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ABSTRACT

Geometry of thermoelectric module (TEM) plays an
essential role in designing TEM to achieve optimal
efficiency. However, the effect of geometric parameters
for TEM on output characteristics have not been
thoroughly investigated when the prediction model
considers variable thermoelectric properties, Thomson
heat, air gap dissipation, and thermal contact resistance
effects. Two important findings are as follow: (1) As the
ratio of thermoelectric leg area to ceramic sheet area
(p=Apn/Acer) increases, the output efficiency shows
parabolically increases rather than a non-linear increase
when model considers air gap dissipation effect. The ¢ is
strongly correlated with the height of the thermoelectric
leg and increases with the height of the thermoelectric
leg. (2) The maximum output power and efficiency occur
at Ap/4n. < 1 when the Seebeck coefficient or conductivity
of the n-type thermoelectric leg is much larger than
those of the p-type leg. Meanwhile, when the thermal
conductivity of the n-type thermoelectric leg is much
larger than that of the p-type, the optimal Ap/An exceeds
1. The novel model and geometric analysis provide
guidelines to improve and promote the performance of
TEM.
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NOMENCLATURE

Aleg Area (m?)

I Current (A)

L Thermoelectric leg length (m)

n Number (-)

P Power (W)

Pe: Perimeter of thermoelectric legs (m)

0 Heat flux (W)

R Thermal resistance (K/W)

S Seebeck coefficient (V/K)

T Temperature (K)

Subscripts

air Air gap

c Cold side

cu Copper

cer Ceramic

h Hot side

nleg n-type thermoelectric leg

pleg p-type thermoelectric leg

pn pn junction of thermoelectric module

rad Radiation dissipation

th Contact thermal resistance

Greek letters

A Conductivity (W/m-K)

g Surface emissivity (-)

0] ratio of thermoelectric leg area to
ceramic sheet area (Apn/Acer)

y The area ratio of p-type and n-type
thermoelectric leg (4p/An)

é Cross-sectional area to height ratio
(ALeg/HLeg)

n Efficiency (%)

p Electric resistivity (Q'm)

ob Steven-Boltzmann constant (5.67x10"
8 W/(m?-K%)

T Thomson heat coefficient (V/K)

1. INTRODUCTION

Low-temperature thermal energy widely exists in
nature, human production, and life. Recovering low-
temperature thermal energy is a crucial priority for
improving energy efficiency and achieving the net-zero
emissions. Since the direct utilization of low-
temperature thermal energy is usually limited by natural
conditions such as cold sources and distance, it leads to

# This is a paper for the Applied Energy Symposium: Al x Energy 2026, May 8-11, 2026, Ningbo, China.



a poor match between thermal energy resources and the
demand side and wastes a large amount of thermal
energy. Converting low-temperature thermal energy
into electrical energy is a potential way to utilize low-
temperature thermal energy. Organic Rankine cycle
(ORC) and Kalina cycle (KC) have the potential for energy
conversion in this case [1]. However, these cycles need
intensive maintenance due to the moving parts and
working fluid. Thermoelectric generation (TEG) has the
advantages of direct conversion of energy, structure
compactness, and no direct carbon emissions, which
have been applied in automobile[2], biology[3],
electronic information[4], and other high-tech fields[5].
Numerous studies of TEM have focused on: (i)
proposing a precise TEM model for fast design
reiterations and cost-effective calculations and (ii)
developing a more efficient TEM structure that can be
integrated into overall energy conversion processes.
The precise mathematical model is a prerequisite for
predicting the performance of TEM and structural
optimization. Compared to the experimental method,
mathematical models can reduce development time and
costs in structural and working parameters optimization.
Therefore, it is meaningful to establish efficient and high-
precision mathematical models to predict the output
performance for design and optimization. Existing
models for TEM include analytical models and numerical
models. Hsu et al. [6] introduced an effective Seebeck
coefficient to modify the analytical model. The effective
Seebeck coefficient considered the effects of the ceramic
thermal resistance, copper sheet thermal resistance, and
contact thermal resistance and can be obtained by
experiments. Gao et al. [7] considered the thermal
resistance of the ceramic and copper sheet in the
analytical model and investigated the effect of the
geometrical parameter of the thermoelectric leg on the
output performance of TEM. The error between the
proposed model and experimental values is less than 5%.
He et al. [8] established a 1D numerical model
considering Thomson heat, ceramic heat resistance, and
copper sheet heat resistance to the constant physical
properties based on the finite element method. Kanimba
et al. [9] considered variable properties numerical
model. The results showed that the output power and
efficiency of variable properties numerical model were
smaller than those of the simplified model by 10% and
31% at a temperature difference of 570 K. He et al. [10]
proposed a 1D numerical TEM model considering
parasitic electrical resistance and investigated the effect
of different external loads, thermoelectric leg cross-
sectional area and height on the power generation

