7) dependences typical for these
compounds.

Based on the dependencies shown in Fig. 1, ZTavg was calculated. For this purpose, the
ZT(T) dependencies given in the literature were digitized with a step of 5 K, and the average

values were found as ZTawe = I%Z?I:lZT(Ti). The lower T and upper 7» boundaries of the

temperature ranges, together with the obtained average values of ZTa for n- and p-type
materials, are presented in Table 1. The table also shows the maximum material efficiency 1 in
the conversion of thermal energy into electrical energy, calculated based on equation (2).

Here it is worth paying attention to the significant influence of the temperature 7» and,
especially, 7¢ on the result of the calculation of 1. The upper limit of the material's operation 75
is determined either by the value of the thermoelectric efficiency or by the thermal stability of
its properties. At the same time, the lower limit 7% is usually determined by practical methods
of cooling the cold end of the thermoelement. Usually it is estimated to be no higher than
100 °C, although theoretically it can be lower than 0 °C. And here it is important that with the
same ZTag and AT, the efficiency will increase with decreasing 7. (Fig. 2).

22 Journal of Thermoelectricity Nel, 2026 ISSN 1607-8829



O.H. Kulyk, Y.V. Shmygelskyi, M.F. Pavilyuk, 1.V. Horichok
Calculation of the Average Figure of Merit ZTa, of Thermoelement Material Taking into Account...

300 400 500 600 700 800
LK

ZT

15 1 fl

0,5

300 400 500 600 700 800
T.K b

Fig. 1. Temperature dependence of the dimensionless thermoelectric figure
of merit ZT for some materials of n-type (a) and p-type (b) conductivity.

a: 1 — BixTexs s955€e0.310.005 [6], 2 — BirTez78ep3 [6], 3 — BirTes7Sep3 + nano CuyTe [7],
4 — PbTe:I (}’l = ].8><]019) [11], 55— PbTe(),gggl(),()()z [10], 6 — PbTe()A9993[()‘()()()7 []0],'
b: 1 — Cug.07BiosSb1sTes [8], 2 — BigsSbisTes [6], 3 — Geys7Pbo.13Bio. 1 Te;.1s [14],

4 — GepgsBiposTe [13], 5 — PbTey.75PbSe 20PbSo.05 []6]

Table 1
The calculated values of ZTawg and efficiency for materials of n- and p-type conductivity

T, K T, K ZTavg n, %
Bi2Te2.7Seo.3 600 300 0.94 10.3
Bi2Te2.695S€0.310.005 600 300 0.97 10.6
PbTeo.999310.0007 800 300 0.91 13.6
PbTeo.99810.002 800 300 0.78 12.2
Bio.sSbi.sTes 600 300 0.61 7.57
Cuo.07Bi0.5Sb1.s5Tes 500 300 1.11 8.8
Geo.s7Pbo.13Bio.1Ter.15 695 380 1.59 12.8
Geo.96Bi0.04Te 800 300 0.95 14
PbTeo0.7sPbSe0.20PbSo.05 800 300 1.09 15.3

ISSN 1607-8829 Journal of Thermoelectricity Nel, 2026




O.H. Kulyk, Y.V. Shmygelskyi, M.F. Pavlyuk, 1.V. Horichok
Calculation of the Average Figure of Merit ZT 4, of Thermoelement Material Taking into Account...

Efficiency, %
-==7ZT=05
30 4 ——ZT=20

10 ==

Fig. 2. Dependence of the efficiency on the hot end temperature at the cold end temperatures of 100 K,
300 K and 500 K for ZT e = 0.5 (dashed curve) and ZT,.q = 2.0 (solid curve)

