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Abstract

It is essential to enhance the performance of the thermoelectric generator as lower efficiencies are obtained recently. This
could be achieved by changing its dimensions in addition to copper strip thickness. The present study is performed to
obtain the best dimensions of the P-N legs considering the interaction between all variables. To do this, a comprehensive
TEG model is achieved in addition to utilizing the single-objective optimization technique. The main performance metrics,
including electricity production and conversion efficiency, are assessed, and contrasted with the conventional TEG system
since the simulation. The length of the legs and their cross-sectional area were shown to significantly affect power produc-
tion. The thickness of the conducting plate, in contrast, barely matters. For instance, a P-N pair with legs that have a 2 mm?
cross-sectional area generates 0.4 W and 1.3 W for temperature differences of 480 °C and 980 °C, respectively. Furthermore,
the equivalent efficiencies are 4.41% and 6.73%, respectively. Using the genetic algorithm revealed that the ideal values for
the leg cross section, leg length, and conducting plate thickness are 1.84 mm?, 0.5 mm, and 0.44 mm, respectively. Once
compared to the conventional system, using the optimization method results in an improvement in power production and
conversion efficiency of about 247% at a temperature differential of 980 °C.

Keywords Thermoelectric generator - Single-objective optimization - Genetic algorithm - Semiconductors - Conversion
efficiency

List of symbols dx Thermoelectric element length (mm)
A Cross-sectional area of leg (mm?) E .« Maximum efficiency
A, Leg cross-sectional area (N-type) H Height of Leg (mm)
Ap Leg cross-sectional area (P-type) 1 Electrical flow (A)
K Thermal conductivity (W m~' K=1)
o AEl . K, Thermal conductivity of (P-type) Leg
Abd El-Moneim A. Har ‘s
moneimharb@m-eng.helwan.edu.eg Ky Thermal conductivity of (N-type) Leg
- L Length of leg (mm)
A. E. Kabeel . . .
Kabeel6 @f-eng tanta.edu.cg L, Thlcl.mess of electrical conducting plate (mm)
P Maximum power output (W)
! Department of Mechanical Power Engineering, Faculty Pt Theoretical maximum power output (W)
of Engineering at El-Mattaria, Helwan University, Helwan, P, Power output generation (W)
Egypt R Internal resistance of the semiconductors (Q)
2 Mechanical Power Engineering Department, Faculty R, Load resistance (Q)
of Engineering, Tanta University, Tanta, Egypt T The temperature of cold side (°C or K)
Cc
3 Energy Resources Engineering Department, Egypt- Japan T, Melting point (°C or K)
University of Science and Technology (E-JUST), Alexandria, T The temperature of the hot side (°C or K)
Egypt h )
. &yp AT Temperature difference (°C or K)
Mechanical Engineering Department, Assiut University, : -
Assiut 71516, Egypt W, WTdth of (N-type) Leg (mm)
s T o W, Width of (N-type) Leg (mm)
Faculty of Engineering, Delta University 7T Figure of merit

for Science and Technology, Gamasa, Department
of Mechanical Engineering, Islamic University
of Madinah, Medina 42351, Saudi Arabia, Egypt

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10973-023-12472-y&domain=pdf

11956

A.E.-M. A. Harb et al.

Greek symbols

a Seebeck coefficient (pV K™

M max Maximum thermal conversion efficiency
Pp Qualitative resistance of (P-type) (€2 m)
P Qualitative resistance of (N-type) (Q m)
o Electrical conductivity (Q~! m™")
Subscript

