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Abstract: Thermoelectric Modules (TEM) are solid-state devices designed for 

energy conversion that can operate either as an electrical generator or as a 

cooling/heating device. This paper presents a measurement system for evaluating 

degradation caused by thermal cycles on TEM using a control-based testing 

platform that is capable of applying positive and negative temperature difference 

per cycle. In order to evaluate TEM degradation, the Harman method is used to 

assess TEM parameters. Experimental results show the efficiency of the proposed 

platform and in addition, a degradation mathematical model of the TEM is 

obtained. 
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1. INTRODUCTION 

Thermoelectric Modules (TEM) can operate as 

an electrical generator or as a cooling/heating 

device, since it is used for conversion between 

thermal and electrical energy. TEM is a valuable 

device for thermal-based energy harvesting 

system [1][2]. When working as electrical 

generator, TEM is denominated Thermoelectric 

Generator (TEG) and the generated electric 

energy is proportional to the temperature gradient 

on the faces of the device. For cooling/heating 

applications, a TEM is denominated 

Thermoelectric Cooler (TEC) and it works by 

applying an electrical current into its terminals, 

which generates a heat flow from one side of the 

device to the other one.  

All devices degrade over time and its 

degradation is accelerated depending on 

frequency of usage [2][3], environmental 

conditions and material it is made of. Thermal 

cycling application is one of the most used 

methods to accelerate device degradation in order 

to characterize degradation pattern in a shorter 

period of time [4][5]. Various test platforms 

capable of applying thermal cycles are reported 

in the literature presenting a structure where one 

side of the TEM-under-test is kept at a constant 

temperature while the other one is heated as 

described in [4][5]. In order to assess TEM 

degradation, this paper utilizes a bipolar thermal-

cycling testing platform first presented in [6] as a 

reference basis, but has improvements to carry 

out thermal cycling application on the TEM-

under-test in an automated way.  

This paper presents a degradation model of a 

commercial thermoelectric module by utilizing 

the developed testing platform and a 

mathematical model. To perform the 

characterization of the modules, the Harman 

method was applied. This method was chosen in 

comparison with other methods [4] and because it 
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is also chosen by manufacturers for its reasonable 

results. In order to validate the model, 

experimental degradation was compared with the 

degradation mathematical model results.  

2. THERMOELECTRIC MODULE 

A thermoelectric module consists of an array of 

p- and n-type semiconductor thermocouples that 

are placed between two ceramic plates as shown 

in figure 1. These thermocouples are connected 

electrically in series and thermally in parallel.  

 

Figure 1. Internal Structure of Thermoelectric 

Modules.  

With respect to the two operational modes of 

a TEM, when operating as a TEG, the generated 

open-circuit voltage is given by: 

𝑉𝑠 = 𝛼 ∙ (𝑇ℎ𝑜𝑡 − 𝑇𝑐𝑜𝑙𝑑)            (1) 

where α is the Seebeck coefficient and Thot/cold the 

temperature at its faces. In the opposite operation, 

that is, working as a TEC, by applying a current 

through the module the generated heat Q 

absolved from one side and delivered to the other 

side is given by:    

𝑄 = 𝜋𝐼               (2) 

where π is the Peltier effect and I is the current. 

3. TEST PLATFORM 

In order to apply thermal cycles for degradation 

of TEGs, it was developed a testing platform, as 

can be seen in figure 2 (a). This testing platform 

has a symmetrical structure, the TEG under-test 

is sandwiched between two TECs, meaning that 

is possible to apply both positive and negative 

temperature differences across the TEG under-

test, one TEC heats up while the other one cools 

down. To do so, an implemented LabVIEWTM 

tool runs two independently PID controllers that 

operate two power drivers responsible for 

controlling each TECs that generate the 

controlled temperature difference, ΔT. Two 

thermocouples measure the temperature on both 

sides of the TEG-under-test and serve as 

feedback paths to PID controllers. In order to 

allow a soft change of temperature between the 

sides of the TEG under-test, two copper-made 

heat reservoirs are used between the TEG under-

test and the TECs. Also, the TECs are connected 

to heat sinks attached to fan coolers in order to 

create a heat flow up-down and down-up, as can 

be seen in figure 2 (b). 

 

Figure 2. (a) The testing platform and (b) 

thermal images of the testing platform in 

sequence when the temperature gradients are 

reversing up-down to down-up. 

