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SYMBOLS

LATIN

COP - coefficient of performance, -

EMF — electromotive force, V

ETCC — economic total cooling capacity, W /USD
HTF — heat transfer coefficient, W /K

I — electric current, A

n —number of the module legs, —

P —power, W

Q —heat, W

T —temperature, K

Z —thermoelectric figure of merit, 1/K

ZT — dimensionless thermoelectric figure of merit, -
GREEK

a — Seebeck coefficient, V /K

n — efficiency, —

A —thermal conductivity, W /(mK)

1T — Peltier coefficient, %

p — electrical resistivity, 2m
SUBSCRIPTS

¢ — cold side of the TEG

el —electric

h —hot side of the TEG
Abbreviations

TEM —thermoelectric module
TEG — thermoelectric generator

TEC —thermoelectric cooler
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|. INTRODUCTION

Increasing environmental pollution and the ongoing energy crisis are prompting mankind to seek
new and develop already known energy conversion methods. One of them is use of
thermoelectric phenomena for recovery of waste heat from various energy and technological
processes, or for heat pumping. In the latter case no dangerous refrigeration agents are required.
Therefore, intensive research has been observed in recent years on the possibility of using the
phenomena occurring in thermoelectric modules [1, 2] and in systems and devices based on
them.

1. Basics of thermoelectric phenomena
1.1 Concepts and historical outline

The essence of the phenomena used in thermoelectric devices is the mutual interaction and the
relationship between the temperature field and the electric field [3]. They can be used for a
bidirectional transformation between electricity and heat [4, 5]. On the one hand, it is possible to
generate electricity due to the temperature gradient applied to the thermoelectric module and
the heat flow resulting therefrom. On the other hand, the process of forced heat transport can
be triggered by the supply of electric energy to the thermoelectric module (heat pump). Although
these processes are manifestations of the same physical phenomenon, they can be regarded as
opposite. The basis for the existence of thermoelectric phenomena is the Seebeck effect [3]. It
was scientifically observed for the first time in the 18th century and it was described more
extensively and explained in the 19th. The Seebeck effect consists in generating an electromotive
force (EMF) in a circuit composed of two different types of conductors if their junctions are in
different temperatures. The generated electric voltage is proportional to the difference between
the temperatures of the junctions and the difference in the Seebeck coefficients of the two
materials. The Seebeck coefficient is a material property resulting at the microscopic level from
different binding energies of the elements carrying the electric charge in the atomic structure and
involved in the flow of the current. Also important is the diffusion of charges resulting from
a non-zero temperature and the change in its intensity with temperature. Together, these
phenomena can lead to a change in the concentration of electric charges in the vicinity of the
junction and thus to the formation of electric voltage. Thermoelectric devices most often use
semiconductors due to their lower concentration of carriers of electric energy compared to
conductors. As a result, the voltage related to the diffusion of charges through the contact is
higher in them. Usually one semiconductor is p-type, whereas the other is n-type.

1.2 Using thermoelectric phenomena

One of the most common applications of the Seebeck effect is the temperature measurement
using a thermocouple. In this case, the voltage generated in a circuit of two conductors (or
semiconductors) with significantly different Seebeck coefficients is measured. One of the
junctions is placed in the environment with the temperature being measured and the other —in
the reference temperature. The voltage generated in the circuit is proportional to the difference
between these temperatures. Ideally, the voltage measurement should be performed at zero
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current to measure the electromotive force directly. In practice, however, it is realized when
an electrical meter with a relatively high electrical resistance is incorporated into the circuit.

Another important application of thermoelectric phenomena, which is identical in terms of
physical fundamentals, is the recovery of thermal energy, which involves converting some of the
heat flowing through a thermoelectric module into electricity. In this case, an external electrical
receiver with an electrical resistance similar to that of the thermoelectric module is connected to
the junction. Since the voltage generated by a single thermoelectric couple is very small,
thermoelectric modules consisting of multiple thermoelectric junctions connected in series or
parallel (usually both types — mixed connection) are used in this type of application [6-9]. The
electromotive force generated in this case is proportional to the temperature difference, the
difference in Seebeck coefficients and the number of thermoelectric junctions electrically
connected in series. Although the in-series electrical connection of thermoelectric couples inside
the module increases the electromotive force, it also increases the (disadvantageous due to the
decrease in the output voltage with increasing current) internal electrical resistance. The parallel
connection, on the other hand, leads to a reduction in this resistance, thereby increasing the
current output while keeping the generated electromotive force constant. In a thermoelectric
module intended for energy generation one side of the module is kept at a high temperature by
supplying heat (e.g. process waste heat), whereas the other side is kept at a low temperature by
absorbing heat (e.g. cooling to ambient temperature). Example thermoelectric modules are
shown in Fig. 1.

Fig. 1. Example thermoelectric modules

A thermoelectric module usually consists of legs placed between two parallel ceramic plates that
form the housing. The legs are a number of small elements, usually with the shape of a rectangular
prism, which are made of materials with useful thermoelectric properties. The heat usually flows
through all the legs in parallel, while the current usually flows in series. A schematic diagram of
an example thermoelectric module is shown in Fig. 2.

ceramic cover

Fig. 2. Schematic diagram of a thermoelectric module; legs made of two materials are visible with their connections (solders),
housing and connecting wires
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The cross-sectional area of the current flow path should be large enough to ensure low electrical
resistance and a significant flow of current. Low resistance makes it possible to obtain a higher
current and a bigger electric power output at a given voltage level at the terminals, i.e. in specific
temperature conditions of the module operation. Due to that it is possible to power an external
electrical receiver. On the other hand, a larger total cross-sectional area of the legs results in
a greater amount of heat conducted by the module and has a negative effect on the temperature
gradient for a heat source with a limited output (whose temperature decreases with the amount
of collected heat). The amount of heat conducted through the module can also affects its
efficiency. Another element shaping the module external characteristics is the height of the legs.
A rise in the leg height reduces heat conduction through the module (longer heat conduction
path), but causes an unfavourable increase in the module electrical resistance by lengthening the
electrical path. Thus, considering the entirety of the phenomena signalled above, the selection of
the module geometry has to be optimized. Non-standard configurations where the leg is not
a rectangular prism are possible [10-17].

The Seebeck effect can be expressed by the relationship between the generated electromotive
force for a single junction pair and the difference between the temperatures of the junctions. The
proportionality factor between the two quantities is the Seebeck coefficient, which is
the difference between the Seebeck coefficients of the two materials:

EMF = (a; — a3)(Ty — T,) = aAT (1)

In thermoelectric modules, in addition to the Seebeck effect and the voltage generation related
to it (consequently — the possible flow of electric current), an opposite effect also occurs. The
current flow through the thermoelectric junction (or module) causes heat to be emitted or
absorbed at the junction — the Peltier effect. Its existence follows directly from the existence of
the Seebeck effect and the energy conservation principle [3]. The amount of the
absorbed/emitted heat depends on the value of the Peltier coefficient, which is related to the
Seebeck coefficient (the difference between the Seebeck coefficients of the two materials),
the temperature of the junction and the value of the current in the circuit:

Qperr = 111 = aTl (2)

When the thermoelectric module operates in the power generation mode, the Peltier effect
increases the heat flow through the module with a rise in current, leading, in the case of a real
non-ideal heat source or in the presence of thermal resistances in the path, to a reduction in
the effective temperature difference between the thermoelectric junctions and a weakening of
the generated EMF [18]. This, in turn, translates into a lower power output. On the other hand,
the described Peltier effect can be used to force a heat flow by forcing a current flow through the
module (e.g. using an external power supply), thus creating a heat pump. Here, however,
the opposite phenomenon, i.e. the Seebeck effect, also occurs, which will generate an electric
voltage with the direction opposite to the applied external supply voltage. As a result, the Seebeck
voltage will counteract the current forcing and can limit the heat transport through the module.
Keeping a specific level of the heat transport will therefore involve the need to increase the power
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supply with a rise in the temperature gradient forced by this process. The heat absorbed/emitted
at a thermoelectric junction is proportional to the current flowing through the junction and the
junction temperature (2). In any thermoelectric module the Seebeck effect and the Peltier effect
always occur simultaneously (except for an open-circuit condition); one of them is usually a useful
phenomenon whereas the other is undesirable. The simultaneous occurrence of the two effects
follows from (1) and (2) and is an immanent feature of thermoelectric systems.

Thermoelectric legs usually have the structure of a rectangular prism with identical dimensions
of the two materials forming a couple. However, it may happen that for significantly different
physical properties of the thermoelectric couple materials, the p and n legs will have
different dimensions [19, 20]. Also, the cross-sectional area of a single leg may vary along its
length [10, 21-24]. In some applications, especially involving the flow of a medium being a heat
source or a heat sink in a pipe, annular modules are used [25-27], also in a multi-stage
configuration [28].

1.3 Energy conversion efficiency

Each thermoelectric device can, in principle, operate as both an electricity generator and a heat
pump. Alternate operation is also possible [29]. In practice, the working parameters of the
modules (including the allowable temperature range) vary depending on the intended use [30].
This is the effect of the selected thermoelectric materials, the geometry of the module and of the
legs, the used binder, etc. The module output parameters are mainly determined by
the thermoelectric materials used to make thermoelectric legs. A single quantity describing the
properties of a thermoelectric material in terms of its use in thermoelectric modules is
the thermoelectric figure of merit (Z) [31]. The dimensionless product of Z and absolute
temperature, referred to as the dimensionless figure of merit (ZT), is frequently used to determine
the quality of the energy conversion process in a thermoelectric module made of a given material
at a given temperature (3). The Z and ZT indices can also be determined in a similar way for the
whole module [31]. The higher the ZT value, the more efficient the material/module, and
the better the material is for thermoelectric applications at a set temperature range.

ZT =—T (3)

The figure of merit has an effect on the indicators used to quantify the operating efficiency of
thermoelectric modules, i.e. the efficiency of electricity generation in the generator-mode
operation or the COP for heat pump-mode operation. It also has an impact on the ratio between
the achieved thermal/electric power and the size/volume of the material/module, i.e. the number
of legs.

It follows from the figure of merit that a good thermoelectric material should be characterized by
a high Seebeck coefficient and low values of electrical resistance and thermal conductivity.
Hypothetically, an infinitely small electrical resistance or an infinitely small thermal conductivity
(and thus an infinitely high figure of merit) would result in a thermoelectric system efficiency at
the level of the Carnot cycle, as would an infinitely high Seebeck coefficient. Detailed relationships
between efficiency, the COP, and the figure of merit and other indicators are shown in [32].
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The science of thermoelectric materials continues to develop rapidly, with the visible result being
the continuous development of new thermoelectric materials with improved performance, as
measured by the aforementioned figure of merit (ZT) and temperature resistance [5]. Along with
this, there is ongoing development in the field of finding applications for thermoelectric
modules [1]. However, it is important to bear in mind the distinction between materials intended
for high-end scientific applications and those that can be relatively cheaply produced on a large
scale for use in consumer equipment.

The efficiency of the energy conversion process during the operation in the mode of electricity
generation is expressed as:

n= Pa (4)
Qn
and in the heat pump mode as:
CoP, , = Qe (5)
Pel

In order to improve the COP or the energy generation efficiency, selected parameters of the
whole module, as well as of the material (intensive and extensive parameters), should meet the
following conditions:

» the module electrical resistance should be as low as possible, as it is a source of losses in
the supplied/generated electricity due to the release of Joule heat (heating of the material
due to the presence of electrical resistance and the current flow),

» thermal conductivity should be as low as possible, as it affects the heat flux transferred
through the module and not used in any way through thermoelectric phenomena
(generator), or causes a heat flow in the undesirable direction opposite to the pumping of
heat (cooler) [33-35],

» the Seebeck coefficient for the module should be as high as possible to enhance the
phenomena of heat absorption and release for a single junction for small currents (heat
pump) or the useful voltage at a set temperature (generator).

At the microscopic level, the phenomena of electrical resistance and thermal resistance are
interrelated and have to do with the freedom of electrons and the form of the material crystal
lattice [34]. Usually, a change in one of the parameters causes the same direction of change in
the value of the other (e.g. an increase in electrical conductivity causes an increase in thermal
conductivity), hence the difficulty in developing better thermoelectric materials because,
generalizing, one of these changes has, when it comes to thermoelectric applications, a positive
effect and the other a negative one. By creating suitable semiconductor materials, it is possible
to increase the value of the ZT parameter.

Behind the Seebeck coefficient of a module is the difference between the Seebeck coefficients of
the thermoelectric pair (cf. (1)) of which the module is made multiplied by the number of their
electrical in-series connections (assuming the same temperature of all junctions on each side of
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the module). It is thus the ratio between the electromotive force generated by the module and
the difference in the temperatures of thermoelectric junctions on both sides of the module. If the
Seebeck coefficient is relatively high, the current can then be relatively small. As a result, little
Joule heat is released (the amount of this heat is proportional to the square of the electric
current). Joule heat is a disadvantageous phenomenon because it reduces the power of the
produced electrical energy for a module operating as a generator or heats up the whole system
including the cooled space (also increases the amount of heat that has to be carried away by
an external heat sink) when operating as a heat pump. The Peltier heat for the junction (for a set
current value) and the EMF generated due to the Seebeck effect are linearly dependent on
temperature (assuming a constant value of a and the temperature of the other side of the
module).

An additional thermoelectric phenomenon is the Thomson effect consisting in Seebeck and Peltier
phenomena “distributed” along the length of the thermoelectric material if the Seebeck
coefficient changes significantly with temperature. In such a situation its value can be different in
different cross-sections of the legs, changing gradually, which results in a release or absorption of
heat at the current flow and generation of voltage in a manner distributed over the volume
[36, 37].

2. Heat transfer problems in thermoelectric systems

In practical applications, a thermoelectric system consists of the previously discussed module, or
modules connected to each other, and cooperating heat exchangers [38-40]. Usually, the
selection of the module dimensions is based not only on an analysis of thermodynamic processes.
The capacity for power generation, the practical aspects of operation and the characteristics of
cooperating heat sources and heat exchangers are also taken into account [7]. Exchangers are
elements that mediate the heat exchange between the thermoelectric module and the
environment (source/sink). The heat exchange process can take place by means of heat
conduction and free or forced convection [41]. Therefore, the operating parameters of the
thermoelectric system depend not only on the characteristics of the module itself (including the
characteristics of the thermoelectric material and the geometry of the legs [11]), but also on the
parameters of the heat exchangers and the quality of the thermal contact at the interface
between these elements [42, 43]. Heat exchangers must be used because, for typical
configurations of thermoelectric modules, their external surface area is usually too small to
ensure proper heat transfer due to convection in the case of gases (whether free or forced, e.g.
directly through the air or exhaust gases of a combustion engine). The heat transfer coefficient
value is in this case too low, and the heat transfer surface needs to be developed. From
a thermodynamic point of view, the answer regarding the dimensions and efficiency of the
exchangers is obvious — they should be as large as possible. However, when economic criteria are
taken into account in the selection of exchangers, the task is not so easy to solve. Practical aspects
related to the size, weight or conditions of the system installation are also a limitation.

In the case of a thermoelectric module, heat transfer due to both convection and radiation can
occur in the spaces between the legs, which will modify the module performance
characteristics [44, 45]. Usually, however, this influence is negligibly small and therefore omitted
in analyses.



Ryszard Buchalik, PhD Thesis | 15

Total resistance in the heat transfer between the thermoelectric junction and the final
cooled/heating medium consists of:

thermal resistance on the boundary of the medium (environment) and the exchanger,
conduction resistance in the exchanger material,

contact thermal resistance between the exchanger and the module housing,

thermal conduction resistance of the module housing material (ceramics usually),
thermal resistance of electrical contacts.

vVvyyvyyvyy

Between thermoelectric junctions heat is conducted by thermoelectric legs.

An example of the effect of thermal resistance on the path from the heat source to the
thermoelectric junction (in this case a thermal grease between TEM housing and the heat
exchangers) for the minimum achievable temperature as a function of the leg height for
a thermoelectric cooler is shown in Fig. 3. The figure includes the situation with no thermal
resistance (actually the resistance is non-zero, but negligibly small » = 1uKm? /W) and with
a reasonable resistance value of r = 100uKm?/W.

8 24
—— tempetature, r_=r,=1 uKm?/W

6 ' ——— temperature, r, =r,=100 pKkm?/w = 21
o \ — — - current, r=r,=1 uKm2/W
‘£ 4 \ \\ — = = current, r,=r,=100 uKm?/W 18
z
- 1
:
et —
g’ 3
=
S
z -2
£

-4

-6 3

1 2 3 4 5 6 7 8 9 10

leg height, mm

Fig. 3. Impact of the leg height on the minimum cooling temperature and the electric current corresponding to it for the case with
thermal resistance taken into account (100puKm?) and without thermal resistance (1uKm?)

In order to improve the efficiency of the module operation by minimizing the thermal resistance
between the thermoelectric module and the heat reservoir, in addition to the conventional
solution of increasing the active surface of the heat exchanger, a phase change material (PCM)
can also be used to utilize the phase change heat [36, 46]. This makes it possible to substantially
reduce the size of the exchanger and increase the heat transfer efficiency.

Because the efficiency of the heat-to-electricity conversion in the generator-mode operation
depends on the temperature difference between the hot and the cold heat source, it makes sense
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to increase the hot source temperature while maintaining the temperature of the heat discharge
(ambient temperature). Unfortunately, the temperature resistance of the modules becomes
a significant problem here. For the most popular commercial models, reaching temperatures of
150-200°C will result in the module destruction. Models with the temperature resistance of 300-
400°C are frequently referred to as suitable for high-temperature operation and are characterized
by a much higher price and operating problems. Modules with a declared operating temperature
of up to 600°C can also be found on the market, but their price is disproportionate to the results.

Animportant issue affecting the energy conversion efficiency is the level of heat losses. Care must
therefore be taken to ensure that heat exchangers are adequately insulated, especially if their
temperature differs significantly from the ambient temperature. In the case of a refrigerator, for
example, good insulation of the cooled space ensures a lower unit cost of operation, less heat to
be dissipated to the environment and the possibility of achieving a lower temperature. In the case
of a generator, where the cold heat source/sink is usually the environment or a reservoir with
a temperature close to ambient, heat losses from the hot heat exchanger have a negative impact
on the system efficiency and power output [47]. This can be the result of either a drop in the
temperature of this source and a consequent decrease in the efficiency of the thermoelectric
energy conversion process, or the fact that heat is lost outside the thermoelectric module to
the surroundings.

During the thermoelectric module operation in the mode of electricity generation, an important
issue is the selection of the value of electrical resistance of the power receiver. In the steady state,
there are resistance values corresponding to operation with maximum electric power or with
maximum efficiency [3, 48]. However, the two maxima usually do not occur simultaneously and
operation at maximum efficiency means a power output lower than maximum. During the
operation as a generator, the change in the temperature of the junctions caused by external heat
will cause (with the power receiver connected) a change in the current flowing in the circuit, and
this will reciprocally affect the temperature of the thermoelectric junctions through Joule
and Peltier effects when using a heat source with a non-constant temperature or at
the occurrence of thermal resistance between the source and the thermoelectric junction [47].

A similar situation occurs during the selection of the supply current (and the related supply
power) of a thermoelectric heat pump. In such a case it is usually possible to distinguish
the working point with the maximum efficiency and maximum cooling/heating power depending
on temperatures and heat flow characteristics. Like above, the former usually corresponds to a
lower supply power.

2.1 Module-exchanger contact layer

The heat transfer between the heat exchanger and the module is most often realized by means
of conduction through physical contact between the two elements (radiation is also possible). In
such a situation, the problem of ensuring proper thermal contact, i.e. minimizing thermal
resistance on the interface, requires attention [49]. The quality of the contact surface, the surface
clamping force and the thermal grease improving the contact quality are of key importance here
[43]. The described problem remains even if the intermediary in the heat transfer is a heat pipe
or another system using a PCM. In this case, there are several thermal resistance components
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with an aggregate effect occurring in an in-series configuration to be dealt with [50]. The existence
of thermal resistance in contact layers between the thermoelectric module and the rest of the
system deteriorates the system performance [51]. The problem is similar to the case of cooling
electronic components requiring a heat sink, of which the PC CPU is an example. Minimizing
thermal resistance on the system-heat sink interface is then necessary to ensure proper cooling.
In thermoelectric modules, the occurrence of thermal resistance reduces the effective
temperature difference between the module junctions in the case of the TEG and increases it in
the case of the TEC, adversely affecting the module operation in both cases. For this reason, the
module surfaces should have the best possible thermal contact with the mediums they exchange
heat with. Above all, unnecessary layers of thermal insulation should be avoided. The effective
temperature difference is understood as the temperature difference between the thermoelectric
junctions and not the usually given temperature difference between the heat sources or the
exchangers in contact with the module. In the case of thermoelectric modules, thermal resistance
is usually reduced using thermal grease. Some modules are factory-coated with a layer of material
(e.g. copper or graphite grease) that acts as thermal grease. The thermal resistance at the surface
of contact between the materials where the grease has been applied is a function of two essential
groups of parameters. One includes the quantities that characterize the thermal paste itself,
mainly its thermal conductivity and mechanical parameters, such as relation between stress,
strain, velocity occurring in it. This nature is the effect of the properties of the paste, which for
small stresses behaves like a solid body, but at a slight increase in their value acts more like a fluid.
The other group includes mechanical parameters of the interface between the two materials.
Among the most important of these are the irregularities in the form of both fine burrs and
roughness, as well as the non-parallelism of the contacting surfaces, their stiffness and the
clamping force. The precision of the paste application, i.e. the thickness of the paste layer and
the uniformity of its spreading, is important. It should be noted that a change in the operating
conditions of a given interface relative to the assembly conditions can result in a change in its
properties. This mainly concerns a change in temperature and in the clamping force. Typically,
a reduction in temperature can result in reduced adhesion and hardening of the paste, while an
increase in temperature can result in accelerated drying, degassing of some components and
increased fluidity (paste oozing from the interface).