c Cold

h Hot

L Load

P Plate

Abbreviations

DoE Design of experiment

LHS Latin hypercube sampling

PV Photovoltaic

RBFNN Radial basis function neural network
STEG Solar thermoelectric generator

TE Thermoelectric

TED Thermoelectric device
TEG Thermoelectric generator
Introduction

Increasing energy demand and environmental pollution
caused by traditional thermal sources such as internal com-
bustion engines and power plants become serious issues.
Thus, scientists have been working on the new promoted
power devices such thermoelectric generator (TEG) that
can convert heat directly into electricity [1]. Its operation is
based on thermoelectric effects such as Seebeck, Peltier, and
Thomson. [2]. Vast engineering applications are capable of
employee TEG as recovery device, for example, recovering
waste heat in automobile, steel industries, cook stoves, and
power plants, as well as body skin [3-7]. Even it has taken
long time to be commercially widespread due to its low con-
version efficiency which is less than 5% [8]. Multiple strate-
gies to improve the TEG system's performance were exam-
ined by certain researchers. These studies are categorized
into three main types. First category considers the increasing
of TEG figure of merit (ZT) based on the materials construc-
tion improvement. Kanimba and Tian [9] have presented a
new dimensionless figure of merit. Many scientists are work-
ing hard to create a new alloy with a better ZT and power
factor [10—14]. Second category considers TEG installation
method inside an engineering system such as TEG recover-
ing waste heat from power station condenser or exhausted
gases from heat engines. Consequently, the overall efficiency
of the system improves [15—17]. Third category introduces a
best TEG module to help designer to produce TEG devices
with the highest conversion efficiency [18].
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Multiple studies examined how well TEG modules func-
tioned, and Chen et al. [19] gave an analytical solution for
the TEG governing equation. In addition, thermoelectric
properties of a TEG module are assumed as a constant. A
new expression for temperature distribution, output power
and conversion efficiency was introduced. Meng et al. [4]
used Taylor expansion to ease the power correlation. Speci-
fied temperature difference mostly along the P—N legs, both
the warm and cold sides of the system, is supposed in their
study. Further to that, the optimal parameters for leg length
and electrical charge were determined. Ma et al. [20] studied
the effect of the TEG geometry such as the semiconduc-
tors leg cross-sectional area and length in addition to the
electrical conducting plate thickness on the system perfor-
mance. The length was ranged from 0.5 mm to 4 mm, and
the leg cross-sectional area was ranged from 0.2 mm? to 2
mm?. In addition, the thickness of the conducting plate was
ranged from 0.1 mm to 1 mm. Their findings concluded that
at a constant leg length, power is enhanced by leg cross-
sectional area increase. Moreover, at 1.00 mm? leg cross-
sectional area, the output power decreases with increasing
leg length. The earlier effects are due to the reduction in
internal resistance. This is due to the decrease in leg length
or the increase in cross-sectional area. For conducting plate
thickness effect, both the power and the efficiency change
with varying the plate thickness. The optimal power and
efficiency are in the range between of 0.125 mm and 0.5
mm. The increasing in the conducting plate thickness leads
to increase the heat loss and reducing the power output and
conversion efficiency accordingly. Shen et al. [21] studied
the effect of the leg length at different heat transfer coeffi-
cient where it was ranged from 1 to 10 mm. Findings showed
that as the leg length increases the power output decreases.
At low heat transfer coefficient equals zero and varying the
leg length from 1 to 10 mm, the maximum power of 0.35 W
was obtained at the value of 1 mm and the corresponding
conversion efficiency was around 3.4%. Oh et al. [22] studied
the effect of the leg length of the thermoelectric generator
performance at different temperature difference between the
cold and the hot side. It was seen that the temperature dif-
ference significantly affects the output power as tempera-
ture difference increase leads to output power enhancement.
However, the opposite effect is achieved by leg length where
its increase caused a reduction in the output power. The pre-
dicted optimal length was about 2.6 mm for all temperature
difference and was independent of the temperature differ-
ence. Ali et al. [23] utilized an exponential parametric func-
tion to calculate the variations in cross-sectional area of a
single P—N pair and found an optimal value that maximizes
power and conversion efficiency. Yamashita [24] investi-
gated the effect of semiconductor temperature-dependent
properties on current, maximum power, and efficiency,
considering linearity and nonlinearity in the properties of
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the P-N couple. Wang et al. [25] introduced an analytical
method in addition to a new algorithm to figure out the main
parameters of a thermoelectric module. Ali and Yilbas [26]
present a new material with linear property variation along
its length. In their study, they showed that the proposed one
has greater outcome electricity and conversion efficiency
than conventional materials. Kalteh and Akhlaghi [27] stud-
ied the effect of Thomson effect on a TEG performance. In
addition, the effect of Thomson heat on the best values for
two different alloys is evaluated. Zhang et al. [28] studied
the performance of two-stage TEG model depending on
hypercube sampling. A TEG system with a radiation heat
sink was proposed by Liu et al. [29]. They concluded that
the proposed system has an enormous potential to be used
in electronic applications.

Arora et al. [30] contrasted and perfected the productivity
of both a single- and multi-stage TEG. A theoretical solution
is used to analyze the system. Marvao et al. [31] reported a
comprehensive optimization for a TEG as a heat recover unit
utilized in an automobile exhaust. In their study, the output
power is examined as the objective function. Optimization
for constant temperature thermoelectric generator with con-
stant temperature boundary condition has been done by Xu
et al. [32]. In their study, the goal function was power output.
Sun et al. [33] worked to optimize a two-stage TEG device
design. They considered the power output and entropy gen-
eration as the objective function. Nozariasbmarz et al. [34]
conducted research and optimization of TEGs for wearable
body heat collection.

