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Abstract: This paper presents a simulation model for a system equipped with thermoelectric elements,
considering the impact of independent thermal contact resistances on each side of the module. An
analytical model was constructed, taking into account the asymmetry of thermal resistances between
the generator/cooler and the respective heat source/heat sink. A comparative analysis of thermo-
electric device operating indicators such as conducted heat, efficiency, and the electricity/cooling
power produced was performed. The selection of electrical current in the circuit was analysed based
on the maximization of power or efficiency. This paper discusses deviations from ideal conditions,
specifically the absence of thermal resistance between the heat source/sink and the thermoelectric
junction. The model accurately simulates the operating conditions of the thermoelectric system
with a low computational cost. The results indicate that the total thermal resistance, rather than its
location, predominantly affects the operation of the thermoelectric generator. However, in cooling
operations, the influence of thermal resistance significantly depends on the cooling power demand
and temperature.

Keywords: TEG; TEC; heat resistance; thermoelectric module; heat transfer

1. Introduction

The rationalization of energy consumption and the utilization of waste energy released
in various thermal processes have become essential over the past few years. One of the
methods to recover waste energy is the use of thermoelectric generators (TEGs), which
convert heat flow directly into electricity [1]. The efficiency of such an energy conversion is
relatively small and is significantly dependent on the effective temperature difference at
the thermoelectric junctions. The temperature difference is highly influenced by the heat
transfer intensity at both sides of the TEG, which means the thermal resistance between the
heat source/sink and the junctions. Many analyses of the thermal state of TEGs neglect
heat resistance or assume that it is equal on both sides of the thermoelectric module (TEM).
While the first assumption may lead to a significant discrepancy with the actual situation,
the second should be justified.

One of the mentioned approaches is to consider only the TEG with specific temper-
atures of the hot and cold junction [2]. This is tantamount to idealizing the boundary
conditions on the TEG surface, implying perfect contact (no thermal resistance) between
the thermoelectric module casing and the heat source/sink. Thus, the temperature of the
thermoelectric junction is the same as the temperature of the respective heat reservoir. In
this case, Marchenko conducted an in-depth theoretical study of the heat transfer problem
using thermoelectric legs [3]. He compared several methods for the heat conduction solu-
tion within the legs and concluded that the error in the approximated solutions increases
with increasing Joule and Thomson effects. An extension of this approach is to consider the
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thermal conductivity of the module housing with the specified heat source/sink tempera-
ture and the contact resistance between the heat exchangers and the TEG. The resistance
distribution is primarily symmetrical, that is, identical on both sides of the thermoelec-
tric generator.

Kim [4] considered the thermal resistance of contact layers and derived the actual
temperature difference at the thermoelectric junctions with known symmetrical thermal
resistances on both sides of the TEG. Lv et al. [5] analysed all heat transfer paths between
sources, with a focus on minimizing the heat losses resulting from convection and radiation.
The authors indicated that limiting internal heat loss may improve the TEG efficiency by
no more than about 9%. Youn et al. [6] considered the problem of thermal resistance in
simple electronic applications. They addressed the maximum power shift from the typical
impedance-matching condition (equal load and internal electrical resistances) caused by
thermal resistance at the contact surfaces. The influence of parameters that determine the
heat resistance in the thermal interface material is presented in [7]. The authors analysed
the surface finish and clamping force and showed to what extent they affect the TEG
performance. In addition, in some works, a combination of different materials within one
leg is discussed [8], also in combination with a variable cross-section of the legs [9].

The heat utilized for TEG operation originates from various sources. In their study [10],
the authors focused on a system where the heat source for the TEG is a hot gas flow, and the
performance of the system is influenced by the flow parameters. Numerous recent papers
delve into issues related to TEG application in the automotive industry, with exhaust gases
used as a heat source before releasing them into the environment [11] or heat harvested from
the cooling system [12]. Further efforts to enhance heat exchange by modifying the heat
exchanger’s geometry are discussed in [13,14]. Zaher et al. [15] developed a TEG-integrated
numerical model of a heat exchanger designed to capture waste heat from gas-fired devices
in the food industry. They assessed the impact of axial heat conduction in a multi-row
heat exchanger. Paper [16] presents an analysis of the use of thermal radiation focused on
lenses in a heating furnace. The growing use of photovoltaic panels has spurred researchers’
interest in hybrid PV-TEG systems. The PV module in such a system serves as the upper
heat source for the TEG. Paper [17] presents an assembly of a concentrated photovoltaic
(CPV) cell and a TEG. Some authors attempt to use advanced algorithms to find the optimal
solution to the geometry and operating point of a thermoelectric cell [18]. The authors
of [19] suggest the use of phase change materials on the cold side of the thermoelectric
module to improve energy conversion efficiency. This resulted in a several-percent increase
in the PV-TEG system power. The issue was further explored in [20]. Bjerk and Nielsen [21]
explore a tandem PV-TEG system, directing short-wave radiation onto the PV cell and
long-wave radiation onto the TEG module. The authors emphasize that the influence of
this configuration on the overall system efficiency is relatively negligible. Using a slightly
different approach, [22] investigates hybrid PV-TEG systems, with a specific focus on
evaluating how module geometry affects efficiency. In addition to converting waste heat
into electricity, thermoelectric modules can also be easily used as a heating or cooling
element [23] supplied with electricity.

Heat recovery is no longer the domain of large industrial systems alone—it is also
commonly used in microscale processes [24]. Today, we are surrounded by devices that
require very little energy (e.g., wearable) and can be powered by a small electric generator,
and one way of using small sources of heat, which is frequently waste heat, is to utilize
TEGs. The development of the smart things industry also leads to the search for different
forms of powering devices with low energy demand [25]. It also requires research on the
power sources” durability, including thermoelectric generators [26]. Moreover, in “zero
energy” buildings, thermoelectric modules can be widely used, both as generators and/or
heat pumps [27]. Thermoelectric systems can also be used in electronics cooling [28] to
control operating conditions.

Thermoelectric modules find another application in their cooling mode (thermoelectric
cooler—TEC). The use of such devices is becoming increasingly common across various
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technological fields. A common application involves incorporating thermoelectric cells
in consumer refrigerators [29], where they help maintain a consistent temperature for
electronic components [30] or in systems designed to prevent the development of thermal
stresses [31]. One notable advantage of thermoelectric cells is their versatility. In addition to
operating in heat pump mode, they can also function as electricity generators by harnessing
a temperature gradient, converting a portion of the heat flux into electrical energy [32].
However, the broader adoption of thermoelectric modules is hindered by their relatively
low energy conversion efficiency when operating as generators and a low coefficient of
performance (COP) in the heat pump mode. The imperative to enhance efficiency is evident
in vigorous development efforts, encompassing the exploration of new thermoelectric
materials and the refinement of thermoelectric cell properties [33,34], as well as decreasing
the existing constraints (i.e., in heat transfer).

TECs can also be used to induce the phenomenon known as supercooling [35], where
a momentary reduction in the temperature of the cooled space occurs below the minimum
value attainable in a steady state. The degree of supercooling and the cooling power at
hand are contingent on the contact heat resistance between the thermoelectric junction and
the surroundings. It is essential to explore the extent to which the operation of a TEC is
affected by thermal resistance.

