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The results of an analytical review of a large number of publications on the problem of improving
the efficiency of thermoelectric generators (TEG) over the past decade are presented. An analysis of
historical data on the thermodynamic justification of the efficiency of thermoelectric generators is
presented. The following areas are analyzed: the problem of increasing the figure of merit Z through the
creation of new material science technologies and new materials, the creation of multi-segment
thermoelectric elements for a wide temperature range (300-1200 K), the efficiency of heat supply to the
TEG and cooling. The methods for calculating the thermodynamic efficiency of TEG are presented. It is
shown that the efficiency of TEG is limited to % of the Carnot value for ZT values of 1-3. Modern
materials allow the production of TEG with ZT values less than 1. However, the application of TEG has
promising prospects with the increase in the intensity of heat supply and cooling processes. The main
directions and trends (physical, chemical, technological) in the creation and improvement of TEG are
identified. Some practical solutions presented in the literature, as well as the authors’ solution for
improving the thermodynamic efficiency of boiler units using TEG, are shown.

Key words: thermoelectric converters, coolers, generators, energy efficiency, energy and exergy
analysis, practical applications.

Introduction

Thermoelectric technologies are the product of modern material science, underpinned by the
quantum theory. The development of solar energy is aimed at increasing the technical and economic
indicators and efficiency of solar energy converters. The working out of PV technologies consists of the 1st
generation (silicone, mono-crystalline, poly-crystalline), 2nd generation (thin films-amorphous, Cd-Te,
GIGS), 3d generation (multi-junction-organic, inorganic, pevroskite, dye-sensitizied, quantum dot). The
first photovoltaic solar cells (PSCs) were crystalline silicon (c-Si) based cells. The PSC coefficient is about
20 %. The PSC disadvantages are the following: high cost and toxicity of their production. The thin-film
PSCs are second-generation elements and are made from amorphous (a-Si), microcrystalline (c-Si) or
polycrystalline (multi-Si) silicon of multicomponent semiconductor groups A3B5 (GaP, TuP, GaAs) and
A2B6 (CdTe), multicomponent semiconductors of CiS, CiGS, CZTS type are materials widely researched
for applications in thin-film solar cells and other optoelectronic devices. Second-generation PSCs are more
economical to produce and are manufactured in the form of flexible thin films. However, quite low
efficiency (about 15 %), toxicity of production, and instability of characteristics hinder their production.
Third-generation PSCs are organic elements based on conducting polymers, pigments and organic dyes,
organic and inorganic semiconductors, quantum dots on hot electrons and with the division of the solar



8 Andriy Redko, Oleksandr Redko, Thor Redko, Oleksandr Gvozdeckyi, Denys Krasnopolskyi, Vitalii Zaika

spectrum. PSCs with solar spectrum division or multijunction ones have the efficiency of 4546 %, but
they are characterized by high cost. PSCs with parallel division of the solar spectrum have the efficiency of
41-43 % and they are also characterized by high cost. The development of third generation PSCs
continues. According to the method of converting solar energy into electrical one, FSEs are divided into
diode, photovoltaic and chemical, excitonic and thermophotovoltaic ones. Diode-type PSCs based on bulk
crystalline substrates and thin films have been the most widely studied. The main parameters that
characterize the efficiency of the PSC are the following: open-circuit voltage Voc, short-circuit current Isc,
fill factor FF and efficiency. To determine the characteristics of the PSC, it is also necessary to define the
spectral characteristics estimating the quantum yield of the incoming structures (quantum efficiency).
Thermoelectric generators have not yet found wide practical application. The industry is mastering the
production of thermoelectric coolers. At the same time, the thermodynamic efficiency of thermoelectric
converters remains insufficiently high.

Materials and methods

Thermodynamic justification of the efficiency of thermoelectric generators (historical data)

Thermoelectric and photovoltaic energy conversions are based on the Seebeck, Peltier and Thomson
effects (Clausins, 1867, 1879; Thomson, 1856, 1857).

In 1824 T. Seebeck demonstrated that a temperature gradient causes simultaneously a heat flux and
electrical current. In certain materials, mainly metals and semiconductors, the charge carriers (electrons
and holes) may move freely within the lattice, carrying thermal energy (heat) as well. In the presence of a
thermal gradient, energy is carried from the high-energy (hot) side towards the low-energy (cold) side. As
a result, the charge-carrier-based heat transfer generates also a charge gradient (electrostatic potential).
Two phenomena are directly proportional, connected by the Seebeck coefficient, o [V/K], or thermo-
power. The Seebeck effect consists in the fact that if in an open circuit consisting of several dissimilar
conductors, a high temperature T, is maintained at one of the contacts and a low temperature T, at the other
one, then a thermoelectromotive force E appears at the ends of the circuit. When the contacts are closed, an
electric current appears in the circuit.

