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Abstract

During the last three decades, there has been growing interest in applying
thermoelectric technology to improve the efficiency of waste heat recovery .This
study reports an estimation of the amount of power produced by a thermoelectric
generator (TEG) placed between the flue gas duct and fresh air duct of an industrial
thermal oil heater to recover waste heat. A plate fin heat sink is used to transfer
the heat from flue gas to the thermoelectric generator. The effects of various design
parameters and flow parameters were investigated in order to maximize the power
generation. Then the best suited conditions were applied to new a thermoelectric
generator module based on recently developed Bi,Tes, PbTe and TAGS
thermoelectric group materials. A thermoelectric generator based on p-type
(B1,Sb),Te; and n-type hot forged Bi,Tes generates 4.4 W, which is about 19%
improvement in output power compared to a commercial module (HZ-2). For a
proposed system, in a biomass fired thermal oil heater, the estimated annual power
generation could be around 181,209 kWh. The thermal efficiency of the TEG
modules based on recently developed thermoelectric materials could be enhanced
by up to 8.18%. The specifications of plate fin heat sinks as well as thermoelectric
properties of the p-n materials of the system have a substantial impact on the
performance of the TEG module.

Keywords: waste heat recovery, thermoelectric generator, renewable energy,
thermoelectric material.
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1 Introduction

Thermoelectric (TE) generator is a new type of environmentally friendly energy
conversion technology. A thermoelectric generator has no moving parts and is
compact, quiet, highly reliable and environmentally friendly. Due to these pros it
becomes a promising research area. The primary challenge is its relatively low
heat to electricity conversion efficiency. The relatively low conversion efficiency
of thermoelectric modules (~5%) hinders the growth of their applications. But low
efficiency problem is not the major issue when TEG is used for waste heat
recovery because of the costless thermal energy input [1]. Thermoelectric
generators (TEG) generate electrical power from heat energy by using Seebeck
effect, Peltier effect, Thomson effect. These effects are accompanied by other
factors such as Fourier heat conduction laws and Joule heating [2]. A
thermoelectric generator will be efficient if it could satisfy the following criteria.
(1) low thermal conductivity (k), which confirms large temperature difference
between both ends of the material, (2) high electrical conductivity (o), which
confirms the reduction of internal resistance of the material, and (3) large thermo
electromotive force (Seebeck coefficient,a), which is required to obtain a high
voltage [3].

Approximately 60% energy is wasted from different sources without practical
application [3]. TEG modules can be exploited to harvest waste heat from
automobile exhaust [4-8] to industrial operations such as biomass boiler [9], small
scale pellet boiler [10], cement plants, marine waste incinerator [11], refineries,
glass manufacturing, foundries and other heated components like Wood burning
stoves [12], geothermal, solar salt ponds, solar concentrators [13].

The efficiency of the thermoelectric generator is dependent on module
properties as well as system configuration. This paper represents the effect of
changing module properties on output power. This model can be used to evaluate
the performance of newly developed TE materials. In this study, the materials are
selected according to the temperature range of the flue gas of biomass fired TOH.

2 Mathematical modelling

Thermoelectric generators work on temperature differentials using the Seebeck
effect. The greater the temperature differential (DT) between hot and cold side of
the TEG module, the greater the amount of power will produce. Figure 1 shows
the working principle of TEG.

Supply heat to the hot side (Qu) and removal heat from the cold side (Qc) of
the thermoelectric module can be expressed by Eqn. (1) and Eqn. (2) respectively

Oc =all, +K(T, ~T,)+ Y IR, (1)
Q =alT, +K(T, ~T,)- Y/ 'R @)
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Figure 1: Schematic of a working TEG.

2.1 Thermoelectric properties of TEG module

Thermoelectric properties of recently developed new TE materials are presented
in Table 1.

