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Abstract — Thermo-electric modules are receiving more 

and more attention due to the increasing interest in the energy 

harvesting sector. The selection of the proper module for a 

particular application can be done comparing the values of 

the figure of merit, which depends on electrical parameters 

such as internal electrical resistance and Seebeck voltage, and 

the equivalent thermal resistance. Although its importance, 

thermal resistance is more difficult to estimate than other 

parameters since well-engineered experimental setup is 

usually needed. 

In this paper, a new fast and non-invasive method based on 

thermal imaging techniques, to estimate the thermal 

resistance of thermoelectric modules, is presented. The 

comparison between this method and a direct measurement 

method based on thermocouple probes shows that very 

similar performance, with a small relative error, is achieved 

quicker, also avoiding to implement a complex measurement 

setup involving many temperature probes. Moreover, due to 

contactless nature of the procedure, the proposed 

experimental setup can be easily tuned for modules of 

different size without the need to modify any mechanical part.  

 
Index Terms— Thermoelectricity, Thermoelectric devices, 

Thermal analysis, Infrared imaging, Thermal resistance  

 

I. INTRODUCTION 

VER the last years, the requirement of alternative 

energy solutions has become relevant to reach a 

sustainable development [1]. Thermo-electric modules 

(TEMs), are one of the proposed solutions, because of their 

capability to provide precision cooling when they are 

properly powered or to produce electric power when 

exposed to a temperature difference between their surfaces. 

These modules are receiving more and more attention due 

to the increasing interest in the energy harvesting sector 

[2][3], with applications such as efficiency improvement 

for autonomous sensors [4], energy autonomy of sensor 

nodes in Wireless Sensor Networks [5] [6], or also thermal 

energy recovery in those systems in which it would 

otherwise be dissipated. Another attractive challenge for 

 
 

researchers is electrical power generation to provide 

electricity and heat to spacecraft during long-time space 

exploration missions [7] or from low temperature heat 

sources and small temperature gradients [8].  

The performance assessment of these modules plays an 

important role, either when they are used as thermoelectric 

coolers (TECs), or as thermoelectric generators (TEGs) 

[9]; for this reason, different techniques have been 

proposed to maximize the energy efficiency [10]. In the 

former case, they impact on the electrical power necessary 

to achieve a needed cooling power, whereas in the second 

one, they affect the entity of thermal energy that is 

converted into electricity. The use of TEG modules for 

recovering thermal energy is not new, however, because of 

their low efficiency, they have been generally used only in 

those contexts in which high thermal gradients were 

available, such as in the presence of heat generated by 

combustion engines [11] or compressors [12], thus making 

appreciable the energy contribution coming from the 

conversion. Indeed, although the total energy amount due 

to waste heat is very large, it is difficult to use it because of 

its inherent nature of low temperature and low energy 

density. 

The application of new high efficiency thermoelectric 

materials has recently allowed operation with lower 

temperature gradient, as well as made possible cheaper 

production processes, thus TEG modules are finding new 

applications in consumer electronic devices, for example 

for recovering thermal energy produced by computer CPUs 

[13] or photovoltaic plants [14], but also as a possible 

energy source for powering the nodes in sensor networks 

once they are fully characterized from the consumption 

point of view [15] [16]. 

Scientific literature has recognized the figure of merit 𝑍 

as a parameter that allows to compare the performance of 

different modules, independently of their geometrical 

dimensions [17][18]. Its expression takes into account both 

electrical parameters, such as the internal electrical 

O 



 

 

resistance and the Seebeck voltage, and thermal ones, such 

as the equivalent thermal resistance. Although its 

importance, thermal resistance is more difficult to estimate 

than other parameters since well-engineered experimental 

setup, involving a stack made by many measurement 

layers, is usually needed as widely explained in Section III. 

On the other end, especially for commercial modules, this 

parameter is commonly not reported in the datasheet. 

With this work, the authors intend to propose a new fast 

and non-invasive method for TEMs thermal 

characterization based on thermal image processing, thus 

moving the complexity from the hardware to the software 

side, dramatically reducing the number of measurement 

layers. 

This paper is structured as follows. After a theoretical 

review in Section II, a typical method to estimate the 

thermal resistance is described in Section III.A, which 

involves the measurement of four different temperatures 

between the surfaces of a reference material. The novel 

approach, described in Section III.B, is based on thermal 

imaging in order to obtain a temperature map of a ROI 

(Region of Interest) to quickly estimate the thermal 

resistance. In Section IV the testbed is drawn and detailed. 

Finally, in Section V results obtained with the new 

approach are compared with the classic one and confirmed 

by a further comparison with a third rough estimate based 

on the manufacturers’ specification [19]. 

II. THEORETICAL REVIEW 

TEMs behavior is based upon three thermodynamically 

reversible effects, namely: Seebeck, Peltier and Thomson 

effects, which differ among them only because of the way 

they manifest themselves; but actually they all have a 

common ground and are related to the Seebeck coefficient. 