The contribution of this paper, compared with the works published so far by other
authors, is the attempt to analyse TEG and TEC operation taking account of the contact
thermal resistance of the accompanying elements in the most extended form, i.e., with
independent values of resistance on the TEG/TEC cold and hot sides. It is taken into
account that thermal resistance can be created by elements of the TEG/TEC structure itself
(e.g., the ceramic layer), the heat-conducting grease layer, the surface film conductance, etc.
Moreover, the contact quality, and thus, the heat resistance, may change with time, and
these changes may occur differently for low and high operating temperatures.

2. Theoretical Model

The Seebeck phenomenon is based on electromotive force generation, while the joints
of two connected thermoelectric materials are kept at different temperatures. For a given
thermoelectric module (material pair), its electromotive force is a function of the difference
between the temperatures of the junctions (EMF = «(Tj, — T¢)). Therefore, it is important to
know this quantity from the point of view of the achieved useful electrical parameters. The
TEG electric circuit is electrically isolated from heating/cooling surfaces so that individual
couples should not be short-circuited accidentally. Unfortunately, electrical insulation
creates an additional thermal barrier between the heat source or heat sink and the TEG
junctions. Generally, for most materials, the conduction of electricity is directly linked to
the conduction of heat, so it is hard to find the desired materials, in this case—the electrical
insulator and a good thermal conductor. Usually, there is also a need for thermal interface
material between the thermoelectric module case and the heat source/sink. As a result,
the operating temperatures of the thermoelectric junctions differ from the temperatures
of the exchangers. These differences will increase with the weakening of the thermal
contact between the TEG surfaces and the heat source/sink. The typical ceramic cover
of the thermoelectric module is coated on the outside with a heat-conducting grease, the
purpose of which is to reduce resistance between the heat exchanger and the ceramic
housing. Contact resistance will therefore be a function of the parameters of the grease
itself and also of the degree to which the grease fills the irregularities in the contacting
surfaces, surface smoothness, and of the housing conductivity. Time changes in the physical
properties of grease are also significant. They may have a substantial impact on the contact
resistance between the heat exchanger and the module surface depending on the operating
temperature, as well as the device in-service time and the grease structural changes related
thereto. Because the surfaces of the thermoelectric modules usually have significantly
different temperatures, the thermal resistance on the two sides can differ to a great extent
and have a vital influence on the overall system characteristics. Since the aim of this research
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is to show the influence of thermal resistance on the thermoelectric module performance in
a comparative way, rather than determine their absolute parameters, the material properties
are assumed to be temperature independent.

Figure 1 illustrates the basic idea of the model used. The thermoelectric module
is placed between the heat sources/sinks with temperatures T}, and T¢,, respectively.
Due to the thermal resistance between the surfaces of the heat exchangers and the TEG
junctions (rg, and rs.), the hot junction temperature is lower than the temperature of the
exchanger (Tj, < Tj,), whereas the cold junction temperature is higher (T, > T,) in the
case of generators and opposite (Tj, > Tj, and T, < T,;) in the case of cooler. In this way,
depending on the resistance value, a part of the system exergy is lost.

r=1/k
. T :

Q “ Q.
e

Figure 1. Thermal path of the TEG system.

The analysis starts from the principle of energy conservation for the TEM, according
to which:

Qn = Q. +Prec, 1)

where Q;, and Q, denote supplied and released heat, respectively, and Prrg is the electric
power consumed in the external receiver (or supplied in the case of TEC (heat pump)
operation). The power can be expressed as:

Preg =VI, )

where V is the voltage on the external TEG wires and [ is the circuit current.

By carrying out the energy balance for the upper and lower surfaces between the
thermoelectric module and the heat source/sink, as well as the energy balance of the
module itself, and considering the thermal resistance between thermoelectric junctions and
heat exchangers, the following can be written:

IR T, — T, :
K(Ty = To) +alTy - —= = (Tha = Ti) " W _ g, (3)
sh

2
k(Ty, — T.) + aIT. + PR (Te=Ta) _ Q.. @)
2 Tsc
On the left side of the equations successively appear heat conducted by thermoelec-
tric legs of thermal conductivity k, Peltier heat, and Joule heat [36]. The heat conducted
between the junction and the corresponding exchanger (the right-hand side equality sign
of above equations) is represented by the ratio of the temperature difference at the layer to
the thermal resistance of the layer. The model assumes that on both sides of the module,
there are independent values of thermal resistance (rg, and rs). In other words, ry, and
tsc are proportionality coefficients between heat transferred through the surface and the
temperature difference. The Peltier coefficient is expressed as a product of the Seebeck
coefficient and absolute temperature (7 = aTj}, (), and R stands for the internal electri-
cal resistance of the thermoelectric module. Assuming that the material properties are
temperature-independent, the Thomson effect will not occur.
Based on the relations presented above, it is possible to derive the relation describing
the temperature gradient on the thermoelectric junction:

203 Rrgrsc + 20l (rsc Ty + 15h Tea) + IPR(rse — 1g,) + 2(Teq — Tha)
Th - TC = 2712 . (5)
2(a?Prgprse + al(rse — 1) — k(rsc +1sp) — 1)
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max
Preg =

Isc[4Isc (0% (rseTha + rsnTea) + kR(rsc + 1) + R) + aI3-R(rgp — 7sc) + 8a(Tea — Tha) |

The above formula can be combined with the relation describing Ohm'’s law and
voltage resulting from the Seebeck coefficient:

V =a(T, - T.) — RI. 6)

This formula can be simplified for short-circuit conditions (taking V= 0). This leads to
the following quadratic equation for current:

aI’R(rse — 1) — 21 (a2(rscir,m + 75 Tea) + kR (rg, + 7sc) + R) +20(Tjy — Tea) =0, (7)
whose discriminant totals:
2
A = 4(02(rsc T + 1oy Tea) + kR (rgy +75) + R)” = 8&2R(rsc = 1) (Tua — Tea), ®)

and can be used to determine the TEG short-circuit current as one of Equation (7)’s roots
(the other is non-physical):

o 2(a2(rscTpg + 7 Tea) + kR(rgp +7sc) + R) — VA
e 2aR(rsc — 7gp) '

©)

The authors of [6] assumed that the term aI?>R(rs. — r;,) in (7) is sufficiently small to
neglect it and consider this equation in a linear form. Here, we take into account the full
form of (7) and observe the influence of asymmetric contact on the thermoelectric module
performance.

Formulas describing the current magnitude corresponding to the maximum efficiency
and maximum power can be delivered analytically; however, its form and complexity make
it moderately useful. Assuming that the current corresponding to the maximum power is
half of the short-circuit current, the equation describing the maximum useful power of the
thermoelectric generator takes the following form:

(10)
4(“21§Crshrsc + 20élsc(rsc — rsh) — 4k(1’sh + rsc) — 4)

The model is valid only for ry, # rs as there is a singularity in Igc when rg, = 7
(Equation (9)). This issue can be numerically addressed using slightly different values for
thermal resistances, or one can opt for a much simpler model when rg, = 7, [36]. However,
this problem does not arise in the numerical solutions.

