
Modeling of thermoelectric devices 
 

The underlying physics of thermoelectric cooling is Peltier effect. When a current flows through an interface 
between two dissimilar materials, a thermal energy is absorbed or dissipated depending on the direction of 
current flow in order to compensate the difference in thermal energy transported in the two materials. The 
thermal energy Q transported by a current I in a material having a Seebeck coefficient S at absolute temperature 
T is given by Q=STI. Thus, the absorbed or dissipated heat at the interface between material 1 and material 2 by 
the Peltier effect becomes the difference of the transported thermal energies or Q1-Q2=(S1-S2)TI. In addition, 
there are other thermal transport effects: Joule heating and thermal conduction. The Joule heating is I2R in a 
material with electrical resistance R.  This heat is equally divided and propagated to the two ends of the material. 
When a temperature gradient is created through a material, heat conduction occurs from the hot side to cold side 
proportional to the temperature difference ΔT, so that Qcond = ΔT/ψ, where ψ is the thermal resistance of the 
material.  

 
Fig. 1 (a) Schematic of a thin film TE device on a substrate and  

(b) the corresponding 1D thermal network model 
 
Fig.1(a) shows a typical structure of a thin film TE device fabricated on a conducting substrate. A top metal 

contact is deposited on top surface of the thin film TE element, and a ground contact is deposited at the bottom of 
the substrate, so that both electrical current and heat flow vertically through the whole structure. In our simulator, 
we solve the heat balance equations obtained at the top surface of the TE element and at the interface between 
the TE element and the substrate from the 1D thermal network model shown in Fig. 1(b). For example, at the top 
surface, the heat balance equation depicts that the Peltier heat, the Joule heat, and the heat conduction are all in 
balance such that 
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where Q1 is the external heat input, RTE is the electrical resistance of the TE element, RC is the contact resistance 
at the interface between the top contact metal and the TE element, STE is the Seebeck coefficient of the TE 
element, T1 is the temperature at the top surface, T2 is the temperature at the interface between the TE element 
and the substrate, ψTE is the thermal resistance of the TE element. Here we assume an ideal metal contact that has 
negligibly small thermal resistance and Seebeck coefficient. 

 At the interface between the TE element and the substrate,  the second heat balance equation is constructed as 
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where Rsub is the electrical resistance of the substrate that includes electrical spreading effect, Ssub is the Seebeck 
coefficient of the substrate, ψsub is the thermal resistance of the substrate that includes thermal spreading effect in 
the substrate. The bottom contact is assumed to be connected to a perfect heat sink, so that its temperature 
remains constant at the ambient temperature Tamb during the operation. 

A closed-form thermal spreading resistance in a substrate is adopted from Lee at al.[1] with assumption of an 
infinitely large substrate and a perfect heat sink underneath it. The electrical spreading resistance is obtained 
from Vashaee et al.[2], which is based on ANSYS finite element simulation.  

 

Simulation method and boundary conditions 
 
A thermoelectric device works as both a cooler and a power generator. In the cooling mode, a current is 

injected into the TE device. Two boundary conditions can be simulated: one is that the cooling power Q1 is 
known, from which T1 and T2 are calculated by solving the coupled heat balance equations (1) and (2). The other 
boundary condition is that the top surface temperature T1 is known, from which T2 and the cooling power Q1 are 
calculated by solving (1) and (2). Then the coefficient of performance, COP, is obtained by 
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where W is the work done by the electrical current to do the cooling performance given as 
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where Voc is the open-circuit voltage induced internally in the device by the Seebeck effect, Voc=STE(T1-
T2)+Ssub(T2-Tamb), and Ri is the total internal resistance of the device, Ri=Rc+RTE+Rsub. The first term on the right 
side of (4) describes the work done against the open circuit voltage induced internally in the device by the 
Seebeck effect, and the second term describes the electrical power consumed in the entire device. 

In the power generation mode, a heat energy Q1 is injected into the device from the top, which creates a 
temperature gradient across the device and generate a voltage by the Seebeck effect. A load resistance RL is 
connected to the device, so that a current flows through the load to generate a power output, Pout= I2RL. The 
current is obtained by an electrical circuit model, in which the open-circuit Seebeck voltage source has an 
internal resistance Ri, and is connected to the external load RL, such that 
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There are two boundary conditions for the power generation mode as well. One is that the heat input Q1 is 
known, and then we calculate T1, T2, and I by solving the coupled heat balance equations (1) and (2), and using 
(5). The other is that T1 is known, and we calculate Q1, T2, and I by solving (1) and (2) and (5). Then the 
thermoelectric energy conversion efficiency η is obtained by 
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In both the cooling and power generation modes, users can select an option that there is no substrate. In this 
case, ψsub, Rsub, and Ssub are assumed to be all zero, and T2 becomes equal to Tamb.  

A practical TE module consists of multiple n-type and p-type TE elements that are connected electrically in 
series, and thermally in parallel. The online simulator presented in this paper has also the capabilities of 
simulating multi-element modules having both n- and p-type elements. Users are asked to input the dimensions 
and material properties of the n- and p-type elements as well as the number of the elements. 



 
[1] S. Lee, S. Song, V. Au, and K. P. Moran, “Constriction/spreading resistance model for electronic packaging,” Proceedings of the 

4th ASME/JSME Thermal Engineering Joint Conference, Vol. 4, pp. 199-206, 1995. 
[2] D. Vashaee, J. Christofferson, Y. Zhang, A. Shakouri, G. Zeng, C. LaBounty, X. Fan, J. Piprek, J. Bowers, E. Croke, “Modeling 

and optimization of single-element bulk SiGe thin film coolers,” Microscale Thermophysical Engineering, vol. 9, pp. 99-118, 
2005. 