A. Seebeck effect 

This effect appears as an electromotive force 𝑬𝑒𝑚𝑓 in a 

material in response to a temperature gradient 𝛁𝑇,  

𝑬𝑒𝑚𝑓 = −𝑠𝛁𝑇  (1)   

where 𝑠 is the absolute Seebeck coefficient, or 

thermoelectric power. Equation (1) is the basic principle 

for power generation in TEG modules. This voltage source 

extends the Ohm’s law taking also into account the 

observable current in absence of measurable voltages. Its 

differential form is: 

𝜌𝑱 = (−𝛁𝑉 + 𝑬𝑒𝑚𝑓) (2)   

Integrating out equation (1), an expression of the voltage 

resulting on the terminals of a thermoelectric module in 

open circuit conditions is derived. For instance, when 

exposed to a temperature difference Δ𝑇 between its 

junctions, a TEG will exhibit a proportional voltage: 

𝑉𝛼 = 𝛼Δ𝑇 (3)   

where 𝛼 is the relative Seebeck coefficient. More 

generally, when a TEM is supplied by a current, the 

measurable voltage is derived integrating out equation (2): 

𝑉 = 𝑉𝑅 + 𝑉𝛼 = 𝑅𝑖𝑛𝐼 + 𝛼Δ𝑇 (4)   

Equation (4) is composed by two different contributions: 

the voltage drop 𝑉𝑅 on the internal resistance 𝑅𝑖𝑛 and the 

thermoelectric one 𝑉𝛼. Equation (4) can be represented also 

as an equivalent electric circuit drawn in Fig. 8. 

B. Peltier effect 

It is the dual of the Seebeck effect; it appears when a 

current 𝐼 flows in a junction of different conductors. This 

effect, characteristic of the TEC modules, induce a local 

heat flux 𝑞 emitted or absorbed depending on the current 

direction 

𝑞 = Π𝐼 = 𝛼𝐼𝑇 (5)   

where Π is the relative Peltier coefficient of the junction 

and 𝑇 is its absolute temperature. The last term in (5) 

follows from the relation between the Seebeck and Peltier 

coefficients, i.e. Π = 𝛼𝑇. 

C. Thomson effect 

This plays a minor role because it is due to the Seebeck 

coefficient dependence with temperature, and appears as a 

distributed Peltier effect in a conductor exposed to a 

temperature gradient. Although it is an interesting physical 

topic, in many practical cases it is not taken into account 

since its effect is generally negligible if compared to the 

other ones. However, the relationship between 𝛼 and the 

temperature 𝑇 cannot be neglected in scenarios with very 

high temperature gradients because it affects the 

performance of TEG modules [20]. 

D. Figure of Merit Z 

The thermoelectric figure of merit 𝑍 is a parameter 

which summarizes the bulk material proprieties and allows 

the comparison among TEM modules realized with 

different materials, dimensions and internal architectures. 

It is defined as 

𝑍 =
𝛼2Θ

𝑅𝑖𝑛
 (6)   

Its expression (6) requires the knowledge of the relative 

Seebeck coefficient 𝛼, of the internal electrical resistance 

𝑅𝑖𝑛 and of thermal resistance Θ. Alternatively, the same 

meaning is given to a dimensionless parameter 𝑍�̅�, where 

�̅� is the average absolute temperature between the two 

surfaces of the module.  

As a matter of fact, a TEM behaves like a heat engine 

(Fig. 1) that converts the electrical energy into thermal 

energy and vice versa according to the following relation: 

|𝑞𝑒𝑚| = |𝑞𝑎𝑏𝑠| + |𝑉𝐼|, (7)   

where, 𝑞𝑒𝑚 and 𝑞𝑎𝑏𝑠 are respectively the emitted and 

absorbed heat flux from the surfaces of the module. 

The figure of merit can thus be though as an indicator of 



 

 

the conversion efficiency of energy processes involved, 

since its value grows as the electrical resistance decreases. 

In fact, all the three previously described physical 

processes are entirely reversible, conversely the energy 

dissipated by Joule effect on the internal resistance cannot 

be recovered. For this reason, the TEM conversion 

efficiency is the Carnot efficiency reduced by a factor 

which is function of the material’s figure of merit [21]. 

Hence 𝑍 quantifies the ratio of thermoelectric effects to 

thermal effects, or equivalently of reversible to non-

reversible processes. 

Scientific literature includes different methods for the 

figure of merit assessment, which usually implies the use 

of different measurement principles for the determination 

of each parameter it is composed by. Many of them are 

inspired by the Harman method [22]-[25]. For example, 

one approach, known as “modified Harman method” [23], 

or “Buist transient method”, allows a direct estimation of 

𝑍 with a single principle exploiting the different time 

constants of the electrical and thermal response. The main 

drawback of the cited method is that it is suitable only 

under specific conditions that cannot be obtained during 

normal operating conditions thus not allowing a full 

characterization of TEM modules. Generally, the Harman 

method is valid under the hypothesis of thermal 

equilibrium:  

𝑇ℎ ≈ 𝑇𝑐 ≈ 𝑇𝑎  (8)  

in particular, when temperature of the hot side 𝑇ℎ, the cold 

one 𝑇𝑐 and ambient 𝑇𝑎 do not deviate from the average �̅� 

for more than 1/3  of 1% [22]. 

This condition is typically achieved by injecting a pulsed 

current (see Fig. 2) large enough to be measured but 

sufficiently small to meet the condition (8) - generally in 

the order of  milliamperes.  

At steady-state, the current is switched on, which results 

in an immediate increase in voltage because the ohmic 

component of the voltage across the sample, 𝑉𝑅, appears. 