A decade later, in 1834, Jean Charles Peltier associates his name with the reverse phenomenon, i.e. a
voltage (potential) gradient generates an electrical current and a heat flux, the proportionality constant
being the Peltier coefficient, /7 [V].

The Peltier effect is that when direct current is passed through a thermoelement consisting of two
semiconductors (conductors), heat is released (absorbed) at the point of contact. When electrons move
from a p-type material to an n-type one through an electrical contact, they have to overcome an energy
barrier and absorb energy from the crystal lattice (cold junction).

Later, in 1854, Thomson W. connected the two coefficients by:

no,.=aTl. (1)

The Thomson effect is that when the electric current flows through a conductor or semiconductor in
which a temperature gradient is created, heat is released (absorbed) in addition to Joule heat.

The effect is explained by the fact that the energy of free electrons depends on temperature. Then the
electrons at the hot junction acquire higher energy than at the cold one. The density of free electrons
increases with increasing temperature and, as a result, there is a flow of electrons from the hot end to the
cold one.

A positive charge accumulates at the hot end, and a negative charge accumulates at the cold end.
Processes occur similarly in substances with hole conductivity.

Thus a TEG is defined like this:

Seebeck effect:

AE

®=—— )
AT
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E\,—E=a(l, - T7). €))

Peltier effect: amount of heat per unit time:

Ara/s =Hays). ©)
Thompson effect: amount of heat per unit time per unit volume:
q. =T(vT). (5)
di
T =—
JT ©)

In 1854, Thompson developed the thermodynamic theory of thermoelectric phenomena (Xue and
Guo, 2023). Using the theory of reversible cycles (Fig.1), the following relations were obtained:
First thermoelectric relation:

I7
T — e o, (7)
Second thermoelectric relation:
II=aT. (3
or:
T=T— 9)

Fig. 1. Thermodynamic cycle of a thermoelectric element

In 1956 Ioffe was the first to refer to the ZT-coefficient as figure of merit:

77 = “bnt (10)

KR’

where a,,, = a, — a,are the thermopower of the thermocouple, a,, and @,, being the Seebeck coefficient
of the p and n-type thermoelements forming the thermocouple; R is electrical resistance of the
thermoelements; K is thermal parallel conductance; T is average absolute temperature at which
thermoelectric device is operating.

Ioffe indentified that when maximized ZT value resulted in the maximization of the conversion
efficiency of generators and coolers.

There is no doubt that ZT is the “true” figure of merit from the thermodynamic point of view. In
1957 loffe (loffe, 1957) considered that there were mainly two possibilities averaging TE material
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properties in devices: firstly, the average over space and secondly, the average over the temperature scale
which is denoted here with an overbar.

Kelvin pointed out that the algebraic sum of all forms of energy circulating in the circuit per unit
time should be equal to zero:

IaAT + II(T) — HI(T + AT) — I [ " (15 — 1,)dT = 0, (11)

where a is the Seebeck coefficient; /7 is the Peltier coefficient; 1 is the Thomson coefficient.
These relationships have been tested experimentally and are used in practice.

(AT AEean) IJ.T+.aT TETAgr _ g (12)
T+AT T T
Taking into account the irreversibility of processes, one can obtain:
% @ py(rdny’ 2lc
TL+T2_J'1(T¢H) dl +1 -[:f's'tﬂ’ (13)

where ¢ is the resistivity of the conductor; A is the specific linear thermal conductivity of the conductor;
S’ is the cross-sectional value.

0 =2 10.D), + (D)) 205, s D))+ s

=T T=Ta 2

where AT =T, —T,.
. . d .
By determining the temperature gradient at the ends of the thermoelectrode d—j, one can obtain

equations for the efficiency.
Thermodynamic substantiation of thermoelectric processes was carried out in (Samoylovich et al.,
1953).
The efficiency of a thermoelement is defined as the ratio of electrical power to the amount of heat
removed from the heater:
‘R, £

n=""= (15)

0, 4RQ°

where E is thermoelectric power.

The presence of irreversible phenomena of thermal conductivity and electrical conductivity leads to
a decrease in efficiency.

According to the said above one can write:

[ Liz 1/2]? -
r [Gas) ) ]+§(3T1+Tzi'} , (16)
L

n=4

where E is the average differential thermopower in the temperature range of AT

The second thermoelectric relation is not a consequence of thermodynamics, but it is a ratio of
regularities related to the kinetics of thermoelectric phenomena.