module. The deviation between the numerical model
and 3D model is around 1.44%. To obtain a more
accurate numerical model, the researchers constructed
a 3D model of the TEM based on Ansys and Comsol
software and analyzed the effects of thermal stresses
[11], boundary conditions [12], and geometrical shape
[13] on the output performance of TEM.

For structural optimization of TEM, existing research
mainly focuses on optimizing the structure of
thermoelectric leg. The ways to optimize the structure
concentrate on optimizing thermoelectric legs in the
TEM: 1) optimizing geometric parameters of conventional
TEM; Il) adopting segmented design; lll) applying variable
cross-section design.

For conventional TEM, Ji et al. [14] studied the effect
of the number and height of thermoelectric leg on
output performance. They found that the number of
thermoelectric legs had no significant impact on the
output efficiency at the same leg height. Rezania et al.
[15] studied the effect of the cross-sectional area ratio of
p-type and n-type thermoelectric legs on the output
performance. The results showed that when the area
ratios of p-type and n-type thermoelectric legs were
greater than 1, the output power of the power
generation module could be improved. Tohidi et al. [16]
studied the effect of area ratio and height ratio of p-type
and n-type thermoelectric legs. The results showed that
when the structural parameters of the p-type and n-type
thermoelectric legs meet  LaAy/LoAs=(pplp/puin)’?,
changing the area ratio or height ratio of p-type and n-
type can improve the output power. Since different
thermoelectric materials have optimal ZT in various
temperature ranges, the segmented thermoelectric leg
in the TEM is proposed to optimize the output
performance. Shittu et al. [17] compared the output
performance of four segmented thermoelectric legs with
conventional thermoelectric legs, and the output power
of segmented thermoelectric legs increased by 37.9-
44.1%. Zhang et al. [18] studied the impact of segment
ratio on the output performance of TEM, and the results
showed that the optimal segment ratio at maximum
output power does not correspond to that at maximum
output efficiency. Sharma et al. [19] optimized the p-type
and n-type thermoelectric leg areas in segmented TEM
and obtained the optimal material ratio and area ratio.

To obtain optimal segmented ratios in multi-
parameters, intelligent optimization algorithms are
introduced into research. Zhu et al. [20] applied the
genetic algorithm to obtain the optimal thermoelectric
leg area and the height ratio. The output power of the
segmented optimization was increased by 25.4%



compared to conventional TEM when the temperature
difference was 350 K. Zhao et al. [21] proposed a novel
segmented thermoelectric leg based on machine
learning methods, and the output power and efficiency
were increased by 86.1% and 31.19% after optimization.
Demeke et al. [22] coupled neural networks and genetic
optimization algorithms to optimize the segmented
thermoelectric leg and achieved independent and fast
material selection and optimization. Zhu et al. [23]
studied the segmented thermoelectric leg based on
artificial neural network iteration training method.
Maduabuchi et al. [24] utilized the deep learning method
to optimize the cross-sectional area and height of
segmented TEM. The output power was improved by
78%, and the thermal stress was reduced by 73%
compared with traditional thermoelectric legs.