Table 1: Thermoelectric properties of new TE materials.

s .. Seebeck
Group of Compound Resistivity  Conductivity cocfficient  ZT  Ref
materials (nQm) (W/mK)
uV/K

Nano Composite Bi,Te; 12.2 0.75 150 1.00 [14]

Bi,Tes/Sb,Tes 12.5 0.75 180 140 [15]

Bi,Te; Hot forged Bi;Tes 8.50 1.12 160 118 [16]
BiySeo;Tey 7 + x vol.% v-

AlLOs 9.43 1.10 157 098 [17]

0.03 mol% Pbl,, PbTe 10.00 1.00 220 155 [18]

(PbTe)oss(PbS)o.12 40.00 0.75 245 0.86 [19]

PbTe PbTe:La/Ag,Te. 24.00 1.08 190 0.60 [20]

La-doped (PbTe) 9,945

(AgaTe)o.oss 325 1.05 140 0.27 [20]

Age52Sbg 52Gess o6 TesoDyy 7.00 1.40 138 0.70 [21]
(TAGS-85+1% Dy for Ge)

TAGS 9.15 1.70 144 070 [21]
Age52Sbes2GessosTesoDy2
(TAGS-85+2% Dy for Ge)

TAGS-75 17.90 120 204 080 [22]

WIT Transactions on Ecology and The Environment, Vol 186, © 2014 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



118 Energy and Sustainability V

2.2 Performance of TEG

Power generation by TEG module depends on Seebeck coefficient (o), internal
electrical resistance (Rg) and thermal conductance (K). Output power can be
quantified in two ways, by multiplying output voltage and current or by subtracting
removal heat from supply heat.

Output power can be obtained by using the following equation

B, =Vl =04 —0c (3)

Inserting Eqn. (1) and Eqn. (2) into Eqn. (3), the output power can be written by
the equation stated below

PO:a](TH_TL)_[ZRG “4)

Again by combining Eqn. (3) and Eqn. (4), the output voltage can be expressed by
the following equation

VO:P%O:a(TH—TL)—IRG (5)

If the condition of power generation is open circuit (I = 0), Eqn. (5) can be
expressed by the equation given below

Vo=a(T, =T,) (6)

The Seebeck coefficient (o) can be written by the following equation

VO
a:(Tu_TL) (7)

The value of internal electrical resistance (Rg) can be obtained by combining
Eqn. (5) and Eqn. (7). Consequently, the value of thermal conductance (K) can be
obtained by substituting o and Rg into Eqn. (1). Taking the 1% order partial
derivatives of Eqn. (4) with respect to I and assuming the result on the left hand
side of equation is zero [23], the output current Ip can be expressed by following
equation

_ a(TH _TL)
fo= 2R, ®

By using the Eqn. (9), the thermal efficiency of TEG can be obtained

= Lo )
0,

Mg
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2.3 Thermal resistance model of the waste heat recovery

In this study, the source of heat is the high temperature flue gas of Thermal Oil
Heater (TOH). Plate fin heat sink on the hot side of the TEG module is used to
supply sufficient amount of heat and maintain high temperature on hot side. Plate
fin heat sink on cold side is used to minimize the cold junction temperature by
increasing the amount of removal heat from cold side. Thus plate fin heat sinks on
both sides, make the temperature difference maximum between the junctions.

At the interface of two surfaces, thermal resistance can be expressed by the
equation stated below

R, = — (10)

The thermal resistance for the base of the plate fin heat sink can be written by the
following equation

t t
L/ ! (11)
khAb kh (WhLI) )

According to the Newtons law of cooling, during heat transfer between fluid and
solid surface a convectional thermal resistance (Rcony) is arised. The value of Reony
can be expressed by equation given below

S (12)

conv
hA,;

For plate fin heat sink effective heat transfer area and efficiency can be obtained
by using Eqns. (13)—(15)

Ay =0, x2NWH )+ (N - 1w (13)
tanh(me)

| animid) 14

T (14)

. hp _ h><l2><(tf+LJE 2h (15)
kftf k,» (tf X L) kf X1,

Thermal resistnce between two sides of the TEG module can be written by
following equation

TH _TL

16
QH _QC ( )

Ry =
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Overall thermal resistance and overall heat transfer coefficient can be obtained
from the Eqns. (17), (18)

I
Uy=—"— (17)
" HAH

overall

1
v, = ——— 18
c T (18)

overall L

The supply heat (Qu) to the hot junction and removal heat (Qc) from the cold
junction can be expressed as following equations