However, due to the slower characteristic response of heat 

transport compared to the electrical transport, a 

temperature difference still remains across the sample, 

generating a Seebeck voltage, with initial value 𝑉𝑅 and 

final magnitude 𝑉𝑅 + 𝑉𝛼 according to equation (4). Then it 

can be proved [24] that the figure of merit 𝑍�̅� can be 

written as 

 

𝑍�̅�  =  (1 +
𝑎Θ

2𝑛
)
𝑉𝛼
𝑉𝑅

 ≈  
𝑉𝛼
𝑉𝑅

 (9)  

where 𝑎 is the thermal conductance from the surfaces of 

the module to the external medium. The term in brackets 

tends to unity when 𝑛 (number of pellets in the module) is 

high. 

When it is not possible to fulfill the condition (8), it is 

necessary to use the combination of several measurement 

methods to determine each of the three parameters as 

widely discussed in the literature, see for example [26]-

[28]. 

III. THERMAL RESISTANCE MEASUREMENT 

As already mentioned, among the three parameters of 

equation (6) the thermal resistance Θ results to be the less 

immediate to be measured, requiring a greater effort both 

in terms of number of temperature probes, as well as in the 

necessary readout electronics and mechanical parts for the 

realization of the measurement setup. 

Before describing the method developed by the authors, 

it is convenient to find a suitable expression for the thermal 

resistance. Let start from the one-dimensional Fourier heat 

equation in steady state 

𝑞 = −𝜅𝐴
𝑑𝑇

𝑑𝑥
 (10)   

where 𝑞 is the heat flux, 𝜅 is the thermal conductivity, 𝐴 is 

the cross-sectional area of heat flux path, 𝑑𝑥 and 𝑑𝑇 are 

respectively the infinitesimal increments in position and 

temperature in the flux direction. Integrating out (10), we 

can get a thermal equivalent of the Ohm’s law (as 

suggested in [19]), 

Δ𝑇 = Θ ⋅ 𝑞  ⟷   𝑉 = 𝑅 ⋅ 𝐼 (11)   

where Θ is the thermal resistance analogous to electrical 

resistance 𝑅, heat flux 𝑞 and temperature difference Δ𝑇 are 

respectively analogous to the electric current 𝐼 and voltage 

𝑉 at terminals. 

It is therefore clear from (11) that the determination of Θ 

for any material requires the measurement of, at least, two 

different contributions (Δ𝑇 and 𝑞). In presence of an active 

element like a TEM, made by different coupled materials, 

it is not sufficient to estimate the heat flux on one surface 

only since the energy balance involves also the electrical 

power. Therefore, the emitted flux is equal to the absorbed 

one only if |𝑉𝐼| = 0; in all other cases it is necessary to 

determine the electrical power and both emitted and 

absorbed heat flux, thus acquiring four temperature 

measurements. 

A. Direct method 

Following the approach proposed in [26], both heat 

fluxes in (7), respectively 𝑞𝑒𝑚 for the hot side and 𝑞𝑎𝑏𝑠 for 

the cold one, may be expressed as an energy balance 

between the Peltier effect, the heat conduction and Joule 

effect due to the injected current by 

𝑞𝑒𝑚 = 𝛼𝐼𝑇ℎ −
Δ𝑇

Θ
+

𝐼2𝑅

2
 

𝑞𝑎𝑏𝑠 = 𝛼𝐼𝑇𝑐 −
Δ𝑇

Θ
−

𝐼2𝑅

2
 

(12)   

Considering the heat flux both emitted and absorbed by 

a TEC module, it is possible to derive the average heat flux 

�̅� in order to eliminate the contribution due to the Joule 

effect 



 

 

�̅� =
(𝑞𝑒𝑚 + 𝑞𝑎𝑏𝑠)

2
= 𝛼𝐼

(𝑇ℎ + 𝑇𝑐)

2
−

Δ𝑇

Θ
 (13)   

where the heat fluxes may be determined using the scheme 

in Fig. 3, measuring four temperatures and using a 

reference medium with known thermal conductivity 𝜅𝑟𝑒𝑓. 

It is  

𝑞𝑒𝑚 =
𝜅𝑟𝑒𝑓𝐴(𝑇3 − 𝑇4)

𝐿
=

𝑇3 − 𝑇4

Θ𝑟𝑒𝑓
 

𝑞𝑎𝑏𝑠 =
𝜅𝑟𝑒𝑓𝐴(𝑇2 − 𝑇1)

𝐿
=

𝑇2 − 𝑇1

Θ𝑟𝑒𝑓
 

(14)   

where 𝐴 is the medium area, 𝐿 is its thickness and 𝜃𝑟𝑒𝑓 =

𝐿/(𝜅𝑟𝑒𝑓𝐴) is recognized as the known thermal resistance 

of the reference medium. Afterwards, 𝑇ℎ and 𝑇𝑐 can be 

directly computed taking into account the temperature drop 

on ceramic surfaces of the TEC module. 

𝑇ℎ = 𝑇3 + 𝑞𝑒𝑚Θ𝑐𝑒𝑟 

𝑇𝑐 = 𝑇2 + 𝑞𝑎𝑏𝑠Θ𝑐𝑒𝑟 
(15)   

where Θ𝑐𝑒𝑟 is the typical thermal resistance of the TEM 

ceramic surfaces. 