The thermoelectric generator efficiency is defined as the useful power-to-absorbed
heat flow ratio, and in this case, it is expressed as:

Preg
Qn

Putting aside a specific thermoelectric module, the impact of thermal resistance on
the TEM two sides on the device performance can be formulated based on the material
properties of the TEM junctions and the TEM geometry. The internal electrical resistance of
a TEG can be defined based on specific resistance (0,;) and the leg’s dimensions (assumed
rectangular cuboid):
pmnh

A
where 7 is the number of thermoelectric legs and & and A are the height and the cross-
sectional area of the leg, respectively. The TEM thermal conductivity can be written using
the thermal conductivity of the thermoelectric material (A;):

R:

(12)

AmnA
n

k= (13)
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The TEG Seebeck coefficient is described in the same manner, with «,, representing
difference in Seebeck coefficients for a single thermoelectric couple:
Kyt
&= —. 14
. (14)
A similar method can be applied to express the contact layer resistance, relating it to
the unit of the surface area.
Tsh, sc = e ’ (15)
! nAfA
where f is a factor that correlates the total leg area and the substrate area. This approach
is useful for optimization where the TEG structure changes.

3. Numerical Models

Appropriate computational models were prepared to evaluate the effect of the magni-
tude of thermal resistance and its asymmetry on both sides of the thermoelectric generator.
The first is a one-dimensional numerical model, which is based on the analytical formula-
tion presented above. The second model was prepared based on the finite element method
in a 3D configuration.

3.1. One-Dimensional Numerical Model

Using the presented analytical model, a computer program was developed to simulate
the operation of the TEM system [37]. The algorithm input data, apart from the material
parameters and geometrical features of the TEM, are the heat source/heat sink temperatures
in the case of TEG and ambient temperatures and heat transfer factors in the case of TEC,
the independent values of thermal resistance on the TEG hot and cold side and the current
in the circuit. Based on this, the temperature difference on the thermoelectric junction, the
voltage on the TEG terminals, the power output, and the power and voltage on internal
resistance are calculated. In the next step, the TEG or TEC efficiency is calculated, and the
efficiency is compared to the Carnot cycle for temperatures of the heat source and heat sink,
heat on both sides of the TEG, and EMF for the open- (oc) and short-circuit (sc) states. By
performing calculations for different currents flowing in the circuit between the oc and the
sc state, the full operating characteristics of the thermoelectric generator can be determined.
Moreover, by varying any input parameter, e.g., thermal resistance, it is possible to observe
its impact on TEG performance.

3.2. FEM Model

The FEM model (Figure 2) of the thermoelectric module was prepared in Ansys 2023R2
for a real, commercially available TEG. It consists of 199 thermoelectric couples made of
n and p semiconductors and connections between them. Actual geometry data, based on
our own measurements, were used for all module elements. The module is encapsulated
on both sides by a ceramic layer. A thin layer of a material with controlled thermal
conductivity is modelled next to it to substitute for the contact thermal resistance between
the heat exchangers and the thermoelectric module. The layer’s thermal conductivity can
be varied independently on either side of the module.

Figure 2. FEM model of the thermoelectric module.
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The geometric model was discretized using over 360 thousand nonlinear finite ele-
ments, resulting in slightly over 1.86 million nodes in the numerical mesh.

A constant temperature condition was established on the upper and lower surfaces
of the structure to simulate generator operation (TEG). Heat flow through the module is
primarily attributed to conduction alone, and all surfaces not in contact with other elements
(i.e., side walls of the thermoelectric legs) are treated as adiabatic. At one of the TEG
terminals, zero voltage was set, while the assumed current value was specified to reflect
various operating conditions of the TEG. Based on temperature difference and flowing
current, results for the amount of heat exchanged, electrical power, and temperature field
throughout the module are obtained.

4. Theoretical Model

The prepared numerical tools were used to simulate the TEM system under different
operating conditions resulting from the different side placement of thermal resistance
between the module and the heat exchangers. The thermal resistance of the contact layer
used for the simulation results from a series of our own experimental tests carried out
for commercially available TEGs. It represents the total thermal resistance between the
thermoelectric junction and the respective heat reservoir. It was determined under a
clamping force of 100 N for a 50 x 50 mm module. In the experiment, it was assumed that
the resistance was uniform on both sides of the module. The corresponding value is then
220 uKm2 /W. For the subsequent simulations, it was assumed that the resistance of each
of the two layers could be set independently to a relatively high real value (220 pKm? /W)
or a hypothetical value of 0, indicating no thermal resistance at all.

The calculations were carried out for the MULTICOMP PRO MCTE1-19913L-S module,
whose parameters were determined based on our own measurements. The first investigated
situation concerns electricity generation using a heat source and a heat sink with different
temperatures (120 °C and 20 °C). Based on the measurement technique presented in [36],
the following values of the Seebeck coefficient for the thermoelectric leg, thermal conduc-
tivity, and specific electrical resistance were used for the calculations: «;; = £0.22 mV /K,
Am = 274 W/ (mK), and p;; = 6.60 uQm, respectively. The parameters are assumed to
be temperature-independent. The module considered consists of n = 398 legs (199 ther-
moelectric couples) with a height of # = 1.5 mm. The surface area of the module is
Apodule = 25 cm? and the leg cross-section is a square with a 1.65 mm side length.

4.1. FEM Simulations

First, selected cases of module operation were simulated using the 3D FEM model.
The purpose was to compare the 3D numerical model with a one-dimensional solution.
The FEM calculations provide a complete picture of the thermal and electric fields for
different operating conditions of the TEG module. Simulations were carried out for the
TEM data mentioned above, and the results were compared to the 1D solution. Example
results for the case where the contact resistance occurs only on the module hot side are
shown in Figures 3-5 for the electric current value corresponding to the highest achievable
electric output power. In the absence of contact resistance on the TEG cold side, the cold
junction temperature is practically the same as the heat sink temperature. On the hot side, a
significant decrease in the junction temperature is observed compared with the heat source
temperature (chart in Figure 3).
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B: Thermal-Electric
Temperature
Type: Temperature
Unit: °C

Time:1s

120 Max

20 Min 0
20 30 40 50 60 70 80 90 100 110 120
T €

Figure 3. Temperature field in the TEG cross-section when the thermal resistance is on the hot side.

0 Max -0.82071 -1.6414 -2.4621 -3.2829
-0.41035 -12311 -2.0518 -2.8725 ~-3.6932 Min
B: Thermal-Electric
Electric Voltage
Type: Electric Voltage
Unit: v
Time: 1s

Figure 4. Voltage field on the TEG junctions.

100.74 Max 100.38 100.2 100.02
100.65 100.47 100.29 100.11 99.932 Min

B: Thermal-Electric
Temperature 7
Type: Temperature
Unit: °C

Time: 1s

Figure 5. Temperature distribution on the hot surface of the TEG module.

The average temperature of the thermoelectric leg across the TEG is 60.4 °C. In these
conditions, the voltage on the TEG terminals is 3.69 V (see Figure 4), and the generated
electric power totals 8.3 W. Figure 5 shows the temperature on the TEM surface.