Because variable cross-section design absorbs a
higher amount of heat at the hot junction while rejecting
more heat at the cold junction in the TEG, the output
efficiency of variable cross-section design is higher than
that of conventional design. Many novel variable cross-
section designs have been proposed in previous studies,
such as linear structures [25], exponential structures
[26], and arch-shaped symmetrical structures [27]. The
results showed that when the external load equals the
internal resistance, the output power decreases, and the
output efficiency is improved when using the variable
cross-section. When the external load is not equal to the
internal resistance, the thermoelectric leg's output
performance can be enhanced by using the variable
cross-section design [28]. Shi et al. [29] compared the
output power of linear, exponential, and quadratic-type
thermoelectric leg structures and found that the linear
structure had the highest power density. Since none of
the above studies compared the thermodynamic
performance under the same volume, Khalil et al. [30]
compared the thermodynamic performance of five
thermoelectric leg structures with the same volume. The
results showed that the square structure has the highest
output power. Wang et al. [31] proposed a new
hyperbolic-type thermoelectric leg structure and
obtained the optimal shape structure through the
particle swarm optimization (PSO) algorithm. Although
variable cross-section affects the thermoelectric leg's
output performance, it has not explained the reason for
the impact on output performance. Therefore, Liu et al.
[32] proposed the shape factor m, representing the
thermal resistance ratio between the variable cross-
section design and conventional design. The study found
that the output performance of variable cross-section
design lower than those of conventional design when hot

and cold sides of TEM are constant. The Maduabuchi
team [33, 34] compared the output performance of X-
type, linear, and conventional structures. The results
showed that compared with the conventional structure,
the X-type and linear structures showed better output
performance and exergy efficiency, while the
conventional structure showed better mechanical
performance.

Furthermore, scholars coupled the variable cross-
sectional structure of the thermoelectric leg with
segmented optimization to optimize the thermal leg
structure of the output module. Karana et al. [35] used
the logarithmic type thermoelectric leg in the segmented
TEM and found that the output performance could be
efficiently promoted at lower temperature differences.
Liu et al. [36] proposed a trapezoidal-type thermoelectric
leg in the segmented TEM. The performance of novel
TEM was improved by 14.9% compared with
conventional TEM. Alghamdi et al. [37, 38] established a
3D model to optimize the logarithmic type
thermoelectric legin the TEM and investigated the effect
of different operating parameters on the
thermodynamic, economic, and carbon emission
performances.

The previous works have focusd on optimizing the
thermoelectric leg, while the influences between
thermoelectric leg geometry and external environment
(ceramic structure, copper structure, gap dissipation
effect et al.) are unclear. Meanwhile, most previous TEM
models ignore the effects of the variable thermoelectric
properties, Thomson heat, contact thermal resistance, or
air gap dissipation to reduce the computing time. These
assumptions in previous models lead to deviations
between the optimization results of different models and
actual physical processes. Moreover, the output
characteristics of TEM have not been thoroughly
investigated in different geometric parameters and
operating parameters, when the model considers
variable thermoelectric properties, Thomson heat,
contact thermal resistance, and air gap dissipation. To
address above research gaps, the purpose of this paper
is to present a comprehensive 1D model. More
specifically, the novelty of the present work lies in three
following aspects:

(1) A comprehensive 1D TEM model including
variable thermoelectric properties, Thomson heat, and
air gap dissipation is established in this paper. The
numerical model is implemented numerically by the
Engineering Equation Solver (EES), and its feasibility and
correctness are validated by previously reported
experimental data.



(2) The effect of variable thermoelectric properties,
contact resistances, and air gap dissipation on the output
characteristics of the TEM in different geometric
parameters have been deeply analyzed.

(3) The output performance of the TEM is maximized
by optimizing the parameters through joint multi-
parameter optimization in EES. The analysis gives a
better understanding of TEM output characteristic and
guides its geometric optimization designs in practical
application.

This work is structured as follows: A comprehensive
model of the TEM is established in Section 2. The effects
of area ratio of thermoelectric leg to ceramic, area ratio
of p-type thermoelectric leg to n-type thermoelectric leg,
geometries of thermoelectric leg, and gap heat
dissipation on the output characteristics of TEM are
discussed in Section 3. Geometric optimization is
investigated to find the optimal parameters of power
and efficiency in Section 4.

2. MATHEMATICAL MODEL OF THE THERMOELECTRIC
GENERATOR

2.1 Model simplification

As shown in Fig. 1, there are three parallel heat flux
paths from hot source to the cold source, including two
thermoelectric legs and the air gap. To simplify the
mathematical model, some assumptions are employed
as follows:

(1) The heat transfer through the TEG is one
dimension in the direction perpendicular to the
substrates.