4. DEGRADATION MODEL 

Materials can suffer performance degradation due 

to thermoelectric stresses caused by thermal 

cycling. According to [3], it is possible to 

evaluate any parameter of a device that changes 

with time using the following expression: 

𝑆 = 𝑆0[1 + 𝐴0(𝑡)𝑚]         (3) 

where S is the parameters changing with time, 𝑆0 

its initial value, t is the time or cycle number, 𝐴0 
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is the device dependent parameter coefficient and 

m is the power-law exponent, which can be 

acquired by measuring experimental degradation 

changes over time. Taking in account a parameter 

that decreases over time, meaning A0 is negative, 

the following expression can be obtained from 

equation (3): 

𝑆0−𝑆

𝑆0
= 𝐴0(𝑡)𝑚                        (4) 

or  

ln (
𝑆0−𝑆

𝑆0
) = 𝑚𝑙𝑛(𝑡) + ln(𝐴0)   (5) 

and m can be obtained by plotting 𝑙𝑛(𝑡)versus 

ln (
𝑆0−𝑆

𝑆0
) , which is the slope of the resulting 

plotted curve, and b is the value that intercepts its 

vertical axis. If the plotted curve does not result 

in a straight line, a linear fit should be applied in 

order to get these values. Finally, A0 can be found 

accordingly with: 

𝐴0 =  𝑒𝑏     (6) 

5. RESULTS 

A commercial TEM, namely TEC1-12706, was 

degraded. Temperatures setpoints were, 

respectively, at 20°C and 40°C for both sides 

resulting in Δ𝑇 = 20°C in the first half of each 

cycle and Δ𝑇  = -20°C in the other. This 

temperature difference was defined based on 

environmental ranges that are often applied on 

thermoelectric energy harvesting systems. We 

chose a thermal cycle of 900 seconds, with 

temperature inversions occurring at each 450 

seconds. The same TEM was used for operating 

as TECs in the platform. 

Figure 3 shows the generated voltage of the 

TEG-under-test in the beginning of degradation. 

The measured voltage oscillates between positive 

and negative values. This occurs because each 

thermal cycle has a positive and negative 

temperature difference, which, accordingly with 

equation (1) results in a positive or negative 

voltage. 

 

Figure 3. Voltage generated by the TEG-under-

test operating with ΔT= ±20℃. 

In order to evaluate the TEG-under-test 

degradation due to the application of thermal 

cycles, a computational program was 

developed in Scilab, which is an open-source 

mathematical software, to identify each 

average peak of the voltage generated by the 

TEG-under-test during each thermal cycle. 

Applying the degradation model previously 

described, figure 4 shows the plotting of 

ln(thermal cycle) versus ln((V0-V)/V0) as 

described in (5). From this plotted curve, we 

applied a linear fit to identify the curve slope, 

m. The value of A0 was taken accordingly 

with (6) using the vertical intercept found 

through the linear fit applied before. Figure 5 

shows the comparison between the average 

peak voltages generated at each thermal 

cycle against the prediction of the 

degradation model accordingly with the (3). 

Finally, to fully characterize the TEG under-

test, the Harman Method was applied as 

described in [4]. Table 1 shows some of the 

intrinsic parameters that constitute the 

module before and after degradation occurs. 
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Figure 4. Application of the degradation model. 

 

Figure 5. Comparison of the degradation 

mathematical model with the actual acquired data. 

 

Table 1. Comparison of the parameters that 

constitute the TEC1- 12706 before and after 

termal cycles. 

Parameter Before After 

Inner resistance (R) 2.71 Ω 3,01 Ω 

Seebeck coefficient (α) 
32.61 

mV/K 
29.49 

mV/K 
Figure of Merit (ZT) 0.42 0.39 
Open-Circuit Voltage 0.6454 V 0.5809 V 

Analyzing the values presented in the 

Table 1, we can see a variation in the TEG-

under-test parameters as a result of the 

thermal cycles applied by the testing 

platform. After the application of only 137 

thermal cycles, the open-circuit voltage was 

reduced by 9.99%, the figure of merit ZT 

decreased by 7.14%, Seebeck coefficient 

reduced by 9.57% and the internal resistance 

of the module increased by 11.07%. 

6. CONCLUSION 

Experimental results showed the effectivity 

of the bipolar thermal-cycling based testing 

platform presented in this paper as a way to 

apply thermal cycling in a short number of 

cycles. In this way, it is possible to degrade a 

module and periodically measure its 

parameters using the Harman method. These 

parameters can then be analyzed using the 

degradation model to identify the behavior in 

which each parameters degrades over time. 
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