Finally, solving (13) with respect to Θ, it is possible to 

derive a measurement formula for the unknown thermal 

resistance 

Θ =
2Δ𝑇

𝛼𝐼(𝑇ℎ + 𝑇𝑐) − (𝑞𝑒𝑚 + 𝑞𝑎𝑏𝑠)
 (16)   

From (16), it is clear the need to measure more 

contributions, where 𝛼 is supposed to have been previously 

estimated using another method, whereas 𝐼 is the current 

injected into the module under test. 

However, in addition to requiring four direct 

temperature measurement points with related thermal and 

mechanical coupling, as well as signal conditioning 

circuitry, this method is limited also by the need to adapt 

the measurement setup to different module sizes. 

As better highlighted in Fig. 6, the setup is made by 

seven layers without considering the upper heat sink. In 

order to avoid any of the aforementioned difficulties, the 

authors proposal is to use a contactless method such as 

thermal imaging techniques to measure the temperature 

profile in two surrounding layers of the stack in Fig. 3, 

leading to a fast and extensive thermal characterization 

without any setup constrains. In this way the complexity is 

moved from the hardware to the software layer with the 

aim to reach good performance if compared to the direct 

method. 

B. Thermal Imaging method 

In the last forty years the use of thermal imaging cameras 

has attracted strong interest of the industry and of many 

researchers becoming a useful tool for industrial 

applications [29], military [30], medical diagnosis [31] and 

for contactless measurements [32]. This approach is 

particularly suitable to provide large contiguous sets of 

surface temperatures data thus it can be used in several 

applications, like: to validate heat flow models [33], to 

thermally characterize electronic chip packages [34] or to 

study thermal stresses induced in different devices 

alongside other reliability techniques [35]-[38]. In 

particular, in [39], thermal imaging is used with electrical 

measurements to evaluate the effect of thermal cycling on 

TEMs studying mechanical failures and degradation of 

figure of merit and its components. 

Infrared measurements do not need a direct heat 

conduction between the object to be measured and the 

probe, but they rather rely on radiated energy. To correctly 

understand thermal images, different factors have to be 

considered such as the physics of the device under test and 

the non-uniformity of temperature. 

Every object emits a total thermal radiation 𝑊 which 

depends on its own temperature 𝑇 according to the Stefan-

Boltzmann law 

𝑊 = 𝜀𝑊𝑒 = 𝜀𝜎𝑇4 (17)   

 

where 𝜎 = 5.67 ⋅ 10−8 [W m2K4⁄ ]  is the Stefan-

Boltzmann constant, 𝑊𝑒 is the power emitted from a black-

body and 𝜀 is the emissivity of a grey-body ranging from 0 

to 1. 

However, thermal cameras are generally based on 

detectors particularly sensitive to a bandwidth around a 

specific wavelength 𝜆𝑝 dependent on their physical 

characteristics. Hence only a part of 𝑊 is detected and can 

be computed taking into account the spectral radiance of 

the body near 𝜆𝑝 and the spectral sensitivity of the 

detectors. For a black body at absolute temperature 𝑇 the 

spectral radiance as a function of wavelength 𝜆 is given by 

Planck's law 

 

𝑊𝜆𝑒(λ) =
2𝜋ℎ𝑐2

𝜆5 (𝑒
ℎ𝑐

λ𝑘𝐵𝑇 − 1)

 
(18)   

 

where ℎ is the Planck constant, 𝑐 is the light speed in 

vacuum and 𝑘𝐵 is the Boltzmann constant. 

Moreover, it is necessary to consider that the total 

radiation measured by the camera is not due exclusively to 

the one directly emitted from the object 𝑊𝑜𝑏𝑗, but is also 

composed of two additional contributions, the radiation 

emitted by the atmosphere 𝑊𝑎𝑡𝑚 and the one reflected from 

surrounding objects 𝑊𝑟𝑒𝑓𝑙  (Fig. 4). All these contributions 

are in turn affected by the influence of the emissivity 𝜀 and 

of the atmosphere transmittance 𝜏; the latter value depends 

mainly on the object distance, on the atmospheric 

temperature and on relative humidity [40]. 

Hence, the total incident radiation 𝑊𝑡𝑜𝑡 on the detector 

may be expressed as sum of all cited contribution 

𝑊𝑡𝑜𝑡 = 𝜀𝜏𝑊𝑜𝑏𝑗 + (1 − 𝜀)𝜏𝑊𝑟𝑒𝑓𝑙 + (1 − 𝜏)𝑊𝑎𝑡𝑚 . (19)   



 

 

The equation (19) is typically implemented inside 

thermal cameras, but can also be used to make a system 

calibration by calculating a proper emissivity value for an 

object [40]. If we assume to know the emissivity 𝜀 1 of an 

object for which we measure a temperature 𝑇𝑜𝑏𝑗1
 via 

thermal imaging and we measure for the same object also 

a temperature 𝑇𝑜𝑏𝑗2
 using a more accurate method, then a 

new value of emissivity 𝜀2 can be derived by imposing that 

the resulting total radiation incident on the detector are 

equal 

{
𝑊𝑡𝑜𝑡 = 𝜀1𝜏𝑊𝑜𝑏𝑗1 + (1 − 𝜀1)𝜏𝑊𝑟𝑒𝑓𝑙 + (1 − 𝜏)𝑊𝑎𝑡𝑚

𝑊𝑡𝑜𝑡 = 𝜀2𝜏𝑊𝑜𝑏𝑗2 + (1 − 𝜀2)𝜏𝑊𝑟𝑒𝑓𝑙 + (1 − 𝜏)𝑊𝑎𝑡𝑚
  . (20)   