The temperature differs by less than 1 K, with the largest deviation at the corners where
the terminals are located. By comparing the temperature variation with the temperature
level, we can assume that the temperature is uniform. This, in turn, provides a good
justification for the application of the 1D model.

To validate the quality of the developed software based on the 1D model, a series of
tests was conducted by comparing the results with the 3D FEM model presented above.
Several key operating parameters were selected for the comparison, including the maxi-
mum output power, current at maximum power, short-circuit current, heat delivered at
open-circuit and short-circuit, and open-circuit voltage. These parameters were compared
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for various configurations of assumed thermal resistances. The absolute relative error for
each parameter was then evaluated (Table 1).

Table 1. Comparison of results obtained from the 1D and 3D models of the TEG.

rulte, uKm2/W Parameter 1D 3D Absolute Error, %
pmax W 5.85 5.84 0.2
I(Ppax), A 1.81 1.8 0.6
Isc, A 3.62 3.59 0.8
220/220 :
0,(I=0), W 146.26 145.13 0.8
Qu(I = Isc), W 226.65 22522 0.6
Voc, V 6.48 6.50 0.3
prmax W 8.4 8.38 0.2
I(Ppax), A 2.25 2.24 0.4
Isc, A 4.49 4.46 0.7
0/220 :
0,(I=0), W 167.76 166.37 0.8
Qu(I = Isc), W 286.32 284.61 0.6
Voc, V 743 7.45 0.3
prmax W 8.33 8.31 0.2
I (Ppax), A 2.25 2.24 0.4
Isc, A 453 4.50 0.7
220/0 :
0,(I=0), W 167.76 166.37 0.8
Qu(I = Isc), W 279.05 277.40 0.6
Voc, V 7.43 7.45 0.3
prmax W 13.03 12.99 0.3
I(Ppax), A 2.99 2.96 1.0
Isc, A 5.99 5.95 0.7
0/0 :
0,(I=0), W 196.66 194.91 0.9
Qu(I = Isc), W 375.55 373.22 0.6
Voc, V 8.71 8.73 0.2

We can see that the discrepancies between the models are generally below 1%, so the
results confirm the considerable usefulness of the 1D model, despite its limited dimensional-
ity. For this reason, further analyses related to the determination of the TEG characteristics
are conducted using the software developed based on it. This decision results from the fact
that the 1D model is characterized by very short computation times, which proves its great
advantage in comparison with expensive and time-consuming FEM simulations.

4.2. Performance Comparison of the TEG

To determine the full characteristics of the investigated TEG, calculations were carried
out on its current-dependent power (see Figure 6) and efficiency (see Figure 7) characteristics.
Three cases were considered: 1—no contact resistance (r;, = 0 puKm2/W, r. = 0 puKm?2/W),
2—resistance located on the hot side (r;, = 220 uKm? /W, r. = 0 uKm? /W), 3—resistance
located on the cold side (r;, = 0 uKm?/W, r. = 220 uKm? /W), and 4—resistance located
on both sides (r;, = 220 uKm2/W, r. = 220 uKm?/W). The first case corresponds to an
idealized situation, while the others are the cases of inclusion of contact resistance in the
model. Usually, it is assumed in the calculations that contact resistances are of the same
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magnitude on both sides of the TEG module. By considering cases 2 and 3, the influence of
respective side resistance on the TEG performance can be determined.

It follows from the presented charts (Figures 6 and 7) that the presence of thermal
resistance on either side results in a distinct deterioration in both the maximum power
and efficiency. It also decreases the short-circuit current. The location of the thermal
resistance has a very slight impact on the TEG power and efficiency characteristics. From a
practical standpoint, in most situations, this is therefore insignificant. It is worth noting,
however, that if thermal resistance occurs on the hot side, the maximum power is 8.33 W,
corresponding to a current of 2.26 A, while if it is located on the cold side, the values
are 8.40 W and 2.25 A, respectively. The short-circuit currents are 4.52 A for the hot side
resistance and 4.49 A for the cold side resistance. The maximum efficiency of the TEG in the
two situations is 3.69% (for 1.95 A) and 3.73% (for 1.90 A), respectively. The higher efficiency
corresponds to the location of the resistance on the hot side. This is because the average
temperature of the junctions is lower than in the case with resistance on the cold side,
which, in turn, results in a slightly lower value of the Peltier coefficient. This phenomenon
decreases the heat flow, thus increasing efficiency. In Figure 6, there are also results obtained
with the FEM model. There is a very good agreement with the 1D approach.

To gain a deeper understanding of the presented characteristics, an analysis of the
deviation between the thermoelectric junction temperature and the temperature of the
corresponding heat exchanger was conducted. The emphasis was placed on the TEG side,
specifically where the contact resistance was situated. The results, depicted in Figure 8,
showcase the temperature differences (Tj, — Tj,) and (T, — T¢,) as functions of the flowing
current. In other words, the chart shows the deviation between heat source/sink difference
and thermoelectric junction difference. The temperature deviations for the two junctions
demonstrate different dynamics.

20
1D 3D FEM
18 — =0 puKm2/W, r=0 nKm2/W K
16 rh=220 HKmZ/W, rc=0 }J.sz/W o0 0
— 1,=0 uKm?/W, r =220 pKm2/W coe
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Figure 6. TEG power as a function of current for various distributions of contact resistances.
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Figure 7. TEG efficiency as a function of current for various distributions of contact resistances.

The presence of thermal resistance results in an increase in temperature difference with
current, as the current generates Peltier heat, leading to a greater temperature “loss” across
the thermal resistance. When the thermal resistance is situated on the hot side, an increase
in electric current corresponds to a drop in the rate of changes (derivative) in the junction
temperature deviation. This is because an increase in current results in higher absorption of
heat by the TEG, known as the Peltier effect, leading to a decrease in junction temperature.
This phenomenon arises from a reduction in the Peltier coefficient caused by the tempera-
ture diminish in this scenario. Conversely, if the thermal resistance is positioned on the cold
side, an elevation in the heat conducted by the resistance layer (caused by the Peltier effect)
raises the temperature of the TEG’s cold side. This, in turn, amplifies the Peltier coefficient
and directly intensifies the impact of temperature changes, resulting in an enlargement
of temperature deviation (positive second derivative). Initially (for zero current), the rate
of change (derivative) in the temperature deviation is higher in the case of r; presence
(compared with the presence of 7.) because the hot heat flow is also higher. This difference
in heat flow (enlargement on the hot side) is due to the first law of thermodynamics (where
some heat is converted to electricity) and becomes more significant with increasing current,
up to the point where maximum power is reached. The curves presented in Figure 8 explain
why for the cold-side case (rh = 0 puKm? /W, r, = 220 uKm?2/ W), the maximum power in
Figure 6 is higher than in the opposite case, even though the short-circuit current is smaller.
This observation is consistent with the efficiency difference illustrated in Figure 7.

It is worth noting that an increase in current brings about a modification in the disparity
between the heat flow conducted to/from the heat exchangers. This stems from the transfer
of a portion of energy to the external environment in the form of electricity within the
analysed system.
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Figure 8. Deviation in the thermoelectric junction temperature from the temperature of the corre-
sponding heat exchanger as a function of current in the TEG.

