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H I G H L I G H T S

• Modeling captures the contributions from thermal losses and interfacial resistance.

• The effective properties provide a precise description of the transport properties.

• Quantification of actual figure-of-merit with thermal losses is performed.

• The performance of TEG is explained quantitatively through effective properties.

• The modeling method is applied to various materials to confirm the feasibility.
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A B S T R A C T

A mathematical model for a thermoelectric generator (TEG) based on constitutive equations has been developed
to analyze temperature dependent performance in terms of output power and efficiency. Temperature dependent
material properties and thermal losses, which occur as conductive and radiative heat transfer, were considered in
the finite element model. Effective material properties were invoked for understanding the influence of tem-
perature dependence of material parameters and related adverse effects on the model TEG. It is shown that
analytical equations with effective properties can provide excellent estimation of the performance of a TEG over
a broad operating range. The model was simulated, analyzed and validated to examine the effects of different
operating conditions and geometry that interact with thermal losses inside the TEG. We believe that this model
will further expedite the optimization of TEGs being developed using new material compositions.

1. Introduction

Currently, conventional fossil fuels meet most of the energy de-
mands, which has raised concern about increasing ambient temperature
and resulting climate change [1]. Therefore, significant effort is being
placed on identifying and developing sustainable energy harvesting
methods to provide new renewable energy sources [2]. There are many
types of ambient and kinetic energy sources from which energy can be
harvested, such as thermal energy, ocean waves, wind, solar and me-
chanical vibrations. Thermal energy is available everywhere and is one
of the most attractive energy sources due to the fact that every ther-
modynamic process is accompanied by the release of wasted energy as
heat. Thus, there is a strong interest in developing high efficiency solid
state thermal-to-electrical energy harvesting devices that can be uti-
lized in wide ranges of temperature. Thermal energy harvesters are also

desired for remote power applications, for example, soldiers camping in
remote areas require portable power generators that can convert liquid
fuel into electricity. Thermoelectric generators show promise in such
applications due to their low weight, noise, and vibration as compared
to mechanical systems.

Semiconductor-based thermoelectric (TE) devices utilize the
Seebeck effect in order to generate electricity directly from heat
without chemical reactions, noise, or harmful byproducts, and thus
have attracted much attention as a prospective energy conversion
technology. In past, thermoelectric generators (TEGs) have been mod-
elled and characterized to quantify key parameters influencing the
performance and understand the quantitative correlation between
material/device parameters and performance of the device [3–7]. In-
ternal electrical resistance and thermal conductance causes TEG per-
formance to fall far below the Carnot limit, and their effects on TEGs
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connected to heat exchangers have been investigated by both theore-
tical [8] and experimental analysis. Chen et al. considered the analy-
tical equation for the TE devices, which includes irreversible energy
balance equation inside the device [9]. Pramanick et al. conducted
analysis of a TEG based on the assumption that the device is isolated
without heat leaks at the legs [10]. Some prior numerical models of
TEGs were developed without including another important factor in TE
device design, which is thermal loss [11]. Temperature dependent
material properties and radiative heat loss in the TEG usually are not
considered for analytical models due to their nonlinearity, although
they vary with temperature and the loss is not negligible with large
temperature range [12–17]. From a practical standpoint, consideration
of temperature dependence and heat loss is essential for more accurate
performance modeling. While most of the analytical models use average
values for the material properties, Yamashita et al. and Wee et al. have
used temperature dependent material properties for analytical mod-
eling in order to identify the effect of nonlinear component in the model
[18,19]. In order to investigate the influence of Thomson effect as well
as the nonlinear material properties, analytical expressions were ob-
tained for temperature distribution including the nonlinear effects
[19,20]. Numerical methods such as finite difference methods were
used for TEG comprising of lead telluride or half-Heusler materials in
order to calculate nonlinear effects and provide wider comparison
[21,22]. Heat losses have been included in some of the numerical
models for TEGs. For example, Muto et al. developed a one-dimensional
TEG model with radiative heat loss [23].