The thermal resistance of the thermal grease layer changes also with time [52-54]. This
phenomenon can be enhanced due to high temperature and cyclic operation. In most cases, the
paste properties are degraded, which involves an increase in thermal resistance. The rate of
this process depends on the history of changes in the clamping force, temperature and the paste
moisture content. The main problem is the thermal paste drying out, which means that the paste
loses the desired physical properties. In certain conditions, gentle movements resulting from
thermal deformations arising during heating/cooling cycles can assist in the thermal grease
spreading, which may have a positive effect, especially in the initial period after the assembly.
Another phenomenon that deteriorates the heat transfer is the oxidation of the boundary layers
of the heat exchanger material (metal), resulting in the formation of a layer of oxides with poor
thermal conductivity. The same phenomena can also cause the deterioration of the module
internal components, ranging from the oxidation of their surfaces to the formation of cracks, also
due to thermal stresses. This can take place both in the thermoelectric material itself and in the
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joints connecting the legs. In order to protect the inside of the module from mechanical damage,
chemical damage (corrosion) or invasion by foreign bodies, silicone filling is often used between
the surfaces of the housing. Modules enclosed in a sealed metal housing can also be found (cf.
Fig. 1). In addition, cyclic thermal expansion phenomena can enhance the processes of the
module internal structure disintegration related to different values of the linear expansion
coefficient of the thermoelectric material, the joints and the housing. This leads to an increase in
the contact resistance between the thermoelectric junctions and the heat exchanger, or damage
to the internal structure of the module, thus worsening its overall performance.

Fig. 3 and Fig. 4 show the effect of taking account of the contact layer thermal resistance on the
start-up of a thermoelectric cooler and its minimum steady-state temperature. It can be seen that
the lack of contact resistance lowers the achievable cooling temperature, which occurs at
a smaller current value.
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Fig. 3. Example of the effect of the presence of thermal contact resistance between the module and the heat exchangers on their
temperatures during the start-up process of a cooler

The change in the temperature of the system components, combined with their thermal
expansion, also affects the clamping force of the exchangers to the module. Depending on the
applied method of the system assembly, this change can manifest itself in an increase or decrease
in the clamping force with a rise in the operating temperature. The clamping force increases due
to the expansion of the elements which together with the module form a compact structure with
an in-series arrangement. On the other hand, it decreases due to thermal deformation of the
clamping elements, e.g. an increase in the temperature of the fixing screws. Typically, one of
these effects predominates significantly, leading to considerable variations in the clamping force
during operation with variable temperature.
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Fig. 4. Effect of the current flowing in the circuit on the steady-state cooling temperature

The temperature of the fixing elements usually changes much more slowly than the temperature
of the heat exchangers and the module, which further complicates the course of changes in the
clamping force over time. At relatively high operating temperatures and during long-term
operation, the material of the fixing elements may creep leading in consequence to stress
relaxation. Considering the above-mentioned phenomena, it is desirable to use relatively elastic
elements in the fixing system to minimize the clamping force variations depending on momentary
temperature values and possible external forces. Another possibility is to use an active or passive
actuator (pneumatic/hydraulic with constant pressure or a mechanical servomechanism that is
actively regulated based on signals from a strain gauge). Such solutions, however, are only
observed in research applications. A very important element of correct operation is to ensure the
module load uniformity during assembly and during the system operation. Exceeding the load at
any point, especially in the corner area, can result in the module destruction (also in a break in
the electrical path completely invisible from the outside). This is where a very significant problem
appears which is related to the accuracy of the thermoelectric module manufacturing (deviations
in the leg height). Insufficient accuracy of the height of the legs causes a non-uniform distribution
of stresses in the legs and housing. The applied clamping force can of course be very precisely
controlled, but its distribution between the legs is a quantity that depends on the accuracy of the
system components geometry. It is assumed to be uniform, and a deviation from this assumption
can lead to the destructive stress value being locally exceeded.

3. Example applications and practical aspects of the use of thermoelectric modules

Currently, thermoelectric modules are used in niche or experimental systems for electricity
generation or cooling [1, 55]. One of their few common applications is in a portable refrigerator,
often powered by the car electrical system.
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Possible applications of the thermoelectric phenomenon include electricity generation using the
heat of radioactive disintegration (e.g. powering space probes) [56] or the heat of stellar
radiation [57]. Portable fuel-fired micro-generators of electricity can also be found on the market,
as well as exhaust waste heat recovery device built into the exhaust system of an internal
combustion engine [43, 58-64]. In addition, waste heat can also be recovered from hot gases, not
necessarily exhaust gases, resulting from technological processes [65, 66] or in CHP systems [67].
It is also possible to use deliberately stored thermal energy [68]. The thermal energy released by
the human body can be used to power wearable handheld gadgets [69, 70].

A promising idea is to combine thermoelectric modules with photovoltaic modules (PV-TEG),
which can be done in several ways [71-76]. Modules of both types can form a series-combined
system, where incident radiation causes the PV module to produce electricity and heats it. Since
the increase in the PV module temperature negatively affects the efficiency of the energy
transformation taking place in it, attempts are made to use the accumulated heat as a heat source
to power the TEG module. The other side of the module is cooled to a temperature close to
ambient. Different solutions are also possible, where part of the radiation, with an appropriately
selected wavelength, is directed to the PV module, ensuring that its efficiency is as high
as possible, and the rest of the radiation heats the hot end of the TEG module.

It is also possible to combine thermoelectric modules with fuel cell systems, where waste heat is
released during operation [37]. Moreover, the heat generated during the production of useful
cool by the thermoelectric module can be used effectively [77], for example to heat tap water
[78].

Thermoelectric modules operating in the heat pump mode can find application in air-conditioning
systems. They can also be part of a nearly zero-emission building system [79-81], or they can be
used for space radiation cooling [82, 83]. If used in thermoelectric air-conditioning systems in
vehicles [84, 85], their main advantages are rapid response, small size, light weight, reversible
operation (heating) [86] and the possibility of using heat/cool not only to provide comfort to
passengers, but also to ensure thermal management of vehicle systems, such as electric batteries
[87]. The idea of using a thermoelectric generator in combination with an internal combustion
engine to power a car air-conditioning system is shown in [88].

An interesting concept of using thermoelectric modules is their application in medical equipment,
where the efficiency of energy conversion does not play a primary role. The application of
thermoelectric modules for sterilization and disinfection of air using elevated temperature which
is then cooled to a temperature appropriate for the medical process is presented in [89]. Papers
[90, 91] present the use of thermoelectric systems in neonatal incubators and in medical
procedures that require accurate and flexible temperature control through interchangeable
heating and cooling. Cases can also be found of using TECs for direct cooling of electronic systems
[92-95].

The main disadvantage of modules operating based on thermoelectric phenomena is the low
efficiency of the process of electrical-to-thermal energy conversion [96, 97]. This applies to both
heat pumps and electricity generators. On the one hand, for most refrigeration or energy
generation applications there are much more efficient processes based on thermodynamic cycle
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of the working medium circulating in the system (compressor-based); on the other hand,
thermoelectric devices are characterized by noiseless operation, small size and weight, lack of
moving parts, ease of scaling (down to a microscopic size [98]) and maintenance-free operation.
In addition, refrigeration systems based on thermoelectric modules can operate with no
intermediate mediums (usually harmful or hazardous refrigerants).

Wherever the efficiency of energy conversion is not paramount, thermoelectric modules may find
many applications in the future, especially in small systems. There, the above-mentioned
advantages of thermoelectric systems make them potentially unbeatable.

4. Multi-stage thermoelectric modules

Thermoelectric module systems can have a multi-stage design for both a generator [99, 100] and
a heat pump [101-105]. Such a system consists of multiple thermoelectric modules connected
thermally in series arranged in a sandwich configuration. However, in each of the cases this type
of configuration is used for a different reason. It is less common in energy generation systems.
The rationale for its use is that some thermoelectric materials may have desirable (or
non-destructive) operating parameters (e.g. figure of merit) only over a relatively narrow
temperature range compared to the entire operating range of the system, from the heat source
to the heat sink [12, 30]. The successive modules are then thermally connected in series, and in
the optimal operating state there is a temperature difference on each of them covering a narrow
range of the total range of the temperature difference of the sources. However, a practical
implementation of such a system requires stable and predictable heat sources that will not cause
too frequent accidental exceedances of the optimal temperature or exceed the allowable
temperature of individual modules of the cascade. The process of optimizing the operation of
multi-stage systems both in terms of their design and operation is in general more complicated
than for one-stage systems [106, 107].

A cascade system of multiple modules connected in series (multi-stage system) in the case of
a heat pump/cooler makes it possible, in some configurations, to achieve cooling temperatures
unachievable in a one-stage system [108, 109]. Compared to a one-stage configuration, in a multi-
stage system the maximum thermal power that can be “pumped” through the system decreases
significantly with each added stage. The efficiency of the whole process also tends to decrease
substantially. This is mainly due to Joule heat, which is released in each module. Part of this heat
emitted at the cold end of the module, located closer to the cooled space, must be “transferred”
through subsequent modules of the cascade. Too many modules (more than required to achieve
the set temperature) can also result in a deterioration of performance (achieved minimum
temperature) as a result of greater total thermal resistance and consequently a reduction in the
efficiency of the entire process. Such systems are used when it is necessary to achieve a very low
temperature with a limited heat flux required to keep it. Also, successive modules are usually
characterized by different parameters (and dimensions) due to the changing the heat flowing
through each stage, as well as (in the case of parameters varying with temperature) their
operating temperature. It should be noted that the design of such a system requires multi-
objective optimization, due to the interaction of modules with each other. The hot side of one
module contacts the cold side of the next, and so on. Thus, for each of the modules of the cascade,
for set operating temperatures, there is an optimal value of the supply current, ensuring
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maximization of cooling power. Each module also operates in a different temperature, which can
result in a different value of the figure of merit and consequently affect the selection of the
module material and/or characteristics.

5. Transient TEG/TEC operation

In transient operating conditions it is possible to observe phenomena and processes that do not
occur in the steady state. They involve, among other things, the possibility of momentarily
achieving operating parameters beyond the range of values achievable in the steady state.
Transient-state conditions can also result from the variability of the heat source parameters and
the possible continuous tuning of the thermoelectric system to the operation of the
source [110-116]. An example of transient conditions is also the start-up of a “cold” system and
its reaching the steady state [117-120]. Another manifestation of a transient state is the quasi-
steady-state pulsed operation at constant ambient conditions, and the variations in the operation
are mainly due to the current changes [121-126].

In the case of cooling operation, it is possible to induce the so-called supercooling phenomenon
[105]. Its essence is to achieve a momentary lower temperature of the cooled space than the
minimum achievable in the steady state. This happens as a result of the thermal inertia (thermal
capacity) of the heat reservoirs cooperating with the thermoelectric module. In the steady state
the temperature of each component in the system is independent of its thermal capacity; it
depends only on the resulting heats and thermal resistances. Taking advantage of the relatively
large thermal capacity of some elements of the system compared to the others, at appropriate
initial thermal conditions, it is possible for example to achieve a significant temperature drop on
the system cooled side compared to the steady-state minimum. Moreover, this phenomenon is
stronger in multi-stage systems, especially if additional heat reservoirs are introduced between
modules connected thermally in series.

Supercooling can only occur (or be enhanced) at certain power supply conditions of the modules.
In most cases, reaching the minimum temperature usually requires power supply using current
pulses with complex shapes [127-130]. A period of intensive cooling and reaching the minimum
(supercooling) temperature is followed by a recovery period, where the temperature of the
system rises strongly an then returns the heat accumulated throughout the system to
the environment [126, 131]. If the spatial distribution of the temperature field in the cooled
reservoir in contact with the thermoelectric module is taken into account, the level of
supercooling that can be achieved depends on the distance from the module [132]. The idea of
supercooling is schematically illustrated in Fig. 5 for a one-stage system, for which the thermal
capacity of the hot-side reservoir (the heat sink giving up heat to the environment) is much larger
than the thermal capacity of the cooled space. In the first phase, when the current is constant,
the temperature of the cooled reservoir has a value higher than the steady-state minimum. Then
follows a phase during which the current increases. Intensive cooling of the cooled space is
observed at that time, and its temperature decreases rapidly as a result of the relatively small
thermal capacity. Simultaneously, the heat sink giving up heat to the environment is heated up.
After a while, the heat sink temperature is so high that the conduction of heat through the module
prevents a further drop in the temperature of the cooled reservoir. At this stage, the total thermal
energy accumulated in the system is much higher than in the initial phase.
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Fig. 5. The idea of supercooling: temperatures of the heat reservoirs on both sides of the module and the current in the module
circuit; the case of the minimum temperature achievable in the steady state (dashed line), the case of reaching the minimum
supercooling temperature (solid line)

A phenomenon analogous to supercooling can also be distinguished in generator systems [133],
but it is of less practical importance. It consists in regulating the heat absorbed by the module to
raise the temperature of the hot heat reservoir (and/or lower the temperature of the cold one)
contacting the module. This can be achieved by regulating the current in the module circuit, i.e.
changing the electrical resistance of the connected receiver of power. The module transfers the
least heat for zero current (omitting negative values, for which it is necessary to supply energy
from the outside — heat pump mode). For this reason, a temporary opening of the electrical circuit
can increase the temperature difference between the module junctions due to a smaller heat
flow through the module. Closing the circuit will then cause the voltage on the external power
receiver to rise to a level that exceeds the steady-state value. Appropriate control of the current
makes it possible to momentarily obtain the maximum power higher than the steady-state level.
This is due to the accumulation of thermal energy and consequently to the increase in
temperature of hot heat exchanger. This is only valid for the heat source with a limited output or
with additional thermal resistance. Such a situation may be desirable in the case of momentary
demand for power higher than possible to provide in the steady state.

The described transient phenomena, both for heat pumping and electricity generation, are based
on the possibility of inducing changes in the heat flow through the module cooperating with the
system capacitive components (heat reservoirs). In the case of multi-stage systems, a change in
the current in one module has an effect on the distribution of heat fluxes in the system and on
the temperature distribution, changing the operating conditions of the other modules. This, in
turn, will cause a change in the optimal current in the circuits of individual modules.
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6. Thermoelectric module durability and reliability

Most publications commonly cite the argument that thermoelectric modules have a low failure
rate and a high mean time between failures (MTBF), mainly due to the lack of moving parts, as
well as the absence of liquid working mediums. However, as indicated by own and yet partially
unpublished studies, relatively frequent occurrences of the module failure have been observed.
A few dozen percent of the tested modules intended for operation as a generator for relatively
high hot heat source temperatures (>300°C) were damaged during the tests, with a total
operating time of much less than a hundred hours. It should be noted that in no case were the
allowable operating conditions, in this case the temperature of the hot heat source and the value
and uniformity of the clamping force distribution, exceeded during assembly process and testing.
The damage usually occurred as a direct result of the heating/cooling cycle. In some cases, the
electrical path was completely broken, resulting in zero voltage at the terminals and their mutual
galvanic isolation. In others, the internal electrical resistance increased significantly, while the
electromotive force remained almost unchanged for a given temperature difference (the Seebeck
coefficient of the module was preserved). The increase in electrical resistance ranged from a few
dozen percent to levels a few dozen times higher. This may indicate a failure (complete or partial
loss of electrical conductivity) of parts of the electrical paths at a series-parallel configuration of
internal electrical connections.

7. Experimental studies

The parameters of thermoelectric modules can be determined experimentally using various
methods of measurement and data analysis. The measurements can be supported by numerical
models or used for mutual tuning of the models [18, 116]. Using an appropriately selected
experimental method makes it possible to determine the module sought parameters while
minimizing the number of required measurements. Basic measurements and analyses are usually
performed at a constant temperature in a selected operation point of the system or at a constant
heat flux [134]. There are also methods based on a dynamic change in the module operating
conditions [135] and measurements conducted under such a condition [136]. Paper [137] shows
the differences in the values of material parameters determined by means of different
measurement methods. The subject of the analysis can be pure material properties [34], as well
as effective values of the module parameters from the point of view of the module external
characteristics [4, 138].

Analysing the datasheets made available by module manufacturers/suppliers, it was noted that
they usually failed to provide all factual information. First of all, the testing parameters, such as
the clamping force and the type of the thermal grease, for which the selected parameters were
obtained, are unclear. The heat flux is often given, but the conditions to which this value applies
are not specified — Peltier heat is not considered. Measurements indicated a significant
discrepancy in actual and datasheet parameters. Also, the differences between the indicators
describing different items of brand-new modules of the same model and of the same series
(excluding obviously defective pieces) reached a few dozen percent, with 10-15% being common.
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Therefore it is necessary to carry out own research until generally accepted procedures for testing
thermoelectric modules and relevant standards are developed and introduced. The constructed
test stand and a schematic diagram of its cross-section are shown in Fig. 6.

Fig. 6. Photo and schematic diagram of the test stand 1. TEG/TEC, 2. Lower block, 3. Upper block, 4. Electric heater, 5. Power
supply/receiver and power measurement, 6. Cooling channels, 7. Radiator, 8. Water pump, 9. Measured force, 10. Internal soft
thermal insulation, 11. Bottom hard insulation, 12. Middle soft insulation, 13, Hot side thermocouples and thermoresistive
thermometer, 14. Cold side thermocouples and thermoresistive thermometer

8. Aim and scope of work

Many works, both past and present, address the issue of thermoelectricity, as evidenced by the
number of available publications in this field. Some of them focus on materials and solid-state
physics, while others address the development and optimization of the thermoelectric module
geometry and dimensions, the leg geometry. The last category comprises analyses of complex
thermoelectric systems that take account of the three-dimensional character of the heat flow in
the entire system [2], as well as studies that evaluate the sensibility of using such systems and
their economic evaluation [64]. Based on the cited information and the conducted literature
review, it is possible to see significant potential for the development of thermoelectricity as a field
of knowledge, both from a scientific and engineering perspective, and room for further
advancement in research in this area.

The main subject of the research presented in this dissertation is the analysis of the operation of
systems equipped with thermoelectric modules. This concerns systems operating to generate
electricity, as well as in the heat pump mode. Because it was observed that some information was
missing from the available scientific literature, and considering the areas still requiring in-depth
analysis and the concepts not yet analysed, research was undertaken to supplement and expand
knowledge in this area. Many works on thermoelectricity ignore the occurrence of the thermal
resistance to the heat flow between heat exchangers and the thermoelectric junction, assuming
the temperatures of the exchangers to be the temperatures of the junctions. This leads to
a simplification of the computational model and, consequently, to inaccuracies in estimating the
actual operating indicators of such a system. The works that take this phenomenon into account
deal with selected special cases and aspects of the system operation.
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The aim of the research was to develop simulation tools and experimental methods enabling
comprehensive evaluation of thermoelectric modules and operation, in steady-state and
transient conditions, of systems equipped with thermoelectric modules. This was achieved by:

» development and construction of a fully computerized test stand intended for testing
thermoelectric systems,

» development of a method of rapid-state measurements to evaluate thermal contact
resistance and basic parameters of modules,

» development of a model of a thermoelectric system taking account of thermal resistance and
thermal capacity of the system components,

» development of a method of evaluating contact thermal resistance at a temperature close to
ambient,

» development of software modelling steady- and transient-state operation of systems with
thermoelectric modules,

» development of numerical procedures and experimental testing of one- and two-stage
thermoelectric systems,

» numerical simulations of waste heat recovery and cooling systems in the exhaust system of
an internal combustion engine (including simulation of its operation),

» numerical simulations of the operation and economy of using a thermoelectric air-
conditioning system,

» analysis and optimization of the supercooling phenomenon in one- and two-stage
thermoelectric systems.

The first stage of the research focused on analysing the effect of thermal resistance on the
performance characteristics of the thermoelectric system. Analytical models were developed to
describe the operation of thermoelectric systems taking into consideration, among other things,
thermal resistance on each contact layer. Based on that, an own simulation tool was created in
the form of the ThermoelectricCalc computer program, enabling comprehensive analysis of the
operation of one- and two-stage systems, including supercooling and optimisation of electric
current. The simulations can be carried out in steady or transient states, taking account of thermal
capacity of the system components. The software includes the possibility of optimizing the
operation of analysed systems for a number of defined decision variables. The software was used
to perform simulations according to original, novel and purpose-designed methodologies.