4.3. Influence of Heat Source Temperature

In the next step, it was decided to investigate how contact resistance affects the
operating parameters of the TEG system with changing values of the upper heat source
temperature. For this purpose, a constant temperature was set for the heat sink at 20 °C,
and the temperature of the heat source was gradually increased for analogous cases of
thermal contact resistance occurrence. The increase in the temperature T;, would result
in an increase in the effective temperature difference across the thermoelectric junctions,
and consequently, an increase in the system’s power. The change in power is a nonlinear
function of the heat source temperature, as indicated by Equation (10). The negative
impact on the increase in the temperature difference across the junctions will be caused by
the presence of thermal resistances between the heat source/sink and the thermoelectric
junctions, which occur in almost all terms of Equation (10). We can infer that thermal
resistance will limit efficiency based on the deterioration in heat flow through the module.
However, it is challenging to discern the nature of the impact of these resistances based on
the mentioned equation.

Analysing the obtained results, we can observe that the maximum values of power
and efficiency do indeed increase with the rising temperature difference between the heat
source and heat sink, and the nature of their growth is nonlinear. However, the maximum
power of the system is characterized by significantly greater nonlinearity. The rate of
growth for both quantities is mainly determined by the total thermal resistance of the heat
flow between the heat exchangers, with the location of this resistance playing a marginal
role. In the case of power (Figure 9), the difference in its values is practically imperceptible,
whether the resistance occurs on the cold or hot side of the module. A slightly higher value
for the 0/220 resistance configuration than for 220/0 is observed because the heat is smaller
on the cold side. However, slightly larger differences, albeit still practically insignificant, are
noted in the case of efficiency (Figure 10). The greater value corresponds to the 220/0 case
when the thermal resistance is placed on the hot side. In this scenario, there is a lower
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average temperature of joints, leading to a lower Peltier coefficient. Consequently, the
heat conducted through the thermal resistance layers is smaller on average, resulting in a
reduced temperature gradient on the thermal resistance and, as a consequence, a greater
useful temperature difference at the thermoelectric joints.
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Figure 9. TEG maximum output power vs. temperature of the heat source for various distributions
of contact resistances.
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Figure 10. TEG maximum efficiency vs. temperature of the heat source for various distributions of
contact resistances.



Energies 2024, 17, 599

14 of 29

The depicted curves have a negative second derivative. This is due to the fact that
for a larger temperature difference, the electric current values corresponding to maximum
power or maximum efficiency are larger. Therefore, despite heat conduction following
Fourier’s law, there is a significant increase in Peltier heat due to higher current and higher
temperature of joints. These phenomena contribute to an enhanced heat transfer between
the heat source and sink. Nevertheless, completely neglecting the contact resistance leads
to a significant overestimation of both indicators of the TEG’s performance.

4.4. Influence of Average Temperature

To determine the effect of the TEG average temperature on its characteristics, simu-
lations were performed for higher heat source/sink temperatures (220 °C and 120 °C). It
should be emphasized here that this temperature range is higher than the allowable limit
for the module in question, and the only purpose of such calculations is to clearly illustrate
the influence of the average temperature on the characteristics of the TEG. The exchanger
temperature difference is the same (100 K) in both cases (120 °C/20 °C and 220 °C/120 °C).
The other parameters of the thermoelectric generator, including the contact resistance value,
also remain unchanged. Figures 11 and 12 present a comparison of the TEG characteristics
for the temperatures of 120 °C/120 °C and 220 °C/120 °C. The two cases differ only in the
TEG average temperature. The results illustrate the cases when the whole contact resistance
occurs on the module one side only—hot or cold.

g

Power, W

3 —— 1,220 uKm2/W, r.=0 pKm2/W
— 1,=0 uKm?/W, r.=220 uKm?/W
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— = r,=0 uKm?/W, r.=220 uKm?/W

0 05 1 15 2 25 3 35 4 45 5
Current, A

Figure 11. Curves illustrating the influence of temperature on TEG power.
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Figure 12. Curves illustrating the influence of temperature on TEG efficiency.

For the higher temperature range of the exchangers, the voltage generated by the
TEG, in the absence of the current flow in the circuit, is the same as in the case of lower
temperatures (which is due to the identical temperature difference). The same is true for
temperature “lost” in the two thermal resistance contact layers. The differences become
apparent when current flows through the TEG, and they result directly from the value
of the Peltier coefficient. Because the coefficient is linearly dependent on the absolute
temperature, the observed impact of the Peltier effect is stronger for higher temperatures of
the TEG junctions. It can be clearly seen that the curves that illustrate the characteristics of
TEGs lose their parabolic character with increasing temperature. This is due, among others,
to the increasing influence of the factor related to I* (Equation (10)). The electrical current
corresponding to the points of maximum power and efficiency decreases, and, importantly,
changes to a greater extent than the value of the short-circuit current. However, as in
the situation described above and despite the significant deformation of the characteristic
curves, the effect of on which side the thermal resistance is located appears to be relatively
small. The curve describing the parameters for the higher average temperature is charac-
terized by greater symmetry. This is due to the smaller variation in Peltier heat, which is
directly related to temperature. The changes in temperature degradation related to the
thermal resistance of the system are proportional to the heat flow. However, their relative
changes (with respect to 0 K) are smaller for the case with a higher mean temperature. The
same observation applies to the variation in Peltier heat. This explains the differences in
curve symmetry.

4.5. Impact of the Leg Height of the TEG

Next, an analysis of the impact of the height of the TEG legs on the thermoelectric
generator performance was conducted. The values of the EMF generated by the TEG in
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the open circuit for the temperatures of the heat source and heat sink of 120 °C/20 °C
depending on the height of the legs are shown in Figure 13.
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Figure 13. TEG open-circuit voltage depending on the leg height for various distributions of contact
resistance.

The curves presented in Figure 13 primarily reflect the impact of the distribution and
magnitude of thermal resistances on the temperature distribution within the system. When
the legs are very short, their thermal resistance is minimal, causing the contact layers to bear
most of the thermal resistance between the heat source and the heat sink. Consequently,
this results in a marginal difference in junction temperatures and a consequently low
voltage. As the height of the legs increases, the contribution of the TEG thermal resistance
to the total resistance also rises, leading to an increased temperature gradient across the
thermoelectric junction and consequently, a higher voltage. The analysis indicates that
the voltage asymptotically approaches the value corresponding to zero contact resistance.
However, it is crucial to note that an elevation in leg height entails a growth in the overall
thermal resistance of the system, causing a reduction in the heat transferred via the TEG.
Additionally, electrical resistance also increases, resulting in lower output power and a
decreased short-circuit current. In Figure 13, it is noteworthy that the distribution of contact
resistance becomes inconsequential, as the curves coincide in both extreme cases (where
the entire resistance is located on one side—either hot or cold). This uniformity arises due
to the absence of thermoelectric phenomena influencing heat flow (I = 0). Also, it should
be noted that in the case of ;, = r. = 0 (zero contact resistance), the heat flow tends to
infinity as the leg height tends to zero (infinite heat low).

In the case of the value of the short-circuit current as a function of the leg height, the
situation looks different, as presented in Figure 14.
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Figure 14. Short-circuit current depending on leg height for various distributions of contact resistance.