Following a recent literature study, small number of
studies were conducted using the optimization approach to
figure out the proper dimensions for the P-N module. Fur-
thermore, the interaction between the TEG variables such
as the leg area, conducting plate thickness and the leg length
is not considered. Number of factors need to be looked at to
reach the best design point for the TEG system. Thus, the
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Fig. 1 Three-dimensional views of the thermoelectric system

Fig.2 The detailed schematic
diagram of thermoelectric
couple

originality of the present study is based on using a single-
objective optimization to study the effect of all variables
such as the leg area, conducting plate thickness in addition
to the leg length. Therefore, a comprehensive three-dimen-
sional model of the TEG system, as well as an optimization
genetic scheme, is constructed. The simulation is used to
examine and compare the major performance measures, such
as power output and conversion efficiency, with the classic
TEG system.

Physical model

Figure 1 shows schematic of the TEG system considered in
the present study. The main components of this system are
ceramic layers, copper strips and P-N legs. Thermoelectric
unit is a major part of a TEG system. This device has both
hot and cold sources, as well as multiple thermocouple units
in the center that are all linked. The three essential compo-
nents of each thermoelectric device are electrical conducting
plates (such as copper), n/p type semiconductors, and solder
layers to connect the P—N legs to the conducting slices, as
shown in Fig. 1.

Figure 2 shows a schematic diagram and main dimensions
of a single P—N couple as specific unit of TEG system. Based

on the configuration, A, t, and L indicate cross-sectional

@ Springer



11958

A.E.-M. A. Harb et al.

Table 1 The chosen range of design variables

Variable A/mm? tp/mm L/mm
Minimum 0.2 0.1 0.5
Maximum 2.0 1 4

Fig.3 The operation of a P-N junction. The dotted lines in the cir-
cuit are used to show loop current generation, which was absent in
the simulation

area of leg, strips thickness, and leg length, in that order.
Before starting TEG numerical simulation, an optimization
process was performed by MATLAB software to figure out
the suitable range for TEG dimensions A, Lo and L to reduce
number of iterations implemented simulation software to
safe time needed to reach the better design achieving good
output electricity and conversion efficiency. The detailed
results of MATLAB modules will be introduced in Sec-
tion "Optimization procedures". It should be noted that the
performance of the TEG system is overly sensitive to the
values of the decision variables A, tp, and L. Table 1 is a
list of the decision variable ranges. These numbers are set up
based on the TEG system's actual operational circumstances.

As shown in Fig. 3, the P—N junction made from silicon
germanium (SiGe) where P—N legs are equal in length. Simi-
larly, the cross-sectional areas are equal. When the ends of
the thermoelectric unit are subjected to cold and hot sources,
an electric potential will be created (V,—V,) that generates

a loop current I. The energy conversion is caused due to
Seebeck effect that explains that heat transferring through
thermoelectric N-P legs and under a temperature difference
will be converted directly into electricity between the TEG
edges [2]. The cold and hot side temperature are showed by
T, and T,, respectively. Table 2 provides a summary of the
physical features of many TEG materials, including silicon
germanium (SiGe).

The study of the thermoelectric generator is performed
through two main steps. In the first step, the effect of each
decision variable listed in Table 1 on the performance
parameters, out power and conversion efficiency is examined
by using MATLAB software. In the second step, a numerical
solution using ANSYS software is performed to analyze the
TEG system and calculate the power output as an objective
function. Consequently, the conversion efficiency can be cal-
culated. Only one pair of P—N couple made from SiGe alloy
is examined in this work. Finally, the predicted results are
compared with the numerical result provided by [20] as will
be introduced in the result Section "Results and discussion".

Theoretical analysis

The theoretical analysis of the PN junction can be imple-
mented through the study of the governing equations of the
TEG system. Use a single-objective optimization technique
to reach the greatest performance of the TEG system. Conse-
quently, available information from the optimization process
can be invested to build a numerical flexible model ANSYS
software which help designer to create an effectively high-
performance thermoelectric module to generate electricity
from available thermal sources including conventional and
renewable resources [35].

