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Abstract

Thermoelectric generators (TEGs) are devices that employ Seebeck effect in thermopile
to convert temperature gradient induced by waste heat into electrical power. Recently,
TEGs have enticed increasing attention as green and flexible source of electricity able to
meet wide range of power requirements from thermocouple sensors to power genera-
tors in satellites. Thermoelectric generators suffer from low-conversion efficiency; how-
ever, they could be promising solutions, when they are used to harvest waste heat
coming from industry processes or central-heating systems. This chapter covers the
working principles behind TEGs, depicts numerous schematics explaining functionality
of TEGs, and investigates performance of TEGs. A detailed derivation process, which
provides performance expressions dictating operation of TEGs, is exposed in this chap-
ter. In addition, thermal resistance network is shown to explain thermal connection of
thermocouples in TEGs in parallel and electrical connection of thermocouples in series.
Performance features shown in this chapter are power output, efficiency, and voltage
induced within TEG as functions of numerous parameters.

Keywords: Seebeck effect, Peltier effect, Thomson effect, Joule heating, thermal resis-
tance network, electrical resistance network, structure of TEGs, TEGs performance
expressions derivation, analytical model, performance analysis of TEGs

1. Introduction

Increase in greenhouse gases emissions in the atmosphere due to burning of fossil fuels for the
production of electricity and heat energy has motivated the development of alternative effi-
cient and clean-energy-generation systems including that for the recovery of waste heat into
electrical power. Numerous power-generation systems, such as solar panels, wind turbines,
and geothermal power plants, which utilize renewable energies, have been designed to reduce
dependency on fossil fuels, thus reducing greenhouse gases emissions. However, such power-
generation systems require high maintenance and are often expensive as compared to thermo-
electric generator devices (TEGs). Thermoelectric generator device (TEG) is a device that
directly converts heat into electricity. Essentially, TEG is thermoelectric module (TEM), which
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consists of thermopiles, that is, a set of thermocouples built by legs of p- and n-type semi-
conductors, which are connected electrically in series and thermally in parallel [1, 2]. Thermo-
couples built by legs of p- and n-type semiconductors are sandwiched between two ceramic
plates, which are to be held at two different temperatures to realize generation regime. Tem-
perature gradient induced between top and bottom ceramic plates originates voltage on TEG
poles due to Seebeck effect in thermocouples built by legs of p- and n-type semiconductors.

Employing waste heat as heat source for TEGs is cost-effective due to waste heat being free of
charge and already available. About 70% of the world energy production is known to be wasted
into atmosphere through heat dissipation, which is one of significant contributions in global
warming [3]. Therefore, the utilization of waste heat by converting into electricity using TEGs
can contribute to energy savings and preservation of the environment as well. Thermoelectric
device can also operate in reverse mode as thermoelectric cooler (TEC) and produce reverse
temperature gradient between top and bottom ceramic plates due to Peltier effect, if electrical
bias is applied. Depending on operation mode, applying bias voltage to thermoelectric module
(TEM) and hence initiating flow of electrical current result in the production of temperature
difference between top and bottom plates and TEM acts as thermoelectric cooler (TEC) and vice
versa; the placement of TEM in temperature gradient results in the occurrence of voltage on
TEM poles and TEM acts as heat pump with the function of thermoelectric generator (TEG) [4].

Thermoelectric devices possess various advantages compared to other power-generation sys-
tems [5]. TEGs are branded attractive power-generation systems, because they are silent solid-
state devices with no moving parts, environmental friendly, scalable from small to giant heat
sources, and highly reliable. They also have extended lifetime and ability to utilize low-grade
thermal energy to generate electrical energy.

2. TEG-working principle

2.1. Seebeck effect

Seebeck effect describes the induction of voltage, when junctions of two different conducting
materials are maintained at different temperatures as shown in Figure 1. Seebeck effect
increases in magnitude, when Seebeck coefficient of conducting materials and/or temperature
difference between their connections increases. Voltage induced through Seebeck effect is

defined as below:
V =aAT, (1)

where «a is Seebeck coefficient and AT is the temperature difference between hot junction and
cold junction.

2.2. Peltier effect

Peltier effect describes heat dissipation or absorption at the connection of two conducting
materials, when current flows through the junction as shown in Figure 2. Depending on the
direction of current flow, heat is either absorbed or dissipated at connection.
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Figure 1. Seebeck effect.
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Figure 2. Peltier effect.