As part of the experimental testing, and thanks to the developed rapid-state method using the
difference in the temperature field and the electric field inertia, a procedure was formulated for
determining thermal resistance of the heat flow between heat source/sink and thermoelectric
junctions. Additionally, based on the developed analytical model and the measurements carried
out in steady and rapid states, a way was found to determine the thermoelectric module material
parameters. An own method was also created of evaluating contact resistance using
measurements in the vicinity of the ambient temperature.

Using the developed software and available commercial codes, a wide range of numerical
simulations were performed of thermoelectric systems operating in the mode of both a generator
and a heat pump. In the case of the generator-mode operation, a system for waste heat recovery
from the exhaust of a car reciprocating engine was proposed and simulated. An example
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air-conditioning system using thermoelectric modules for heat pumping was also proposed and
analysed thoroughly from the technical and economic point of view.

A detailed review of performed works is presented in the chapters that follow.



28 | Ryszard Buchalik, PhD Thesis



Ryszard Buchalik, PhD Thesis | 29

Il. PAPER [A] — Mathematical model of a thermoelectric system based on
steady- and rapid-state measurements

This paper presents the concept of determining, using the rapid-state method, the parameters of
a thermoelectric module and thermal resistance between the module and the heat exchangers
cooperating with it. Although measurements using the dynamics of phenomena and the inertia
of processes are known in the literature, this is, to the best of the author's knowledge, the first
study presenting such a use of dynamic phenomena. It is mainly about the use of the order
difference in the inertia of electrical and thermal phenomena (the change in the electric voltage
field and the change in the temperature field, respectively) to study thermoelectric modules.

1. Determination of the thermoelectric module operating parameters

The proposed method in its basic version consists in bringing the system to a steady state at the
module short-circuit current. Then the circuit is abruptly broken — transition to an open-circuit
state. During this process, the voltage history on the module terminals is recorded at a sampling
frequency of tens of kHz. Just after the change in the electrical state, the temperature field still
corresponds to the steady short-circuit state. The electric field, or more precisely the output
voltage, changes much more rapidly, and the trace delay may be due to the electrical capacity
and inductance of the electrical path. The delay resulting from the system reaching a new thermal
steady state is by orders of magnitude bigger. Such circumstances make it possible to read the
voltage just after the change in the state and after the new steady state has stabilized. Based on
the difference between these readings, the short-circuit current and the heat measurement,
selected parameters characterizing the module can be determined. The number of the quantities
that need measuring depend on the number of output parameters being determined. The
developed method makes it possible not only to determine the quantities characterizing the
thermoelectric module, such as Seebeck and Peltier coefficients, electrical resistance and thermal
conductivity between the junctions, but also to quantify thermal resistance between the
thermoelectric junctions and the heat source/sink. The knowledge of contact thermal resistance,
in turn, makes it possible to determine the actual (practically unmeasurable in a direct way)
temperature difference on the thermoelectric junctions, and thus the crucial operating
parameters of the system. For this purpose, a dimensionless power factor was introduced, which
determines the ratio of the actual power to the maximum power that would occur in the absence
of contact thermal resistance.

Thermal resistance can vary over time, especially when thermal grease is used on contacting
surfaces. The grease performance strongly depends on the clamping force, the quality of the
contacting surfaces and the environmental conditions, due to which it may be subject to
degradation over time (mainly dehumidification). In real operating conditions of systems with
thermoelectric modules, a drop in the clamping force is also possible due to, for example, the
stress relaxation process in the mounting elements. Increased resistance can also be caused by
degradation of the module internal structure, particularly the solders and their contact with the
legs and the housing.
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2. Mathematical model

The mathematical model presented in the paper, based on the energy balance equations and
definitions of thermoelectric phenomena, makes it possible to find solutions describing the
relationship between the electric current in the circuit, the module electric power,
the temperatures of the junctions, the electromotive force, as well as determine the optimal
electrical resistance corresponding to maximum power or efficiency. The analytical form of these
solutions is characterized by a considerable degree of complexity. The concept of effective
parameters considering external thermal resistance as an immanent feature of
the thermoelectric module was also introduced into the model. In this way, the thermoelectric
system operation along with thermal resistance of contact layers can be described assuming that
the temperature of the junctions is equal to the temperature of the exchangers and using the
effective values of the Seebeck coefficient, electrical resistance and thermal conductivity. This
approach is not an exact representation of the performance characteristics, but is a good enough
approximation of them. The accuracy of such an approximation was proven by an error analysis
conducted for the presented case. The developed model can be also used to determine contact
resistance based on measurements of the performance characteristics of thermoelectric
modules.

3. Experimental testing

The paper demonstrates the structure and measurement capabilities of the prepared test stand
and presents practical aspects of the realization of measurements in the steady state and at rapid
changes in the electrical state of the system. The test stand is fully computerized and automated
thanks to the prepared control and measurement software, which enables precise control of each
element of the system and collection of data from a large number of measurements at
a frequency of up to several kHz. It consists of a mounting frame that ensures a proper
electronically controlled clamping force pressing the thermoelectric system elements to each
other, two copper blocks acting as heat exchangers and a thermoelectric module placed between
them. The hot exchanger is heated by electric heaters, while the cold exchanger is cooled by
water. On the electrical side of the module there is an electronically regulated receiver of electric
power. The main quantities measured on the stand are the temperatures of the exchangers (and
their distribution inside each exchanger), the power supply to the exchanger heaters, the mass
flow and temperature of the cooling water, the voltage and the current on the module terminals
and the clamping force.

4. Results and conclusions

Using the assumption of the module current-voltage characteristics linearity, from the practical
point of view contact resistance should be determined between two extreme states of
the module operation, i.e. the short circuit and the open circuit.

Studies have shown that the existence of thermal resistance introduces nonlinearity into
the module characteristics in a way that cannot be achieved by modifying the thermoelectric
material parameters (in other words, by introducing effective parameters).
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The results of the assessment of the effect of contact thermal resistance in various operating
conditions make it possible to determine the actual temperature range of the thermoelectric
material, including the most significant maximum temperature, which decides the module failure.
The higher the value of the resistance, the higher the temperature of the hot source can be, even
tens of K above the module allowable temperature. In addition, the performed sensitivity analysis
of the determination of the module parameters based on measurements shows that the results
are affected the most by the measurement of electrical voltage, which interestingly enough is one
of the most accurately measured quantities.

The developed, relatively simple method of determining the contact layer thermal resistance
provides an answer to the question of the potential for improvement in the module performance
characteristics by improving the contact with heat exchangers (in practice, for example,
by replacing the thermal grease and adjusting the clamping force). It also makes it possible to
indicate possible damage to the internal thermal path in the module (e.g. if the ceramic surface
of the housing comes unstuck from the thermoelectric junctions).
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IIl. PAPER [B] — Detailed model of the thermoelectric generator
performance

This paper analyses the effect of contact resistance with a symmetric distribution on the
operation of a thermoelectric generator. A mathematical model and its numerical solution for
a specific commercially available module are developed and shown.

1. Mathematical model

The mathematical model describes the power and the energy conversion efficiency of
a thermoelectric module cooperating with heat exchangers with set temperatures. The input data
are the parameters describing the module and the outdoor temperatures. The temperatures of
the thermoelectric junctions in this case are a function of the temperatures of the exchangers,
the current in the circuit and the value of thermal resistance along the exchanger-thermoelectric
junction path. The thermal resistance can be set individually for each side. If the exchangers
absorb/give up heat by convection, e.g. from hot exhaust gases, the amount of the exchanged
heat will additionally be a function of the flow velocity, the geometry and size of the heat transfer
surface, and the medium-exchanger temperature difference. The presented model takes account
of the radiative heat transfer as well. The temperature of the thermoelectric junction also
depends on the parameters of the legs and the quantities directly resulting from them, i.e.
thermal conductivity, the amount of released Peltier heat and Joule heat. The current in the circuit
can be determined by electrical resistance of the power receiver. The model equations can be
used to find relations describing optimal electrical resistance of the connected power receiver
while maximizing the module output power or efficiency. The degree of the model complexity is
thus considerable. EMF varies due to the current in the circuit as a result of the Peltier heat. This,
in turn, changes the current corresponding to desired optimized condition creating a coupled
problem.

2. TEG operation for constant temperatures

Solving the model equations numerically, it was established how the output electrical power and
efficiency changed as a function of the circuit current for different values of contact thermal
resistance. The effect of this resistance on the shaping of selected operating parameters, the
value of the current in particular, was discussed with a view to achieving operation with
the maximum, possible to obtain in given conditions, generated electrical power or maximum
total efficiency. Efficiency is understood as the ratio of the generated electrical power to
the thermal power received by the module from the hot heat source.

Literature analyses usually make use of an approximation stating that the point of the maximum
power corresponds to the current value equal to half the short-circuit current. Therefore the
paper examines the deviation from this rule for the situation when contact thermal resistance is
taken into account in the system. A function was determined that describes the optimal value of
electrical resistance of the connected power receiver depending on thermal resistance. As
a result, analysing relevant values of relative deviations of the system operating parameters, it
was found that the deviation of the actual power from the maximum power was insignificant
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(much less than 1%) when using the simplified rule assuming the maximum power for the current
value equal to 50% of the short-circuit current. A similar situation occurs assuming a constant
value of external electrical resistance of the power receiver which is equal to the value of the
module internal resistance. Analogous considerations were also made for the criterion of
maximum efficiency. The optimal values of electrical resistance in both cases can be adopted
independently of the thermal resistance of the layer at a usually negligibly small deviation of the
output parameters. The range of the analysed thermal resistances was from zero to a value
corresponding to a few-centimetre layer of the insulating material.

3. Heat source maximum temperature

Considering that the temperature of the hot junctions of the thermoelectric module decreases
with a rise in thermal resistance, an analysis was made of possible increase in the temperature of
the heat source depending on the value of the thermal resistance. For each of the analysed
operating states, this temperature was selected so that for zero current in the circuit (the
maximum temperature of the thermoelectric junction) the allowable temperature of the module
should not be exceeded. For the operating states under analysis, the effect of the current in the
circuit, and — consequently — Peltier heat, on the temperature of the thermoelectric junctions was
presented. It is shown that for at least one constant-temperature heat source, there is an external
thermal resistance value for which the effect (between zero and short circuit current) is the
greatest. For very small values of thermal resistance, the temperature of the thermoelectric
junction differs only a little from the temperature of the constant-temperature heat reservoir, so
also its variations with changes in current are slight. On the other hand, for very large values of
thermal resistance, the short-circuit current has a relatively low value due to the small useful
temperature gradient on the module. Therefore the potential for changing the junction
temperature (by changing the current value from open circuit condition to short circuit) is also
small (a small current means a small Peltier effect).

4. Conclusions

It is shown that the presence of the contact thermal resistance between the module and the heat
exchanger modifies, to a significant extent, the thermoelectric system operating parameters. This
mainly concerns the temperature of the thermoelectric junctions, which has a direct impact on
output power. It is also shown that the presence of thermal resistance affects the optimal, in
terms of output power or efficiency, electrical resistance values of the connected power receiver.
Moreover, it is substantiated that the use of approximation-based methods makes it possible to
obtain results with satisfactory accuracy. It is demonstrated how, in the presence of thermal
resistance of the layer, the temperature of the hot heat source can be increased above the
allowable temperature of the module without damaging it. The so-determined maximum
temperature varies depending on whether the module operates under conditions of
maximum power, efficiency, or under any conditions (in practice corresponding to no current
flow).
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IV. PAPER [C] — Comparative analysis and optimization of one- and two-
stage cooling systems with thermoelectric cells with respect to
supercooling

This paper deals with the analysis of a cooler operating based on thermoelectric phenomena, with
special attention given to the phenomenon of supercooling, understood as a momentary
achievement by the system of a temperature lower than the minimum achievable in the steady
state. Such a situation may occur due to the presence in the system of heat reservoirs with
a certain thermal capacity. In transient states, their momentary temperatures, combined with an
appropriate value of the module supply electric power and the resulting heat fluxes in the system,
can result in the achievement of a supercooling temperature. An analysis is conducted of
the methods of shaping current over time to achieve the temperature minimum.

1. Model of the system

Because better supercooling results can be achieved in a two-stage system, most of
the simulations were carried out for this configuration. It consists of two thermoelectric modules
connected thermally in series, so the “pumped heat” flows sequentially through each module.
The main advantage of the two-stage system is the possibility of obtaining a lower temperature
than for a single module (both — steady state and supercooling). The disadvantage is the relatively
low cooling power compared to supply power (low COP), the module size and the amount of
the thermoelectric material used for construction. In the work described here, the two-
stage thermoelectric system model was extended by an additional heat reservoir placed in
between the modules. The system thus has 3 heat reservoirs with specific thermal capacities and
two thermoelectric modules (layers with a varied size). The analyses were carried out both with
and without taking account of contact thermal resistances of the layers. The issue was
investigated using the own program.

2. Software validation

The developed simulation program was validated on an in-house test stand. This time, a two-
stage system equipped with two identical thermoelectric modules was tested. The validation was
carried out for the steady state and the transient variations in the supply current of the modules.
The numerical simulations carried out for the tested system were then reproduced on the test
stand with satisfactory agreement of the obtained temperatures courses.

3. Numerical simulations

In the first step of the calculations, the focus was on the value of the minimum temperature
achievable in the steady state as a result of the optimal selection of the supply current of the
modules. In this case the thermal capacities in the system are irrelevant. The results here are
curves illustrating changes in the steady-state temperature as a function of currents in the circuits
of the modules.

Next, the analysis concentrated on the process of the system start-up from the initial state (with
the temperature of all components equal to the ambient temperature) at a constant value of the
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current supplying the modules. In this case, for certain current values and an appropriate
combination of thermal capacities of the reservoirs, the phenomenon is observed of a momentary
achievement of a temperature below the steady-state level on the cold side of the system, which
may also be lower than the minimum temperature achievable by the system in the steady state
(supercooling). This is illustrated in the charts, showing both the steady-state temperature and
the minimum temperature over the entire time under analysis (from activation to reaching the
steady state). Moreover, current values are marked for which the steady-state temperature is at
the same time the minimum in the entire cycle (overlap of the analysed areas). The analyses also
made it possible to determine the limit value of the internal heat reservoir thermal capacity below
which the minimum achievable temperature occurs in the steady state, and above which it is
achievable only temporarily. The changes in the minimum temperature of the cooled reservoir
are shown as a function of this capacity.

The supercooling phenomenon can potentially be achieved by supplying modules with currents
with a constant value, depending on the initial state. However, better results are achieved if the
module is supplied with a variable current pulse. For this purpose, a few methods of modelling
current changes over time were analysed to achieve the maximum supercooling effect. A linear
increase in current (from the initial value maintained for a certain period of time) for each module
individually was considered as the most efficient. To describe such a history, 4 values were
required (degrees of freedom — initial value, time of the beginning of the increase, the increase
rate, the final value), which were determined based on the optimization procedure; the objective
of the process was momentary temperature minimization. The adopted method of the current
modelling ensured much lower resultant temperatures than a step change from the initial to the
final value of the current, while a more complex description of the current shape did not bring
a noticeable improvement on the results.

The results are shown both in the form of the minimum temperature and characteristic values
describing the current modelling, as a function of the thermal capacity of the internal reservoir.
In this case, two characteristic phases can be distinguished during the process of obtaining the
minimum temperature. In the first, the system is brought to the steady state (at constant initial
currents), and then the phase of the increase in current begins. During that phase, or just after
the current final value is reached, the moment occurs when the minimum temperature of the
cooled space is observed. For a relatively high thermal capacity of the internal reservoir in
the initial phase, the current in one of the modules may even be negative — both modules work
to “cool” the middle reservoir. Owing to its large capacity, the “cool” accumulated in it can be
used for intensive cooling of the cooled space in the next phase, which results in a low minimum
temperature. Moreover, the size of the modules was for each of them optimized individually to
achieve the lowest possible temperature, both with and without taking account of contact
resistances.

4. Summary and conclusions

The results of the studies prove that both in one-stage and in multi-stage systems, with proper
adjustment of the histories of currents, it is possible to achieve a temperature momentarily lower
than the minimum steady-state temperature. In a multi-stage system the phenomenon is much
more pronounced. The paper presents the features and the performance characteristics (mainly
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the supercooling capacity) of the two-stage system, and an analysis is conducted of their variation
as a function of the internal reservoir thermal capacity. In addition, it is proved that
the characteristics of the system performance under variable conditions can be shaped
considerably by placing such a reservoir in a multi-stage system. The optimal method of current
shaping to achieve the strongest possible supercooling effect is determined. It is also shown that
for some of the tested configurations/conditions the minimum temperature is also achievable in
the steady state — the supercooling phenomenon does not occur. For each of the configurations
it was proved that optimizing the size of the thermoelectric layer (the number of modules/legs
in a single layer) in terms of the minimum steady-state temperature resulted in a substantial
temperature drop, but at the same time the potential for supercooling decreased considerably.
The optimization results differed significantly for cases where thermal resistances of the contact
layer between the module and heat exchangers were taken into account and where they were
omitted.
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V. PAPER [D] — Technical and economic analysis of the thermoelectric air-
conditioning system

This paper presents an analysis of the system of a portable thermoelectric air conditioner. Its main
part is based on simulations performed using the author's own, previously mentioned, software.
The considerations include, among other things, the economic aspect, which resulted in
a comprehensive techno-economic analysis of the proposed system. The system was also
optimized with a view to minimizing the cost of cool production.

1. Experimental testing

The testing was performed using a module that is easily available on the market and relatively
inexpensive. The main criterion for the module selection was the ratio of the cooling power to
the purchase price. The experimental tests were carried out to determine the analysed module
actual parameters. The research novelty, among others, is the presented method of determining
contact thermal resistance between heat exchangers and the module. It is based on static and
rapid measurements performed in temperatures close to ambient. The method includes
measurements that enable compensation for losses to the environment. The developed
procedure is realized in such a way that the cold side of the module is in contact with the heated
exchanger causing its cooling. For this reason, maintaining the exchanger constant temperature
involves supplying it with adequate thermal power from heaters. Performing such measurements
(including rapid measurements) makes it possible to determine the hypothetical state of the zero
temperature gradient in the thermoelectric material, i.e. the absence of heat conduction through
the module. The known temperature difference between the exchangers is then due only to the
thermal resistances occurring on contact layers. Additionally, the paper presents the results of
a quantitative analysis for two different classes of thermoelectric grease.

2. Simulations of the system operation

The first stage was to simulate the behaviour of a system consisting of a thermoelectric module
and heat exchangers with set constant temperatures. Based on that, characteristics of cooling
power and the COP were determined as a function of the module supply current and the
temperature difference of the exchangers. The simulations were then enriched by considering
the characteristics of the heat exchangers in contact with the surrounding air (indoor and
outdoor). The quality and the size of the exchangers were independently described for each of
them using the heat transfer factor (HTF) defining the ratio between the exchanged heat and
the temperature difference. For comparison, characteristics of systems consisting of one and of
ten reference modules using the same heat exchangers are shown. It is demonstrated that in this
case the system with one module has higher maximum COP and cooling power values per module.
In the next stage of the simulation, an analysis was conducted of the effect of the number
of modules on the characteristics of a system at fixed dimensions of the heat exchangers and at
a fixed temperature difference between the cooled space and the environment to which heat is
discharged. Contour maps were created of cooling power and the COP as a function of the size of
the thermoelectric layer (number of legs) and the supply current. They indicate clearly that
cooling power reaches a global maximum for a certain number of thermoelectric couples and
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an appropriate supply current value. Moreover, for any size of the thermoelectric layer or any
value of current, there is a value of the latter parameter that corresponds to the maximum cooling
power. The maximum COP for the set size of the thermoelectric layer is obtained at very small
currents, which corresponds to a very low cooling power. Due to these observations, a graph was
plotted illustrating the dependence of the maximum COP and the corresponding supply current
of the module as a function of the demand for cooling power (minimum cooling power),
optimizing for each point both the current value and the thermoelectric module size. The resulting
graph has practical significance in the design of this type of the air conditioner and its economic
analyses.

3. Economic simulations

In the next step, the economic aspect related to the design and operation of a thermoelectric air
conditioner with the cooling capacity of 2kW was introduced into the analyses. The calculations
took account of the market price of thermoelectric modules and heat exchangers, as well as the
cost of electricity for a retail consumer. The simulations were carried out for a 5-year service time
at the operating time of 480h/year.

This section discusses the optimization procedure and defines the parameter called Economic
Total Cooling Capacity (ETCC), which determines the ratio of the cooling energy delivered over
the assumed lifetime of the device to the total cost of the device purchase and operation. It
mainly consisted in the maximization of the ETCC indicator performed for the entire temperature
range of the air conditioner operation, i.e. from 0°C to 25°C of the indoor/outdoor difference, and
a wide range of unit costs of electricity. The decision variables of the optimization problem were
the coefficients and characteristics describing the unit cost and efficiency of the heat exchangers,
the modules and the electric power supplying the system. The reference point to which the
obtained values were compared was adopted as a 5°C indoor/outdoor temperature difference
and the cost of electricity at the mean level in the EU. The obtained results show how, the size of
heat exchangers, the number of modules and the module supply current change. Contour maps
were also determined, which illustrate the deviation of the ETCC indicator and cooling power for
the system operation in the whole field of temperature differences and electricity costs under
analysis, assuming that the system is designed and optimized in terms of the adopted reference
point. The assumption does not concern the current because this can easily be matched to actual
operating conditions (which may require no changes in the design).