(2) Thermal contact resistance between substrates
and electrodes is considered.

(3) Electrical resistance is not considered at each
interface in the model.

(4) Materials of p- and n-type thermoelectric leg
have temperature-dependent physical properties while
other materials remain constant.

2.2 Governing equations

A numerical model of the thermoelectric module is
established based on the thermal resistance diagram of
the thermoelectric module in Fig. 1.

The heat absorption from the hot source (Oh) is:

:];_];1
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where Th and Th1 are respectively the temperatures
of inside and outside ceramic surfaces, K; Rcer is the
thermal resistance of ceramic, K/W.

The heat fluxes of the hot-side ceramic sheet are
partly absorbed by the p-type and n-type thermoelectric
leg, and the other part is absorbed by the cold-side
ceramic sheet through the air gap, which is expressed as:

Qh = Qh,pleg + Qh,nleg + Qair (2)
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where Onpleg and QOnpleg are respectively heat
absorption heat of p-type and n-type thermoelectric leg,
W; Qair is air gap dissipation, W; Thp and Thn are
respectively temperature of hot ends of p- and n- type
thermoelectric legs, K; T¢1 is the temperature of inside
surface, K; R, Rcu, Rna, Rc and R; are the thermal
resistances of contact effect, copper, solder, and air,
K/W;

To investigate the effect of air gap dissipation on the
output performance of TEM, the filled factor
@=n(Ap+An)/Acer is introduced, and the air gap area is
Aair =(1-¢)- Acr. The air gap dissipation can be calculated
as:

0, = 7;115_7;1 + Ty =T, ®)
W @—1)/[(5121+T021)(T111+T(;1)(1—¢)AJ
where Acer is the area of ceramic, mz; ¢ is the filled
factor; Aair is the conductivity of air, W/(m-K); Jair is the
thickness of air, m.
The thermoelectric transport equations of the p- and

n-type thermoelectric legs are:
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where Ap, An, Tp, ™, pp, pn, Ap, and A, are the
thermal conductivities, Thomson coefficients, electric
conductivities, and areas of p- and n-type thermoelectric
legs; Tp and Ty are the temperature of p- and n-type
thermoelectric legs, K; [ is the current.

Expanding Egs. (3-6) and substituting Y= d7/dx, ' =
dA/dT and A' = dA/dx gives:
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Eg. (3-7) is solved by the finite difference method
and the difference equation is:

pl M), A0,
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The heat absorbed/released at the hot and cold ends
of the p- and n-type thermoelectric leg are:

Orpiee =18, [T, [1]7 -nA (T, [1]) 4,7, [1]
Opnee =18, [T, [1]1 =nA(T, [1]) 4,Y, [1]
Ouureg =15, [ 1T, [, 11 =nA(T, [n,]) 4,7, [n,]
Ounieg =18, [T, [, ]I =nA{T, [, ]} 4,Y, [n,]

Because the output power achieves maximum when
the external load is equal to the internal resistance of the
thermoelectric leg, the output current of the present
model can be calculated as:

nﬁsp(f;)df;-rfsn (Tde:l
2{112/) (J;[i])j:w"ﬁpn(z,[i])ﬂ

The cold side surface of the ceramic sheet absorbs
heat from the cold side of the thermoelectric leg, as well
as heat transfer through the air gap:

Qc = Qc,plcg + Qc,nlcg + gir (1 1)

Yp[i+1]:Yp[i]—A{

I =

(10)

1., -1
Q=7 (12)
? Rth + Rcu + Rth
1.-T
Qc,n — c,n cl (13)

Rth + Rcu + Rth
The output power of the TEM (P) is:

P = Qh,pleg + Qh,nleg - Qc,pleg - Qc,nleg (1 4)

The output efficiency of the TEM (#) is:
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The Seebeck power generation rate (Qs), Joule heat
(Oy), and Thomson heat (QO1) of the TEM can be
calculated as:

n (15)

QT:QS_QJ_P (16)
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2.3 Boundary conditions
2.3.1 Geometrical conditions of thermoelectric modules

Four commercial BiTe-based modules of different
sizes were selected for comparative analysis, namely
Sageri (TEG1-12708, 1.4 mm x 1.4 mm x 1.6 mm),
Thermonamic (TEHP1-1264-0.8-GF2, 1.4 mm x 1.4 mm x
1.6 mm), Leizig (TG-127-08-40, 1.8 x 1.8 x 0.8 mm) and
Fuxin (TEG1-127-1.4-106-250, 1.6 x 1.6 x 1.4 mm), with a
module area of 40 x 40 mm. Table 1 shows the basic
parameters of the four kinds of thermoelectric modules.