2.3. Thomson effect

Thomson effect describes the dissipation or absorption of heat, when electric current passes
through a circuit composed of a single material, which has temperature variation along its
length, as shown in Figure 3. AQ represents heat dissipation, when electrical current flows
through a homogeneous conductor. Thomson coefficient is given by second Kelvin relation-
ship [6-9]:

da

where p and T, respectively, symbolize Thomson coefficient and temperature. If Seebeck
coefficient, a, is temperature independent, then Thomson coefficient is equal to zero.
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Ty

Figure 3. Thomson effect.

2.4. Joule heating

Joule-heating effect defines heat dissipated by material with nonzero electrical resistance in the
presence of electrical current, as shown in Figure 4,
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Figure 4. Joule heating.

3. Structure of TEG

3.1. Three-dimensional representation of comprehensive operation of TEG

TEGs are composed of numerous legs (slabs) made of p- and n-type semiconductors forming
thermocouples, all connected electrically in series and thermally in parallel. Semiconductor
legs are connected to each other through conductive copper tabs, and they are sandwiched
between two ceramic plates, which conduct heat, but behave as insulators to electrical current.
Schematic diagram of three-dimensional (3-D) multielement thermoelectric generator is shown
in Figure 5.

Waste heat from various sources, such as automobile engines exhaust, industry and infrastruc-
ture-heating activities, geothermal, and others, can be supplied to top ceramic plate of TEGs.
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As shown in Figure 5, heat flows through ceramic plate and copper-conductive tabs before
reaching the top surface of p- and n-type legs made of proper semiconductors, which is
defined as the hot side of TEG. Heat flows through both semiconductor's legs and then again
through copper-conductive tabs and bottom ceramic plate. Through heat sink, the bottom
ceramic plate is maintained at significantly lower temperature than top ceramic in order to
produce high-temperature gradient, which will lead to high-power output. Allowed tempera-
ture applied on top and bottom ceramic plates depends on materials of p- and n-type legs.
Also, p- and n-type materials are designed to possess low thermal conductivity in order to
restrict, as much as possible, heat flow through semiconductors and maintain temperature
difference between hot and cold sides of TEG.

Pictorial distribution of temperature along legs of TEG at conditional difference of temperature
AT between hot and cold sides is shown in Figure 6.

p-type
semiconductor

Negative(-) ]

Positive(+)

Can_per n-type
conductive Tabs semiconductor

Figure 5. 3-D schematic of multielement TEG.

373.15 Min

Figure 6. Temperature gradient within TEG.
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After temperature gradient has been induced between hot and cold sides of TEG, voltage
occurred on TEG-positive and -negative poles due to Seebeck effect, as depicted in Figure 7.

Voltage generated in TEG due to Seebeck effect induces the movement of charge carriers within
p-and n-type semiconductor legs and, hence, electrical current in electrical circuit including load
resistor Ry, connected to TEG poles, current density formed, is displayed in Figure 8.

Figure 7. Voltage distribution within TEG.

7.0273¢5
351475

199.84 Min

Figure 8. Current density within TEG.

3.2. 1-D representation of TEG

Establishing one-dimensional (1-D) representation of TEG is helpful in determining analytical
expressions of heat absorbed and heat rejected, as the power output of TEG is defined as the
difference between heat absorbed and heat rejected. Figure 9 represents 1-D schematic of TEG
with heat source and heat sink, respectively, applied on top and bottom sides of TEG.

Th, Qn, and Ky are, respectively, heat source temperature, heat supplied from heat source to
TEG, and thermal conductance of hot side of TEG. T}, Q;, and K|, are, respectively, heat sink
temperature, heat rejected from TEG to heat sink, and thermal conductance of TEG cold side.
Ty, and Q), define the temperature of hot junction of thermocouples and heat flow through hot
junctions of TEG. T, and Q, describe the temperature at cold junction of thermocouples and
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heat flow through cold junctions of TEG. Assuming thermoelectric properties to be tempera-
ture independent, a, k, p can, respectively, be defined as constant Seebeck coefficient, constant
thermal conductivity, and constant electrical resistivity.

Ty

Qh KH QH'
I

N ..
Q. akp
I
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T,
I

Figure 9. 1-D schematic of multielement TEG.