In the next phase of the simulations, the height of the legs making up the thermoelectric layer
was added to the task decision variables. This captures the potential possibility of ordering
dedicated modules (with a specific leg geometry). The system optimization performed in this way
showed the possibility of improving the ETCC indicator. The problem in this procedure was to
determine the share of material costs in the cost of the thermoelectric module, in other words,
how the module price varied with a change in the height of the legs (while keeping their number
and their cross-sectional area constant). The calculations were carried out assuming a 20%-share
of the material cost in the cost of the module. For the reference point, the optimization results
were also presented for extreme assumptions — 0% (the module cost does not depend on the leg
height) and 100% (the cost changes linearly with the leg height).
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In the last part of the considerations, an analysis was carried out of the possibility of increasing
the cooling power of a device optimized to maximize the ETCC indicator, which in this situation
does not operate with maximum cooling power. It was shown that this power could be
significantly increased (e.g. temporarily) at the expense of a decrease in the COP and the ETCC.
In the latter case, the change in overall lifetime indicators is dependent on the operating time
beyond design conditions.

4. Summary and conclusions

Based on a detailed analysis of the air conditioner system built using thermoelectric modules, the
features and the characteristics of its operation were presented. Such a system has a significantly
lower cooling efficiency and higher investment and operating costs compared to conventional
compressor solutions. However, the proposed system has hardly quantifiable advantages, which
can be crucial in certain applications, such as the lack of a circulating medium, the noiseless
operation, the small size and weight, and the system scalability in a wide range of cooling power
(especially small ones). The introduced ETCC indicator is a quantity independent of the system
size. For the reference point, the obtained ETCC value totalled 0.58 W/USD for the case with the
original geometry of the leg, and 0.64 W/USD after optimization taking account of the possibility
of its modification.
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VI. PAPER [E] — The potential of thermoelectric energy harvesting in
vehicles equipped with the ICE

This paper deals with the possibility of integrating thermoelectric systems into the exhaust system
of an internal combustion engine. The considered solution is characterized by the following
features: ease of installation, as there is no need to modify the internal combustion engine
(except the exhaust system), possibility of retrofitting and a number of advantages of the
thermoelectric module.

1. Model of the system

The computational model was created using the AVL software package, in particular the BOOST
module. It enables one-dimensional calculations of the internal combustion engine layout, taking
into account the phenomena of gas dynamics, thermodynamics, energy conversion, etc. The
modelled engine had a single-cylinder structure with the displacement of 500 ccm and spark
ignition, representing a simple motorcycle engine. The thermoelectric system was designed as
a “user-defined element” by developing a C-language script. Catalogue data of a commercially
available module were used as a source of TEG characteristics. The heat exchanger was modelled
in the software by a fragment of the exhaust gas duct with a set diameter, clad with
thermoelectric modules on the outside. The heat transfer coefficients are determined by the
software based on momentary parameters of the exhaust gas in the duct (temperature, velocity,
pressure, composition). It is assumed that the cold end of the thermoelectric modules is placed
in a temperature close to ambient. In practice, this can be implemented through a structure of
heat sinks or a liquid cooling system. It is also possible to use the liquid cooling system of the
engine, for example, by drawing the liquid to cool the thermoelectric system just after the
radiator. The assumption is that the current in the module circuit is at all times set to a value
which ensures the maximum electric output power, which is almost exactly equal to the
maximum total efficiency. This is because the efficiency of the system is understood as the ratio
of generated electricity not only to the heat flowing through the module, but to the heat
contained in the exhaust gas. Based on the current temperatures of both sides of the module,
the heat flow through the module is calculated. This heat affects the temperature of the duct
wall, which, due to the adopted assumptions, is also the temperature of the hot side of the
thermoelectric module, which translates into the heat conducted by the module and then again
it affects the duct temperature. This means that the thermoelectric system operating conditions
are determined iteratively. It is further assumed that a single “thermoelectric segment” is made
of 20 modules, while the entire recovery system consisted of multiple segments connected in
series, i.e. the exhaust gas flowed sequentially through each segment and was finally carried away
to the environment. Inside a single segment all thermoelectric modules operate at the same
temperature on both sides, also the temperature of the inner wall of the heat exchanger
(in contact with the exhaust gas) has a uniform temperature along the entire segment in this case.
The pressure increment resulting from the pumping of the exhaust gas through the heat recovery
segments was negligibly small. In addition, a reservoir was placed in the exhaust system, after the
last segment and before the outlet to the environment, to prevent the intake of cold air from the
environment due to the pulsatory nature of the flow.
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2. Calculations

A single working point of the engine — 6000 rpm, full throttle — was assumed for the calculations.
In this condition, the engine reaches a brake output power of 27.7 kW (very close to its maximum
power), the exhaust gas mass flow rate in the duct totals 24 g/s at the average temperature of
1278 K and the average velocity of 69 m/s (mass- averaged). In the first stage, in order to
compensate for the flow pulsations, an insulated reservoir with the capacity of several hundred
litres was placed between the simulated thermoelectric system and the engine. In addition, the
heat transfer multiplier (representing the physical internal ribbing of the exhaust duct of
the segment) was set at 1.02, where 1.0 corresponds to a smooth pipe. This ensured that the
temperature was at the limit of the level allowable for the thermoelectric modules for the first
segment. At this stage, the segments were assumed to be identical. It is shown how the heat
conducted by the modules, the temperature of the hot side, the amount of generated electricity
and the gas temperature at the segment inlet and outlet vary for each segment.

3. Optimization of the system

The next step was to adjust the value of the heat transfer multiplier to optimize the operating
conditions of the thermoelectric modules in each segment independently. This multiplier was
selected for each segment in a manner ensuring that the temperature of the hot end of the TEG
should reach (but not exceed) their allowable value. For each successive segment the determined
value of the multiplier, and thus the required ribbing of the exchanger, increase substantially. The
value of 10 was reached for the fifth segment, which was the upper limit in the optimization
process. Using this approach, it was possible to achieve an approximate 30% increase in power in
the first four segments compared to the case with identical multiplier (identical ribbing).

In the next stage of the calculations, the capacity of the insulated reservoir between the
thermoelectric system and the engine was reduced to a reasonable size of 5 litres. It was
determined how the optimal multipliers of the heat transfer changed in such a system.

Next, an analysis was carried out of the electric power recovered in the case of the engine
operation under a full range of load for two rotational speeds: 4000 rpm and 6000 rpm.
The dependence of the recovered electric power on the mechanical power of the engine was
approximately linear. Higher power can of course be observed for the higher rotational speed
value, when the efficiency of the recovery system is bigger as a result of its tuning (heat transfer
multipliers) to this working point.

4. Conclusions

A guantitative assessment was made of the possible heat recovery for the operation of a single-
cylinder engine. The proposed system can partially or fully replace a conventional mechanical
alternator (electric generator). The reasonableness of using such a solution and the number of
segments strictly depend on the cost of the thermoelectric modules and the heat exchangers,
where each successive one was bigger. Each successive segment is characterized by a lower value
of the ratio between generated useful energy and the segment cost.



Ryszard Buchalik, PhD Thesis | 45

VIl. PAPER [F] — Modelling the internal combustion engine waste heat
recovery using thermoelectric modules

The paper is based on a similar computational model and assumptions as the work presented in
Chapter VI. The AVL BOOST software and an independently prepared script describing
a thermoelectric module with a heat exchanger on the exhaust gas side and a constant cold end
temperature were used to model the system.

The motivation for the research was the desire to find a way to improve the economic indicators
and the environmental impact of the combustion engine car operation by reducing its unit fuel
consumption. The road transport market, including passenger cars, is growing rapidly in the
world. The efficiency of internal combustion engines reaches 30-40% at best. A significant amount
of heat is dissipated in the form of the exhaust gas temperature.

A model of a four-cylinder spark-ignition passenger car engine with the displacement of 1.5 L was
used for the study. A car was also modelled, taking account of its weight and gearbox with the
gear ratios. A simple model of the driver was also introduced, thus determining the operation of
the vehicle drivetrain.

1. Calculations

In the first stage, the dependence of the engine power, torque, average velocity of the exhaust
gas stream and its average temperature (mass-averaged) were investigated as a function of
rotational speed at a full opening of the throttle. In this case, the thermoelectric system of the
exhaust heat recovery consisted of a single segment as described in Chapter VI, but using
a different type of thermoelectric module. The initial length and diameter of the segment were
500 mm and 44 mm, respectively. It contained 10 thermoelectric modules, and the heat transfer
coefficient multiplier (equal to 7.51) was selected so that at a rotational speed of 3300 rpm
(the maximum in the tests, at which the gear changes) the hot side of the module, and thus at
the same time — the inner wall of the heat exchanger, should reach the allowable (limit)
temperature of the applied thermoelectric modules. The minimum rotational speed of the engine
was assumed as 750 rpm (idling).

Then, for the system selected in this way, charts were made showing the relationships between
the engine rotational speed and the heat flowing through the modules, the temperature of their
hot end and the electrical energy produced by them. Results are shown for three values of the
engine rotational speed: 1000, 2500 and 3300 rpm. For these speeds, charts were plotted
showing the dependence of the average temperature of the exhaust gas and its average velocity
in the duct as a function of the mechanical power generated by the engine. The course of the gas
pulsation in the exhaust system is also presented.

Due to the pulsatory nature of the flow, it was checked how the length and position of the heat
exchanger (the segment with thermoelectric modules) affected the recovery of energy. The
number of modules cooperating with the exchanger was kept constant. As the exchanger is
shortened, the heat transferred through it decreases, but the relationship is not linear. Less
collected heat (shorter exchanger) causes a smaller temperature drop along the segment.
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Moreover, less heat flowing through the segment modules results in a lower temperature at their
hot end. Both these phenomena are therefore responsible for a larger average temperature
difference (between the exhaust gas and the exchanger), and therefore a larger heat flux.

The analysis then focused on the impact of the exchanger location on the amount of recovered
heat. The simulations in this case were carried out for an exchanger with the length of 300 mm.
In general, the longer the exchanger, the smaller the impact of wave effects on the heat transfer
because what happens then is averaging of both velocity and temperature along the exchanger.
On the other hand, for a very short exchanger the histories of momentary values of velocity and
temperature (and especially the relationships between them) strictly depend on the distance
from the engine. The results indicate that as the recovery segment is moved away from the
engine, the amount of the exchanged heat decreases, but the relationship is not homogeneous,
with local minima and maxima. The local phenomena are probably due to the pulsatory nature of
the flow, and the general decreasing trend is an effect of the “averaging” (mixing and dispersion
effects) of the exhaust gas temperature and velocity with the distance covered from the engine.

In the next step, simulations were performed of a driving cycle of the car involving acceleration
from a standstill to the speed of about 100 km/h followed by deceleration to a complete stop. In
this case, account was taken of the thermal capacity of the heat exchanger transferring heat from
the exhaust gas to the thermoelectric modules. An increase in capacity results in slower heating
of the system (delayed energy recovery and slow build-up), but also, after a decrease in the engine
operating parameters, the accumulated heat is utilized in the thermoelectric modules. This can
have a positive effect on the amount of recovered energy at the engine relatively short operation.
However, prolonged heating results in a lower hot side average temperature, which has
a negative impact on the efficiency of the thermoelectric recovery process. Based on the charts
illustrating momentary values of the recovered power and the total recovered energy, it is
concluded that there is an optimal value of the exchanger thermal capacity that depends on the
assumed drive cycle.

The final step was to simulate a driving cycle following the WLTP standardized cycle and consisting
of urban driving of varying intensity and motorway driving. The analysed cycle covered nearly
15 min and 13 km of driving. Based on this, the relations concerning the power and the energy
recovered during the cycle were obtained.

2. Conclusions

Based on the obtained results, it can be concluded that the proposed system is not justified for
use in a passenger car. During the simulated driving cycle, the vehicle average fuel consumption
totalled 9.3 L/100km, and the recovered energy was equivalent to the energy contained in
0.01 litre of fuel (assuming the conversion efficiency of 30%). The resulting saving in fuel
consumption only slightly exceeds 0.1%. Much more energy was consumed to decrease the
vehicle speed, which points to the potential for using regenerative braking systems. There are
some ways of improving the efficiency of the thermoelectric system, such as increasing the heat
transfer surface area for example. However, this makes such a recovery system much more
complex and expensive.
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VIII. SUMMARY AND CONCLUSIONS

The research presented in this work focuses on measuring parameters of thermoelectric modules
in various steady- and transient-state operating conditions, and on modelling the operation of
systems equipped with such modules. It covers the operation of such devices both in the
generator and in the heat pump mode.

A purpose-built test stand was developed and constructed to enable comprehensive
experimental evaluation of thermoelectric modules. The stand is fully automated, with self-
control systems monitoring its own components, the measured values and indications, including
implemented emergency procedures. Algorithms were developed and implemented for steady-
state detection, recording of results and automatic performance of measurements in various
conditions, including fast-changing ones. The module operating parameters can be adjusted over
a wide range fully covering the entire field of operation of most commercially available modules.
The stand can operate at the hot source temperatures of up to 600°C and enables testing of multi-
stage systems, including those with thermal capacities in between modules. It was used to
develop the performance characteristics of the tested thermoelectric modules. The calculations
were based on own measurements, the modelling results were validated for systems with TEGs
and TECs, and new measurement methods were developed. The results were characterized by
a high degree of repeatability and by confirmed accuracy.

A transient-state measurement method was developed to determine thermal contact resistance
on the thermoelectric module-heat exchanger interface. The method consists in rapid electrical
measurements when the operating conditions of the module change abruptly, and takes
advantage of the large difference in the inertia of the thermal and the electric field. In parallel,
an analytical model was developed to utilize the measurement results obtained by means of this
method to evaluate the operation of a system with a thermoelectric module. An indicator of the
system operation quality was also introduced, which indicates the deviation of the current power
of the system from the theoretical maximum at ideal thermal contact between the thermoelectric
junction and the exchangers. The method makes it possible to determine actual parameters and
operating conditions of the thermoelectric module material, the theoretical operating maxima,
the potential for improving operation by improving thermal contact, or the degree of wear of the
thermal grease. The source maximum temperature was also analysed for a defined allowable
temperature of the module. The thermal resistance values measured using the developed
methods were found to vary strongly for different type of the thermal grease used on the contact
surfaces and for the applied clamping forces.

In the next phase of the investigations, the degradation of operating indicators of thermoelectric
modules due to the presence of a thermal resistance layer between the module and constant-
temperature heat sources in the case of the TEG was established. The influence of Peltier heat on
thermoelectric junction temperatures was examined depending on the circuit current. Based on
that, the optimal values of current as a function of contact thermal resistance were determined.
They vary depending on whether it is the module power or the module efficiency that is
maximized. The optimal electric resistance of the power receiver also differs from the values
determined based on an approximate model assuming constant-temperature sources. In
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addition, the errors resulting from the use of approximate relations to determine the optimal
level of current and other parameters were estimated.

Based on the developed mathematical model of a system with a thermoelectric module,
a computer program was prepared that enables complex analyses of thermoelectric systems
operating in the mode of electricity generation or heat pump. Using the program, it is possible to
simulate both steady- and transient-state operation of one- and two-stage systems, prepare their
characteristics and optimize operating conditions and geometric configurations for pre-defined
criteria. In addition, it is possible to conduct economic analyses and optimize the shapes of
variable current pulses using different current shaping methods. This tool was validated
experimentally and then used to simulate the operation of thermoelectric systems.

Using the prepared software and other means, a concept was analysed of a thermoelectric air
conditioner based on relatively cheap and commercially available modules. Own experimentally
determined characteristics of the thermoelectric module were adopted for the calculations, and
own methods were used to determine the system operating parameters. Apart from the analysis
of the air-conditioning system technical parameters, a comprehensive economic evaluation of the
system was performed, taking account of investment and operating costs. It is shown how
individual cost factors affect the introduced ETCC indicator. The results of the performed
optimization of the geometry of thermoelectric modules indicate a possibility of improving the
economic indicators by proper selection of the leg geometry. It is demonstrated that a system
optimized in terms of set technical and economic conditions can operate with an overload of up
to 30%, but at the expense of a significant reduction in the value of the ETCC indicator.

The next stage of the works was an analysis of a two-stage system with an additional thermal
capacity placed between the modules. Special attention was paid to the possibility of achieving a
momentary temperature of the cooled space that is below the steady-state minimum, i.e.
achieving the supercooling effect. A comparative analysis of the one-stage and the two-stage
system was conducted, and ways of shaping the module supply currents to achieve the minimum
temperature were presented. Characteristics defining the minimum achievable temperature and
describing the corresponding current pulse history as a function of the values of the thermal
capacities of the reservoirs were determined. It was observed that a momentary very large
increase in current in the module circuit made it possible to achieve the significant supercooling
effect, while the steady-state minimum temperature was reached for relatively low values of
current to minimize the impact of the Joule effect. In each case, however, achieving the minimum
temperature involves running the process of optimizing the system operating conditions, taking
account of the system geometric configuration and the thermoelectric module parameters. The
geometric configuration was also subjected to optimization for different operating conditions.

Simulations were performed of internal combustion engine systems (for a motorcycle and
a passenger car) equipped with exhaust heat recovery thermoelectric systems built into the
exhaust system. A dedicated software package extended with own calculation scripts was used
for this purpose. The recovery parameters were determined in selected configurations and
operating conditions. It was found that this type of solution was cost-ineffective for a typical
passenger car.
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Further research

Despite the wide scope of performed works, there are still quite a few closely related issues that
require further analysis. Future research will go in the direction of introducing temperature-
dependent variations of the module material parameters into numerical simulations, which may
be important for high-temperature power generation and cascade systems. This in turn will
involve taking account of the Thomson effect in calculations. The experience gained during the
research also points to the need to address the problems of thermal strains and stresses, and
consequently of the wear of thermoelectric modules.

The results of the research performed so far show that the durability of such devices is surprisingly
low in many cases. The damage is suspected to be due to thermal stresses arising on and around
thermoelectric junctions and leading to a loss of material cohesion (cracking), as well as to fast
oxidation of the thermoelectric material. It is necessary to carry out numerical simulations and
experimental testing of the stress field in the module structure (including fatigue testing). In order
to draw comprehensive conclusions about the durability of thermoelectric modules, it is
necessary to perform tests for a sufficiently large number of modules of a single series to be able
to make a reliable statistical inference.
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ABSTRACT

The dissertation addresses the issue of simulating the operation of systems equipped with
thermoelectric modules. A distinctive quality of the research was consideration of the thermal
resistance occurring between the thermoelectric junction and the heat exchanger. The
theoretical basics of thermoelectric phenomena are shown and their characteristic features and
mutual implications are discussed. The dissertation also presents their possible applications. The
structure of the thermoelectric module is discussed, and the effect of the module geometric and
material characteristics is described. Example simulations are presented of thermoelectric
modules operating both as heat pumps and as electricity generators using the applied
temperature gradient and the resulting heat flow.

A method was developed of determining parameters of the thermoelectric module and thermal
resistance in the system using transient-state measurements that make use of the significant
differences in the inertia of the thermal and the electric field. The developed methodology makes
it possible to find the theoretical maxima of the system operating parameters and answers the
guestion about the reasonableness of actions aiming to improve thermal contact in the system.
The degradation of this contact can also be assessed over time. Also presented is the constructed
test stand, which enables comprehensive evaluation of thermoelectric modules in any operating
states and in a very wide range of parameters. The stand is fully automated, abundantly metered
and computer-controlled using controllers.

In order to perform numerical simulations of the operation of systems using thermoelectric
modules, multifunctional software based on developed analytical models was prepared. The
software enables simulations of transient-state operation of one- and multi-stage systems. It is
fitted out with procedures for designing and analysing the system geometrical features, as well
as optimizing its operating conditions. The software was used to perform a number of numerical
simulations of thermoelectric systems operating in the mode of both an electricity generator and
a heat pump. The software was also validated experimentally on the aforementioned test stand.

First, the operation of the thermoelectric generator system was analysed for a wide range of
contact thermal resistances. The effect of the resistance magnitude on the thermoelectric
junction temperatures, maximum power and maximum efficiency was determined, and the
optimal values of the electric current in terms of the maximization of the module power or
efficiency were established.

The next step was to simulate the system of a two-stage thermoelectric cooler. The cooler
operating characteristics and the ability to reach temperatures lower than those achievable in the
steady state — the supercooling effect — were investigated. The system was optimized in terms of
the selection of the number of thermoelectric legs for each stage to ensure temperature
minimization and in terms of electric current shaping. The calculations were carried out for two
different values of contact thermal resistance, and the performance of the optimized one- and
two-stage system was compared.