A more correct result in estimating Z7avg, and hence the efficiency, can be achieved if
averaging is performed not over the temperature range, but over the real temperature
distribution along the thermoelement. It is known that such a distribution is somewhat different
from linear, especially when current flows through it, due to the release of the Joule heat and
the release (if the direction of the current coincides with the direction of the heat flow) or
absorption (if they are opposite) of the Thomson heat. Fig. 3 shows the calculated temperature
distributions along the thermoelement in the form of a rectangular parallelepiped at fixed
temperature values at its ends for some materials from Table 1. The calculation was performed
based on the equation [18]:

i2
(K G) + 5T =0 ®
with the boundary conditions 7(0) = T», T(L) = Tc, and j = I-L/4, where 1 is the current in the
sample, L is the length of the sample, and A is the cross-sectional area of the sample. Here, the
second term takes into account the Joule heat, and the third — the Thomson heat. Heat losses
due to the lateral faces were assumed to be absent. It was taken into account that the direction
of the current through the sample coincides with the direction of the heat flow. The size of the
thermoelement: L = 1 cm for medium-temperature materials and L = 0.4 cm for low-temperature
materials, 4 = 0.5-0.5 cm®.
The dashed line in Fig. 3 shows the dependence 7(x) for the case when the thermal
conductivity coefficient is strictly determined by the dependence k = V/T at current / =0 A. It
is important that in this case 7(x) does not depend on the value of V-

r=1, (2" ©)

Tc
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Fig. 3. Temperature distribution along the samples PbTe.999710.0007 (a), PbTe-PbSe-PbS:Na (b),
Bi;Tes 695S€e0.310.005 (c), Cup.07BinsSbisTes (d) at fixed temperatures of the hot
(800 K or 500 K) and cold (300 K) ends

Fig. 4 shows the experimental dependences of thermoelectric parameters from works
[6-17]. It is seen that for n- and p-type conductivity of materials based on PbTe only in the
region of 700-800 K, due to the influence of the bipolar component, the dependence k(7)) differs
from that close to 1/7. Therefore, for compounds based on PbTe, the dependences 7(x) obtained
from (6) practically coincide with the real ones obtained on the basis of formula (5). At the
same time, for compounds BiTeSe and BiSbTe, a significant difference is observed.

The passage of current leads to a change in temperature along the length of the sample.
According to literature data, the optimal current values in thermoelements, at which maximum
efficiency is achieved, usually do not exceed 5 A. According to the results of the calculation, at
such a current the temperature at the middle of the sample for the analyzed materials based on
A*B®compounds increases by approximately 20 K. At 10 A this value is approximately 40 K
for p-PbTe-PbSe-PbS:Na and approximately 50 K for n-PbTe:I. Moreover, for an n-type
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material the contribution of the Thomson heat is commensurate with the Joule heat, and for the
p-type it is significantly greater. Obviously, this is due to a sharper increase in the Seebeck
coefficient with increasing T (Fig. 4, a), since the Thomson coefficient is proportional to dS/dT
(t=T-dS/dT[19]).

S, mkV/K

300 ‘ , 6, 1/Ohm cm
2500

250

2000 -
200

1500 -

1000 -

50 - | | 500

300 400 500 600 700 800

300 400 500 600 700 800
T.K
9

Fig. 4. Temperature dependences of the main thermoelectric parameters
(a — the Seebeck coefficient S, b — specific electric conductivity a, ¢ —thermal conductivity
coefficient k) for materials Bi>Tez605Se0.31p.005 (n1) [6], PbTeo.999710.0007 (n2) [10],
Cuo‘o7Bl'o‘5Sb1,5T63 (p1) [8], PbTe—PbSe-PbS:Na (pz) [16]

For low-temperature materials, the change in 7(x) due to the release of the Joule and
Thomson heat is only a few tenths of a Kelvin. This is primarily due to the smaller difference
in operating temperatures at the ends, and secondly, to the smaller sample size (length). The
specific temperature difference was chosen based on the standard operating range for these
materials, and the smaller sample size for low-temperature materials was chosen to maintain
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the same temperature difference per unit length for both medium-temperature and low-
temperature materials — 500 K/cm. If we attempt to calculate the 7(x) distribution for low-
temperature materials in the range of 300-800 K, the heat contribution increases significantly,
primarily the Joule heat, since at high temperatures, the specific electrical conductivity of
Bi2Tes-based materials is lower than that of PbTe-based materials, and the 7(x) dependences
will be similar. However, it is clear that this range does not correspond to the actual performance
capabilities of the material.