3.3. Electrical network resistance

Electrical resistance network of TEG is shown in Figure 10. P-type and n-type semiconductor
legs are connected to each other electrically in series through copper-conductive tabs.

R, and R, are electrical resistance associated, respectively, with p- and n-type semiconductor
legs. Repeh, Repec, and Ry are, respectively, electrical resistance of copper-conductive strips on

the hot side, electrical resistance of copper-conductive strips on the cold side, and external load
resistance.

v

Figure 10. Electrical network resistance.
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3.4. Thermal network resistance

Thermal resistance of TEG is shown in Figure 11 and it assists in determining heat transfer rate
through ceramic plates, copper strips, and p- and n-type semiconductor legs. The number of
thermocouples is N.

Tecehs Ticeh, and Reen are, respectively, external temperature of hot ceramic plate, internal temper-
ature of hot ceramic plate, and thermal resistance associated with ceramic plate on the hot side.
Th, Reph, and Rieg are, respectively, the temperature at the hot junction of p- and n-type semicon-
ductor legs, thermal resistance of copper strip on the hot side, and thermal resistance of both p-
and n-type semiconductor legs. T., Repe, and Tie, are, respectively, the temperature at cold
junction of p- and n-type semiconductor legs, thermal resistance of ceramic plate on the cold
side, and internal temperature of cold ceramic plate. Reec and Teeec are, respectively, thermal
resistance of cold ceramic plate and external temperature of cold ceramic plate.

Ty
Ky
Teceh
R ceh

R cph

Repe
T‘CEC
Rf-'ec
TE‘CEC
K,
(£

4.1. Analysis of thermoelectric material properties and geometry of TEG

=

Figure 11. Thermal resistance network.

4, Theoretical model

Thermoelectric materials of TEG legs, p- and n-type semiconductors, are characterized by
parameter called the figure of merit Z, which measures the ability of thermoelectric materials
to convert heat into electrical power. The figure of merit is expressed as follows:

z=-=, 3)
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where a, p, and k are, respectively, Seebeck coefficient, electrical resistivity, and thermal
conductivity of thermoelectric materials. Great thermoelectric materials possess high Seebeck
coefficient, low electrical resistivity, and low thermal conductivity [10].

In order to obtain maximum figure of merit, when designing TEG, the geometry of semiconduc-
tor legs and properties of thermoelectric materials need to satisfy the following equation [1, 11]:
272
Aan _ k, P, @

AL kp,

where Ay, Ay, Ly, Ly, ky, kn, Py and p,, are, respectively, the cross-sectional area, length, thermal

conductivity, and electrical resistivity of p- and n-type semiconductor legs.

To reduce manufacturing costs, p- and n-type semiconductor legs are fabricated with the same
geometry, thatis, A, = A, = A, and L, = L,, = L. Similarly, p- and n-type semiconductor legs
are made of doped alloys to produce the same thermoelectric properties, that is, p, = p,,
k, = ky, and a = —a,, [12].

4.2. TEG performance analysis

In order to obtain expressions describing TEG performance, thermocouple built by legs of
p- and n-type semiconductors is extracted from Figure 9 and represented in Figure 12.
Figure 12 represents heat transfer within single thermocouple. The length and cross-sec-
tional area of both p- and n-type semiconductor legs are equal and symbolize as L and A,
respectively. The junction of thermocouple is fixed at thermal conducting and electrical-

insulating ceramic plate.
o W o
‘ . :n — type

%

Figure 12. Heat transfer within TEG thermocouple.

Qn, Q. Quins Qroutr Qj, Ly, L,, and 6., are, respectively, heat absorbed at hot junction, heat

rejected at cold junction, Fourier heat conduction transferred inside of control volume, Fourier

469
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heat conduction transferred out of control volume, Joule heating generated within control
volume, the length of p- and n-type legs, and the thickness of copper electrical-conducting strips.