In this context, the discernible difference in short-circuit current values for various
contact resistance distributions becomes apparent. These variations are most pronounced
with shorter legs and diminish as the leg height increases. In a short-circuit state, the
heat released and absorbed by the TEG are equal since the disparity in heat generated
by different Peltier coefficients (temperature variability) is offset by Joule heat. The dis-
tinct short-circuit current values arise from the diverse temperature gradients across the
junctions, a consequence of varying Peltier coefficients.

When thermal resistance is situated on the hot side, the average temperature of each
junction is lower compared with the scenario where thermal resistance is on the cold side.
A higher Peltier coefficient, resulting from elevated temperature, leads to a more substan-
tial increase in heat flow per ampere. Consequently, this causes a greater temperature
deviation—the temperature “lost” in thermal resistance layers. This phenomenon results
in a reduced effective gradient when a non-zero current is applied. This explains the
non-uniformity observed between the two middle curves in Figure 14 and subsequent
calculations.

Figure 15 shows the curves illustrating changes in the TEG maximum power depend-
ing on leg height.

Similar to in the case of the sc current (and for the same reasons), the effect of the
contact resistance location is noticeable, especially for very short legs. As the leg height
increases beyond the point of maximum power, the differences in power diminish, two
curves cross each other, and the attained values approach the scenario where contact
resistances are absent. Conversely, when examining the maximum efficiency of the TEG
(Figure 16), a slightly higher efficiency is observed when the resistance is located on the
hot side of the thermoelectric generator. This observation aligns with the explanation
provided earlier for the short-circuit current (lower Peltier coefficient due to the lower
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temperature). The maximum efficiency, similar to power, is close to the efficiency of a
system with no contact resistance for a large leg height. In this case, it is slightly above
4.5%. The relative difference between the values (both efficiency and power) for various
cases of thermal resistance placement is most significant near the leg height corresponding
to the maximum power.
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Figure 15. Maximum TEG power depending on leg height for various distributions of contact thermal
resistance.

4.6. Operation in the Heat Pump Mode—Refrigerator Application

In the case of a cooling mode operation, the thermoelectric cooler (TEC) is supplied
with electric power to drive the heat flow against the thermal gradient. Here, the range of
operation temperature is generally lower, and the aim of such a device is to cool a given
space (i.e., refrigerator) or component (i.e., electronic element). Although the general obser-
vations gained for the TEG are also valid for the TEC, some additional research concerning
the heat exchange with the surroundings revealed some new insight into the thermal con-
tact resistance influence on TEC performance. The intensity of heat exchange depends on
the TEC application, which determines the needed cooling power and cooling temperature.

All the results shown below are obtained for the same thermoelectric module as
described above with the applied heat resistance layers, and all analyses were performed
with the same 1D model approach. The calculations were also validated using the 3D
FEM model, and the discrepancies in the results were similar to those observed in the TEG
validation (Table 1). However, instead of the constant temperature condition on the external
boundaries, the convective heat transfer condition was applied, whose aim is to simulate,
on the one side, the cooling heat, and on the other side, the heat release to the environment.
In this case, the heat transfer coefficient is recalculated to a heat transfer factor (HTF),
which represents the magnitude of heat exchanged per 1K temperature difference. On the



Energies 2024, 17, 599

19 of 29

heat release side, the constant HTF;, = 10 W /K is set, which reflects a forced convection
high-quality typical server CPU radiator. On the cooled side, the HTF; is changed to adjust
to a specific TEC application. HTF. can reflect a cooling chamber thermal insulation or a
cooling radiator, depending on its value. The ambient temperature was set to a constant
of 22 °C.
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Figure 16. TEG efficiency depending on leg height for various distributions of contact resistance.

At first, the influence of the contact heat resistance on the minimum cooling tem-
perature, supply power, and coefficient of performance (COP) was analysed for a nearly
perfectly insulated cooling space with HTF. = 0.01 W/K. In this case, the temperature
corresponds to the adiabatic one for the thermoelectric module in the given conditions.

In each of the above graphs (Figures 17-19), two pairs of overlapping curves can be
observed. This is due to the fact that in the presented configuration, there is a low HTF,
at the cooling space, meaning it is almost perfectly thermally insulated. The temperature
achieved in the steady state is practically identical to the adiabatic temperature of the
cold part of the cell. Firstly, this implies that the heat supplied to the cooling space, and
subsequently, to its surroundings, is negligible. Consequently, there is nearly no heat flow
through the thermal resistance on the cold side, and, therefore, there is no temperature
gradient/difference there related to the existence of r.. Secondly, the temperature in the
cooled space is determined solely by the electric supply conditions and the established
temperature of the hot end of the system (the radiator releasing heat to the surroundings,
for which HTF;, = 10 W/K). Under adiabatic conditions on the cold side, the boundary
temperature results from the balance of Peltier heat, Joule heat, and heat conducted through
the module. Hence, the temperature on the hot side of the module plays a significant role
here, which, in turn, depends significantly on the heat released to the surroundings.



Energies 2024, 17, 599 20 of 29

25
20 § 0-0-0 r =0 pKm?/W, r =0 pkm?/W
15 0-0-0 r,=220 uKm?/W, r.=0 uKm?/W
©-0-0 1,=0 uKm?/W, r,=220 uKm?/W
10 0-0-0 r,=220 ukm?/W, r.=220 pKm?/W
& 8 /
) o
2 0 /
e - ¢
g /
£_10 : o
\Z \e g
_15 ;\. /.
20 \.. oo
\e o~
'
-25 e, -
..-....—(./
—-30
0 2 4 6 8 10 12 14 16
Current, A

Figure 17. Temperature of cooled space in the steady state as a function of supply current for various
distributions of contact resistance.
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Figure 18. TEC supply power as a function of supply current for various distributions of contact
resistance.
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Figure 19. TEC COP as a function of supply current for various distributions of contact resistance.

The existence of thermal resistance on the hot side has a significant impact on deterio-
rating the cooling capacity of the device. The heat released to the surroundings due to the
limited COP of the device is substantial. In practice, it is the sum of the heat absorbed from
the cooled chamber (negligibly small in this case) and the supplied electrical power, which
directly results from the energy balance. The supplied electrical power primarily constitutes
Joule heat due to the electrical resistance of the module, with a smaller part consisting of
the difference in Peltier heat on both sides of the thermoelectric legs. The significant heat
released to the surroundings causes the presence of thermal resistance on the hot side to
substantially increase the temperature of the hot junctions of the thermoelectric elements.
This, in turn, raises the operating temperature on both sides of the module, including the
temperature of the cooled space, ultimately reducing the cooling ability.

For a better illustration of the impact of individual contact resistances on the operation
of the TEC, the differences in the minimum temperature obtained by the system without
resistances and with their presence in various configurations are shown in the subsequent
plots. Curves “1” represent the current corresponding to the maximum cooling power for a
given HTF, and operating state with specific thermal resistances (see legends). Curves “2”
are curves corresponding to the maximum cooling power for the reference state, without
thermal resistances.