Governing equations

A three-dimensional thermal-electric model is developed to
analyze the system. The dimensions, materials and shapes of
the TEG directly affect the performance parameters. Equa-
tion (1, 2) is used to calculate the convention efficiency # [20].
Regarding the largest TEG efficiency, the formula of maxi-
mum conversion efficiency can be stated (2) as following.

Table 2 The properties of the

| ) . Material Melting point/°C  Seebeck Thermal Electrical Figure of merit/K~!
thermoelectric unit used in the coefficient/uV conductivity/W  conductivity/Q m
current study K-! m! K!
SiGe 1177 115 (P)(N) 5.56 1.00x 10-5 2.38x10-+4
CU 1083 - 394.50 1.84x10-8 -
63Sn-37Pb 183 - 50.00 1.45%10-7 -
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Regarding the maximum output power condition, the formula
of maximum output power can be written as seen in Eq. (3).

AT - R,
n= 2
ATR | (R+R (D
Th(R+RL) —T+%

where: AT, T}, T., R and R are temperature difference, hot
side temperature, cold side temperature, internal resistance,
and external load resistance, respectively [19].

= AT V1427 -1 o
max — T —
T,V1+ZT +T,

Pmax = az(Th - Tc)z/(4R) 3

Computational study supplies a versatile and economi-
cal method for finding optimum parameters of TEG devices.
The analysis of thermoelectric devices needs the simultane-
ous computation of thermoelectric effects and heat transfers.
[14]. The governing equations of heat transfer in steady state
conditions and electrical current can be written in vector form
as follows [35]:

V=0 “

~V-G+0 =0 )

Heat is reversible transfer by Peltier effect and by Fourier’s
law as the following:

q= oTJ — kVT (6)

The electrical field density at any location is decided by the
combination of Seebeck and Ohm effects as follows:

E; = aAT + pJ )

Q =E.J (8)

By substituting Egs. (6, 7, and 8) into Eq. (5), the tem-
perature distribution in the interior of thermoelectric generator
(TEG) is given by:

da—=_ -

7( VT) F7-14VTT =0
K +p a7 C))

where: T% is defined as Thomson coefficient, and
K, a,J,andp are solid thermal conductivity, Seebeck coeffi-
cient, current density, and electrical resistivity, respectively.

Numerical procedures

Currently, in this study ANSYS FLUENT 19-R2 was used
to solve the TEG models. The finite volume approach was
used to resolve the governing equations with boundary con-
ditions. The geometry supplied is used to run three-dimen-
sional simulations in Fig. 3. The length of each part is men-
tioned, and all parts have the same width. In addition, the
hot and cold sides of the thermoelectric unit are subjected
to constant temperature T, and T, respectively. The external
sides of the computational domain are assumed to be adiaba-
tic. To achieve maximum power and conversion efficiency
for thermoelectric unit, the terminal sides of the unit are
subjected to voltage load as shown in Fig. 3. As wrote down
in this figure, the two parameters V, and V, represent the
voltage at the N and P ends, respectively. The value of V, is
0V, while V, is found from the simulation which is higher
than 0 V by a certain value.

Mesh independent test

A grid independent test was conducted to get an independ-
ent value for the heat flow by varying the number of grids.
According to the mesh test shown in Fig. 4, the heat flux
value is unaffected by a cell count increase of more than
27,200. The present numerical simulation uses this cell num-
ber as a result.

Optimization procedures

Figure 5 shows the main steps of the proposed optimiza-
tion cycle followed by more detailed descriptions. In the
present study, ANSYS-Thermoelectric code is utilized to
supply the TEG couple geometry to perform the required

T T T T
1.344 T.-20°C ]

- T, =250 °C
1.340 .
1.336 | .

1.332 i

Q/W m=2x 10°

1.328 i

1.324

1.320

0 10 20 20 40 50 60
Cell number x 102

Fig.4 Mesh independent test for computational domain of thermo-
electric couple
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Fig.5 Flowchart for surrogate-
based optimization technique
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simulations. In addition, MATLAB code was used for per-
forming the single-objective genetic optimization [36]. To
optimize the design variables, an optimization algorithm was
chosen and used. So, a genetic algorithm (GA) was used
for single-objective optimization technique that is used to
reach the best performance of the TEG system. The cross-
sectional area of leg, the strips thickness and the leg length
are considered as a design variable, while the temperature
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of the cold side is kept constant at 20 °C. After the separate
study of each decision variable on the TEG performance, an
optimization technique is performed to investigate the effect
of interactions between all variables and to supply optimum
output power and consequently, the conversion efficiency
can be estimated. The best values of the design variables in
addition the output power obtained from the optimization
algorithm are listed in Table 3. As shown in this table, there
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Table 3 The results of the single-objective function

A/ mm? f,/mm L/mm Optimization CFD/W  Error/%

algorithm/W

1.94354 0.284309 0.500168 2.56 2.39 6.5

are a good agreement between the output power obtained
from the optimization algorithm with the corresponding
value from CFD analysis with relative error around 6.5%.