Employing the conservation of energy and assuming one-dimensional steady-state condition,
the energy equation of differential control volume inside of p-type semiconductor leg can be
expressed as follows:

Qkin_Qkout + Q] =0, (5)
Q(x)-Q(x +dx) + Q; =0. (6)
Using Taylor expansion:
ot 220 Y L Er,

I represents electrical current induced within TEG device:

®)
Ap
Fourier's law of conduction for one-dimensional heat conduction states:
Q) =y, 57 ©)
Substituting Eq. (9) into Eq. (8):
anC(kApaa];)d +Ap:dx:0. (10)

Provided that thermoelectric properties are temperature independent, k, can be taken out of
derivative and Eq. (10) can be expressed as follows:
2

d°T, Pp
kAdedx+Ap dx =0. (11)
Integrating Eq. (11):
X d2
[k,A, jd +f p"’alx—o (12)
0 dx Ap
dT, ~dT, Pp B
bt (G ) = = (13)
x=0—T,(0) =Ty, (14)
dT,
kpApE = Qp(o)’ (15)

where Q,(0) is Fourier heat conduction transferred inside of top p-type leg:
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Ly, 2

LP

dT, [N
[ kA, —Ldx +_f—xdx:—_pr (16)

0 Ap

Pp
ky Ay (TP(LP)_TP(O)> +— A, 2 =-Q,(0)Lp, (17)
x=0— TP(O) =Ty, (18)
x=L,— Tp(Lp) =T, (19)
kA, Pp L
Q,(0) = L~ (T}-T.)-0.5 iy (20)
L, p
Considering Peltier effect happening at the hot junction of p-type leg:
kA Pp L

Qo = I Ty + %(Th—m—os i 7 (21)

p p

where Q, is the total heat absorbed at the hot junction of p-type leg.

Employing the same procedure with the same boundary conditions to derive heat flow
through n-type leg leads to the expression of Q,;, as follows:

k, A Pp L,
Oup =~ Ty + 22 (7=, )-0.5—Pn=" (22)
L, A,

where Q,, is the total heat absorbed at the hot junction of n-type leg. The total heat absorbed at
the hot junction of both p- and n-type semiconductor legs is, therefore:

Qh = Qph + th, (23)
s KAy kA o o (Pl pu L
Q, = (ap (Xn)ITh + (L—p+ L )(Th Tc) 0.5 (A_p —|—A—n>1 D (24)

We use the same method to derive expression for heat rejected at the cold junction of p-type
and n-type legs. Consequently, the following expression is obtained:

b4y | kudn\ o PLy  p,Ln\
Q. = (ay-a)IT. + ( Lot )(Th TC)+0.5< it >I. (25)

4.3. TEG performance expressions

TEG is characterized by numerous performance expressions, including heat absorbed on the
hot side, heat rejected on the cold side, power output, voltage induced, and current flowing
in the electrical circuit with load resistor. Defining symbols below from Egs. (24) and (25):
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B 2
L, * L, ”’ (26)
ppLP PnLn
VY —= — + . 27
s @)
a = =y, (28)

Expressions of heat flow through the hot and cold junctions for N semiconductor thermocou-
ples can therefore be expressed as follows:

Q, = N(aIT,~0.5:I* + K(T),-T.)), (29)

Q. = N(aIT, 4 0.5:I* + K(T}-T.)). (30)

As stated previously, the power generated by TEG is defined as the difference between heat
absorbed at the hot junction and heat rejected at the cold junction:

P =Q,~Q, = N(aI(T}~T,)-rI?). (31)

Optimal current generated in TEG is obtained by first deriving Eq. (31) with respect to current
as follows:

P
Z—I = N(a(Ty~-T.)-2Ir). (32)
Eq. (32) is equated to zero to determine the following expression of optimal current:

o Th—T
Iopt = <TC) . (33)

Generally speaking, voltage, current, and output power induced in TEG consisting of set of
thermocouples similar to the one represented in Figure 9 are, respectively, defined as:

_OZ(Th—TC)
I= TR (34)
a(Tp=T)\?
P=IPR =2 _"Y) R 35
= (M) R (33)
Oé(Th—TC)
V=IR =—~" YR 36
L=" R, R (36)

where Rj, is the external resistance load. To get optimum electrical current induced, and
output power generated in the electrical circuit with TEG consisting of set of thermocouples,
external resistance needs to be equal to the total internal electrical resistance of p- and n-type
semiconductor legs. The efficiency of TEG is given by:
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n=—. (37)

In actual TEG, two thermoelectric materials are used, that is, p- and n-type semiconductors.
The maximum efficiency provided by TEG is expressed as follows:

o = (1— Th) B2 27N (38)

Te) V1+2T + 1

where Z and T are, respectively, the figure of merit of p- and n-type semiconductors and
averaged temperature between temperatures at the hot and cold sides.