For metal alloys, equation (16) can be replaced by:

Nmee = AT(20,1T, +21,1T,) 7. (17)

Example: At temperatures 72= 300 K and 71= 800 K, the efficiency is 2.2 %.

Using semiconductors makes it possible to increase the efficiency of the thermoelement. Thus, an
increase in the efficiency of thermoelements can be achieved by using more advanced semiconductor
materials.

In 1947 TEG based on PbS and ZnSb was manufactured, showing a conversion efficiency higher
than 5 % when operation under a temperature difference of 400 K (Telkes, 1947).
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Results and discussion

Analysis of modern publications and assessment of thermodynamic efficiency of thermoelectric
generators

Modern publications provide the following relationships to determine the TEG efficiency.

A thermoelectric generator can convert heat into work in the presence of heat sources with different
temperatures (Fig. 1).

The hot junction absorbs heat from a source with temperature 77:

QT = I.‘Il ' Tl ' .!i (18)
And the cold junction releases heat with temperature 7>:
Q. =ay-T, 1. (19)

If there is a potential difference and an electric current circulates in the circuit, then the work done
by the electric current is equal to the product of the current strength and the potential difference

W = IAE = a(T, — Ty). (20)

Thermoelectrodes have their own electrical resistance and when current passes, Joule heat is
released, which reduces useful work:

W=a(, -T,)-Q,. (21)

Thus, in a thermoelectric generator, Peltier heat Qr and heat removed by thermal conductivity
through thermoelectrodes Qx are taken from the hot source. In this case, Joule heat is released in the
thermoelectrodes, which determines heat losses:

Q =0Q, +Q, -%QJ. (22)

Peltier heat (Qx), Qx heat coming from the hot source by means of thermal conductivity through the
thermoelectrodes and Joule losses in the thermoelectrodes are supplied to the cold source:

1
szQx +QK+EQJ' (23)

The useful work produced by the installation according to the first law of thermodynamics is equal
to:

W=Q -Q,=a(, -T,))xI -Q,. (24)

Let us determine the heat loss due to the thermal conductivity of the electrodes. Provided the
electrodes are thermally insulated, heat loss is determined by the formula:

Tl - Tz
I
where A;,4, are thermal conductivity coefficients of thermoelectrode materials; S,,5, are cross-sectional

area of thermoelectrodes; | is length of thermoelectrodes.
Joule heat loss is determined by:

QK = (IISI + IZSZ)

Q. (25)

Q =1°r= |2§_1+—2¢ : (26)

where ¢, ¢ are electrical conductivity resistivity of materials.
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The generated electrical power is equal to:
P =1I?R,

where | is the current strength; R is external load resistance.
The current strength is defined as:

J — a(l —Ts)
BR+r

where r is the internal resistance; a = % (@, + a;) is the average value of the Seebeck coefficient.

The efficiency of a thermoelectric generator is:

D  &*(T,-Tu)R 1
1T T e R T
where T = (T, + T5)/2.
After transformations we get:
T -T, mJ/(m+1)
= T, X 1 +(m+1)/ZT—(Ty —To ) ZT, (m+1)

wherem =r/R, 5. = (T, — T.)/T;.
The maximum power is released under the condition R=r, and the efficiency is equal to:
1

2{:1+%)'

n=r.x

The maximum efficiency value is achieved at a value of M>>I, m__ =M = ,/-I% +ZT ok which
1

27)

(28)

(29)

(30)

€2))

does not correspond to the maximum power. The electrical power of the TEG current source supplied to
the external load is maximum at m = 1. The external load uses 50 % of the total power generated, and 50 %
is spent on the internal resistance of the source. At Z> 1 m = M > 1, the efficiency of the thermoelement
approaches the efficiency of the Carnot cycle. According to the relation with My, the efficiency,

corresponding to the maximum power of the thermoelement, reaches the value n = 1,’ 9 * ¢ (half the value

for the Carnot cycle). Thus, the efficiency of TEG depends on two factors, namely the temperature
difference between hot and cold sources (Carnot cycle efficiency) and the loffe coefficient ZT. The

dependence of ZT on temperature is shown in Fig. 2.
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Fig. 2. ZT in the function of temperature (T. M. Tritt et al., 2008)
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Taking into account eq. (31) and equation for m,,.,the value of the maximum efficiency can be
determined by the formula:

m*—1

Nrec ==Wc1n+§b (32)
1

_T s _ + 1T
wherem = XR’ andm* = |Z —+ 1.
2
a
Z* = (?)
The efficiency depends on the electrical and thermal properties of thermoelectrodes and their

geometric dimensions. Efficiency also increases in multilayer thermoelements. The diagram of a multilayer
thermoelement is shown in Fig. 3.
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Fig. 3. Multilayer thermoelement diagram
Entropy method
Entropy at the TEG input:
Q
AS,, == (33)
Ty
Entropy at the output of the TEG:
Q2
ASpye = > (34)
Entropy change in TEG:
ASy = ASip = BSpue = 2= 2. (35)
Entropy change during electricity production:
AS, = 1 Voo = LnaVine (36)

where | is the short circuit current; Vo is the open circuit voltage; Ime Vime are the maximum power point.
Entropy efficiency is defined as:

_ ASip—AST—AS, -1 TodSgen

fls
ASin ASin

(37)
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The relation for calculating the energy efficiency of thermoelements is given:

1
fex = (am, P = ncy (38)

m m  ZIr zm

where m = B/ Z is a quality factor; , = 1 — Tx / T, is a conversion factor.

The maximum value is achieved at optimal load when:

Mg = @ (39)
this implies:
hmax —_ m017 +1
EX _—TX‘ (40)
Mor * 71 -

Practical application of TEG
Numerous publications present the results of the practical application of semiconductor thermo-
elements (De Vos et al, 1981; Anatichuk, 1979; Anatichuk et al., 2013; Nolas et al., 2001; Zebarjadi 2015;
Tohidi et al., 2022; Beretta et al., 2019). Thermoelectric coolers are most widely used. The industry has

mastered the production of thermoelectric coolers of various cooling capacities and applications (Rawat et
al., 2017; Rosa, 2012).
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Fig. 4. Thermoelectric cooler circuit

Fig. 4. shows the thermal diagram of a cooler with intensified heat supply and removal.
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Fig. 5. Diagram of a thermoelectric generator in a gas turbine
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Fig. 5 shows the thermal diagram of a TEG for a gas turbine (Alsaghir and Bahk, 2023). The
thermoelectric module is installed on a General Electric LM 6000 PC turbine with a capacity of 46 MW.
The exhaust gas temperature at the turbine outlet is 500 °C, and the mass flow rate is 130 kg/s. The geo-
metric dimensions of the module are 0.5 x 0.5 m?, with a length of 2 m. The thermoelements have several

segments. The generated power ranges from 9.2 kW to 10.3 kW. The overall efficiency of the TEG is
about 8 %.

Fuel

Fig. 6. Scheme of a thermoelectric generator of a steam boiler

The authors propose a thermal diagram of the TEG, shown in Fig. 6, as applied to steam boilers. The
TEG is installed in the boiler flue at the outlet of the furnace. The temperature of the flue gases drops to
150-180 °C. At the same time, electricity is generated in an amount sufficient for consumption for one’s
own needs.

Fig. 7. Scheme of thermoelectric solar energy generator

Fig. 7 shows a diagram of a TEG with a solar concentrator. The concentration of solar energy allows

increasing the amount of energy input, but the problem of cooling remains. The efficiency is defined as
1 Qzn—0
NrrECc = CIREC — Zr:? %, where @5, = Q;,, — By — Qross-

Qan 2n
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Conclusions

The review results of literature sources indicate a slight increase in the thermodynamic efficiency of
thermoelectric generators and coolers through technological improvement of the loffe coefficient ZT.
Modern technologies provide a ZT value from 1 to 2. Analyzing the functions for the energy efficiency of
generators and coolers, one can see that efficiency can be increased by intensifying heat transfer when
supplying heat to the generator and, especially, cooling. At low efficiency values (10-15 %), there is a
need to remove a significant amount of heat, @, = (1 — f)yz; JQ,. With a small area of thermoelectric
batteries, there is also a problem of heat removal. Surface ribbing is used both on the heat supply and heat
dissipation sides. At the same time, forced ventilation is installed in the coolers. Analyzing the possible
applications of TEGs, their usage in exhaust gas ducts of gas turbine units and internal combustion engines
is shown. The authors point out the possibility of using TEGs in thermal circuits of steam boilers to
generate electricity for their own needs and autonomous power supply.
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CyMCBKHH HaIllOHAJIBHUI arpapHUil yHIBEpCHUTET,

kadepa apXiTeKTypH Ta iH)KEHEPHUX BUIIYKYBaHb,

XapKiBChKUH HalliOHAIFHUN YHIBEpCHTET Michkkoro rocronapcrsa imeHi O.M. bekerona,
Kadenpa TemIora3onocTayalHs Ta BEHTUISLII,