Results and discussion

This section is including three subsections. First, the model
validation is presented. The second subsection discusses the
separate effect of each design variable on the performance
parameters of the thermoelectric system. Lastly, comparison
between the performance parameter of the modified and con-
ventional thermoelectric unit is presented.

Model validation

The current investigated model was confirmed with the
available theoretical and experimental results. It is confirmed
by experimental work done by Yang et.al. [37] as they evalu-
ate experimentally the performance of a TEG module make
from Bismuth—telluride material and working under differ-
ent values of hot—cold sides temperature. Additionally, the
accessible numerical results obtained by [20] were compared
to the current numerical findings to validate the existing
model. Two sets of data were used for the validation. In the
first set, a comparison of the thermoelectric unit's estimated

10 ey ————
O Previous experimental work, [37]

Current predicted results

PIW

0 0.2 04 0.6 0.8 1 1.2
Current/A

maximum power output and maximum efficiency was made
while considering the solder layers and the numerical results
of [20]. For the second set, numerical findings from [20]
were compared with the results of the thermoelectric unit's
estimated power output without solder layers.

Figure 6 presents model validation with an experimental
TEG module study by Yang et al. [37]. The heat source for
the used TEG is a copper block that has four tubular heaters
implanted in it. Each thermoelectric module is made up of
241 pairs of p- and n-type TE legs that are placed between
the hot-side and cold-side substrates of a ceramic insulator
and connected in series. TEG is made of (Bi,Te;, TEP1-
24,156-2.4) with a dimension of 56 mm X 56 mm X4 mm.
The comparison is based on the values of generated voltage
and output power which are shown in Fig. 6. The maximum
error is about 7% in voltage difference and about 8% in the
generated output power. The main reason of this error is the
assumption in the numerical study that neglect the effects of
connection between the five TEG modules and the solders
material between the layers of TEG.

Comparing the current computational results with
the information supplied was done as the second vali-
dation phase. [20] As illustrated in Table 4. The theo-
retical model presented by [20] was developed consider-
ing a thermoelectric unit with one symmetrical pair of
semiconductors with a length and width of 1 mm, and
height of 0.8 mm. It should be mentioned that, as the
melting point of the solder material is around 485 °C,
the operating temperature of the thermometric units is
kept between 50 °C and 150 °C for T,. while, T, is kept
constant at 20 °C. The semiconductors, conducting plates,
and adhesive layers were built of Bi,Te;, Cu and Sn—Pb,
accordingly and internal resistance of the semiconductors

30 e ——r————r——————

O Previous experimental work, [37] 4

o5 Lo Current predicted results

20

Voltage/V
o
L]
o

ol O AT=64°C i
5r Y% °C b
o
O 2 A L 2 'l L 2 'l 2
0 0.2 0.4 0.6 0.8 1 1.2

Current/A

Fig.6 A comparison of the findings of the present work with those mentioned in [37]
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Table 4 Validation results with Parameter Current model Ma et al. [20] Error/%
Ma et al. [20] [ - [
AT 30°C 80 °C 130 °C 30°C 80°C 130°C 30°C 80°C 130°C
P 0.00146 0.01037 0.029 0.00140 0.01 0.03 4.02 3,50 345
0.921 2.45682 3.99 0.920 2.39  3.80 0.14 272  4.82
|—a— Gurrent predicteld resuls l 4 |—e l Ale 30 :’C " 10 a
—m~— Previous work [20] / o ¢ /
0.6 / 4 1.2 q=0= AT =255 °C b
/ —HB— AT =480 °C /
] ) 1.0 |—@— AT=730°C / 1
B i ——A— AT =980 °C
04 v 0.8 - / 1
2 z
e % 06 .
0.2 4 B
,-" 0.4 4
e
00 | aom-n-t-* _ 02 i
T.=20°C ]
T T T T T T T 00 - -
0 200 400 600 800 1000
ATI°C 0.0

Fig.7 A comparison between the predicted findings of power output
and those provided in [20]

was roughly 3.12x 1072 Q. Ma et al. [20] numerically
predicted the maximum power output along with the
maximum efficiency at varying T, from 50 °C to 150 °C,
and T, =20 °C. The current predicted results agree with
data of the numerical maximum power output along with
the maximum efficiency in [20] with maximum error of
around 4%, 4.8% as shown in Table 4 in the maximum
power output and maximum efficiency, respectively.