Next, a concept of a thermoelectric air conditioner built using commercially available modules
was presented. The parameters of the modules were determined independently on the
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constructed test stand, and the results of the performed numerical simulations were validated
experimentally. Economic analyses were also conducted of the proposed system, taking account
of investment costs in the form of the purchase of modules and heat exchangers, along with the
operating cost related to the consumption of electricity over the assumed lifetime of the device.
The simulations in this regard were carried out with a varying number of thermoelectric modules,
various dimensions of the heat exchangers and different values of the power supply so that the
maximum cooling efficiency factor could be obtained. The efficiency related to the total cost was
evaluated using the introduced ETCC indicator. The calculations were performed in a wide range
of electricity costs and a set difference between the outdoor temperature and the temperature
of the air-conditioned room. Moreover, independent calculations were made assuming the
possibility of modifying the geometry of the module internal elements. The possibility of
increasing the cooling power at the expense of a reduction in the value of the economic cooling
efficiency factor was investigated.

A thermoelectric device for waste heat recovery by means of electricity generation was simulated
for a system installed at the exhaust of an internal combustion engine. The calculations were
carried out using a specialist AVL BOOST software intended for modelling the operation of internal
combustion engines, in which an own module analysing the operation of the thermoelectric heat
recovery system was implemented. These tests were carried out for a motorcycle engine, where
it was checked how the number of the proposed heat recovery segments affected the amount of
the produced electricity depending on the internal combustion engine operating parameters.
Next, calculations were performed for a passenger car engine during simulated driving cycles. The
calculations took account of the thermal capacity of the heat exchanger placed between the
thermoelectric modules and the flowing exhaust gas. Tests were performed to establish
the impact of the heat exchanger thermal capacity on the amount of recovered energy, and the
capacity optimal value was determined for assumed criteria.
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STRESZCZENIE

Dysertacja podejmuje zagadnienie symulacji pracy ukfadéw wyposazonych w moduty
termoelektryczne. Cechg przeprowadzonych badan byto uwzglednienie oporu termicznego
pomiedzy ztgczem termoelektrycznym, a wymiennikiem ciepta. Pokazano podstawy teoretyczne
zjawisk termoelektrycznych, umdwiono ich cechy oraz wzajemne implikacje. Przedstawiono
rowniez ich mozliwe zastosowania. Omowiono budowe modufu termoelektrycznego wraz z
opisem wplywu jego cech geometrycznych i materiatowych. Zaprezentowano przyktadowe
symulacje zaréwno modutéw termoelektrycznych pracujgcych w trybie pompy ciepta, jak rowniez
generatora energii elektrycznej z wykorzystaniem przytozonego gradientu temperatury i
wynikajgcego z tego przeptywu ciepta.

W ramach badan opracowano sposéb wyznaczania parametréw modutu termoelektrycznego oraz
oporu termicznego w uktadzie z uzyciem pomiaréw standéw przejsciowych, wykorzystujacych
znaczne réznice w bezwtadnosci pdl: termicznego i elektrycznego. Opracowana metodologia
pozwala na wyznaczenie teoretycznych maksiméw parametréw pracy uktadu oraz odpowiada na
pytanie o zasadnos¢ dziatan zmierzajgcych do poprawy kontaktu termicznego w ukfadzie. Mozna
takze ocenié degradacje tego kontaktu w czasie. Przedstawiono réwniez wykonane stanowisko
badawcze, ktére umozliwia kompleksowag ocene modutéw termoelektrycznych w dowolnych
stanach pracy i bardzo szerokim zakresie parametrdow. Jest ono w petni zautomatyzowane, bogato
opomiarowane i sterowane komputerowo z wykorzystaniem regulatorow.

Do prowadzenia symulacji numerycznych pracy uktadéw wykorzystujgcych moduty
termoelektryczne przygotowano wielofunkcyjne oprogramowanie bazujgce na opracowanych
modelach analitycznych. Umozliwia ono symulacje pracy uktadéw w warunkach nieustalonych dla
uktadow jedno- i wielostopniowych. Oprogramowanie wyposazono w procedury analizy i
projektowania cech geometrycznych uktadu, jak i optymalizacji warunkéw jego pracy. Za jego
pomocg przeprowadzono szereg symulacji uktadéw termoelektrycznych pracujacych zaréwno w
trybie generacji elektrycznosci, jak i pompy ciepta. Oprogramowanie zostato réwniez
zwalidowane eksperymentalnie na opisanym stanowisku badawczym.

W pierwszej kolejnosci, przeprowadzono analizy pracy uktadu generatora termoelektrycznego dla
szerokiego spektrum kontaktowych oporéw termicznych. Okreslono wptyw wielkos$ci oporu na
temperatury ztgczy termoelektrycznych, maksymalne wartosci mocy i sprawnosci oraz optymalne
wartosci prgdu w obwodzie i oporu elektrycznego odbiornika mocy.

Nastepnie zasymulowano uktad dwustopniowej chtodziarki termoelektrycznej. Zbadano jej
charakterystyki pracy oraz zdolnos$¢ do osiggania temperatur nizszych niz osiggalna w stanie
ustalonym — supercooling. Przeprowadzono optymalizacje uktadu polegajgcg na doborze liczby
stupkow termoelektrycznych dla kazdego stopnia ze wzgledu na minimalizacje temperatury oraz
ksztattowaniem przebiegéw pradu. Obliczenia przeprowadzono dla dwéch réznych wartosci
kontaktowego oporu termicznego oraz poréwnano wskazniki pracy zoptymalizowanych uktadéw
jedno- i dwustopniowego.

Dalej, zaprezentowano takze koncepcje klimatyzatora termoelektrycznego zbudowanego w
oparciu o dostepne na rynku moduty. Parametry modutéw wyznaczono samodzielnie na
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zbudowanym stanowisku badawczym, a wyniki symulacji numerycznych zwalidowano
eksperymentalnie. Przeprowadzono réwniez analizy ekonomiczne zaproponowanego uktadu
uwzgledniajgce koszty inwestycyjne w postaci zakupu modutéw i wymiennikdw ciepta oraz koszt
eksploatacyjny zwigzany ze zuzyciem energii elektrycznej w zatozonym okresie zycia urzadzenia.
Przeprowadzone w tym zakresie symulacje obejmowaty zmienng liczbe modutéw
termoelektrycznych, wymiary wymiennikow ciepta oraz warto$¢ mocy zasilajacej tak, aby uzyskaé
maksymalny wskaznik efektywnosci chtodniczej. Oceny efektywnosci odniesionej do kosztéw
catkowitych dokonywano za pomocg wprowadzonego wskaznika ETCC. Obliczenia prowadzone
byty w szerokim zakresie kosztow energii elektrycznej oraz zadanej rdznicy temperatury
zewnetrznej i klimatyzowanego pomieszczenia. Ponadto, wykonano niezalezne obliczenia przy
zatozeniu mozliwosci modyfikacji geometrii wewnetrznych elementéw modutu. Zbadano
mozliwos¢ zwiekszenia mocy chtodzgcej kosztem zmniejszenia wartosci wskaznika ekonomicznej
efektywnosci chtodniczej.

Symulacje urzadzenia termoelektrycznego stuzgcego do odzysku ciepta odpadowego poprzez
produkcje elektrycznosci przeprowadzono dla urzadzenia zabudowanego w uktadzie wylotowym
silnika spalinowego. Obliczenia prowadzono za pomocg specjalistycznego oprogramowania
stuzgcego do modelowania pracy silnikdw spalinowych - AVL Boost, w ktérym zaimplementowano
wiasny skrypt stuzgcy do analizy pracy termoelektrycznego uktadu odzysku ciepta. Badania te
przeprowadzono dla silnika motocyklowego, gdzie sprawdzono jak liczba zaproponowanych
segmentdéw odzysku ciepta wptywa na ilos¢ produkowanej energii elektrycznej w funkcji
parametréow pracy silnika spalinowego. Nastepnie, obliczenia przeprowadzono dla silnika
samochodu osobowego w znormalizowanych cyklach jazdy. Uwzgledniono w takim wypadku
takze pojemno$é cieplng wymiennika znajdujgcego sie pomiedzy modutami termoelektrycznymi
a przeptywajgcymi spalinami. Zbadano wptyw tej pojemnosci cieplnej na ilos¢ odzyskiwanej
energii oraz okre$lono jej optymalng wartos¢ przy zatozonych kryteriach.
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The paper presents the development of a complete analytical model of a thermoelectric generator (TEG). Based
on data coming from a small number of easily obtainable measurements, the model makes it possible to
determine basic parameters of the TEG. Owing to measurements performed in the steady state and immediately
after a rapid change of the TEG electrical state, the following quantities can be established analytically: the
Seebeck coefficient, thermal conductivity and thermal resistance between heat exchangers and the TEG. The
applied rapid method is based on the large difference in inertia between the electric and the thermal field. A rapid
change from the short-circuit to the open-circuit electrical state makes it possible to record the voltage for the
system thermal state corresponding to the short circuit. Experimental tests were carried out on a commercially
available thermoelectric generator and the results proved the developed model usefulness. The simulation results
show that the thermal resistance of the contact layers between the heat exchangers and the thermoelectric
generators caused a loss of the temperature difference of the junctions from 30% at the recommended me-
chanical load to even over 50% if the clamping force was too low. Due to that, the determined power ratio, being
an indicator of the utilization of the theoretical power capacity of a system burdened with thermal resistance,
reaches values lower than 40% for the required clamping force and is below 20% for improper contact conditions
The impact of the accuracy of the measurements on the values of the system parameters obtained from the model
is evaluated by means of sensitivity analysis.

sufficient. One of the methods is to use thermoelectric generators
(TEGs), which convert heat directly into electricity. Eldesoukey and
Hassan [3] concentrated on investigating a system where flow itself is
the heat source for the system and the flow parameters affect the system

1. Introduction

The intensive development of civilization in recent decades has
resulted in enormous demand for energy. This relates not only to elec-
tricity but also to heat and, to a large extent, to energy needed to drive
vehicles. Nowadays, most of the energy is generated by firing fossil fuels
[1], which results in high emissions of pollutants into the environment
and causes alarming climate changes. The situation is serious enough to
require decisive actions, such as increasing the share of renewable en-
ergy sources in the energy mix [2]. Obviously, conventional power
generation plants cannot be replaced with zero-emission sources over-
night, but any improvement in the energy conversion process can sub-
stantially reduce pollution. This especially relates to harvesting waste
heat, which is irretrievably lost to the environment in a great number of
different thermal processes. The energy can be considered free since it is
not utilized and can be used successfully if only its exergy potential is
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E-mail address: ryszard.buchalik@polsl.pl (R. Buchalik).
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performance. Thermoelectric modules can be easily used bidirection-
ally, to harvest waste heat and perform as a heater, or cooler when
necessary [4]. Many recent works investigate issues related to the TEG
application in the automotive industry, where hot exhaust gases are
released into the environment. Some works analyse the whole system
installed in the exhaust system of a road vehicle driven by a gasoline [5]
or a diesel [6] engine, as well as a hybrid one [7]. The difference lies in
the different level of the exhaust gas temperature. Further efforts to
improve the heat transfer by changing the heat exchanger geometry are
presented in [8]. More detailed studies involving an analysis of oper-
ating conditions of the TEM itself in the whole system with the exhaust
from a combustion engine as the source of waste heat are presented in
[9]. Zaher et al. [10] developed a numerical model of a TEG-integrated
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Nomenclature

Q heat flux, W

EMF electromotive force,V

I current intensity,A

p power, W

R electrical resistance,Q

T temperature,K

v voltage,V

ZT thermoelectric figure of merit, -

k thermal conductivity,%

r thermal resistance, &
Seebeck coefficient,y
Peltier coefficient,¥

o, power ratio , -

p electrical resistivity,Qm
Subscripts

c cold side of TEG

ca cold heat exchanger
eff effective

eny environment

h hot side of TEG

ha hot heat exchanger
int internal

oc open circuit

rs rapid state

sc short circuit

ss steady state

heat exchanger for waste heat recovery from gas-fired appliances in the
food industry. They evaluate the effect of axial heat conduction in a
multi-row heat exchanger. Memon and Tahir [11] also analysed utili-
zation of lens-concentrated thermal radiation energy of a heating stove.
The more and more common use of photovoltaic panels has also
prompted researchers to analyse hybrid PV-TEG systems, where the PV
module is the TEG upper heat source. Paper [12] presents a combination
of a concentrated photovoltaic cell (CPV) and a TEG, together with a
numerical analysis of such a system. It is found that fluctuations in the
solar radiation intensity have a substantial impact on the temperatures
of the system individual elements. An increase in radiation involves a
drop in the efficiency of the CPV and a rise in the efficiency of the TEG.
Moreover, Darkawa et al. [13] suggest using phase change materials
(PCM) on the TEG cold side to improve the efficiency of solar energy
conversion. In this way an increase of a few percent was achieved in the
power of the PV/TEG system and the temperature peak in the initial
phase of the system operation was reduced due to heat accumulation.
Bjerk and Nielsen [14] consider a tandem PV-TEG system where short-
wave radiation is directed onto the photovoltaic cell and long-wave
radiation — onto the TEG module. However, the authors point to a
rather insignificant impact of such an extension on the system efficiency.
Hybrid PV-TEG systems were investigated from a slightly different
perspective in [15], where the authors focused on the assessment of the
impact of the geometry of TEGs on efficiency. The results of the studies
show that integration of dye-sensitized cells with TEGs can be a finan-
cially attractive solution.

Numerous descriptions and analyses of thermoelectric elements can
be found in the literature. However, they are usually made assuming
ideal boundary conditions of the TEG itself [16], which means perfect
contact (no thermal resistance) between the thermoelectric module, the
heat source and the heat sink. In fact, there is usually (as the thermo-
electric module integral part) a layer of a material at the edges of the
TEG that keeps the module together mechanically, then a heat-
conducting layer followed by a heat exchanger and a cooling/heating
medium. Each component of the system has its own thermal resistance
characteristics (the temperature drop due to heat conduction). Pierce
and Stevens [17] carried out experimental testing of the TEG thermal
resistance using various methods and showing differences in the ob-
tained values. They also indicated the most reliable ways of determining
this quantity for TEGs. Most analyses presented in the literature ignore
this resistance, so the heat exchanger temperature is taken as the tem-
perature of the thermoelectric module respective side in relation to both
the entire system [18] and an individual TEG [19]. This is also how Wera
et al. [20] investigate commercially available thermoelectric modules
and assess them in terms of the compliance of the parameters specified
by the manufacturer with the results obtained on a test rig. As

emphasized by the authors, the lack of generally accepted standards of
presenting TEG characteristics makes them very difficult to compare.
Therefore, the paper presents effective thermoelectric parameters of the
analysed thermoelectric elements derived based on measurements and
the manufacturer’s data. They can be expressed as real parameters of
thermoelectric materials or as effective values for the entire thermo-
electric module [21]. Similarly, effective thermal conductivity was used
in [22], where a model of the TEG operation under a constant heat flux
was developed. The authors take account of the response of the ther-
moelectric module to temperature changes, and in order to achieve
optimal operating conditions, they implement an algorithm for tracking
the maximum power point. The key element deciding about the effi-
ciency of the TEG operation will be thermal resistance of the layers in
between the heat sources and the thermoelectric couple junctions. This
resistance is taken into account in Kim [23]. The author derived the real
difference in the temperature of thermoelectric junctions at known,
symmetrical resistances on both sides of the element. It depends on the
TEG parameters (thermal conductivity and electrical resistance, the
Seebeck coefficient) and operating conditions (flowing current and the
difference in the temperature of heat sources). In no-current conditions,
the temperature difference of the junctions is only a function of the
temperature difference of the heat sources and thermal contact con-
ductivity (resistance) and internal conductivity. In their paper, Lv et al.
[24] analyse all paths of the heat transfer between the sources focusing
on limiting convective and radiative heat losses inside the generator. For
this purpose, they investigate the impact of the filling of the space be-
tween the semiconductors and the insulation material. The measure-
ment results indicate an improvement in efficiency of about 8% for
thermoelectric generators modified in this way. The authors also show
that this solution makes it possible to achieve an improvement in the
TEG efficiency of no more than about 9%, and the share of the reduction
in the radiative heat transfer in this respect does not exceed 2% of ef-
ficiency. A theoretical description of heat conduction in a thermoelectric
couple but with a cylindrical structure (the so-called annular thermo-
electric couple (ATEQ)) is presented in [25]. The analysed system in-
cludes a constant-temperature heat source inside a cylinder with
convective cooling on the cold side. The developed mathematical model
makes it possible to find the temperature distribution in this structure of
the TEG, knowing the conductivity of individual layers. A spatial nu-
merical model of the TEG is presented in [26]. The authors focus on the
impact of the Peltier effect on the effective temperature difference of the
junctions using the convective heat transfer in the exchanger. In such
situations, especially involving waste heat recovery from hot process
gases, one more issue emerges — the convective heat transfer in the hot
heat exchanger [27]. This additionally complicates the heat transfer
model, especially in view of the fact that the flow on the hot gas side can
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hardly be considered stationary.

For practical applications, it would be beneficial to have a mathe-
matical model describing the performance of the entire thermoelectric
system and not just its idealized elements. The thermal resistance
important substrate is the layer of thermal grease which attaches the
thermoelectric generator to heat exchangers. It is usually responsible for
a relatively large part of the total thermal resistance between the heat
source/sink and the thermoelectric junctions. The thermal resistance in
the heat exchanger material (and other solid elements of the system) is
relatively simple to determine, either analytically or numerically.
However, it is difficult to predict the resistance of a thermally conduc-
tive layer (thermal grease, contact thermal resistance), even if its pure
material parameters are known. The resistance depends on the system
application method, humidity, surface finish, age, temperature and,
most importantly, the clamping force. From the practical point of view,
in order to simulate the system behaviour, it usually does not matter
which component is the thermal resistance source. The key issue is that
additional thermal resistance exists.

The Seebeck effect is responsible for the electromotive force (EMF)
generated in a circuit composed of various types of conductors or
semiconductors if their junctions are in different temperatures. A single
thermoelectric generator is presented in Fig. 1. Because the voltage
generated by one such element is slight and directly proportional to the
temperature difference V = aAT, the practice is to use dozens or hun-
dreds of them connected in series. In this paper, the Seeback coefficient
(a) for junctions is understood as the total coefficient for all thermo-
couples making up the module. The operating temperature of state-of-
the-art TEGs is usually included in the range of 300-400 °C, but some
products available on the market can operate in temperatures of up to
600 °C. Further research in this field should aim to find new materials
characterized by higher Seebeck coefficients (), smaller thermal con-
ductivity (k), smaller electrical resistivity (p) and higher permissible
operating temperatures defining the dimensionless figure of merit:

aZ
ZT = 6 T

Because the electromotive force of a thermocouple generator is lin-
early dependent on a and AT, a rise in their values has a positive in-
fluence on the element performance. The TEG energy conversion
efficiency is generally rather low [28]. Therefore, studies should be
taken up to utilize the potential of the thermoelectric phenomenon in
full. A certain improvement can be achieved by geometrical optimiza-
tion of the TEG structure [29].

One of the key issues related to the TEG operation is appropriate
selection of electrical resistance of the connected power receiver. This
parameter decides whether work is performed with the maximum
possible power or maximum possible efficiency in given conditions, or at
a different point [30]. Due to a change in the receiver electrical resis-
tance, the current in the circuit changes and the amount of heat

conductor

Fig. 1. Diagram of a thermoelectric generator.
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absorbed and released in the thermoelectric junction changes due to the
Peltier effect. These phenomena involve the flow of heat and a change in
the temperature distribution, which affects the system performance.

This paper presents a proposal for a method of relatively fast deter-
mination of quantities relevant for the simulation and description of the
operation of the whole TEG system, with particular emphasis on the
influence of additional thermal resistance in the system, between the
generator and the heat exchangers.

The method consists in carrying out measurements both in steady
states and in what is referred to as rapid states. The measurement results
provide additional information about real operating conditions of
thermoelectric junctions.

The paper contribution to the present state of knowledge is to offer
an in-depth mathematical description of the phenomena occurring
within the TEG and to use the relations to assess the TEG parameters and
operating conditions. Firstly, the developed model will make it possible
to predict the behaviour of the entire system (heat exchangers and the
thermoelectric module). Secondly, it will enable determination of the
characteristics of the TEG itself, together with a quantitative description
of the thermoelectric phenomenon occurring in the material. Thirdly, it
will enable evaluation of the potential for improvement in the entire
system operation by determining theoretical maxima for a given ther-
moelectric couple and their distance from the current state of work. For
this reason, a new parameter that makes it possible to assess the TEG
system performance is introduced. Such an assessment can successfully
be applied mainly in waste heat recovery systems, both at the stage of
their design and use. The developed analytical model, due to the low
computational cost of its application, can still serve as a convenient tool
for the optimization of TEG systems.

2. Materials and methods

The elements constituting resistance, such as conduction in the heat
exchanger material, conduction in the material of the TEG casing, con-
duction of the layer on the two materials interface together with thermal
grease, are treated collectively. A schematic diagram of the system
under consideration is shown in Fig. 2. Ty, and T,, denote the temper-
ature of the hot and the cold constant-temperature ideal heat source/
sink, respectively. T, and T, denote the temperature of the TEG ther-
moelectric junctions. Due to the thermal grease layer, the air gap, the
ceramic coating, etc., there is thermal resistance between the heat
source/sink and the generator, which is marked schematically in the
figure below using a wavy line.