Substituting (17) in (20), and subsequently solving for 𝜀2, 

we derive 

𝜀2 = 𝜀1
𝑇𝑜𝑏𝑗1

4 − 𝑇𝑟𝑒𝑓𝑙
4

𝑇𝑜𝑏𝑗2
4 − 𝑇𝑟𝑒𝑓𝑙

4  (21)   

with values constrained to range 𝜀2 ∈ [0,1]. A similar 

result could have been obtained using (18), evaluated in 

𝜆 = 𝜆𝑝, instead of (17) [41] [42]. 

Once the thermal image of the profile sketched in Fig. 3 

has been acquired, the temperatures measured at the 

interfaces can be substituted in (14) and (16), as is done in 

the direct method, leading more quickly to the same result. 

However, since in this case, we do not deal with simple 

measurement points but rather with an array of pixels, it is 

necessary to perform a preliminary step to identify the 

pixels corresponding to the interfaces between the medium. 

The technique is based on the assumption that the 

temperature is uniform along the 𝑥-axis within a limited 

ROI. This ROI can be thought composed by 𝑀 layers each 

of thickness ℎ𝑙 (with 𝑙 = 1,… ,𝑀) thus the whole stack has 

a height 𝐻𝑇 = ℎ1 + ⋯+ ℎ𝑀. The ordinates, in the image 

reference frame, of the lower and upper surface of the 𝑙-th 

layer are denoted as 𝑦𝑙−1 and 𝑦𝑙, respectively. Fig. 5 shows 

the thermal profile and the ROI for a simulated stack of 

materials similar to the one sketched in Fig. 3. 

Let 𝑇(𝑥, 𝑦) be the digital image and (𝑥0 − Δ𝑥/2 , 𝑦0), 

(𝑥0 + Δ𝑥/2, 𝑦𝑀) the opposite corners of the rectangular 

ROI of width Δ𝑥 and height Δ𝑦 = 𝑦𝑀 − 𝑦0. In order to 

measure the vertical temperature profile inside the ROI, all 

the temperature values are averaged along the 𝑥-axis 

direction. In this way the image array 𝑇(𝑥, 𝑦) is reduced to 

a vector 𝑇�̅�(𝑦),  

𝑇�̅�(𝑦) =
1

Δ𝑥 + 1
∑𝑇(𝑥, 𝑦)

𝑥∈�̅�

   , 𝑦 ∈ 𝑌 (22)   

where �̅� = {𝑥: 𝑥0 − Δ𝑥 2 ≤ 𝑥 ≤⁄ 𝑥0 + Δ𝑥 2⁄ } and 𝑌 =
{𝑦:  𝑦0 ≤ 𝑦 ≤ 𝑦𝑀}. 

Since the thickness of each layer of the stack is already 

known, the position of their interfaces in the image is easily 

obtained from 𝑦0 and 𝑦𝑀 through a simple proportion. 

Hence the values 𝑦0 and 𝑦𝑀 should be determined 

carefully, with the procedure described later. In particular, 

it is possible to obtain the value of the ordinates in the 

image corresponding to the interfaces between layers as  

𝑦𝑙 = 𝑦0 + (𝑦𝑀 − 𝑦0) ∑ 𝑘𝑚

𝑙

𝑚=1

 . (23)   

where the quantities 𝑘𝑙, defined as, 

𝑘𝑙 =
ℎ𝑙

𝐻𝑇
,     𝑙 = 1,…𝑀 (24)   

form a vector 𝐾𝑇 = [𝑘1, … 𝑘𝑀] which contains the 

geometric normalized structure of the stack. For instance, 

applying (23) to the scheme in Fig. 3, we can derive the 

temperature at the interfaces 

𝑇1 = 𝑇�̅�(𝑦0) = 𝑇�̅�(𝑦0) 
𝑇2 = 𝑇�̅�(𝑦1) = 𝑇�̅�(𝑦0 + Δ𝑦 ⋅ 𝑘1) 

𝑇3 = 𝑇�̅�(𝑦2) = 𝑇�̅�(𝑦0 + Δ𝑦 ⋅ (𝑘1 + 𝑘2)) 

𝑇4 = 𝑇�̅�(𝑦3) = 𝑇�̅�(𝑦0 + Δ𝑦 ⋅ (𝑘1 + 𝑘2 + 𝑘3)) . 

(25)   

The determination of 𝑦0 and 𝑦𝑀 is carried out using a 

least squares method. However, in order to overcome the 

low resolution limit of the adopted camera and get a higher 

precision in layers detection, the vertical temperature 

profile 𝑇�̅� is first oversampled of a factor 50. Indeed, 

substituting (25) into (14) and using the relation (7), 𝑦0 and 

𝑦𝑀 are obtained minimizing the error between the power 

drained by the TEC module, estimated as difference 

between the emitted and absorbed heat flux Δ𝑞 = 𝑞𝑒𝑚 −
𝑞𝑎𝑏𝑠, and the measured supplied power 𝑃 = 𝑉𝐼 

argmin
[𝑦0,𝑦𝑀]

‖𝑒‖2

√𝑁𝑠

= argmin
[𝑦0,𝑦𝑀]

 
‖Δ𝑞 − 𝑃‖2

√𝑁𝑠

 (26)   

with 𝑁𝑠 the number of sampled points. 