The model and the analysis presented here incorporate not only
temperature dependent properties and Thomson effect but also thermal
losses and interfacial resistance inside the device. The comprehensive

modeling approach for thermoelectric devices captures the contribu-
tions from thermal losses, Thomson effect, interfacial resistance, and
temperature dependent material properties. These effects are shown to
be essential in accurately predicting TE performance—since maximum
TE performance (either maximum power or maximum efficiency) re-
quires a thorough optimization, accurate performance models are es-
sential. The model demonstrates effectiveness in quantifying the per-
formance of a (30mm)2, 127-couple thermoelectric generator and is
validated by comparing with Finite Element Modeling (FEM) results.
The output power and efficiency variation with thermal losses are in-
vestigated. If the thermal losses, and contact and interconnect electrical
resistance are low, the internal loss can be reduced resulting in higher
power density and smaller device dimensions, which is desired for a
portable TEG. A small magnitude of thermal loss or changes in the
geometry can significantly affect the performance of a TEG due to its
small power, low conversion efficiency and limited size. The modeling
and optimization approach is discussed subsequently, followed by the
quantification of the performance considering effective properties of
the TEG to understand the effect of various thermal losses and struc-
tural design variables. Furthermore, the method is applied to the dif-
ferent material properties and the results are compared to verify the
feasibility and applicability of the effective properties to various designs
so that engineers designing TEG can take advantage of this approach for
design optimization with a variety of materials.

Nomenclature

A cross sectional area (m2)
An cross sectional area of the n type leg (m2)
Ap cross sectional area of the P type leg (m2)
E energy (J)
G mutual radiation (W)
g function
GrL Grassholf number
h heat transfer coefficient (Wm−1 K−1)
I current (A)
k conductive heat transfer coefficient (Wm−1 K−1)
kavg averaged conductive heat transfer coefficient

(Wm−1 K−1)
Kcouple thermal conductance of the TEG couple (WK−1)
Keff effective thermal conductance (WK−1)
Keff,couple effective thermal conductance of the TEG couple (WK−1)
Keff,device effective thermal conductance of the device (WK−1)
kn,avg conductive heat transfer coefficient of the n type TEG leg

(Wm−1 K−1)
kp,avg conductive heat transfer coefficient of the p type TEG leg

(Wm−1 K−1)
L length of the TEG leg (m)
Ln length of the n type TEG leg (m)
Lp length of the p type TEG leg (m)
N number of couple
P power
Pmax maximum power (W)
Pr Prandtl number
Qc heat transfer rate at the cold side (W)
Qgen heat generation rate (W)
Qh heat transfer rate at the hot side (W)
Qloss thermal loss (W)
Qp heat transfer rate by the Peltier effect (W)

Qt heat transfer rate by the Thomson effect (W)
Rcouple electrical resistance of the TEG couple (Ω)
Reff,couple effective electrical resistance of the TEG couple (Ω)
Reff,device effective electrical resistance of the TEG device (Ω)
RI internal resistance (Ω)
RL load resistance (Ω)
T temperature (K)
Tamb ambient temperature (K)
Tc temperature at the cold junction (K)
Th temperature at the hot junction (K)
Voc open circuit voltage (V)
Vs voltage by the Seebeck effect (V)
Z figure of merit
Zeff effective figure of merit

Greek symbols

α Seebeck coefficient (V K−1)
αavg averaged Seebeck coefficient (V K−1)
αcouple Seebeck coefficient of the TEG couple (V K−1)
αeff effective Seebeck coefficient (V K−1)
αeff,couple effective Seebeck coefficient of the TEG couple (V K−1)
αeff,device effective Seebeck coefficient of the TEG device (V K−1)
ε emissivity
η efficiency (%)
λ thermal conductivity
μT Thomson coefficient
π Peltier coefficient
ρ electrical resistivity (Ωm)
ρavg averaged electrical resistivity (Ωm)
ρn,avg electrical resistivity of n type TEG leg (Ωm)
ρp,avg electrical resistivity of P type TEG leg (Ωm)
σ Stefan-Boltzmann constant, 5.6697× 10−8 Wm−2 K−4
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