The presented findings (Figures 20-22) reveal that the thermal resistance between
the hot thermoelectric junctions and the heat sink has a significantly greater effect on the
resulting temperature in the cooled space. This is attributed to a much larger heat flow on
this side. In contrast, the thermal resistance between the cold thermoelectric junction and
the cooled space has a negligible impact at very low HTF; due to nearly no heat flow in
the steady state. The influence of this resistance (r.) becomes more pronounced as HTF,
increases, owing to the heightened heat flow on the cooled side. Even for the largest HTF,
shown, the impact of 7. remains moderate compared with the impact of r;,. Therefore,
when utilizing a thermoelectric cooler as a refrigerator, it appears crucial to restrict the
contact resistance on the heat sink side. Conversely, if the TEC were used, for instance,
to cool elements generating significant heat, the thermal resistance on both sides plays
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a role, although r;, has a much more significant impact. In Figure 21, for HTF. = 0, the
shown difference must be equal to zero, as evident in the graph, because at that point, the
cooling heat flow is practically zero. This difference increases with higher current and larger
HTEF., especially for its relatively small values. For large HTF. values, in Figures 20-22,
temperature deviation decreases with increasing HTF.. This is due to the strong dissipation
of cooling heat to the surroundings, resulting in a small temperature difference between the
cooling and ambient temperatures in every analysed configuration. In such cases, it would
be more meaningful to analyse not the temperature but the cooling heat; in this scenario,
the influence of the presence of r;, or 7. would be more significant.

For the situation where 7}, exists, its impact is visible regardless of HTF,; and non-zero
current. This is because the temperature at the hot end of the cell increases, leading to
an increase in the temperature of the cold end and the cooled space. For small current
values, the maximum deviation shown in Figures 20 and 22 corresponds to HTF. values
around 1.0.
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Figure 20. Temperature “loss” due to r, = 220 Wm?/K and 7. = 220 Wm? /K compared to the
zero-thermal resistance case for various HTF, values and supply currents. Red lines represent electric
current for maximum cooling power: 1—with rj, and r, involved, 2—without rj, and r.
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Figure 21. Temperature “loss” due to . = 220 Wm? /K compared to the zero-thermal resistance
case for various HTF. values and supply currents. Red lines represent electric current for maximum
cooling power: 1—with r, involved, 2—without 7.
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Figure 22. Temperature “loss” due to r, = 220 Wm? /K compared to the zero-thermal resistance
case for various HTF. values and supply currents. Red lines represent electric current for maximum
cooling power: 1—with r;, involved, 2—without ry,.
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5. Model Validation

The analytical model developed was validated using measurements performed on a
specialist test stand. A detailed description of the stand can be found in [36]. The measuring
stand is programmed to maintain the set temperature difference between the TEG heat
exchangers. Two identical MULTICOMP PRO MCTE1-19913L-S supplied by Farnell UK,
were tested. First, the basic operating parameters of the two modules of the same series
(TEG1 and TEG2) were determined: the maximum power output, the short-circuit current,
and the open-circuit voltage at a 100 K temperature difference (120 °C/20 °C) and the
clamping force of 200 N. These results are shown as a “single module” in Table 2. Then,
the TEGs were placed on each other (thermally connected in series) in between the heat
exchangers so that one of them would simulate the deterioration in the thermal contact
conditions on the surface of the other. TEG1 was in contact with the heat sink, while TEG2
was in contact with the heat source. To improve the thermal conductivity of the contact
layer, thermal grease was additionally applied to the surface of the modules. The thermal
resistance was measured with the rapid method [36] and gave the result of 220 puKm?2/W
for layers between the module and heat exchangers. At each test, one of the modules was
the subject of investigation, while the second one was working as thermal resistance. The
resistance generated by the second module depends on its operating conditions and varies
with changes in current. There were two states of the “resistance module”: open circuit
and short circuit conditions, which, based on the “single module” measurements from
Table 2 supplemented with heat flows, resulted in a very high thermal resistance of about
1060 Km? /W and 1600 uKm? /W, respectively. A comparison between model results and
measurements for the “double module” configuration shows a good agreement with less
than 15% relative error. In the next part of the tests, the measured TEGs were swapped.
In general, the thermal resistance of a TEG with a connected resistor that allows current
flow decreases with a rise in current (up to the short-circuit state). This is due to the Peltier
effect. Measurements were made when the temperatures of both exchangers reached a
steady state. The measurement accuracy was 0.01 V and 0.01 A, and the temperature was
kept within the limit of £0.5 °C. The results of the measurements are listed in Table 2 for
open-circuit voltage (Vy¢), short-circuit current (Is;), and maximum power (Ppax).

Table 2. Measured TEG parameters.

TEG1 TEG2

Voe, V 6.52 6.23

single module Isc, A 3.62 3.54

Puax, W 591 5.51

. Voe, V 4.01 3.95
resistance

module I, A 1.78 19

at Short circuit PmﬂX/ W 1.82 188

double module . Vo, V 335 320
resistance

module Ise, A 1.42 1.48

at open circuit Poax, W 121 119

The data gathered in Table 2 indicate that the tested TEGs were not identical. However,
it is very hard to determine the reasons for such an observation; this is probably due to
manufacturing non-uniformity. The manufacturer’s datasheet indicates, for example, that
the TEM internal electrical resistance may vary within +10%. Both modules were brand
new and had not been used before. The parameters of TEG1 are slightly lower, but the
calculated value of the internal electrical resistance is almost the same in both cases. The
achievable power of the TEGs differs by less than 8% for the single investigated module.



Energies 2024, 17, 599

25 of 29

If only one thermoelectric generator (TEG1 or TEG2) is tested in the sandwich configu-
ration and the other is used as an additional thermal resistance in the short-circuit state,
the power output of the generators are 1.82 W and 1.88 W. In the same case, but with the
other TEG in the open-circuit state, the powers are 1.42 W and 1.48 W, respectively. We can
observe that an increase in total contact resistance leads to an obvious drop in power. The
measurement results confirm the conclusion obtained with the analytical model, i.e., that
the location of contact resistance is not very significant, but the key factor is the magnitude
of the total resistance. It can also be observed that an increase in additional resistance on
the cold side (no “resistance” TEG — “resistance” TEG in the sc state — “resistance” TEG
in the oc state) has a stronger impact on the operating parameters of the TEG, which also
confirms the modelling results. Simulations carried out for the high thermal resistance
generated by the “resistance TEG” yielded consistent results with the experimental data.