Table. 1 Basic parameters of thermoelectric modules

Parameter Unit Sageri Thermonamic Leizig Fuxin
Module size mm 40x40x4

Leg size mm 1.4x1.4x1.6 1.4x1.4x1.2 1.8x1.8x0.8 1.6x1.6x1.4
Ceramic thickness mm 0.8

Solder thickness mm 0.25

pn couple number - 126

2.3.2 Physical properties of the thermoelectric module

Table 2 shows the thermal properties of
thermoelectric leg, ceramic sheet, and solder for TEM.

Table. 2 Properties of the thermoelectric module

Parameter Unit Value

5p=(151.19+1.1537-0.0277%+3.763x10473-2.352T*+5.146x10°T°) x10°®

Seebeck coefficient V/K
x10®

|Sn|=(176.540-2.157T+0.06472-7.196x10T3+3.524T*+6.400x10°T5)

pp=(0.473+0.00432T) x10°

pn=(0.557-0.003T) 10
Ap=1.453+0.007T-1.161x10*T%+6.203x10773-1.043x10° T*
An=1.473+0.0117-1.74772+1.022x10°T>-1.883x10°°T*

Electrical resistivity Q'm

Thermal conductivity W/(m-K)

Solder conductivity W/(m-K) 67
Ceramic conductivity W/(m-K) 22

2.3.3 Boundary conditions of thermoelectric module
The thermoelectric module boundary conditions are:
T, = constant

(19)
I, = constant

2.4 Model validation

To verify the reliability of the developed
numerical model of the thermoelectric module, the
experimental values of Hogblom et al. [39] were
used for comparison. The basic parameters of the
thermoelectric module and the experimental
conditions in the literature were as follows: the size



parameters of the thermoelectric module (TEP1-
1264-1.5) were 40 mm x 40 mm, the cross-sectional
area and height of the thermoelectric leg were 2.16
mm? and 1.3 mm, respectively. The temperature
differences between the hot and cold sides were
within 89-179 °C, and the external load was fixed at
3Q.
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Additionally, the tendencies of power,
efficiency, voltage, and current for the present
model compared well with the previous
experimental data, and their average errors are
3.6%, 5.4%, 2.6%, and 7.2%, respectively. These
results prove that the present model has a good
prediction accuracy.
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Fig. 2 Validation between present model and experimental data by Hégblom et al. [39]

To further verify the accuracy of the present
model, the present model, the constant properties
models (CSM [40] and CSM+T [41, 42]), and the
variable materiality model that ignores the effects
of space heat exchange between the thermoelectric
leg and contact thermal resistance are compared. In
Fig. 2 (e, f), the prediction accuracies of the different
models for output power and output efficiency are
as follows: the present model > neglecting the heat
exchange in the air layer between the
thermoelectric leg > neglecting the contact thermal
resistance > CSM+T > CSM, and the prediction
accuracies of the present model for the output
power and output efficiency are all less than 10%.
The above results show that the model prediction
accuracies are effectively improved by considering
the variation of physical properties, the contact
thermal resistance, and the heat exchange in the
space between the thermoelectric leg in the model,
and this model proves to have high accuracy. It
proves that the model has high accuracy.
Meanwhile, it shows that reducing the air interlayer
heat transfer and contact thermal resistance can
improve the output performance of the
thermoelectric module, and the effects of air
interlayer heat transfer and contact thermal
resistance on the output performance of the

3.

thermoelectric module will be further investigated
in the following.