For the steady-state open-circuit condition (zero current), the heat
flux through the thermoelectric module is only due to simple conduction
in the material, i.e. conduction through all layers located between the
heat exchangers. At the steady-state current, the thermoelectric module
itself absorbs and emits a greater heat flux due to the Peltier effect.

a0 _

dr 1 W

where I1 stands for the Peltier coefficient, and I is the circuit current

Tha
Heat source
Th
Tc
TEG —
Tca
Heat sink

Fig. 2. Schematic diagram of the analysed thermoelectric system.
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intensity. Because heat is absorbed on the hot side and emitted on the
cold one, the phenomenon leads to a reduction in the effective tem-
perature difference between the junctions (T, — T.). Being a function of
temperature, the Peltier coefficient on the two sides of the thermoelec-
tric generator is different. Additionally, Joule heat is also generated due
to the flow of the electric current, increasing the cold heat flux and
diminishing the hot one. A detailed description of the energy balance
can be found in [23]. Both phenomena cause a reduction in the elec-
tromotive force because the force depends directly on the effective
temperature difference between the junctions.

2.1. Measuring procedure

The measuring procedure proposed for the needs of the present work
makes use of two kinds of measurements — one realized in the steady
state and the other performed in the transient state (and known as the
rapid state measurement). In the first case, at a set difference between the
temperature of the upper and the lower heat source, the measurement is
made after the system has achieved a steady thermal state, i.e. after the
difference in the temperature of the TEG junctions and all other ele-
ments of the system has stabilized. After a change in the temperature of
the heat sources, it takes at least several minutes to reach the steady
state, due to the heat capacity. This is related to stabilization of the
temperature gradient between the heat sources and the TEG junctions,
and between the TEG hot and cold junction. The former depends on
contact resistance and conductivity of the (usually ceramic) screens of
the thermoelectric module. The latter is related to thermal conductivity
of the legs (Joule heat) and Peltier effect.

The rapid state measurement is based on utilizing the system thermal
inertia and consists in performing a measurement immediately that a
change occurs in the current flowing through the module. In this situ-
ation, the measurement is performed for the temperature difference of
the thermoelectric junctions not yet affected by the Peltier effect. If the
results of the two measuring methods are plotted in a chart illustrating
voltage generated at the TEG output depending on the current intensity
(V = f(I)), straight lines with different slopes will be obtained.

In the steady state, according to Ohm’s law, a rise/drop in the current
intensity causes a rise/drop in voltage. What is more, the process di-
rection (the TEG current increase/decrease) does not matter because in
both cases the process runs along the same straight line, the location of
which in the (I, V) system is defined by the temperature difference of the
junctions.

Assuming that the thermoelectric junction temperature is exactly the
same as the temperature of the corresponding heat exchanger, i.e. in the
situation when the temperature is constant on both sides, the electro-
motive force generated by the junction has a constant value. The incli-
nation angle of the straight line corresponding to steady states in the
chart in Fig. 3 would then depend exclusively on the TEG internal
electrical resistance. Keeping a constant temperature of the heat sources
the steady line would coincide with rapid lines. In other words, the
measured parameters would be independent of the measurement
method. However, in real conditions the thermoelectric junction is not
in direct contact with the heat exchanger. In terms of the heat transfer,
there is contact resistance and thermal resistance of the materials in
between. The resistance decreases the temperature of the hot thermo-
electric junction compared to the temperature of the hot exchanger. The
same phenomenon occurs on the cold side, leading to a rise in the
temperature of the cold junction.

The thermal resistance of the layers is thus responsible for the
reduction in the effective temperature difference between the thermo-
electric junctions. As the current intensity increases, the quantitative
share of the Peltier effect in the circuit rises. Due to that, the heat flux
conducted by each layer gets bigger, causing a rise in the temperature
difference between the junctions and the exchangers.

From the point of view of the measuring practice, two extreme
electrical states are very convenient: the open-circuit (oc) state and the
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Fig. 3. I-V chart in steady and rapid states.

short-circuit (sc) state. In these points the measurements are the least
difficult to perform. In the first situation the circuit is open, i.e. there is
no current flow and Peltier heat is not generated. Voltage arises due to
the Seebeck effect only. In the short-circuit state, current with the
maximum intensity flows through the TEG and voltage drops to zero.
Maximum Peltier heat is also produced. The effect of a violent change in
the electrical load during the testing in the rapid state, e.g. transition
from the oc to the sc state, is that for a short while there is a new state on
the electrical side for the still unchanged temperature of the TEG junc-
tions (still corresponding to the previous state, i.e. to zero current). After
a while, due to the Peltier and Joule effects mentioned above, the system
heads for a new thermal state, and — consequently — for the steady state.

Very quick measurements (performed a fraction of a second after a
change in the electrical state) of the current intensity and voltage make
it possible to obtain the values of the two quantities for the yet un-
changed thermal state of the system. The effect of the transition from the
sc to the oc state is that for a fraction of a second voltage is measured that
corresponds to the temperature difference occurring in the short-circuit
state. Opening the circuit results in an immediate drop of the current
intensity to zero and a rise in voltage depending on the present tem-
perature difference between the TEG junctions. Similarly, the effect of a
sudden transition from the open-circuit to the short-circuit state is that
the current intensity is measured at a temperature difference of the
junctions still corresponding to the open circuit (with no Peltier heat).

Such measurements will suffice to determine the total thermal
resistance between the heat source and the TEG junctions because the
temperature difference between the junctions decides about generated
voltage. And this voltage, together with the TEG internal resistance, will
determine the value of the current flowing through the thermoelectric
module.

A schematic illustration of changes in the current intensity and
voltage at a change in the electric circuit state is presented in Fig. 4. The
chart on the left illustrates the history of the voltage on the TEG ter-
minals at the transition from the sc state (steady state) to the oc state.
Considering that at the short circuit the temperature of the TEG junction
is lower (the Peltier effect), opening the circuit results in the creation of
an electromotive force corresponding to the state — this is the level
marked as rapid state voltage. If the current flow is stopped and the Peltier
effect fades away, the temperature difference of the junctions rises,
which is followed by a rise in voltage. Due to the non-zero thermal
resistance (r) between the exchangers and the junctions, the process is
not instantaneous. The same situation occurs at the circuit closing. A
jump is first observed in the current intensity to the value corresponding
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Fig. 4. Time-dependent changes in voltage during the circuit opening (left) and in the current intensity during the electric circuit closing (right).

to the temperatures in the open-circuit state (no Peltier effect and no
Joule heat). Then, a decrease follows in the temperature difference of
the junctions, which involves a reduction in the current intensity to the
steady state current level.

The open circuit and the short circuit are the only states where values
of the heat flux entering and leaving the thermoelectric generator are
equal. This is due to the fact that the power generated by the TEGP = V-I
is zero (either voltage or the current intensity is zero). This feature can
be used to simplify the calculations where the rapid state measurement is
performed focusing on the two states.

It should also be noted that the change in thermal resistance, being a
result of a change in the temperatures of the thermoelectric junctions
during the transition from the sc state to the oc state and vice versa, can
be omitted. This is due to the fact that the change in the temperature of
the junctions caused by the change of state is slight compared to the TEG
absolute temperatures. Moreover, assuming the symmetry of thermal
resistances on the two sides of the TEG, the mean temperature of the
TEG inside is constant. Resistance can thus be established easily using
the slope factor of the lines obtained from the rapid measurements
(dashed lines in Fig. 3).

2.2. Mathematical model

The starting point for the mathematical description of the process
considered herein is the energy balance of the system presented in Fig. 5.
The TEG system is made of two heat exchangers (the hot one and the
cold one) with a high heat transfer coefficient. The thermoelectric
generator is placed in between. Heat Q, delivered to the upper heat
exchanger by electric heaters flows through the TEG creating a

electric heaters

hot heat exchanger

cold heat exchanger

TEG

thermal insulation N
cooling channels

Fig. 5. Cross-section through the TEG system.

temperature gradient. Consequently, power Prz is generated. Heat Q.
leaving the system is collected in the cold exchanger and carried outside.
The energy balance must additionally take account of heat losses. These
are heat losses (“not indicated” in the measurements) to the environ-
ment through insulation (Q,,,) and the heat flowing through the insu-
lation between the exchangers on the sides of the TEG (Q.ong). It should
be noted that the latter loss is a part of the heat carried out of the system
Q.. Heat losses on the cold side are negligibly small because the
exchanger temperature is close to ambient.
The balance takes the following form:

Oc = 0y = Ouny — Prrc )

Writing a separate energy balance equation for the hot side and the
cold side of the thermoelectric generator in the steady state, the
following is obtained:

IzRim (Tha - Th)

k(Th - Tc) + (ZITh - T = , = Qh (2)
IzRin Tc B T(‘a :
k(T — T.) +alT. + TX = % =0, 3

The left side of the equations describes as follows: heat conducted by
the TEG, Peltier heat and Joule heat. The right side represents the heat
delivered to/carried away from the source, taking account of thermal
resistance on the path from the heat source to the thermoelectric
junction.

Solving the system of Egs. (2) and (3) with respect to the temperature
difference, a relation is obtained that defines the difference as dependent
on the TEG parameters (7, a,Rin¢), the current intensity in the circuit in
the steady state and the temperatures of the heat sources [23]:

(Tha = Tea) — Adr(PRipyt + Tey + Tha)

T, —T.= )
1 —(alr)” + 2kr

4

It should be remembered that in the above formulae temperature is
expressed in kelvins.

If all parameters of the thermoelectric generator are known, the
temperature difference expressed by formula (4) can be used to find the
electromotive force:

EMF = a(T, — T, (5)

The same electromotive force can be expressed using the easily
measurable temperature difference of the heat exchangers. In such a
case, instead of the real Seebeck coefficient for the junctions, the so-
called effective Seebeck coefficient for the entire TEG should be used:

EMF = Gy (T — Tea) (6)

The current generated by the TEG in the short-circuit state can be
expressed as the ratio between EMF and internal resistance Ry,:
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a(T, —T.)
L =—"+—7" 7
Rim ( )

Taking account of Eq. (4) for I = I, this leads to:

_ A(Thy — Tea)
" 102 (Tho + Tea) + Rin (1 + 2kr)

s (8)

It follows from Eq. (4) that temperatures of thermoelectric junctions
vary with a change in the current intensity in the circuit. This is due to
the Peltier effect, which — by absorbing and giving up varied amounts of
heat on the junctions (depending on the current intensity) — causes a
change in the temperature distribution. This in turn changes the heat
fluxes conducted by each layer.

The voltage generated on the TEG terminals can be written as a
function of the current intensity:

V(I) = EMF — IR, 9

Although EMF is a quantity depending on I non-linearly (cf. formulae
(4) and (5)), it may be assumed with sufficient accuracy that the
dependence of V on I is linear. Example V(I) distributions for the TEG
analysed further below and expressed by formula (9) and the relative
error resulting from the assumption of linear dependence are presented
in Fig. 6.

Linear approximation of function (9) is realized easily based on the
knowledge of the EMF for the open circuit (I = 0) and the short-circuit
current Iy, when V = 0.

The slope factor of the approximating line, expressed by Eq. (10), is
practically the effective internal resistance of the system under consid-
eration:

Voc
IS(‘

Ry (10)

Substituting (5) and (7) in (10) for I = 0, the result is as follows:

1 (Tya + Tea)

RE - Rin
7 T2k T R

an
which means that effective resistance is the effect of the TEG internal
electrical resistance and the worsening of the heat transfer conditions (a
higher temperature gradient on subsequent layers) between the sources
and the thermoelectric junctions, expressed in formula (11) by the
fraction on the right side of the equation. It should be noted that if there
is no thermal resistance (r = 0), the formula takes the form of Ry = Rint,
which corresponds to the situation where the temperatures of the
junctions are equal to the temperatures of the heat sources corre-
sponding to them.

Using Egs. (3), (5) and (8), an analytical relation can be derived that
describes the Seebeck and the contact resistance coefficient (17) and
(18), respectively, based on measurable quantities only:
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ye Ve
N 2(Tha - Tm)
VEe(Tha + Tea) [Le(Tha + Tea) V2 8K(Tho = o) (Vi — LeRi)
i 21T, ~ T2,)
12
a(Tha - Tca) - Vnc
= 1
g 2%V, (13)

The above equations can be used to establish @ and r for a known
value of the TEG thermal conductivity k.

It should be noted that the Seebeck coefficient determined in this
manner is a property of the thermoelectric junction. In real conditions,
where thermal contact resistance occurs, it is impossible to determine
the real value of the Seebeck coefficient as a function of the temperature
gradient by finding only the value of the TEG electromotive force for an
open circuit. It is only possible to find its effective value for the entire
thermoelectric generator

Voc

Qeff = 77— -
@ (Tha -

7o) a14)

Because the effective value is determined for a bigger temperature
difference, the obtained effective coefficient is lower than the real one.

The TEG maximum power occurs for half the short-circuit current
and totals

Vo Iy

Prax = .
2 2

(15)

For set temperatures of the heat exchangers and with zero thermal
resistance (r = 0), the maximum power can be used as the reference
value for real TEG systems.

(0.5V,) @ (The — Toa)’

= 1
Rin/ 4Rin1 ( 6)

Pxr—0 =

The real system maximum power ratio obtained by substituting (4)
and (5) in (15), compared to power from (16), will be an indicator of the
quality of the system operation (7,). The relation will take the following
form:

mer _ 4IscRint([.s¢'(Rmt(1 + 2](}") + (er(Th(, + Tcu) ) - 2(X(TM - Tca) )

7, = 2
a? (azlfcrz — 4(1 + 2kr)) (Tha - Tca)

Praxr=o

a7

where I, is the short-circuit current obtained from measurements or
determined from (8).

2.3. Sensitivity analysis

As already mentioned, to find the TEG parameters, it is necessary to

V. T -
) 0. %
0.041
0.03F
0.02F
0.01f /
g— ”"*\\
I 4 ,4-‘/’ L N L I 4
' 0 2 4 6

Fig. 6. V(I) chart for three different temperature differences (T, — T.) and the linear approximation relative error.
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carry out appropriate measurements of temperature and selected elec-
trical quantities. Measurements always involve a certain level of un-
certainty as to the results, which is due to the quality and accuracy of the
testing apparatus and conditions of the testing. It is therefore worth-
while to assess the impact of the inaccuracy of the measurement result
on the value of the quantity determined based on it, i.e. to determine the
tested system sensitivity to potential measuring errors. One of the tools
used for this purpose is sensitivity analysis. As generally understood, it
investigates the impact of the change in the independent variable on the
change in the value of the dependent variable/variables. The basic
notion used in the sensitivity analysis is the sensitivity coefficient — a
quantity describing the impact of a parameter on the system perfor-
mance. It is defined as the derivative of the observed (or sought)
quantity depending on the variable (which is measured for example)
with respect to which sensitivity is investigated:
Y (X, -, Xa)

It can be easily noticed that the sensitivity coefficient appears in the
classic definition of the differential. This means that based on (18) it is
possible to assess the effect of a change/disturbance in the 0X; mea-
surement on the entire dY system.

In the case of the phenomena investigated for the needs of this study,
the important matter is the assessment of the impact of measured
quantities on sought parameters, such as a and r. Because the parameters
can be determined directly as functions of the measured quantities, the
assessment of their sensitivity to uncertain quantities is relatively easy.
It can be given in the form of a function because formulae (12) and (13)
are differentiable in physically sensible ranges of changes.

Usually, the system sensitivity is not constant and varies as a function
of the measured quantity. Knowing for which values of the measured
quantity the measuring error is of marginal importance and for which
the error impact has enormous significance is a valuable hint as to when
the researcher has to take extra care of the measurement quality. The
measuring error estimation is therefore important because this infor-
mation specifies to what extent the parameters determined based on
measured quantities can be trusted.

2.4. Test stand

In order to determine the tested system performance characteristics
and test the procedure proposed in this paper, a test rig was built as
shown in the diagram in Fig. 7.

The thermoelectric generator is heated/cooled using 10x10x5 cm
copper blocks. The upper block (the hot heat source) is heated by electric
heaters with a fully adjustable power supply equipped with a parameter

TEG

P TEG

thermal insulation
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monitoring system (voltage, current and true power). The bottom block
is cooled by tap water passing through five circular channels. To control
the operation of the heat exchangers, PID controllers (software imple-
mented) are used. The cooling water temperature is also adjusted. An
electric heater is installed at the cooling water inlet into the cold block to
make it possible to adjust the water temperature to a set value (equal to
or higher than the tap water temperature). This solution makes it
possible to maintain the set temperature with an accuracy better than 0.
5°C both on the hot side and on the cold side of the TEG. Due to that,
measurements can be performed assuming a constant temperature of the
(upper and lower) heat source; the only quantity that changes is the heat
flux. The heat flow released on the cold side is determined based on the
measurement of the water mass flow using a Coriolis flow meter (0.15%
accuracy with 95% confidence); the temperature of water flowing in and
out is measured using PT100 resistance thermometers (accuracy ac-
cording to class A, PN-EN 60751 — 0.25°C at 50°C, the data logger ac-
curacy — 0.015°C). To measure the temperature distribution in the
copper blocks, one resistance thermometer and 9 thermocouples (type J,
relative accuracy according to Class 1, PN-EN 60584-2 -
0.15°C + 0.004|T|) were used for each block. Both the copper blocks and
the cooling water connections are thermally insulated with an insulating
mat and insulating boards. The clamping force during the testing was
applied using a purpose-designed structure. The force was measured by
a piezoelectric force transducer. All thermal elements were covered with
insulation materials to reduce heat losses to the environment.

2.5. Experimental measurements

The tests were performed on the TEP1-12656-0.6 thermoelectric
generator manufactured by Termo-Gen AB. The thermoelectric module
surface was factory-covered with a graphite-based material. The module
was brand new and assembled for the first time. The experiments were
performed for two different values of the clamping force. In the first
case, the clamping force is made up only of the weight of the upper heat
exchanger, the force sensor and the mounting bar. Its total value is
estimated at up to 110N. This situation may reflect inappropriate
installation, too small a clamping force or lack of thermal grease. The
second test was carried out for the clamping force of about 3000N. The
steady-state measurements covered the full allowable range of the
electric current in the circuit - starting from the open-circuit condition
almost to the short-circuit condition. In the case of rapid tests, voltage
was measured at a violent sc-to-oc transition. The decision to measure
voltage resulted from the fact that voltage measurements are much
simpler to perform and the results are usually more accurate compared
to current measurements. The measurements were recorded using a 16-

electric heaters

temperature
' measurement

cooling channels

Fig. 7. Photo and schematic diagram of the test rig.
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bit, 25kS/s voltage transducer, and a quick interrupter (switching time
much shorter than 1ms) was used to make a break in the electrical
circuit.

The TEG was measured in operating temperatures, i.e. at a relatively
high temperature gradient. During the tests, using a precise control
system, constant temperature of the upper heat source was maintained.
The heat flux of the cold exchanger was determined by the cooling water
mass flow and the temperature difference. Resistance was measured
using the rapid method for 4 different sets of temperatures of the heat
exchangers. Apart from the basic measurements (numbered from 1 to 4),
one additional measurement was performed (2a) in the same conditions
as measurement (2) but after a few days’ break, during which the system
was under the load of 3000N. The measurement results are listed in
Table 1.

Fig. 8 presents the voltage-current characteristics obtained for
measurements performed in the steady state and shown in Table 1 (the
markings of the lines correspond to the data set number). The dashed
lines represent the transition from the sc to the oc state; their intersection
with the V axis shows the voltage value in the rapid state. The figure
indicates that a rise in the temperature of the exchangers (and thereby —
of the thermoelectric junctions) involves an increase in the distance
between the characteristic and the origin of the system of coordinates.
The lack of parallelism of lines 2, 3 and 4, which is difficult to notice but
still present, results only from changes in the TEG parameters occurring
with changes in the operating temperature.

The slope of the dashed lines depends only on the internal electrical
resistance of the thermoelectric generator. The real steady-state opera-
tion line (solid) has a bigger slope, which is due to bigger resistance. It
also clearly indicates the existence of thermal resistance on the heat
source-thermoelectric element interface. It can also be seen that this
resistance is bigger if there is hardly any clamping force (line 1). The
results of the above-presented measurements and the model developed
will be used to determine the TEG parameters following the procedure
proposed earlier.

An example measurement is shown in Fig. 9, which presents the
voltage vs. time characteristic, where the zero time corresponds to the
point right before the circuit break. The left-hand side chart shows the
entire process, while the right-hand side one presents the zoomed range
(10ms) at the circuit brake.

In the described model and with the presented configuration of the
test stand, the essential items are only the levels of the electromotive
force for the sc and oc states represented in the figure by horizontal lines.
It can be seen that the electric circuit was broken in the 4th ms of the test.
Before the circuit was opened, the system was brought to the steady state
for temperatures Tp, and T, according to Table 1 for a given measuring
point. The important voltage level is the one recorded immediately after
the circuit is opened (lower line in Fig. 9). After that, voltage approaches
the value corresponding to V,. for the steady state. The rate of the
process is not important in the analysed example, but it depends indi-
rectly on the system thermal capacity. It usually took several minutes to
achieve the steady state. Then it was possible to make a measurement for
the oc state.