6. Discussion of Results

The calculations carried out using the developed model of the TEG system enable
an analysis of the effect of the presence and distribution of the contact resistance on both
sides of the thermoelectric module on the achieved performance of the TEM system. It
can be concluded from the calculation results that the maximum power and the maximum
efficiency of energy conversion depend substantially on the magnitude of contact resistance.
The same can be applied to cooling temperature in the TEC system. Two extreme cases of
contact resistance location were investigated: on the hot side only, on the cold side only, and
on both sides. An ideal situation—zero contact resistance was also shown for comparison
purposes. The calculation results indicate that, at a considerable difference in contact
resistance between the hot and the cold side, the change observed in the TEG short-circuit
current is slight. Differences in maximum power and efficiency are also negligible and
seem to have no practical significance in most cases. The results were obtained for legs
with a height of 1.5 mm, which directly corresponds to the investigated commercial TEM.
Analyses were also conducted on the impact of leg height, which changes the thermal and
electrical resistance inside the TEG, on its performance. In the absence of contact resistance,
the TEG power approaches infinity if the leg height approaches zero. This is because in
this case, the generated voltage is constant (the temperature difference responsible for this
voltage is directly the difference between the heat source and the heat sink). The heat flux
then increases because the thermal resistance of the legs decreases, and when the leg height
approaches zero, the heat flow tends to infinity (assumed constant temperature of the ideal
heat source/sink). For a very short leg, very small internal electrical resistance also occurs,
which causes the short-circuit current asymptotic increase to infinity. The effect of the
presence of contact resistance, however distributed, is that both power and current take on
finite values. In practice, as leg height decreases, the percentage share of contact resistance
in the total thermal resistance between exchangers increases. This makes it necessary, even
for very small contact resistances, to consider them in the analysis of the TEG operation. It
can be clearly seen that at a set value of contact resistance, leg height can be selected so that
TEG power can reach its maximum. For optimal leg height, the TEG thermal resistance
is sufficient to induce an adequate temperature difference at the thermoelectric junctions.
At the point of maximum power, a relatively small height of the leg ensures the flow of
a sufficiently large heat (which decreases monotonically with an increase in leg height)
with low electrical resistance. Electrical resistance is the second parameter, after thermal
resistance, that affects the system power (the third is the Seebeck coefficient). The maximum
efficiency increases monotonically, which is due to the increase in the temperature gradient
on the junction and the parallel decrease in the heat flux transferred between the heat
source and heat sink.

The obtained research results indicate that neglecting the thermal contact resistances
during the analysis of thermoelectric system performance significantly alters the obtained
parameters, causing the system’s performance indicators to reach overly optimistic values.
In the case of TEG, the location of the resistance has less significance, and rather, its total



Energies 2024, 17, 599

26 of 29

value from both sides of the module matters. This is because the heat flows on both sides
are similar—due to a low conversion efficiency of energy, only a small part is converted into
electricity. For resistance occurring only on the hot side, the temperatures of thermoelectric
junctions are lower than in the case of resistances only on the cold side, resulting in a lower
Peltier coefficient and a smaller heat increase with current rise. On the other hand, the heat
flow through the hot side thermal resistance is slightly bigger, causing this layer to be more
important. However, the difference in the module’s useful parameters is marginal and has
no practical significance for the same magnitude of the thermal resistance and a different
placement.

However, the situation looks different in the case of the TEC. The impact of the
resistance on the hot side (heat release to the surroundings) is always relatively significant.
It becomes greater as more heat is absorbed on the cooled side (higher temperature at the
cooled end of the module), which directly follows from the first law of thermodynamics.
The influence of the resistance on the cold side strongly depends on the system’s operational
conditions. When maintaining a low temperature on this side (e.g., close to adiabatic),
meaning a low heat flow, the effect of the resistance on this side is very small. This impact
increases with the higher heat release, i.e., when the temperature at the cold end of the
module is higher despite significant cooling power (e.g., operating as an air conditioner).

7. Conclusions

The simulations performed based on the developed analytical model concern the mod-
elling of the operating parameters of a thermoelectric module with different distributions of
thermal resistances in the system. The constructed model makes it possible to take account
of the differences in contact resistance on both sides of the thermoelectric module. It should
be noted here that in the case of equal resistances on both sides of the module, Equation (7)
becomes linear with respect to the current, which enables the direct determination of the
explicit form of the short-circuit current and power.

The problem is more effectively and flexibly addressed numerically. Consequently,
a computer program was developed and validated using a 3D finite element method
simulation. The obtained results demonstrate a strong agreement between the two models
under consideration, and they are also consistent with the experimental results conducted
to validate the models. The advantage of the analytical approach used in the presented
analyses lies in the very short calculation times, which are beyond comparison. Due to
that, it was possible to determine the full operating characteristics of the thermoelectric
module. The calculations were performed for four cases of the occurrence and distribution
of contact resistance:

Zero contact resistance rj, = r. = 0 uKm? /W—the comparative case;

Total contact resistance located on the hot side r;, = 220 uKm?/W, r. = 0 uKm?2/W;
Total contact resistance located on the cold side r;, = 0 uKm? /W, r. = 220 uKm? /W;
The same contact resistance on both sides r, = r, = 220 mez JW.

All simulations were conducted for a commercial thermoelectric module with parame-
ters determined by our own experiment [36].

The results of the analyses of the thermoelectric generator show that a higher value of
maximum power occurs for higher resistance on the cold side of the TEG. In this situation,
the heat flux reaching the heat sink is smaller than the flux supplied by the heat source.
The difference is carried to the outside in the form of electric power. On the other hand, the
short-circuit current is higher for bigger resistances on the hot side because in this situation,
the TEG average temperature is lower and so is the Peltier coefficient. Owing to that, a
stronger current can flow through the system.

The results of the simulations prove that the magnitude of contact resistance has
a significant impact on the obtained values of the electromotive force, the short-circuit
current, and consequently, the TEG power and efficiency. It should be emphasized that,
from a practical point of view, the most important factor in the case of the TEG is the
total magnitude of the contact resistance and not its distribution. The higher resistance
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on either side of the module leads to a shift in the average operating temperature of the
thermoelectric junction towards the opposite side. This means, for example, that the
deterioration in contact on the hot side will cause a drop in the module mean temperature
as well as the temperature of each junction. For these reasons, the developed model can
be successfully applied in cases of uneven deterioration in the contact quality between
the module and the exchangers due, for example, to the operating temperature or in-
service time.

The results also show that the greatest significance of contact resistance is observed
at low values of the TEG thermal resistance, which is the effect of very short legs forming
the thermoelectric couples. In commercial TEGs, the legs typically have a height of about
1-3 mm. The analyses conducted during this work prove that for such heights of the leg,
the assumption of the contact resistance symmetry seems fully justified.

Considering the differences in the values of contact resistance on the two sides of the
TEG, the numerator of the equation describing the maximum power is a current-dependent
polynomial of the third degree. Nevertheless, the term at I° is usually so small that the
curve illustrating the current-dependent changes in power can well be treated as parabolic
with the apex of (Py,y) occurring for half the short-circuit current (I = 0.51). The error is
smaller than 1%, and the measurement of L. is very easy to carry out.

The conducted research demonstrates that the impact of thermal resistance in the
thermoelectric system is significant for the majority of the analysed operational scenarios.
This justifies taking actions to minimize this resistance, including the use of thermal grease,
proper clamping force, module construction designed to limit this resistance, appropriate
radiators, heat exchangers in the system, etc. It is also crucial to consider the potential
degradation in thermal contact over time due to factors such as a decrease in clamping
force, drying of thermal grease, or oxidation of the contact surface. The conclusion drawn
from the analysis is that, in the case of TEGs, total resistances are important, with their
location being less significant. For TECs, the value of the resistance on the heat release side
is always important due to the high heat flow, while on the cold side, it matters only when
significant cooling power needs to be provided. Neglecting thermal resistances can lead to
significant errors in estimating TEG/TEC parameters or designing a thermoelectric system.
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