QH:UHAH(TS_TH) (19)
Oc =UCAL(TL _Tc) (20)

By combining Eqn. (1) with Eqn. (19) and Eqn. (2) with Eqn. (20), Ty and T can
be expressed as equations given below

U, A,Ts + KT, +112RG
T, = 2 @n
H
al +K+UyA,
Ued,Te + KT, + L1°R
TL _ C L*C H 2 G (22)

Ucd, +K —al

The values of Ty and Ty are derived by the iterative method for different source
temperatures and other variations. Consequently, Ty, Tr, o and Rg are Substituted
into Eqn. (8) to derive Io. Then Ty, Ti, a, Rg, K and 1o are replaced into Eqns. (1),
(2), (4) and Eqn. (5) to find out the values of Qu, Qc, Pour and V.

3 Schematic of TEG application

The scope of waste heat recovery from a biomass fired Thermal oil heater has been
investigated. The capacity of Thermal Oil Heater (TOH) is 14 MW. Average flue
gas temperature was around 573 K. The flue gas goes to the chimney through the
ducts and before going to the chimney it passes through the air preheater (APH)
and water preheater (WPH. To generate electricity from heat energy of moderately
high temperature flue gas, TEG modules are proposed to place before APH and
WPH on the flue gas duct. Plate fin heat sinks were used to enhance the
performance of TEG. Hot side plate fin heat sink was in the flue gas duct and
the cold side plate fin heat sink was in the fresh air duct.
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Recently developed materials with high figure of merit are chosen from
different thermoelectric material groups. Dimensions of the duct where
thermoelectric generator is placed is illustrated in Table 2.

Table 2: System parameters.

Parameter Value
Duct width 2.3
Duct height 1.3
Duct length 2
Number of TEG row 33
Number of module per row 78

Dimensions of plate fin heat sink are given in Table 3.

Table 3: Plate fin heat sink dimensions.

Parameter Unit Value
Fin width mm 60
Fin thickness mm 1.5
Fin height mm 40
Base width of heat sink(for 8 fin) mm 29.50
Fin Spacing mm 2.50

4 Results and discussion

Output power increases with the increment of temperature difference between two
sides of the TEG module. Different ranges of output power have been identified
from different combination of p-n materials. The TE materials with higher figure
of merit (ZT) are generating more power. Having higher figure of merit (ZT) of
p-n combinations, Bismuth telluride group based module is producing higher
power and due to lower figure of merit (ZT), p-n combination of Lead telluride
group and TAGS group based modules are generating lower power. The n-type
nano composite Bi;Te; and p-type (Bi,Sb),Te; gives the maximum peak output
power 444 W and n-type La-doped (PbTe)ooss(AgrTe)ooss and p-type
Age52Sbs 52Gesa 96 TesoDy, gives minimum output power 1.58 W.
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(a n-type nano composite Bi,Tes and p-type (Bi,Sb),Tes,
b = n-type hot forged Bi,Tes; and p-type (Bi,Sb),Te;, ¢ = n-type
BixSeosTer 7 +x vol.% 'Y-A1203 p-type (Bi,Sb)zTe3,

and

d = n-type (PbTe)oss(PbS)o.12 and p-type 0.03 mol% Pbl,, PbTe,
e = n-type PbTe:La/Ag,Te and p-type 0.03 mol% Pbl,, PbTe,
f = n-type La-doped(PbTe)ooss(AgaTe)ooss and p-type 0.03

mol% Pbl,, PbTe, g = n-type La-doped(PbTe)ooss(AgaTe)o.0ss
and p-type Ages2Sbes:GessosTesoDyl, h = n-type La-doped
(PbTe)o.0as(AgaTe)ooss and p-type Ages2SbesaGesageTeso Dy2,
i=n-type La-doped (PbTe)o.oss(Ag2Te)ooss and p-type TAGS-75).

Using Eqns. (4), (8), (21), (22) and taking thermoelectric properties of the
materials from Table 1, variation of performance with hot side temperature has
been obtained and shown in Figure 3. The output power increases with the rise of
hot side temperature and the hot side temperature varies as flue gas temperature
fluctuates. The flue gas temperature was varied from 523 K to 573 K. When the
hot side temperature increases, it directly enhances the temperature difference
between hot and cold side of the TEG module. According to the Seebeck effect
and from Eqns. (6) and (4), enhanced temperature difference improves the output
voltage and hence output power.
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Figure 3:  Effect of hot side temperature on power of different TE material.