IV. AUTOMATIC TEST BENCH 

In order to validate the proposed method, the thermal 

resistance of a TEC module was estimated with both the 

proposed method and the direct one comparing the 

obtained results. For this purpose, the authors developed 

the experimental setup in Fig. 6 to allow simultaneous 

measurements of the temperature profile with both 

methods varying the applied voltage, i.e. the injected 

current 𝐼, and measuring the generated temperature 

gradient Δ𝑇. The TEC under test is a common commercial 

low-cost module TES1-12730 from Thermonamic 

Electronics Corporation [43], having the parameters 

reported in TABLE I. 

The module under test is placed between two identical 

heat flux sensors each one obtained interposing a glass 

layer (with thickness ℎ𝑔𝑙𝑎𝑠𝑠) between two aluminum plates 

(with ℎ𝑎𝑙𝑢 thickness) in which a type J thermocouple has 

been inserted to read the local temperature at the interfaces. 

Each contact surface was dressed with a thermal 

conductive paste in order to minimize thermal losses. 

It was worth  noting that the aluminum plates are a 



 

 

necessary complication used only to compare the reference 

method with the proposed one which required only the 

thermal image of a stack similar with the one reported in 

Fig. 3 made by only three layer instead of the seven 

required for thermocouples-based measurements. 

For the sake of completeness, values for all geometrical 

and physical parameters are summarized in TABLE II. 

The entire stack is thermally insulated along sides by a 

properly shaped polystyrene block, leaving only a small 

window to take the thermal images. The thermal exchange 

between the outer surfaces and the room is established 

thanks to two aluminum heat sinks air cooled with fans. As 

long as the temperature varies, voltages generated by 

thermocouples are directly acquired at 10 kS/s by a 16-bit 

DAQ board X Series USB 6361 by National Instruments 

and then averaged over one second. A software cold-

junction compensation is then applied using an integrated 

temperature sensor, model LM35 from Texas Instruments, 

previously calibrated in a Discovery Es 250 (DY-250) 

climatic chamber from Angelantoni Group S.p.A.. 

The whole characterization process is handled by 

MATLAB and a routine based on the Robot class from 

Java platform has been specifically designed for 

automating thermal image capturing. A T335 FLIR thermal 

imaging camera was used, placed at a distance 𝑑 from the 

setup. The robot (Fig. 7) controls the mouse over the FLIR 

ResearchIRTM 4 [44] software window and simulates keys 

pressed on the keyboard in order to export the thermal 

image in MATLAB format as a temperature matrix, 

averaged over 16 frames, for further processing. 

As reported in Fig. 8, the TEC under test is powered by 

a 4-quadrant amplifier Toellner TOE7621, driven by a 

voltage signal from an Agilent 33220A arbitrary function 

generator controlled through IEEE 488 bus. Two Agilent 

34401A multimeters, interfaced also via IEEE 488 bus, are 

used to measure the current 𝐼 absorbed by the module and 

the voltage 𝑉 at its terminals in order to calculate the power 

consumption 𝑃. 

The test procedure, summarized in the flow chart in Fig. 

7, is iterated for 10 different voltage values from 𝑉 =
400 mV to 𝑉 = 4 V in order to perform a thermal 

characterization of the module for different steady state 

operating conditions. After the voltage changes and before 

starting to acquire signals a pause time of five times the 

TEC module thermal time constant (5𝜏) is waited. In this 

way it is possible to ensure that the test starts after the 

achievement of steady state conditions and all transient 

behaviors are vanished. The value of 𝜏 was calculated 

identifying the TEC thermal model by an Autoregressive 

Exogenous (ARX) method included in MATLAB System 

Identification Toolbox. For this specific case, the model 

was identified obtaining the 91.19% Normalized Root 

Mean Squared Error [45]; the time constant is the greatest 

value among 𝜏32 = 9.73 s, referred to output Δ𝑇32 at TEC 

surfaces, and 𝜏41 = 72.3 s, referred to output Δ𝑇41 at stack 

extremities, obtaining a steady state temperature variation 

below 0.7%. 

V. EXPERIMENTAL RESULTS 

A comparison between the proposed method and the 

thermocouple based one was performed over the ten values 

of the voltage driving the TEC. 

Before presenting the measured thermal profiles, it is 

important to describe how the emissivity setting of the 

thermal camera was obtained. Indeed, as it is clear from the 

Fig. 6, in the Field of View of the thermal imaging camera 

materials are stacked that have very different emissivity 

values, ranging from 0.92-0.94 for smooth glass to less 

than 0.3 for aluminum. Therefore, in order to obtain a 

uniform emissivity map, a strip of black electrical tape 

(IEC60454-3-1-5/F-PVCp/90) was attached along the 

stack (see [46]), whose emissivity value was derived as 

follows.  