OUTPUT PERFORMANCE OF THE THERMOELECTRIC
MODULE

3.1 Effect of the geometry of thermoelectric leg on the

output performance of thermoelectric module
Fig. 3 gives the effect of the size parameters of

the thermoelectric leg on output performance. In
Fig. 3(a), there exists an optimal {=Aree/HLeg at
maximum output power in different leg areas. The
optimal & and corresponding output power and
efficiency are both increased as the leg area
increases. The results indicates that to ensure the
output power of TEM at maximum value, higher &is
beneficial when the cross-sectional area of the
thermoelectric leg is larger.

the thermoelectric leg height increases, the
output efficiency increases, see Fig. 3(b). It notes
that the tendencies of output efficiency are different
from those of output power in different
thermoelectric leg areas. Since the thermal and
electric resistance increases of the thermoelectric
legs as the thermoelectric leg height increases, the
growth rate of heat absorption is higher than that of
the output power. Thus, the higher the height, the
greater the output efficiency.
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Fig. 3 Effect of the size parameters of thermoelectric leg on output performance

3.2 Effect of p=Apn/Acer on the output performance of

thermoelectric module

Fig. 4 gives the effect of ratio of thermoelectric
leg area to ceramic sheet area (¢p=Apn/Acer) ON the
output performance of TEM when the
thermoelectric leg area is constant. In Fig. 4, as ¢
increases from 0.05 to 1, the output power
decreases by 13.5-22.4%. This is because the
function of ceramic is similar to the fin of heat
exchanger, it can absorb more heat flow into
thermoelectric legs. Increasing ¢ lessens ceramic
area, reducing heat absorption from the hot end.
Additionally, the output power of the present model
is consistent with that of the model without
considering air gap dissipation.

Fig. 4 (b), when model considers air gap
dissipation, the output efficiency increases first and
then decreases as ¢ increases. For the four types of
TEMs (Sageri, Thermonamic, Leizig, and Fuxin), the
maximum output efficiency of the TEM can be
achieved when ¢ is 0.48, 0.41, 0.35, and 0.45,

respectively. However, it notes that with regards to
the model neglecting air gap dissipation (Ref. [6-9]),
the output efficiency decreases linearly with
increasing @. Meanwhile, when ¢ is within 0.6-1.0,
the output efficiencies of two models have no
obvious difference. When ¢ is lower than 0.6, the
output efficiency of present model is 1.3-25.5%
lower than those of Ref. [6-9]. This difference can be
explained by the following fact. As ¢ decreases, the
ceramic sheet area rises, which means more heat
flow into hot surface and can convert into electricity.
When ¢ continues increasing, the heat absorption of
thermoelectric leg is tended to constant because
constant thermal resistance of thermoelectric leg
has no obvious change. However, the thermal
resistance of air gap because of its area increases.
The growth rate of output power is lower than that
of heat absorption on the hot side, which leads to a
decrease in output efficiency (See Fig. 4(c)). Above
results indicate that the air gap dissipation should be

considered when ¢ is lower than 0.6.
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According to results in Fig. 4(b), different
thermoelectric leg structures have different optimal
¢ leads to maximum output efficiency. To further
investigate the relationship between the optimal ¢
and thermoelectric leg geometric parameters, Fig. 5
gives the relationship between optimal ¢ and
thermoelectric leg structures for the TEM.

As displayed in Fig. 5(a), the cross-section area
of the thermoelectric leg has no significant effect on
the optimal ¢ when the thermoelectric leg height is
constant. When the leg area of the is constant, the
optimal ¢ increases with the increase of the
thermoelectric leg height, but the growth rate slows
down when leg height exceeds 5 mm. Fig. 5(b) and

(c) Qn
Fig. 4 Effect of o= Apn/Acer on the output performance of thermoelectric module
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Fig. 5(c) show the output performance at optimal ¢.
The output power at optimal ¢ is nearly linear to leg
area, while the output efficiencies at optimal ¢ have
no noticeable change as the leg area increases. 1.
This means that when the leg height is chosen, there
is a specific ¢ to make maximum output efficiency
for TEM. These results contribute to designing high-
efficiency TEM. In short, when taking output
efficiency as the optimization objective, as the height
of the thermoelectric leg increases, the optimal ¢
increases. Taking output power as the optimization
objective, the smaller ¢ is, the larger the output
power is.
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Fig. 5 Optimal leg/module area ratio (@) and output performance in maximum output efficiency at different thermoelectric leg