Table 1
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Fig. 8. Voltage-current chart for the measurement sets (solid lines: steady
states, dashed lines: rapid states).

3. Results and discussion

Based on the measurements of the TEP1-12656-0.6 thermoelectric
generator, its basic technical parameters were determined using the
presented mathematical model. The calculations were performed for the
TEG thermal conductivity of k = 2.55W/K, which results from the
conductivity of typical thermoelectric materials and from the geometry
of the internal structure of the tested thermoelectric generator.

In the sensitivity analysis, apart from checking the influence of the
inaccuracy of the adoption of thermal conductivity k, the focus was also
on the evaluation of the impact of the measurement of the circuit voltage
on the Seebeck effect and contact resistance determined in the mathe-
matical model. The voltage measurement, though very accurate itself, in
the proposed procedure is performed for fast-changing (rapid) states,
which creates the risk of producing bigger measuring errors.

The sensitivity analysis results presented in the charts in Figs. 10 and
11 show that the thermal conductivity has a very small effect both on a
and on r, particularly if the TEG operation is analysed in operating
conditions (curves 2-4). The 10% inaccuracy of the estimation of coef-
ficient k leads to an error in the determination of the Seebeck coefficient
at the level of 0.2mV/K; for resistance, the uncertainty is of the order of
0.04K/W. Voltage has a litle more significant impact, especially on the
sought value of thermal resistance. Still, the sensitivity is too small to
create mistrust in the used measurements because voltage is a quantity
measured directly and with high accuracy (10mV). Moreover, the
application of very fast voltage transducers to record rapid states mini-
mizes the inaccuracies related to simulating the change in the system
state (cf. Fig. 4). Measurements of the temperature of heat sources are
realized with the accuracy of less than 0.5 C in the analysed range of the
system operation. It should be noted here that the presented sensitivity
curves concern a specific state of the system operation allowing vari-
ability of the parameters with respect to which the sensitivity of the
system is evaluated. The points marked with dots correspond to the
estimated and adopted for further calculations value of k and the
measured values of V obtained in the analysed states of the TEG oper-
ation. It should also be noted that all the measurements were recorded
using a computer control and measurement system eliminating

Results of the thermoelectric generator measurement performed in different operating conditions.

No. Temperature hot /cold exchanger Clamping force oc voltage steady sc current steady Heating power oc / sc sc voltage rapid Electrical resistance
°C N 14 A w 14 Q

1 250/32.7 110 591 4.92 286/335 4.57 0.92

2 250/35.2 3000 7,63 6,57 378/467 6.59 1.00

3 190/33.2 3000 5.96 5.43 262/337 5.02 0.92

4 120/27.7 3000 3.64 3.69 153/196 3.00 0.81

2A 250/37.5 3000 7.95 6.89 392/494 6.97 1.01
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Fig. 9. Time-dependent changes in voltage at a rapid-state change from the short-circuit to the open-circuit condition. The right chart shows zoomed process of
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Fig. 10. Sensitivity of the Seebeck coefficient (left) and of contact resistance (right) to the accuracy of k estimation. Dots mark the assumed value of k for the TEG.
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Fig. 11. Sensitivity of the Seebeck coefficient (left) and of contact resistance (right) to the accuracy of the voltage measurement. Dots mark the measured value of

voltage for the TEG operating parameters.

accidental errors in readouts or data processing.

Using the results of voltage measurements realized in operating
temperatures (2 to 4) and the adopted value of k = 2.55W/K the TEG
parameters (a, r and 7,) were determined. The results of the calculations
are presented in Figs. 12 and 13 as functions of the temperature differ-
ence between the heat exchangers (Th, — Teq). The results obtained for
measurements 2, 3 and 4 are marked in orange, and the results for
measurements 1 and 2a - in blue and green, respectively.

It can be seen that if measurements were realized at a high clamping
force (close to the maximum allowable clamping force for the module),
resistance is less than half the resistance obtained for a small clamping
force. It should be noted that measurement 2a, realized a few days after
the other measurements and, therefore, on a non-unloaded element,

gave a slightly lower resistance value. The observed change probably
results from the heat-conducting paste on the TEG surface fitting the
micro irregularities of the heat exchangers.

The Seebeck coefficients determined from the model in the analysed
range of temperature differences differ from each other by less than 10%
(Fig. 12). For a small clamping force, the higher value of @ results from
the lower temperature difference of the junctions, which can be noticed
in Fig. 13, showing the mean temperature differences between the
thermoelectric junction and the heat exchangers corresponding to it and
determined at the maximum power generated by the TEG. It can be seen
that the measurement performed at a small clamping force and at the
highest operating temperature results in a decrease in the temperature
difference of the junctions by over 120 K (about 60 K per each),
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Fig. 12. Seebeck coefficient and thermal resistance obtained from the mathematical model based on the performed measurements.
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Fig. 13. Temperature “loss” on the TEG cold and hot side and the power ratio at the TEG maximum power.

compared to the temperature difference of the heat exchangers. This is
by about 40 K more than in the case of a big clamping force. This “loss”
of the temperature difference of the junctions decreases linearly with the
operating temperature value. It should be remembered that the drops/
rises are the effect of thermal resistance on the one hand and Peltier heat
and Joule heat on the other. There is a slight difference (less than 1.6K)
in these values on the two sides of the thermoelectric module, which
results from the different heat flux through the two surfaces at the point
of maximum power.

Due to the nature of the thermoelectric phenomenon and the limi-
tations imposed by the second law of thermodynamics, even a slight
drop in the useful temperature gradient on the electric junction involves
a significant drop in power compared to the ideal situation when no
thermal resistance occurs between the exchangers. Higher thermal
resistance translates into a smaller power ratio, which is shown in the
right chart in Fig. 13. Due to the occurrence of contact resistance, the
achieved power can never come even close to 40% of the theoretical
maximum value for given module and given temperatures. It may
therefore be concluded that, considering the occurrence of resistance,
heat sources could ensure a higher temperature difference. However, it
is not clear whether the maximum operating temperature specified in
the TEG data sheet relates to the temperature of the upper source or to
the temperature of the junction.

4. Conclusions

The paper presents a complex mathematical model of thermoelectric
phenomena that can be used to determine basic parameters of thermo-
electric generators based on relatively simple measurements of electrical
quantities and temperature of the TEG heat sources. A method is pro-
posed that makes use of classic measurements realized in the steady state
and rapid measurements performed in a fraction of a second after the
TEG state changes but when the thermal state is still as before the
change. In this work, considering the ease and accuracy of voltage
measurements, a decision was made to perform rapid measurements of

voltage during the short-circuit-to-open-circuit transition. Such voltage
measurements make it possible to determine the electromotive force
generated by the TEG, in a thermal state corresponding to the short-
circuit current. A great advantage of the developed testing procedure
is the possibility of finding real quantities describing the junction and
the material which are much more useful than the effective values for
the entire thermoelectric module.

The presented complete analytical model of the thermoelectric
generator enables determination of the total Seebeck coefficient of
thermoelectric junctions and contact resistance for a known value of the
TEG thermal conductivity. The model also makes it possible to establish
the practically unmeasurable real temperature difference between the
junctions in specific operating conditions.

Because measurements always involve the risk that their results will
be affected by measuring inaccuracy, a decision was made in this work
to establish the impact of potential measuring errors and of errors in the
estimation of the mathematical model main input quantities on the re-
sults of the calculations. For this purpose, an analysis was conducted of
the sensitivity of determination of the Seebeck coefficient and thermal
resistance to thermal conductivity and voltage. The sensitivity analysis
results show a very small impact of the TEG thermal conductivity on the
two parameters. At the same time it was noticed that the impact of the
voltage measurement inaccuracy on their values is by an order higher.
The system high sensitivity to such measurements does not compromise
their usefulness because the quantities are determined with very high
accuracy, which means that the effect of potential inaccuracies on their
values is negligibly small.

To assess the effectiveness of the heat transfer between the heat
exchangers and the TEG junctions, an indicator was introduced in the
form of the power ratio. It shows what fraction of the TEG maximum
theoretical power at zero thermal resistance is maximally achieved by
the thermoelectric generator in given operating conditions. This indi-
cator could therefore be used as a quality measure in the process of
optimizing contact conditions and contact layers of newly designed
thermoelectric modules, and also as a quantity evaluating the contact
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quality for the same type of operated systems.

To sum up, the developed measuring method makes it possible, in
terms of both calculations and measurements, to determine in a rela-
tively simple way the TEG characteristic quantities and, thereby,
establish theoretical maxima for set temperatures of heat sources. The
procedures proposed in the paper can be used to define standardized
tests enabling assessment of devices equipped with thermoelectric
modules. Knowing the parameters characterizing the thermoelectric
generator, it is also possible to perform diagnostic testing to identify a
faulty element of the system, which can be very useful in the operational
practice and quality control of devices.

The possibility of assessing the device operating conditions gives an
answer to the question of how much the system can possibly be
improved and where the theoretical maxima are. The thermal resistance
and the power ratio calculations can be useful if thermal grease is to be
replaced or changed or if surface finishing or clamping force modifica-
tions are considered.

It should be emphasized that if the thermal resistance value is
adopted for the calculations as zero, noticeable differences in the
assessment of the quality of the thermoelectric generator operation can
arise, and this should be avoided.
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Detailed Model of a
Thermoelectric Generator
Performance

The paper deals with mathematical modeling of heat transfer phenomena occurring in a
system containing thermoelectric elements. The main focus was on creating a useful com-
putational tool for designing, validating, testing, controlling, and regulating the energy har-
vesting system with a thermoelectric cell. The model widely described in the literature,
assuming a constant temperature level on both sides of the cell, has been modified to
take into account the thermal resistance of heat exchangers that are inseparable parts of
nearly every device of this kind. The results and conclusions from the solutions of equations

forming a formalized record of the proposed method, the assumed approach to modeling,

used physical phenomena and sensitivity analysis of the impact of the tested parameters
on the system operation was presented. The calculations were made for the data of a
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1 Introduction

The following discussion addresses the use of thermoelectric
effects for energy harvesting from waste heat. This situation may
take place in the internal combustion engines, where hot gases are
discharged from the system, and a significant amount of thermal
energy contained in them is, in conventional solutions, lost to the
environment [1]. Typically, the exhaust gas has a relatively high
temperature, so the energy flux lost in this way is a substantial con-
tribution to the engine energy balance [2]. The basic component of
the energy recovery system can be a thermoelectric generator (TEG)
which converts heat into electric power on the basis of the Seebeck
effect [3]. Such devices may have many advantages, such as simpli-
city of use, failure-free operation, noiselessness, lack of moving
parts, low production cost, small dimensions, low mass, and
others [4]. However, there are methods to achieve greater efficiency
of the energy harvesting system but with a significant level of
complication and other technical problems [5]. Thermoelectric
modules have many different applications and potential applica-
tions in various fields of science and technology [6]. Considering
the construction of an energy harvesting device, the design of a
heat exchanger is in contact with the fumes on one side and with
the hot end of the thermoelectric cell on the other side becomes a
key issue. Its characteristics, and in particular the thermal resistance,
modify the operating conditions of the module itself. Many efforts
have been made to achieve lower thermal resistance of heat
exchangers [7,8]. There are many methods to determine thermo-
electric module characteristics [9]. Some of them are based on mea-
surement collected at steady state (direct measurements) while the
others focus on the transient conditions. Operation parameters of
the coworking heat exchanger, in particular, the heat flux trans-
ferred, depend on thermal properties of the system components,
mainly the thermoelectric cell, which generates the useful effect
in the form of electric power. Thermal conditions, such as the
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heat flux entering the thermoelectric cell, vary due to the magnitude
of electric current in a circuit, which in turn affects temperature and
heat flux distribution in the whole arrangement. In order to model
the occurring phenomena and simulate the whole system, the tem-
perature of exhaust gases, their chemical composition, pressure pul-
sations, e.g., wave and acoustic phenomena, should be taken into
account. The literature describes the proposed method of modeling,
optimization, and analyzing of the whole thermoelectric cell
system, taking into account the thermal resistance of many ele-
ments, including heat exchangers, the heat transfer (between sur-
faces in contact and related to a liquid medium), conduction, and
so on [10]. Also, the design arrangement of thermoelectric material
inside the module is important [11]. Air-filled areas modify the heat
flux by convection, conduction, and radiation [11,12]. A lot of effort
and work is required to design the hot side heat exchanger being in
contact with the hot gas. Usually, its surface must be much larger
than the thermoelectric cell surface in order to ensure optimum
working conditions [13]. The design process of heat exchanger is
strongly influenced by the convective heat transfer from the heat
source [14] and/or transfer through radiation [15]. Another
extremely important issue is the unsteadiness of these parameters
in time. What is more, they can vary in a very wide range. In
Sec. 2, a description of the most essential parameters of the thermo-
electric module operation set is proposed. It was decided to analyze
the influence of usually neglected phenomena on the thermoelectric
generator performance and their mutual interaction. There are some
works available that also address this issue [16,17]. These works,
despite the fact that they coincide in some parts with the results pre-
sented below, are made for different materials, thermoelectric
modules, and parameters of the analyzed object. However, the
main difference and novelty introduced in this work is that the fol-
lowing analysis expands earlier works especially in terms which is
useful in the practical application of the thermoelectric module and
control of the electric load system (power receiver, useful effects).
In the past, the influence of, among others, the cell’s geometrical
parameters has been studied (e.g., assuming constant resistance
of power receiver). But this kind of parameter cannot be modified
when the module is already manufactured and installed, though
electrical resistance can be very easily set (manually or
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automatically) during the operation with programable DC/DC con-
verter. Some of the following relationships, dependencies, and
charts were made based on the assumption that the power receiver’s
resistance is always (constantly) adjusted to the optimum value due
to the adopted criterion (maximum power or efficiency). The ques-
tion was also asked about the quantitative impact of the obtained
results and the legitimacy of including them in the design of the
entire system. Conclusions from this analysis may be useful in plan-
ning experiments aimed at determining thermoelectric module char-
acteristics or testing a whole heat recovery system, for example,
coupled with an internal combustion engine. Recently, a lot of such
research has been conducted in various arrangements [3,18-23].
The possibility of controlling heat fluxes and temperatures of junc-
tions by the electric current in the circuit was also analyzed. The
idea, with minor modifications, can also be used in thermoelectric
refrigeration and cooling.

2 Modeling Approach

Plenty of mathematical models of thermoelectric cells and their
ideal benchmarks can be found in the literature. However, the
vast majority of them are based on an assumption of constant
temperature or constant heat flux at both sides of the module
[4,16,24]. In the first case, almost always an error of varying
the temperature of the hot and cold end of the cell is unavoidable.
A situation, when ideal heat source (constant temperature) is con-
nected without thermal resistance to the generator, is obviously
impossible. This discrepancy results from the fact that the exis-
tence of temperature gradient and magnitude of the heat flux is
inextricably linked together [25]. The amount of heat supplied
to the cell and released from it varies with the resistance of the
connected electric power receiver, i.e., the electric current in
the circuit. This current, through the existence, among others,
of the Seebeck voltage and the Joule effect, affects the heat
flow through the module [4].

Considering the cell’s surface, its temperature results from
supplying and releasing appropriate amount of heat. If the heat flux
entering and leaving the cell changes, then the flux passing
through the heat exchangers (in contact with the cell and the
contact layers of the elements that are integral parts of the system)
also change. As a result, the temperature gradient in the heat
exchanger and other components changes. Assuming that the tem-
perature of heat source is constant, it causes a change in the
temperature of the hot side of the thermoelectric cell. Analogous
considerations can be made for the cold end of the cell, whose tem-
perature will be slightly higher than the temperature of the heat
sink (also constant). The proposed method extends the standard
approach by taking into account the heat exchangers (heat source
and heat sink) that are in contact with TEG and relevant heat resis-
tance factor. In this case, we assume constant temperatures of both
heat exchangers (instead of TEG surfaces), while TEG surface
temperatures result from heat transfer intensity. Heat transfer resis-
tance may represent conduction in the material layer, as well as
contact resistance between the elements, conduction within coating
of the module, etc. In practice, it is usually impossible to maintain
the temperature of both ends of the cell at a constant level because
of their connection to heat exchangers (hot and cold) through ele-
ments with thermal resistance. Usually, due to technical difficulties,
the temperature of the cell surface is not directly measured. The
measuring sensor is located at a certain distance, and its indication
is the value between the actual temperature of the cell’s side and
the heat exchanger (hot or cold, depending on the side considered).
The proposed method of modeling can be used, among others, to
answer the question regarding the measurement error and inaccuracy
of relevant calculations. First of all, this model will allow determin-
ing how the working conditions of the cell change depending on the
thermal resistance of the coupled heat exchangers. Due to the mar-
ginal significance of the Thompson effect, it was neglected in the
analyses.

021601-2 / Vol. 142, FEBRUARY 2020

2.1 Phenomena Description. The main purpose of this work
is to build a precise mathematical model of the thermoelectric gen-
erator assembly which can be used to perform thermal calculations
of the whole system, without considering the internal structure of
the thermoelectric cell itself (Fig. 1). The following considerations
relate to the steady-state operation. First of all, the thermoelectric
cell consists of a solid material and therefore conducts heat accord-
ing to Fourier’s law [25]. This phenomenon is relatively easy to
model in the case where no electrical power is generated. The
thermal conductivity of the entire cell (calculated on the basis of
external geometrical dimensions and the temperature difference
between the hot and cold sides, only) is one of the crucial parame-
ters. Closer analyses should take into account the dependence of
variations in thermal conductivity and other parameters with tem-
perature. This phenomena (thermal conductivity) is sufficient to
describe a cell when no electric load is applied (no current flow—
open circuit). The voltage measurement between the cell leads
allows calculating the equivalent Seebeck coefficient for the
entire cell on the basis of the temperature difference between the
hot and cold sides. Voltage arises at materials’ connections (pairs)
with different Seebeck coefficients. The value results from the
product of the difference of these coefficients for contacting mate-
rials used to build the cell, the temperature difference, as well as
the number of electrically connected pairs in series [4].

However, as mentioned above, this description is intended to
describe the cell as a whole, so for the sake of further consideration,
an equivalent Seebeck coefficient is adopted (1). The eqv index
refers to the values determined for the entire cell. This method is
described in the literature, is widely used, and is useful when
detail analysis of the thermoelectric cell interior is not needed or
not possible [26].

VOC:(xqu -AT (1)

Allowing the flow of current in the circuit, i.e., connecting a
receiver of electric power to the cell, significantly changes the
energy balance of the cell. The first important element is that the
heat flux supplied to the cell is not equal to the released one.
Their difference is the work done by the electric current in the exter-
nal part of the circuit (power receiver). Second, which is even more
important, the flowing current is a reason for the Peltier effect. The
current flowing in the cell passes through a thermoelectric connector
on which there is a difference in electrical potentials (Seebeck
voltage), so the product of this voltage and current is the thermal
power generated (or received) at each end of the cell. This effect
counteracts the temperature gradient applied to the cell and, thus,
increases both heat fluxes—entering and exiting the cell.

In a particular case, if the external resistance is equal to 0 Q
(short-circuit), the power is not fed outside the cell. Therefore, the
heat flux entering the cell is equal to the released one. In this
case, the factors that increase and decrease the heat flow resulting
from the Peltier effect will not be equal because of the same electric
current and different absolute temperatures. Thus, the flux resulting
from them will not also be equal, which apparently violates the
first law of thermodynamics. The missing factor is generated in
the cell’s internal volume due to the electric resistance of the cell

Constant temperature heat source

Hot thermal resistance

Th
Thermoelectric module
T

Cold thermal resistance

Constant temperature heat sink

Fig. 1 Schematic diagram
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material—Joule heat. This effect reduces the heat flux at the hot side
of the module and increases it at the cold one. The equivalent resis-
tance occurring in the following equation stands for the electrical
material resistance of the entire cell, and it results from the
product of the number of posts and joints (solders), respectively,
their resistance, and connections type.

2.2 Mathematical Model. The output power (useful effect) of
the thermoelectric module can be expressed as (2)

P=V-I=E€-Rn) - I=( - (T —T)—IRin)- I  (2)

Quantities like ®teqy, Keqy, and Ry, refer to the properties of the
entire module, resulting internal structure and composition
(number of connections, dimensions, etc.).

The total heat flux entering the thermoelectric module is a sum of
heat absorbed due to the Peltier effect and heat conducted through
the module and Joule heat (3). Other phenomena (Thomson effect,
conduction and convection in air, sealing between thermoelectric
legs, etc.) are much less important and have not been taken into
account.