(a = n-type nano composite Bi,Te; and p-type (Bi,Sb),Tes, b = n-type
hot forged Bi,Tes and p-type (Bi,Sb),Tes, ¢ = n-type BixSegsTes 7+x
vol.% y-AlOj3 ana p-type (Bi,Sb),Tes, d = n-type (PbTe)oss(PbS)o.12
and p-type 0.03 mol% Pbl,, PbTe, ¢ = n-type PbTe:La/Ag,Te
and p-type 0.03 mol%  Pbl,, PbTe, f= n-type
La-doped(PbTe)o.945(AgoTe)o0ss and p-type 0.03 mol% Pbl,
PbTe, g = n-type La-doped(PbTe)ooss(AgrTe)ooss and
p-type  Ages2SbesaGessosTesoDyl, h = n-type La-doped
(PbTe)o.945(AgaTe)o.0ss and p-type Age.s2Sbe.s2GesqosTeso Dy2, i = n-
type La-doped (PbTe)o.045(Ag2Te)o.0s5 and p-type TAGS-75).

By using Eqns. (3) and (9) the variation of output power with thermal efficiency
has been calculated and plotted in Figure 4. The heat flow through the TEG module
directly proportional to heat supplied to the hot side of the TEG module.
According to the Fourier's law of conduction, thermal conductivity of the p-n
block of the TEG module and the temperature difference between two sides is the
determiner of heat flow through the TEG module as the other conditions are same
for all material combinations.
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materials (a = n-type nano composite BixTes and p-type
(B1,Sb),Tes, b = n-type hot forged Bi,Te; and p-type (Bi,Sb),Tes,
¢ = n-type BixSep3Ter7tx vol.% y-AlOj3 ang p-type (Bi,Sb),Tes,
d = n-type (PbTe)oss(PbS)o.12 and p-type 0.03 mol% Pbl,, PbTe,
e = n-type PbTe:La/Ag;Te and p-type 0.03 mol% Pbl,, PbTe,
f = n-type La-doped(PbTe)ooss(AgaTe)ooss and p-type 0.03
mol% Pbl,, PbTe, g = n-type La-doped(PbTe)ooss(AgaTe)o.0s5
and p-type Ages2SbesaGessosTeso)Dyl, h = n-type La-doped
(PbTe)o.04s(AgoTe)ooss and p-type Ages2SbesaGezsosTeso Dy2,
i =n-type La-doped (PbTe)o.oss(Ag2Te)o.0ss and p-type TAGS-75).

Figure 5 illustrates the enhancement of total output power with number of
modules for different materials. Here, TEG modules based on Bismuth telluride
group material is generating maximum total output power around 23 kW from
5,200 modules while the modules based on other two group materials namely,
Lead telluride and TAGS are generating 15.5 kW and 10.4 kW respectively from
the same number of modules.

WIT Transactions on Ecology and The Environment, Vol 186, © 2014 WIT Press
www.witpress.com, ISSN 1743-3541 (on-line)



Energy and Sustainability V. 125

25

Bismuth Telluride

20 — - - — Lead Telluride

----TAGS

15

10

Total power generation (kW)

0

500 1000 1500 2000 2500 3000 3500 4000 4500 5000

Number of modules

Figure 5:  Variation of output power with the number of module of different
TE materials.

5 Conclusion

Maximum power generation by applying TEG with plate fin heat sink is the main
focus of this study. Materials from three different thermoelectric groups Bismuth
telluride, Lead telluride and TAGs have been analysed as they are the best suited
TE material for this temperature range. Among them p-type (Bi,Sb).Tes; and
n-type hot forged Bi,Te; has been found to be the best material. The estimated
annual output power is 181,209 kWh by using p-type (Bi,Sb),Tes and n-type hot
forged Bi,Tes. Developing TE materials with better TE properties energy can be
recovered more efficiently in future.
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