3.3 Effect of y=Ap/An on the output performance of
thermoelectric module

When the model considers the effect of variable

physical properties and contact thermal resistance, it

will lead to the difference between p-type and n-

type thermoelectric leg, which affects the output

structure
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power of TEM. To investigate the effect of the area
ratio of p-type and n-type thermoelectric leg
(y=Ap/An) on the output power of the TEM, the
effect of y on the output power of the TEM when the
volume of the thermoelectric leg is fixed. Fig. 6 gives
the effect of y on the output performance of the
TEM.
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(d) Optimal y in different physical properties at maximum

output power and output efficiency

Fig. 6 Effect of y on the output performance of TEM

Fig. 6 shows that as y increases, the output
power and efficiency increase and then decreases,
and the maximum output performance at y=1. This
effect is because as the y increases the electrical
resistance decreases, which increases the output
current. This result is incompletely inconsistent with
the results of Ref. [15], where the results show that
the output power achieved maximum when vy is
greater than 1. The most difference between present
work and Ref. [15] is the thermoelectric properties.

To further elaborate on the above-mentioned
phenomenon, the thermoelectric properties of p-
type thermoelectric leg are unchanged, and one of
the thermoelectric properties for the n-type is
changed. The realization consumption is proposed in
this paper. For example, the electrical resistivity and
Seebeck coefficient of n-type are constant, the
thermal resistivity is set 1-5 times larger than original
properties (See red line in Fig. 6(d)). Thus, when the
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geometric condition and thermoelectric properties
are known, the optimal y can obtained.

Fig. 6(d) gives optimal y in different physical
properties at maximum output power and output
efficiency. As the An/A, increases, the optimal vy is
exceeded 1. Since the thermal resistance of the n-
type thermoelectric leg is reduced when y is less than
1, which increases heat absorption from the hot
source. Thus, more heat absorption from the hot
source can be converted into electricity and increase
its output performance.lt notes that when the p,/pp
increases, the optimal y decreases. This is because
the electric resistance of n-type leg is larger than that
of the p-type leg. In addition, the value of y is
decreased, and the Joule heat of the n-type
thermoelectric leg becomes lower, which therefore
leads to enhanced output performance of TEM.
Similarly, when the S./S, increases, the optimal y
decreases. This is because as the S,/S; increases, the



lower y results in the fact that the growth rate of the
Seebeck power generation of n-type leg is higher
than that of the p-type leg, leading to output
performance enhancement. The above results
indicate that when the thermal conductivity of the n-
type thermoelectric leg is larger than that of the p-
type thermoelectric leg, the optimal y is smaller than
1. Meanwhile, when the electric conductivity or
Seebeck coefficient of the n-type thermoelectric leg
is larger than that of the p-type thermoelectric leg,
the optimal y is lower than 1.

3.4 Efect of gap heat dissipation on the output

performance of thermoelectric module
The gap heat dissipation not only includes
radiative heat transfer between the hot and cold
surfaces of ceramic sheets, but also thermal
conduction by the air gap. Using different emissivity
of the ceramic sheet or filling different materials into
the air gap has a significant impact on the output
performance of TEM. Therefore, the effect of
ceramic emissivity and thermal conductivity of air
gap-filling material on the output performance of
TEM will be discussed.
Fig. 7(a) shows the effect of ceramic emissivity
on the performance of the thermoelectric module.
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As the ceramic surface emissivity increases, the
output power and efficiency decrease by 0-0.01%
and 0.4-1.2%. This means that low ceramic surface
emissivity can improve the output performance of
TEM. Meanwhile, lessening the emissivity of ceramic
sheet has no apparent influence on output power,
and it has a significant impact on the output
efficiency. This is because the output power of the
TEM is related to the temperature difference
between the hot and cold ends of the thermoelectric
leg. Rising ceramic emissivity has no significant effect
on the temperature difference between the hot and
cold surfaces of the thermoelectric leg. According to
the above results, the ceramic surface can spray low
thermal conductivity coating to improve the output
efficiency of the TEM.