1) We first attached a TP878 Pt100 contact probe by 

Delta OHM to a polished aluminum surface which is 

placed to cover the pointed ROI. The camera was 

configured so that 𝜀 = 1 and temperature measurements 

are averaged over 16 frames.  

2) The camera was used to measure the temperature 

𝑇𝑟𝑒𝑓𝑙 reflected on the surface over a ROI of 23x23 pixels.  

3) Hence, a strip of electrical tape was put on the metal 

surface and, after assuming a typical emissivity 𝜀1 = 0.95, 

it was measured the target temperature 𝑇𝑜𝑏𝑗1 over the same 

ROI. At the same time, the target temperature 𝑇𝑜𝑏𝑗2 was 

also acquired using the Pt100 probe with a numbers of 

samples 𝑁 equal to the number of pixels in the camera ROI.  

4) In a final calculation step, we substituted the N 

samples of 𝑇𝑜𝑏𝑗1, 𝑇𝑜𝑏𝑗2 and 𝑇𝑟𝑒𝑓𝑙 in the equation (21), so 

obtaining 𝑁 values for 𝜀2, with mean value 𝜀2̅ = 0.918 and 

standard deviation 𝜎𝜀2 = 0.007. Thus the value 𝜀𝑐𝑎𝑙 =

0.92 was used in all the subsequent tests.  

For sake of clarity, it is important to bear in mind that 

this new emissivity value does not claim to represent an 

absolute estimation of the emissivity of the electrical tape 

used, but rather the calibration factor of the thermal 

imaging method with respect to the Pt100 reference 

method, taking into account several factors like the setup 

geometry, the ambient temperature and last but not least 

the target emissivity. 

The resulting temperature profiles for several currents 𝐼 
are reported in Fig. 10. Each profile was obtained 

averaging horizontally the masked image shown in Fig. 9. 

The importance of using the black tape to get a uniform 

emissivity map appears clear if we compare the 

temperature profile of the taped and untaped measurement 

box. In the latter case, because of the low emissivity of the 

aluminum layers, the measured temperature of that layers 

tends to the reflected one, as evinced from Fig. 11. 

In order to compute the heat flux, equation (15) should 



 

 

be modified in (27) to take also into account the 

temperature drops on the aluminum layers. Indeed, 𝑇3 and 

𝑇2 from Fig. 10 are related to the temperature at the 

interface glass/aluminum and not aluminum/TEC. 

𝑇ℎ = 𝑇3 + 𝑞𝑒𝑚(Θ𝑐𝑒𝑟 + Θ𝑎𝑙𝑢) 

𝑇𝑐 = 𝑇2 + 𝑞𝑎𝑏𝑠(Θ𝑐𝑒𝑟 + Θ𝑎𝑙𝑢) 
(27)   

Since the knowledge of the value of the Seebeck 

coefficient is required for the computation of the thermal 

resistance, we used the procedure described in [19] to 

derive both the value of 𝛼𝑑𝑠 and the expected value of 

thermal resistance Θ𝑑𝑠 from the module datasheet. See 

TABLE I. 

Experimental results reported in Fig. 12 show a good 

agreement in heat fluxes measurements between the 

thermocouple based method and the proposed one. 

Conversely, a greater difference arises in the determination 

of the thermal resistance, since expression (16) involves 

also absolute temperatures. As evinced from Fig. 13, the 

relative error is greater for Δ𝑇 < 10 °C, because of the low 

accuracy of the thermocouples measurements when the 

sensing junction is at a temperature near to the cold 

junction one. In any case, the thermal resistance is 

underestimated with respect to the direct measurement 

method with a typical relative error around 2%. In order to 

further validate the proposed method, it is possible to 

observe that the obtained thermal resistance is compatible 

with the approximate estimate Θ𝑑𝑠 reported in TABLE I. 

Finally, repeated experiments were performed with a 

twofold objective: i) to quantify the short-term stability of 

the thermal camera and consequently the temperature 

matrix in the ROI and ii) to compare, more interestingly, 

the precision of the proposed method with respect to the 

thermocouple based one.  

In order to have a good comparison of the two methods, 

the test was made at best condition for the thermocouples, 

i.e. for measured temperatures far enough from the cold-

junction temperature; in other words, this condition 

corresponds to the highest stimulus voltage (i.e. 4 V) which 

induce a temperature drop Δ𝑇 ≈ 30 °C between the 

surfaces of the TEM.  

In TABLE III are reported the results obtained for 90 

repetitions without changing any parameter. By comparing 

all the obtained standard deviations, it is clear that the 

dispersion of each value is in the same order of magnitude 

for both methods with a slight advantage for the reference 

method. Without considering the other benefits introduced 

with the thermal imaging, which have been previously 

discussed, this result further confirms the goodness of the 

proposed approach. Statistics in fact show that, after 

performing an accurate calibration, the achievable 

performance of thermal imaging based methods are 

comparable with direct ones. 