The computational model presented by [20] used a
thermoelectric unit without solder layers to study the
effect of the higher T}, on the system performance. The
theoretical model used by [20] was a thermoelectric unit
with one symmetrical pair of semiconductors with a
length of 1.00 mm, width of 1.00 mm and height equals
to 0.96 mm. In furthermore, there are three conducting
plates: two in the bottom with dimensions of 1.40 mm1.00
mm and one in the top with dimensions of 2.80 mm1.0
mm for length and width, respectively. Each of them has a
height of 0.25mm.The semiconductors material was SiGe
with internal resistance of around 1.92x 1072 Q. Ma et al.
[20] numerically predicted the maximum power output
at changing the T, from 50 °C to 1000 °C, at T,=20 °C.
Figure 7 displays the electrical power output results along
with the associated numerical values. The present pre-
dicted findings and the numerical results of [20] are con-
sistent, as shown in figure, with the largest relative error
of 0.8%.
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Fig. 8 Effects of leg cross-sectional area on the output power at dif-
ference values of temperature difference
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Fig. 9 Effects of leg cross-sectional area on the efficiency of P-N legs
at difference values of temperature difference

The effect of the design variables on the TEG
performance

The design variables include the leg length, cross section
and strip thickness. Figures 8 and 9 show the effects of leg
cross-sectional area on the power output and efficiency,
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respectively, at constant leg length L equals 0.96 mm and
strip thickness t, of 0.25 mm.

Figure 8 presents the predicted values of output power at
different values of temperature difference (30°C, 480 °C and
980°C) and leg cross-sectional area ranged from 0.2 to 2.0
mm?. At specific temperature difference, the output power
increases linearly with cross-sectional area. This is reported
by Ma [20] as they concluded that at a constant leg length,
power is enhanced by leg cross-sectional area increase.
When the area increases from 0.2 mm? to 2.0 mm.2, the out-
put power increases by about 2%, 200% and 1200% at 30°C,
480°C and 980°C, respectively. The explanation of power
increase under TEG leg cross-sectional area enlargement
is due to the reduction happened in the internal resistance
of TEG material and increase in its mass which enhances
the Seebeck effect over the Peltier effect. As a result, more
electricity energy rate is generated over thermal energy rate.
Seebeck effect is the amount of electricity could be extracted
from the heat transferring through TEG material. Neverthe-
less, Peltier effect shows the reverse process of the conver-
sion of electricity into thermal energy inside the material of
TEG as explained in [1]

The output power at a specific cross-section area, such
2.0 mm?, is proportional to the magnitude of temperature
differential. When the temperature difference increases from
30 °C to 980 °C, the output power increases from 0.03 W to
its maximum value 1.3 W. Generally, increasing the cross
section or temperature difference allows more heat to pass
through the material of TEG which means more power gen-
erated. It is noticed that the power generation starts above
50 °C temperature difference.

Figure 9 presents the predicted values of efficiency at
different values of temperature difference (30 °C, 480 °C
and 980 °C) and leg cross-sectional area ranged from 0.2
to 2 mm?. At specific temperature difference, the efficiency
increases linearly with cross-sectional area increase. When
the area increases from 0.2 mm? to 2mm?, the efficiency
increases by about 0%, 250% and 250% at 30 °C, 480 °C
and 980 °C,, respectively. At a certain cross-section area
such as 2.0 mm?, the efficiency is proportionally increases
with the value of temperature difference. When the tem-
perature difference increases from at 30 °C to 980 °C the
efficiency increases from 0% to its maximum value 6.7%.
The increasing of the cross section or temperature differ-
ence allow more heat to pass through the material of TEG
which means more rate of heat conversion into electricity.
The maximum reached conversion efficiency is about 6.7%
at 980 °C temperature difference between hot and cold TEG
sides.