4.4. Performance simulation example of a TEG

Numerical example is adopted in order to optimize and analyze effects of heat transfer
governing equations on output power, efficiency, and induced voltage of TEG.

In numerical analysis, the following geometry is adopted (Table 1).

The following thermoelectric properties are adopted (Table 2).

Number of pairs (N) Cross-sectional area (A) Length (L)

10 25 x 2.5 x 10° m? 2x10°m

Table 1. Geometry of TEG.

ap ay pp = P kl’ = k"

185x107°V/K -185x107°V/K 1.65%10°Ohm x m 1.47Wi(mK)

Table 2. Thermoelectric properties.

All obtained performance curves are computed at the hot-side temperature up to T), = 673 K
and the cold-side temperature of T, = 373 K.

4.4.1. Power and efficiency as function of electrical current

By fixing the cold side at temperature T, = 373 K and varying the hot-side temperature from
473 to 673 K with increment of 100 K, the power generated behaves as follow:

One can observe that the power as a function of current behaves as a parabola with optimum
power value at specific current. Figure 13 shows the existence of maximal current value, which
corresponds to optimum power. Any current higher or lower than the maximum current value
generates power output less than optimum power. Also, as temperature at the hot side
increases, then power produced increases as well.
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Figure 13. TEG output power as a function of electrical current.

Efficiency curves shown in Figure 14 behave as parabola as well, with specific current value
maximizing efficiency for each temperature difference. In real devices, TEGs are always
operated at an optimal current. One thing to note is that the efficiency of TEG is still low
compared to other energy-conversion techniques. A lot of effort has been made to enhance
efficiency [13, 14]. Given that heat sources are plenty and free, TEGs could be promising
solutions, when they are employed to harvest waste heat from industry activities and cen-
tral-heating systems.

£
==
: ceieee Ty=4T3K
5 - - - T4=573K
i — Ty=6T3K

0 1 2 3 4 5 6 7 8 9 10 11
I(A)

Figure 14. Efficiency as a function of current.
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4.4.2. I-V dependences

Employing various temperature differences, while maintaining the cold-side temperature at
373 K, voltage induced as a function of current behaves as shown in Figure 15.

One can observe from Figure 15 that voltage induced for each temperature difference is decreas-
ing and the linear function of output electrical current. Slopes of I-V dependences are the same.

42

Figure 15. Voltage as a function of current (I-V dependences of TEG).

4.4.3. Power and efficiency as a function of hot-side temperature

While still maintaining the cold side at a temperature of 373 K and replacing current in output
power equation (Eq. (31)) by optimal current expression (Eq. (33)), power expression becomes
a function of temperature at the hot side, and Figure 16 shows the behavior of output power as
a function of the hot-side temperature.

3

2.5

93 473 573 673
Ty(K)

Figure 16. Power as a function of hot-side temperature.
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Output power as a function of hot-side temperature behaves as nonlinear curve increasing as
the hot-side temperature increases.

The efficiency of TEG as a function of hot-side temperature is shown in Figure 17.

Efficiency (%)
IS

93 473 573 673
TulK)

Figure 17. Efficiency of TEG as a function of hot-side temperature.

4.4.4. Power as a function of external load resistance

Figure 18 depicts variations of output power as a function of external load resistance. Eq. (35)
is used to obtain dependences shown in Figure 18.

- = = Ty=573K
e BT

Figure 18. Output power as a function of external load resistance.
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Optimal output power occurs when load resistance equates to internal electrical resistance of
the total number of p- and n-type semiconductor legs.

4.4.5. Efficiency as a function of the figure of merit (ZT)
ZT value is modified figure of merit, where T represents averaged temperature between the
hot-side and cold-side temperatures. For each temperature difference, efficiency increases as

ZT value increases. Therefore, employing thermoelectric materials possessing high ZT values
leads to great TEG efficiency (Figure 19).

15

_10
g

9 ceieee Ty=AT3K
4 - - - Ty=573K
i ——— Ty=673K

Figure 19. Efficiency as a function of ZT value.

5. Conclusion

In this chapter, the basics of thermoelectric generator devices are covered including phenomena
that guide their operation. State-of-the-art modeling efforts are summarized. The presented
modeling is crucial for comprehensive understanding of heat to electric energy conversion in
TEGs. Simulation results are very useful in predicting the maximum ratings of TEGs during
operation under different ambient conditions.
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