Because weakening the radiative heat
dissipation in the air gap is conducive to enhancing
the output efficiency of the TEM, using low thermal
conductivity material to fill the air gap can lessen
radiation and heat conduction. The thermal
conductivity of the filling material is within 0.01-0.05
W/(m-K). The effect of the thermal conductivity of
the air gap-filling material on the output
performance of the TEM is given in Fig. 7(b).
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(a) Effect of ceramic emissivity on the output performance of thermoelectric module
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(b) Effect of thermal conductivity of air gap filling material on the output performance of thermoelectric module
Fig. 7 Effect of ceramic emissivity on the output performance of TEM

Fig. 7(b) illustrate that when the thermal
conductivity of the filling material is lower than 0.035
W/(m-K), the output power and output efficiency of
the TEM filled with the filling material are higher
than those of the TEM without filling material. When
the thermal conductivity of the filler material is 0.01
W/(m-K), the output efficiency of TEM with filled
material is increased by 1.3-3.0%. The results
indicate that using thermal conductivity filler
material can efficiently enhance the module output
efficiency when the thermal conductivity of the
filling material should be lower than 0.035 W/(m-K).

Additionally, the scenario needs to satisfy the
requirement of being lightweight. The aerogel is a
suitable filling material because it has low thermal
conductivity and low density. For example,
increasing the mass of the TEM results in additional
fuel consumption for the automobile thermoelectric
power generation system.

GEOMETRIC OPTIMIZATION

According to the aforementioned analysis,
there are certain geometric parameters leads to
maximum output performance of TEM through
appropriate optimization algorithms. The genetic
algorithm is applied for searching optimal TEM
geometric in the following section. The optimization
results will be compared with four commercial
modules in the same volume of thermoelectric leg
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and temperature difference. The objectives and
constraints are shown in the following equation:

F(X,)=Max[£,0,7.¢] or F,(X,)=Max[,0,7.¢]

Ve = constant

0<¢ <20 (20)
0<p<l
0<e<l

As shown in Fig. 11, when the optimization
objective is to maximize the output power, the
output powers of four optimized TEM can be
increased by 1.4-3.3 times, while the output
efficiencies are decreased by 18.0-29.4%. Because
the geometry of thermoelectric leg tends to short
and wide, which can reduce Joule heat and increase
Seebeck power and heat absorption from the hot
surface. Taking output efficiency as optimization
objective, the output efficiency of four TEMs can be
improved by 1.1-1.3 times, while the output powers
decreased by 4.8-59.7%. The geometry of
thermoelectric leg tends to thin and tall. Because the
reduction rate of heat absorption is lower than that
of output power in this structure. The results in this
paper, particularly the novel TEM model and
optimization method for TEM geometry, contribute
to TEM performance prediction and guide the
geometric optimizations in the future.
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Fig. 8 Optimization results

5. CONCLUSION

This paper establishes a 1-D numerical model
considering variable thermoelectric properties, Thomson
heat, air gap dissipation, and thermal contact resistance.
The output characteristics of ratio of thermoelectric leg
area to ceramic sheet area, ratio of the cross-section
area of p-type and n-type thermoelectric leg, air gap
dissipation, and geometric parameters of thermoelectric
legs on output performance of TEM under different
temperatures of heat source. The main conclusions are
as follows:

(1) With the increase of thermoelectric leg height,
the output power has a maximum output power; the
maximum output power as well as the corresponding
thermoelectric leg cross-section area-height ratio
(€=Aleg/Hleg) and the output efficiency increase with the
increase of cross-sectional area.

(2) Unlike models without considering air gap
dissipation, the output efficiency of model considering
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air gap dissipation effect increases first and then
decreases as ¢=Apn/Acer increases. When ¢ is lower
than 0.6, the effect of air gap dissipation on output
efficiency cannot be neglected. The optimal ¢ is strongly
correlated with the height of the thermoelectric leg and
increases with the height of the thermoelectric leg.

(3) With y increases, there exists optimal to make
the output power and output efficiency of TEM reach the
largest. When the Seebeck coefficient or conductivity of
the n-type thermoelectric leg is much larger than those
of the p-type, the optimal y is less than 1. When the
thermal conductivity of the n-type thermoelectric leg is
much larger than that of the p-type, the optimal y is
greater than 1.
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