Figure 10 presents the predicted values of output power
at different values of temperature difference (30 °C, 480 °C
and 980 °C) and leg length ranged from 0.5 to 4 mm at
constant leg cross-sectional area A equals 1 mm? and [
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Fig. 10 Effects of leg length on the output power of P-N legs at dif-
ference values of temperature difference

of 0.25 mm. At specific temperature difference, the out-
put power decreases dramatically with the increase in leg
length. When the length increases from 0.5 to 4 mm (700%
increase rate), the output power decreases by about 0%,
200% and 500% at 30 °C, 480 °C and 980 °C, respectively.
For more details, the effect of TEG leg length on power
generated can be explained. the increase TEG leg length
causes an increase in the internal resistance of TEG which
consequently enhances the Peltier effect over the Seebeck
effect and that means more thermal energy rate generation
from electricity over electric energy rate generation from
input heat.

On the other hand, at constant leg length, the output
power generation is strongly depending on the temperature
difference. At specific leg length such as 0.5 mm where the
temperature difference increases from 30 °C to 980 °C, the
output power increases from 0.03 tol.3 W.

Figure 11 presents the predicted values of efficiency at
different values of temperature difference (30 °C, 480 °C and
980 °C), and leg length ranged from 0.5 to 4 mm. At specific
temperature difference, the efficiency decreases dramatically
with the increase in leg length. When the length increases
from 0.5 to 4 mm, efficiency decreases by about 3%, 14%
and 16% at 30 °C, 480 °C and 980 °C,, respectively.

On the other hand, at constant leg length, the conversion
efficiency is strongly depending on the temperature differ-
ence. At specific leg length such as 0.5 mm when tempera-
ture difference increases from 30 °C to 980 °C, the output
power increases from O to 4.5%. The maximum value of
efficiency at 1 mm? cross-sectional area and t, of 0.25 mm
was about 4.5% at leg length of 0.5 mm, and 980°C. The
reason of power reduction when TEG leg length increase is
that the increase in TEG leg length causes an increase in the
internal resistance of TEG which subsequently enhances the
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Fig. 11 Effects of leg length on the efficiency of P-N legs at differ-
ence values of temperature difference

Peltier effect over the Seebeck effect and that means more
thermal energy rate generation over electric energy rate gen-
eration. Seebeck effect is the amount of electricity could be
extracted from the heat transferring through TEG material.
Nevertheless, Peltier effect shows the reverse process of the
conversion of electricity into thermal energy inside the mate-
rial of TEG as explained in [1].

Figure 12 presents the predicted values of output power
at different values of temperature difference (30 °C, 480 °C
and 980 °C), strips thickness ranged from 0.1 to 1 mm at
constant leg length L equals 0.96 mm and cross-sectional
area A of 1 mm?. At all temperature difference, the change
of strip thickness has a negligible effect on the value of the
output power. At specific thickness, the increase in tempera-
ture difference from 30 °C, to 980 °C causes an increase
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Fig. 12 Effects of strip thickness on the output power of P-N legs at
difference values of temperature difference
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in output power from 0.01 W to 0.65 W, respectively. On
the other hand, at constant strips thickness, output power is
strongly depending on the temperature difference. At spe-
cific strips thickness such as 0.1 mm when temperature dif-
ference increases from 30 °C to 980 °C, the output power
increases from O to 0.65W.

Figure 13 presents the predicted values of efficiency at
different values of temperature difference (30 °C, 480 °C
and 980 °C), and strips thickness ranged from 0.1 to 1 mm.

At all temperature difference, the change of strip thick-
ness has negligible effect on the value of the conversion
efficiency. According to Fourier's law of heat condition, at
constant temperature difference and cross-sectional area, the
higher strip thickness reduce slightly the transferred thermal
energy relative to the generated electricity between TEG
hot and cold side and consequently enhance its conversion
efficiency. But with very small value as the change of strip
thickness is very small compared with leg length.

Nevertheless, at specific thickness, the increase in tem-
perature difference from 30 °C, to 980 °C causes an increase
in efficiency from 0.1% to 4.5%, respectively.

Comparison between the performance parameter
of the modified and conventional thermoelectric
unit

As mentioned before, the theoretically current study was per-
formed through two main steps. First, to estimate the effects
of each design variable (parameter) on the output power and
efficiency of P—N couple as seen in Section "Model valida-
tion". Then, the optimization technique is used to find the
best design for the TEG system as detailed in the previous
subsection (5.2). The chosen P—N couple's performance is
next investigated numerically using the best design variables
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Fig. 13 Effects of strip thickness on the efficiency of P-N legs at dif-
ference values of temperature difference
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that were previously picked from Section "The effect of the
design variables on the TEG performance". Then, the results
will be compared to the conventional system presented by
[20].