VI. CONCLUSION 

In this work, a new fast method to estimate the thermal 

resistance of TEM modules was presented. The novelty 

consists in using a thermal image processing technique to 

obtain a temperature profile of the stacked setup in each 

working condition while a segmentation procedure let to 

estimate the temperature at the interfaces overcoming the 

limited resolution of the thermal camera and reducing the 

number of measurement layers needed. Direct and thermal 

imaging temperature measurements let us to obtain two 

different estimation of heat fluxes and then of thermal 

resistance; such estimations have been compared showing 

a slight underestimation of the proposed method with 

respect to the direct one. Finally, the evaluation of the 

repeatability of both methods has been performed and the 

results reported in Section V showing the suitability of 

using contactless thermal imaging techniques to achieve a 

small error in thermal resistance assessment if compared to 

a thermocouple based method and to a datasheet-based 

estimation, without the need of using and designing 

complex measurement testbed which commonly involves 

many probes and fiddly circuitry. 
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Fig. 1 - Concept diagram of a heat engine 

  



 

 

 
Fig. 2 - Typical TEM voltage profile using transient method: applied current I (bottom) and resulting voltage V (top) vs. time. 
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Fig. 3 – General scheme for the measurement of the thermal resistance Θ 

  



 

 

 
Fig. 4 - Total incident power contributions 

 

  



 

 

 
Fig. 5 - Example of measurement mask applied to a TEC simulation in COMSOL Multiphysics 

  



 

 

 
Fig. 6 - Measurement setup for thermal imaging method validation 

  



 

 

 
Fig. 7 - Measurement flow-chart (left); MATLAB/FLIR robot code (right) 

  



 

 

 
Fig. 8 - Electrical measurement setup 

  



 

 

 
Fig. 9 - Original thermal image and extracted mask for 𝐼 = 0.615 𝐴 

  



 

 

 
Fig. 10 - Temperature profiles (solid lines) and layer interfaces (dashed lines) 

  



 

 

 
Fig. 11 - Effect of electrical tape on temperature estimation for 𝐼 = 0.615 𝐴 

  



 

 

 
Fig. 12 - Results from thermocouples based method (dashed lines) vs. thermal imaging method (solid line). The electrical power is marked with circles. 

  



 

 

 
Fig. 13 - Thermal resistance relative error of thermal imaging based method with respect to thermocouples based method 
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TABLE I.TES1-12730 PARAMETERS  

 

Symbol Description Value 

𝑛 Number of thermocouples 127 

 Single module size [mm] x [mm] 30x30 

𝑇ℎ Hot side temperature at environment [°C] 27 50 

∆𝑇𝑚𝑎𝑥 
Temperature Difference when cooling 

capacity is zero at cold side [°C] 
68 76 

𝑉𝑚𝑎𝑥 Voltage applied to the module at ∆𝑇𝑚𝑎𝑥 [V] 15.5 17.4 

𝐼𝑚𝑎𝑥 DC current through the modules at ∆𝑇𝑚𝑎𝑥 [A] 3.5 3.5 

𝑄𝐶𝑚𝑎𝑥
 

Cooling capacity at cold side of the module 

under ∆𝑇 = 0 °C [W] 
34.1 37.4 

𝑅𝑖𝑛 Module resistance under AC [Ω] 3.5~3.9 3.8~4.3 

𝑅𝑑𝑠 Internal resistance A [Ω] 3.42 3.79 

𝛼𝑑𝑠 Seebeck coefficient A [mV K⁄ ] 51.7 53.7 

Θ𝑑𝑠 Thermal resistance A [W K⁄ ] 3.24 3.27 
A Parameters extracted from datasheet using procedure in [19] 

 

  



 

 

 
TABLE II. SETUP PARAMETERS 

Symbol Description Value 

ℎ𝑐𝑒𝑟 Ceramic module surface thickness [mm] 0.5 

ℎ𝑎𝑙𝑢 Aluminum layer thickness [mm] 2 

ℎ𝑇𝐸𝐶 TEC module thickness [mm] 3.7 

ℎ𝑔𝑙𝑎𝑠𝑠 Glass layer thickness [mm] 8 

𝜅𝑎𝑙𝑢 Aluminum thermal conductivity [W m ⋅ K⁄ ] 237 

𝜅𝑔𝑙𝑎𝑠𝑠 Glass thermal conductivity [W m ⋅ K⁄ ] 1.1 

𝜅𝑐𝑒𝑟 Ceramic thermal conductivity [W m ⋅ K⁄ ] 30 

𝐴 Module area [mm2] 30x30 

𝑑 Distance of the camera from the setup [cm] 30 

𝜀𝑐𝑎𝑙 Calibration emissivity value 0.92 

 

  



 

 

 

TABLE III. PRECISION COMPARISON 

Symbol Description 

Standard Deviation 𝜎 

Thermo-

couple 

Thermal 

Imaging 

𝐼 Current [mA] 0.763 

𝑉 Voltage [mV] 0.215 

𝑃 Power [mW] 2.737 

𝑇1 Temperature 𝑇1 [°C] 0.112 0.145 

𝑇2 Temperature 𝑇2 [°C] 0.201 0.233 

𝑇3 Temperature 𝑇3 [°C] 0.199 0.236 

𝑇4 Temperature 𝑇4 [°C] 0.093 0.161 

𝑞𝑒𝑚 Emitted heat flux [mW] 15.54 14.64 

𝑞𝑎𝑏𝑠 Absorbed heat flux [mW] 15.48 17.98 

Δ𝑞 Heat flux difference [mW] 30.62 32.34 

Θ Thermal resistance [°C mW⁄ ] 9.854 11.235 
AStatistics are computed over a measurement sample size equal to 90 
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