Table 2 shows the efficiency values calculated as averages over the temperature
distribution for n- and p-type PbTe thermoelements. We see that the changes in the numerical
efficiency values when changing the Z7 calculation method are up to 2 percent. If we analyze
the relative changes, this is approximately 10 %. For low-temperature materials, the effects will
be qualitatively similar, but the numerical changes will not exceed a few tenths of a percent.

Table 2
The calculated values of ZT., and efficiency taking into account the temperature distribution along
the sample T(x) for two materials of n- and p-type conductivity at T. = 300 K, T, = 800 K

n-PbTe0.999310.0007 p-PbTeo.7sPbSe0.20PbSo.05
Type of
ZTuy , % ZTuy , %
dependence 7(x) ¢ LES ¢ L
I
meat 0.91 13.6 1.10 15.4
According t
ceording fo 0.83 12.8 0.93 13.8
expression (6)
Calculated from
expression (5) at 0.85 13.0 1.00 14.4
I1=5A

Estimation of n for segmented thermoelements based on A*B¢ and A5:B%;

The use of segmented thermoelements, i.e. two materials of the same conductivity type
connected in series, one exhibiting a higher thermoelectric figure of merit at lower temperatures
and the other at higher temperatures, helps increase the average Z7uyg value over the entire
operating range of 300—800 K, leading to increased efficiency. Segmentation thus compensates
for the drop in figure of merit beyond temperature, matching the peak Z7 values of individual
materials and ensuring more efficient use of the temperature gradient. Solid solutions based on
Bi2Tes and PbTe compounds are frequently investigated as materials for the low-temperature
and high-temperature segments of thermoelements, respectively. Literary examples of creating
modules based on segmented thermoelements using the aforementioned materials confirm their
technological compatibility and the absence of critical issues when combined within a single
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leg, provided the contact temperature and connection technology are properly selected
[4,20-25].

Among the ZT(T) dependences shown in Fig. 1, the materials n-Bi2Te2.695Se0.310.00s and
n-PbTeo.999710.0007 for the n-type leg and Cuo.07BiosSbisTes and p-PbTeo.7sPbSeo.20PbSo.05:Na
for the p-type leg were selected to assess the efficiency of the segmented leg. The temperature
at which the Z7(7) dependences for each of these pairs intersect can be used to determine the
leg sizes, using the T(x) dependences calculated above. A more correct value of this
temperature, which takes into account the condition of minimizing power losses in sections
with high resistance and low thermo-emf [4], is determined by the point of intersection of the
dependences

Z(T)

(1++/1+4Z(T)-T)-S(T) (7)

for each pair of n- and p-type materials. The contact temperature of the low-temperature and

s(T) =

high-temperature segments thus determined is 525 K for n-type materials and 475 K for p-type
materials. These values differ slightly from those obtained from the Z7(7T) cross-section in
Fig. 1: 510 K for n-type materials and 505 K for p-type materials.

Using these temperature values, ZTu for the segmented leg was calculated as the
arithmetic mean in the temperature range 300—-800 K:

1
ZTavg =N ?I:lZTsegm(Ti)- (8)
Here
_ ZTL(T): T < Tcont
Doeam( =7t iy, 15 1o ©)

For the segmented n-type leg, the average figure of merit ZTg;,;, = 1.12 was obtained, and the
corresponding efficiency value is 15.55 %. For the segmented p-type leg, ZTg,, = 1.12 was
obtained, and the efficiency is 17.77 %. The efficiency increase of the segmented legs compared
to the leg made only of PbTe-based material is about 2 %. In relative units, this is about 15 %.
Since the calculation does not take into account the resistance of contacts and transient layers,
the obtained values are somewhat overestimated. Comparing with the literature data obtained
on the basis of sequential calculation based on the heat flow and charge equations, we can
conclude that the overestimation is 3—5 %. However, the relative estimate of the increase in the
value of 1 is fully consistent with the literature data. If we take into account the real temperature
distribution in the calculations using expressions (8-9), we can achieve better agreement with
the absolute values of 1 for the segmented leg.