VYkpaiHChKUi Jep)kaBHUN YHIBEPCUTET 3aJ1i3HUYHOTO TPAHCIIOPTY,

Kagenpa TeIUIOTEXHIKH, TEIUIOBUX JBUTYHIB Ta €HEPTETHIHOTO MEHEIKMEHTY

HIABUINMEHHA EHEPTOE®EKTUBHOCTI
TEPMOEJIEKTPUUHUX NEPETBOPIOBAUIB EHEPTII — OI'JISIJT

O Peowro A .0., Pedwvro O. @., Pedoko 1. O., TI'soz0eyvkuii O. B., Kpacnononvcokuii /. 1., 3aixa B. 1O., 2024

3nidCHEHO AaHANITHYHAN OIIAI BENUKOI KUIBKOCTI MMyONiKamii ImoAo MpoOieMH TiIBUIICHHS
eexTrBHOCTI TepmoenekTpuunux reuepatopiB (TEG) 3a ocranne aecsatunitrs. HaBeneHo aHammi3 iCTOPHYHUX
JaHUX 10O TEPMOAWHAMIYHOTO OOIPYHTYBaHHS €(EKTUBHOCTI TEPMOEICKTPHUYHUX T'€HEpaTopiB.
[IpoanamizoBaHO Taki HAmpSAMH: TMPOOJIEMY MiIBUIICHHS IOOPOTHOCTI Z 31 CTBOPCHHSAM HOBHX MaTe-
piaylo3HaBYMX TEXHOJIOTIH i HOBUX MaTepiajiiB, CTBOPEHHS 0araTOCErMEHTHUX TEPMOEIEKTPUYHHUX EJICMEHTIB
Juia mupokoro aiana3zony temmnepatyp (300-1200 K), epexruBHicts TeronoctayanHs TEG i 0X0JI0mKeHHS.
HaBeneno meronm pospaxyHKy TepmonuHamiuHoi edekrtuBHocTi TEI. Ilokazano, mo edekrusnicts TEG
oOMmexxeHa 2 3HaueHHs KapHo s 3Hauens ZT = 1-3. CydacHi MaTtepianu 103BOJIsIOTh BUroToBIATH TEG 31
3HadeHHAMH ZT menme Hix 1. IIpore 3actocyBanHs TEG Mae Benuki mepcreKTHUBU 31 30iIbIICHHSIM iH-
TEHCHBHOCTI IPOIECIB TEIUIONOCTAYaHHS Ta OXOJIOUKCHHS. BU3HAUYEHO OCHOBHI HANpsSMU Ta TeHACHIIT (¢i-
3W4HI, XIMI4HI, TEXHOJIOTI4HI) cTBOpeHHs Ta BrockoHaneHHs: TEG. [IpoananizoBaHO 3ae’KHOCTI pO3paxyHKy
KKJI TepMoeneKTpHyHIX TeHepaTopiB Ta METOIU Horo miABHIICHHA. [logaHo AedKi MpakTH4HI pilleHHs, Ha-
BEJICHI B JIITEPaTypi, a TAKOK aBTOPCHKE PILICHHS MO0 MiIBUIECHHS TEPMOIUHAMIUHOT €()eKTUBHOCTI KOTJIIO-
arperariB 3 BukopucranusaMm TEG. Lleit anani3 neMOHCTpye 3HAUHHUH MTPOTPEC y PO3BUTKY TEPMOCICKTPHUHHUX
TeHepaTopiB, MPOTE TAaKOXK IMIJKPECIIOe OOMEXKEHHs, $Ki MOTpeOyIoTh TMOAANBIIUX JOCHITKEHb 1
BIOCKOHaJNeHb. [lifBuIeHHsT eeKTHBHOCTI MaTepiaiiB Ta ONTHMI3allisl TEXHOJIOTIH OXOJOKEHHs 1 TEero-
MOCTa4YaHHs € KIIOYOBUMHM (PAKTOPaMH, SIKI MOXYTh IIPHBECTH 10 3HAYHOTo NpopuBy y BukopucranHi TEG B
pizHEX Tamy3sx. OKpiM TOro, iHTErpamis HOBUX MaTepialiB Ta iHXXEGHEPHHX pillleHb y pealbHi IPOMHCIOBI
MpOIIeCH, Taki SIK KOTJoarperard, 3abesnedye MOTEHLIaN Ul 3HAYHOTO IIiJABHMINCHHS 3araJbHOi €HEepro-
e(EKTHBHOCTI.

KuirouoBi cjioBa: TepMoesieKTpHYHI NepeTBOPIOBaYi, 0X0J10[KyBa4i, TreHepaTopu, eHeproedex-
THBHICTh, eHEPTreTHYHHUI Ta eKcepreTHYHMI aHAJII3, MPaKTHYHE 3aCTOCYBaHHS.
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