Figure 14 presents the predicted values of output power
of the optimized P—N couple compared with that of the con-
ventional system introduced by [20]. The applied tempera-
ture difference ranges from 30°C to 980 °C. As shown, the
increasing the temperature difference enhances the output
power generated from both systems. However, the increasing
rate of power generated from the modified and optimized
system is higher than conventional system [20]. These rate
jumps dramatically from 1 to 273% when temperature dif-
ference varies from 30 °C to 980 °C, respectively. The maxi-
mum generated power at 980 °C about 2.39 W and 0.64 W
for modified system and conventional system, respectively.
Finally, the enhancement in TEG generated power due to the
proposed design is about 273% over the conventional sys-
tem. This enhancement is due to the higher effect of Seebeck
over the effect of Peltier effect as explained in the previous
lines.

Figure 15 presents the predicted values of conversion effi-
ciency of the optimized P—N couple comparing with the con-
ventional system. As shown, the increasing of temperature
difference enhances the conversion efficiency from both the
proposed modified and conventional systems. However, the
increasing rate of conversion efficiency from the modified
and optimized system is higher than that of conventional
system. Moreover, these rates increase moderately from
1 to 12% when temperature difference jumps from 30 °C
to 980 °C, respectively. The maximum generated power at
980 °C about 5.73% and 4.9% for modified system and con-
ventional system, respectively.
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Fig. 14 Comparison between the power output of the modified and
conventional thermoelectric unit at different AT, T,=20 °C
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Fig. 15 Comparison between the current predicted conversion effi-
ciency and that obtained by conventional TEG proposed by [20]

Figure 16 summarizes the overall change in the power
and conventional efficiency for both proposed modified
optimized and the conventional system. This figure illus-
trates clearly the enhanced happened in the TEG generated
power and conventional efficiency due the proposed design
presented by the author. As shown, the maximum achieved
enhancement in TEG generated power due to the proposed
design is about 273% over the conventional system. Moreo-
ver, the maximum increasing rate of conversion efficiency
due to the proposed design is about 12% over the conven-
tional system at 980 °C temperature difference between hot
and cold side.

Figure 16 summarizes all studied cases. As shown, the
updated and optimized system over the traditional system is
clearly defined with a comprehensive growing rate for output
power and conversion efficiency as a function of temperature
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Fig. 16 Variation of the power output and the conversion efficiency
compared with the conventional TEG of [20]
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difference. a comparison between the maximum perfor-
mance parameters can be achieved by the optimal TEG
obtained by based surrogate model with that obtained by
predicted optimal variables that detailed in Section "Model
validation" (A, L and t,) and with that reported by [20] at
temperature difference of 980 °C. The fundamental TEG
sizes for A and t, are 1.0 mm2, 0.96 mm, and 0.25 mm,
accordingly (Fig. 17).

As presented in this figure, the modified TEG achieves
a significant enhancement in the generated power and the
conversion efficiency compared with that obtained by both
single variable effect and that reported by [20]. For instance,
at the same temperature difference of 980 °C, the maximum
output power of the modified TEG, predicated TEG with
optimal L, predicated TEG with optimal t,, predicated TEG
with optimal A, conventional TEG with optimal L [20], con-
ventional TEG with optimal t [20] and conventional TEG
with optimal A [20] are 2.39, 1.24, 0.66, 1.31,1.2,0.64 and
1.22, respectively. While for the conversion efficiency, the
predicated TEG with optimal A provide the higher value
of 6.7% compared with 5.73% that obtained by the modi-
fied TEG with optimal A, L, and to This is reduction in the
efficiency due to the steady state heat input in the case of
the modified TEG with optimal A, L and t, is higher than
that achieved in the predicted TEG with optimal A (Fig. 17).

Conclusion
It is suggested to redesign a TEG system. Along with alter-
ing the copper strip thickness, it also varies the leg length

and cross-sectional area. An extensive three-dimensional
model of the thermoelectric generator is created to assess the

@ Springer

impact of the innovative design on the TEG performance.
Since the key discoveries, the following can be drawn. It is
found that changing the leg cross-sectional area and the leg
length have a substantial impact on the TEG performance by
examining the effects of each design component separately.
While the TEG performance is unaffected by the strip thick-
ness at all temperature ranges. The optimization technique
is used to consider the interactions between all design vari-
ables. By examining the optimal design, it is found that the
predicted TEG from the surrogate-based optimization can
generate higher output power compared with both achieved
by the single variables effect and the conventional one. The
findings of current study enable researchers to achieve more
output power and conversion efficiency by utilizing the opti-
mal TEG.
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