Regarding the relative segment size estimation, an analysis of Fig. 3 shows that a
temperature of 500 K for PbTe-based thermocouples is reached at a distance of 0.5-0.6 mm
from the hot end. Of course, this estimate of the hot segment size is inaccurate, as it doesn't take
into account the heat flow disturbance near the contact between the two segments. However,

28 Journal of Thermoelectricity Nel, 2026 ISSN 1607-8829



O.H. Kulyk, Y.V. Shmygelskyi, M.F. Pavilyuk, 1.V. Horichok
Calculation of the Average Figure of Merit ZTa, of Thermoelement Material Taking into Account...

given that the thermoelement does not always operate under optimal conditions, this
approximation may be sufficient for a preliminary semi-quantitative assessment.

It is worth noting that to achieve maximum efficiency of thermoelectric modules, the
cross-sectional area of the n- and p-type legs must satisfy the condition [14]

An _ [%pKp
e /Gn_Kn. (10)
In our case, this ratio was calculated as

A_n _ Th Gp(T)'Kp(T) _

o= (ZTC o) AT)/(Th T.). (10
For the selected combination of materials, the obtained optimal ratio of the cross-sectional

areas of the legs is 4n/Ap = 0.92, which is consistent with the literature data for similar materials.

Conclusions

The temperature profile along thermoelements based on 4*B® and 4°2B% materials at fixed
temperatures of its ends was calculated and the effect of nonlinearity 7(x) on the average value
of the dimensionless thermoelectric figure of merit Z74v and the efficiency determined on its
basis was investigated.

It has been established that when calculating Z7ug by averaging ZT not in a given
temperature range, but taking into account the real temperature distribution along the sample,
the obtained values will differ by up to 10 %, and the efficiency values calculated on their basis
will differ by up to 2 %.

It is shown that using the formula for the maximum efficiency of a thermoelement, it is
possible to correctly estimate the increment of this value for a segmented thermoelement, while
the absolute values are overestimated by several percent.
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Kapmiarcbkuii HamioHanpHUN yHiBepcuTeT iMeHi Bacuns Credanuka,
IBano-®pankiscrk, 76018, Yipaina

Po3paxyHok cepeHbOro 3HaUYeHHsI JOOPOTHOCTI MaTepiajly TepMoeIeMeHTa
ZTuwe 3 BpaXyBaHHSAIM HOI0 TEeMIIEPATYPHOT0 NMPOQisito

B pobomi  mpoawnanizoeano  GiOMiHHOCMI — CepeOHIX  3HAYeHb  0Ee3PO3MIPHOT
mepmoenekmpuunoi dobpomnocmi ZT,e npu ycepeOuenni 6 inmepeani pobouux
memnepamyp 3 6pAxXy8aHHAM PealbHO20 PO3NOOLTY memnepamyp 630084 GIMOK ma He
epaxogyiouu 1102o. Po3paxosano po3nooin memnepamypu 60082iC MepPMOeNeMeHmie Ha
OCHO8I OesaKux HuzbKomemnepamypHux (Ha ocnogi BirTesz) ma cepednbomemnepamypHux
(na ocnosi PbTe) mamepianis. Oyineno maxcumanvHuil Koegiyicum xopucHoi 0ii 1 Ha
ocnosi 3anexcnocmi N = f(ZTag) 078 posensiHymux mamepianié ma ix NOCIi008HO
3 ’€OHanux KOMOIHAYil, K OCHOBU OISl CE2MEHMHUX MEPMOENEMEHMIE.

Karwu4oBi cioBa: TepMoelIeKTpUYHI MaTrepiand, TEIUIONPOBIIHICTh, TEPMOECIECKTPUYHA
TIOOPOTHICTH, KOE(DIIiEHT KOPUCHOT Iii.
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