Qh = QPellier + QConduClion + QJoule

1, (3)
= OleqylT), + Keqy AT — 51 Rint
Therefore, the overall efficiency can be expressed as
P (- AT —IRine) - 1 @

1= 00 ™ equl Ty + Koy AT — (1/2)2Rip;

The relation between the constant temperature heat source or heat
sink and temperature of the thermoelectric module surface can be
expressed in the following way for conduction (Egs. (5) and (6))
and/or radiation (Egs. (7) and (9))

T.=Ty+ Q. -1, (®)]

Ty = Tha — Qcconvit * T (6)
Ty =Tyt = Quach * Fradyh @)
O = Qconvyn + Qradyh ®)

In the above equations, the factor r (with & or c index, corre-
sponding to the hot and cold sides of the cell, respectively) repre-
sents the total linear thermal resistance (conducting in a solid
material and contacts at the boundary, e.g., thermal grease) of the
heat exchanger. It is the proportionality factor between the temper-
ature difference and the heat flux via conduction at each side of the
exchanger. Factor r,qy, represents the thermal resistance for radia-
tion in a similar way like r for conduction. All of them, r,,r. and
Tradyr» Were assumed to be constant (independent of temperature
and other variables).

As for the radiation heat transfer, the level of heat resistance
comes from the Stefan—-Bolzmann relation (9)

Otaay = GAF (T} = T3) )

where F is in the range 0-1 and represents the view factor, emit-
tance. In order to solve the problem, the first law of thermodynam-
ics should also be taken into account, combining the heat fluxes
(entering and leaving the thermoelectric module) and the electrical
power.

3 Sample Calculation, Result, and Discussion

Sample calculations of equivalent conduction thermal resistance
were done for a 10 cm thick layer of copper (its area is equal to the
surface contact area of the sample thermoelectric module described

Journal of Energy Resources Technology

below). In this case, r is equal to 0.065 K/W. To compare, the resis-
tance of 2.6 K/W corresponds to a 5 mm thick Plexiglas.

In order to illustrate the behavior of the actual module, data
for a commercially available thermoelectric generator TECTEG
MFR, TEG1-PB12690 were assumed. Thus (from manufacturer
data sheet), R=2.05 Q, K=0.3912 W/K, the contact surface area
A=62x62 mm?, Oeqy =0.0233 V/K, and the hot side temperature
T, =873 K (max). Therefore, T}, =873 K and T,,=303 K.

The calculations were made using WOLFRAM MATHEMATICA
software.

3.1 Thermoelectric Generator Performance for Fixed
Temperatures. In order to determine the efficiency and electric
power of the cell as a function of current in the circuit for the
given constant temperatures of the upper and lower heat sources
(T4, T,), Eqs. (2) and (4) were used. In practical implementation,
various points of this graph can be obtained by changing the elec-
trical resistance of the power receiver connected to the system.

Calculations were done by numerical optimization because use of
Eq. (4), with T}, and T, expressed by (5) and (6), does not lead to a
closed-form solution. Although the curves resemble parabolas, they
actually are not. Radiation does not occur in the situations consid-
ered, which correspond to an opaque material of heat exchanger
and other thermal resistances (e.g., thermal grease).

As can be seen in the graphs (Figs. 2 and 3), as the thermal resis-
tance of the heat exchangers accompanying the module increases,
the maximum efficiency of the cell, maximum power and short-
circuit current, decreases. This not only negatively affects the oper-
ation of the system by reducing the useful effect—electric power—
but also reduces the temperature difference between both sides of
the cell and in consequence, the heat flux. Therefore, the drop in
electric power is higher than the fall in efficiency. Thermoelectric
effects influence the thermal characteristics of the entire system
(heat flux at constant T}, and T,,). It obviously changes the heat
flux supplied to the system and released from it and in consequence,
the temperatures of both hot and cold sides (7}, and T,.), which
should be taken into account when designing other components
of the system. Most importantly, both the resistance of the power
receiver and the electric current, which correspond to maximum
efficiency or maximum power, change.

With the increase of r, the temperature variation of both surfaces
of the cell, along with the varying current intensity, increases
(Fig. 4). The variation is highest for current close to zero (in partic-
ular, r>0) and decreases as the current is close to the short-circuit
one. Varying only the receiver’s electrical resistance, i.e., the
current in the circuit, the temperature (of cell’s surfaces) can vary
in some range. For r=0.065 K/W, temperature at the hot side can
vary from 854 K to 859 K depending only on the electric current.
For r=1, it can vary from 724 K to 748 K (24 K difference). For
r=2.6, the variation is from 662 K to 682 K (20 K difference). It
can be seen that the potential to change the temperature by the
receiver resistance is the highest for r=1 (considering only the
cases presented in Fig. 4). For the lower values of r, the temperature
is much closer to the temperature of the heat source, which is cons-
tant according to the assumption. For the higher values of r, the tem-
perature gradient on the thermoelectric cell is significantly lower, so
the short circuit current is also smaller, and the potential of the tem-
perature variation is lower. The length of the curves in Fig. 4 is the
result of the possible electric current intensity under given condi-
tions (see Fig. 1). Lowering the temperature gradient on the cell
(by applying greater electric current) is the reason for shifting the
maximum power and efficiency points (Figs. 2 and 3) toward the
lower value of electric currents with the increase of the thermal
resistance ry, 7.

Figure 5 shows the temperature change of the cold and hot sides
of the cell for the electric current intensity selected at each point to
achieve the highest possible power. It has to be taken into account
that these temperatures may be higher or lower depending on the
electric load of the cell (for nonoptimum electrical resistance) and

FEBRUARY 2020, Vol. 142 / 021601-3

Hel/£Z01599/109120/2/Z ¥ | 4pd-ojoipe/seoinosauABiaus)Bio swse: uoios]joofeNBipawsey/:dny wouj papeojumoq

¢ ¢l

120z J9qWIBAON 6Z UO Jasn (exsels exiuydsijod) ABojouyos ] jo Ausieniun ueisslis Aq pd 109120



71 %]

I|4]

PW]
Plw]

I[4]

r| KW

Fig. 3 Power (external) as a function of current at T,, =873 K and T, =303 K for differentr (r=r,=r)
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Fig. 4 Module side temperatures as a function of current at
Tha=873 K and T.,=303 K for various r (r=r,=r;)
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changes in the electric current in the circuit. This graph presents
usable temperature difference (A7) in a direct way, and, for a
given resistance of the heat exchanger (r), it is an indicator describ-
ing the work of the cell and deviation from heat source temperatures
(ideal model). Similar results are obtained for the highest efficiency,
and the diagrams look alike.

Figure 6 presents the values of the external resistance which
should be connected as the output power to achieve the desired
magnitude of current for different values of r. The plotted black
lines represent the optimum value to achieve the best efficiency
(solid line) and the highest power (dashed line). There is a statement
in electric engineering for idealized battery (electromotive source
and constant internal resistance) that in order to achieve the
highest electrical power of the external receiver, its resistance
should be equal to the inner resistance of the power source
(Rext =Ry). However, this is valid only in the case of constant
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Fig. 5 Temperature of module sides at T,,=873 K and T.,=
303 K for different r (r =r, =rc), for maximum power
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Fig.6 Selected aspects of the external resistance value at Ty, =
873 K and T, =303 K for different r (r=r,=r)

electromotive force. In the case of thermoelectric generator with a
constant Seebeck coefficient, it is only true at constant temperature
difference between both sides of the cell—AT. In most real situa-
tions, heat transfer takes place through conduction and convection
(resistance r;, and r.), so increasing the heat flux supplied and
released from the cell as a result of increasing the current in the
circuit leads to lowering the temperature of the hot side and increas-
ing the cold one. The electrical resistance of the receiver, in order to
achieve maximum power and maximum efficiency, should be
2.05 Q and 2.455 Q, respectively.

This is obviously true for »=0. In fact, for the r, =r.=1.2, this
resistance is 2.44 Q and 2.64 Q, respectively. Resistance changes
(increases) in relation to the idealized model (assuming r.=r,=
0 K/W). This phenomenon reduces the current flowing in the
system (for the points of maximum power and efficiency); at the
same time, the occurring decrease in temperature difference AT
(resulting from nonzero r. and r;,) reduces the electromotive force
and thus also lowers down current in the circuit. The same phenom-
enon, i.e., decreasing AT, also reduces the short-circuit current,
most intensively from all possible working points (electric current
values). The statement quoted above is retained in every analyzed
condition, so the point of maximum achievable power can be
obtained by setting the electric current value to half of the short
circuit current with satisfactory accuracy.

It seems reasonable to accept the rule that to obtain the maximum
power, the current should be set to half the value of the short-circuit.
The relative deviation in power magnitude is not higher than
0.00001 in the range of r from 0 K/W to 5 K/W. It practically
does not exist, so the statement is true. The situation is a little bit
more complicated for achieving the best possible efficiency.
Figure 7 presents the difference between efficiency in both situa-
tions. First, for the electric current corresponding to the best
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Fig. 7 Difference between best possible efficiency and effi-
ciency when electric current equals half short circuit current
for given r
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Fig. 9 Module side temperatures as a function of current at
selected Tj,, and T, =303 K for various r (r=r,=r)
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possible efficiency for given r, and second, for any r, the current
is set to a half of the short-circuit current. Figure 8 shows the rela-
tive deviation of efficiency when constant external resistance of
2.05 Q is applied. This case would give a vertical line (constant
resistance) when imposed in Fig. 6. This is the value for best effi-
ciency if r=0 (this is the point, where dashed line crosses the
curve for r=0).

3.2 Determination of the Heat Source Temperature. In the
above considerations, the temperature of the heat source (7},)
was determined based on the maximum allowable temperature of
the hot side of the thermoelectric cell. When designing a test
bench for thermoelectric cell, it is completely a safe solution, but
it can be seen that for working conditions with a significant
thermal resistance of heat exchangers (r>0), the temperature
of the cell (7},) does not approach the permitted maximum. There-
fore, the temperature of the heat source (7},,) can be risen up.

rE/W

Efficiency as a function of current at variable T,, and T, =303 K for different r (r=r,=r)

Fig. 12 Power (external) as a function of current at variable T,, and T, =303 K for differentr (r=r,=r;)
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Fig. 13 Selected aspects of the external resistance value at var-
iable T, and T, =303 K for differentr (r=r,=rc)
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Fig. 14 Difference between the best possible efficiency and effi-
ciency when electric current equals half short-circuit current for
given r for variable T,

The situation in which the value of 7}, is independently selected for
every value of r was considered. It was done in such a way that 7},
is as high as possible but not exceeding the allowed working condi-
tions of the thermoelectric cell, regardless of the current in the
circuit. The temperature of the module sides is presented in Fig. 9
in a similar way to Fig. 4.

For the same reasons as in the previously considered situation,
the greatest potential for temperature regulation by changes in the
electric current in the circuit is observed for r=1. For lower
values of r, temperature of the module is relatively close to the tem-
perature of the heat source. For the higher values of r, the temper-
ature drop is more significant for operational parameters, so the
short circuit current is smaller, which affects the potential tempera-
ture variation. The 7}, temperature in this case obviously increases
with the rise of thermal resistance of the exchanger, as shown in
Fig. 10.

Calculation of efficiency and electrical power of the thermoelec-
tric cell was also made for the situations with variable T}, like
described above (highest possible, without violating the permissible
temperature limit for thermoelectric cell regardless of the electric
current), in the same way as in Figs. 2 and 3. Results are presented
in Figs. 11 and 12.

Figure 13 presents the relation between the electrical resistance of
the power receiver connected to the thermoelectric module in a
similar way to Fig. 6 but for variable 7}, (according to Fig. 10).
Figures 14 and 15 show the difference between the best possible
efficiency and efficiency when electric current equals half short-
circuit current and respectively the difference between the best pos-
sible efficiency and efficiency when resistance of power receiver is
fixed (Ry). This fixed resistance corresponds to the optimum effi-
ciency working condition when no extra thermal resistance is
imposed (r=0).
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Fig. 15 Difference between the best possible efficiency and effi-
ciency when resistance of the power receiver is fixed (R,) for
given r for variable T},

4 Conclusions

The proposed method of modeling thermoelectric generators
taking into account the thermal resistance gives the results of calcu-
lations in line with the predictions. Calculations were made for dif-
ferent magnitudes of thermal resistance of heat exchangers. In the
majority of practical implementations, this value is or should be
minimized, so usually it is not greater than one (< 1). Simulations
carried out for »=0.065 K/W (corresponding to the conductivity in
the copper layer with a thickness of 10 cm) showed that the
maximum achievable efficiency of the cell decreased from 7.80%
to 7.38% and the power decreased from 21.57 W to 19.16 W.
The optimum value of the electrical resistance of the power receiver
(due to the maximization of power or efficiency) changes as the
thermal resistance of the associated elements increases. These
changes are very small, which implies the practical unprofitability
of taking them into account in the design of a real system.
Popular DC/DC voltage converters capable of varying the input
resistance have an efficiency clearly below 1, which will not
allow achieving the desired profit resulting from their use in consid-
ered cases. For the analyzed cell model, it can be stated, with a fairly
good approximation for most applications, that the working points
with maximum efficiency and maximum power overlap. For r=0,
their difference is about 9% of the current value, which results in a
relative efficiency deviation of no more than 0.7%. This value
decreases with the increase of r for both cases (constant and vari-
able Tj,), so the relative difference in the current intensity
between the point of maximum power and the point of maximum
efficiency is smaller. If the thermal resistance is maintained at a
low level, it does not significantly affect the performance of the
whole thermoelectric system. When considering 10 cm copper
layer (r = 0.065 K/W), differences in operational parameters are
below the level which can be measured by vast majority of
popular equipments, so they are practically insignificant. These dif-
ferences have usually no influence on laboratory tests of appropri-
ately designed systems with the thermoelectric cell. Another
important issue which should be taken into account is thermal resis-
tance at the contact between the thermoelectric cell and the heat
exchanger. It strongly depends on the clamping force, the thermal
grease used, and smoothness of the surfaces. It is very hard to esti-
mate the correct value of 7 in such a case. The final r value should be
a sum of r for conduction within the material (0.065 K/W for 10 cm
copper) and r for the contact between materials. A small value of ris
already introduced in most of the commercially available thermo-
electric cells, because of the ceramic layer or coating.

The scope of these investigations was to assess the influence of
the heat exchanger thermal resistance without considering the inter-
nal structure of thermoelectric cells. Proposed method and behavior
of the entire system can be used to assess thermal contact quality
(e.g., thermal grease quality) by finding correct value of r, which
matches the model. For both presented situations (constant and
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variable 7},), the potential of varying the temperature of the
thermoelectric module hot side (and accompanying heat exchanger)
is the biggest for the value of r=1. This observation can be useful
when designing a system in which a fine control of temperature is
essential. Doing it in this way can be faster and more accurate
than controlling the heat source. For different arrangements of the
thermoelectric cell system, it may be also necessary to consider
the heat transmitted by radiation. It will probably have much
more intensive effect on the deviations from the ideal model ana-
lyzed above (r=0, constant surface temperature of the cell) due
to stronger changes in heat flux along with changes in radiant
surface temperatures.
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Nomenclature

I = electric current, A
W = work of electricity in external resistance, J
r. = heat resistance of the heat exchanger behind the cold side,
K/W
r, = heat resistance of the heat exchanger behind the hot side
(conduction), K/W
reaay, = heat resistance of the heat exchanger behind the hot side
(radiation), K/'W
K.qv = equivalent thermal conductivity (for the entire cell), W/(mK)
Q. = heat flux at the module cold side, W
Q;, = heat flux at the module hot side, W
R;,, = internal electric resistance (for the entire cell), Q
T. = module cold side temperature, K
T, = module hot side temperature, K
T., = temperature of the heat sink (constant), K
T, = temperature of the heat source (constant), K
Voc = voltage (open circuit, electromotive force), V
®.qy = equivalent Seebeck coefficient, V/K
AT = temperature difference at the module, equal to 7, — T, K
£ = electromotive force, V
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ARTICLE INFO ABSTRACT

Keywords: The paper discusses issues related to the modelling of a cooling system equipped with thermoelectric modules to
Thermoele_ctric cooler achieve the lowest possible temperature of the cooled space. Considerations were made for both the steady state
Supercooling and the momentary capability to reach the lowest possible temperatures. The analysis concerns modules ar-

Thermal resistance

. ranged as the in-series thermal connection in a sandwich configuration and the parallel connection in a single
Current shaping

layer. It was assumed that in each case the modules worked with identical heat exchangers. Optimal sizes were
found for the modules in each of the analysed configurations, both considering and omitting in the model the
thermal resistance between the system elements. Taking resistance into account results in an almost 50% in-
crease in the module dimensions to 90/250, compared to 60/170, and also in the minimum temperature rise by
even up to 20K. Inducing higher currents in the circuits of the modules can cause momentary supercooling of the
cold heat reservoir significantly below the temperature achievable in the steady state. The highest values of
momentary drops in temperature can be achieved through current pulse in the circuits, and also for higher
thermal capacities of the upper and additional internal reservoir in a sandwich system. To determine optimal
supply currents for the modules, optimization was carried out. In the considered configurations this made it
possible to achieve momentary supercooling temperatures by about 18K lower compared to the steady state. The
most essential design variables are the number of thermoelectric legs, the shape of the thermal capacity of the
current pulse shape and the internal reservoir.

and in the shaping of the thermoelectric cell properties [5,6]. An
improvement in the efficiency of systems using thermoelectric cells can
be achieved by minimizing thermal resistance in the system, which can
be realized by ensuring proper conditions of contact between individual
modules and heat exchangers [7], proper shaping of the heat sink
exchanging heat with the environment (especially in the case of air
cooling), and the use of phase-change materials (PCMs) with appropri-
ately selected temperature [8]. A non-standard application of thermo-
electric cells is power generation based on the heat released due to
nuclear reactions [9], which is mainly used in space technology. Another
application inspired by the current Covid-19 pandemic is the need for air
disinfection. Ji et al. [10] proposed a solution to inactivate potential
viruses by heating air to a high temperature and then administering it to
the patient after prior cooling using TEC modules. More and varied
applications of thermoelectric materials, together with the latest find-
ings are presented in [11].

TECs can also be used to produce the so-called supercooling phe-
nomenon [12], which involves achieving a momentary drop in the

1. Introduction

This paper deals with the simulation of a system using thermoelectric
modules operating in the cooling mode (thermoelectric cooler -TEC).
The use of this type of devices is now becoming increasingly common in
various branches of technology. One typical application is the use of
thermoelectric cells in consumer refrigerators [1], to maintain a con-
stant temperature of electronic components [2] or in systems preventing
the formation of thermal stresses [3]. The advantage of thermoelectric
cells is their universality. Apart from the heat pump-mode operation,
they can also work as electricity generators using a temperature gradient
and converting part of the heat flux into electrical energy [4]. The main
downsides limiting an even wider use of thermoelectric modules are
their relatively low energy-conversion efficiency when they operate as a
generator and a low coefficient of performance (COP) when they operate
as a heat pump. The need to improve efficiency is evident in the inten-
sive development, both in the search for new thermoelectric materials
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Nomenclature

Latin symbols

A leg surface area, m?

c thermal capacity, J/K

HTF heat transfer coefficient, W/K
h leg height,m

I current intensity,A

m mass,kg

n number of the module legs

p power,W

Q heat flux,W

r contact thermal resistance,Km?/W
R electrical resistance,Q

t time,s

T temperature, K

Greek symbols

A thermal conductivity, W/(mK)
p resistivity,Qm

a Seebeck coefficient,V/K
Subscripts

al lower ambient

au upper ambient

l lower

m internal heat reservoir
TEM thermoelectric module
u upper

cooled space temperature below the minimum value achievable in the
steady state. This issue was analysed in [13], discussing the use of
different current pulses to achieve the lowest possible temperature of the
cooling system cold side. It may be also possible to obtain a lower
cooling temperature than in the steady state by using modules thermally
connected in series (a multi-stage system) or modules in a thermally
parallel configuration (a one-stage system). Considering the possibility
of optimizing the height of the thermoelectric leg, which would lead to
lowering the minimum adiabatic temperature of the thermoelectric
cooler and, using an appropriately selected current at the same time, the
use of multi-stage cooling would be more effective than a one-stage
system [14,15]. There are works dealing with the phenomenon of
supercooling in a multi-stage system. Gao et al. [16] showed a possible
configuration along with a comprehensive description of such a system,
but in their study they limited themselves to an arbitrary number of legs
in both layers. In [17] attention is drawn to different parameters of the
internal structure of the cell due to the optimization performed for both
layers of the two-stage system, assuming variations in their parameters.
Some researchers use advanced parameter optimization methods, such
as the genetic algorithm (GA) [18,19]. The authors of [20] present an
analysis of the variability in the performance of a multi-stage cooler due
to the heterogeneity of the material parameters. Chen et al. [21] ana-
lysed the COP and the cooling capacity of a two-stage refrigerator sys-
tem and presented its mathematical model. The authors of [22] show an
example of the application of a PCM in a heat exchanger accompanying
a multi-stage system of thermoelectric cells and the utilization of the
phase-change phenomenon when supercooling conditions are reached.
Meng et al. [23] investigated the operation of a multi-stage system
considering the supercooling phenomenon induced by triangular and
square current waveforms in the circuit. In Gao et al. [24] the authors
focused on analysing the impact of current shaping in the circuit, this
time - in a multi-stage system. Multi-stage systems can be useful not only
in the case of the classical design of cells with a flat shape, but also for
other geometrical configurations [25]. There are many works devoted to
the thermoelectric cell system co-operation with photovoltaics [26] and
also to multi-stage thermoelectric modules [27]. Min and Rowe [28]
showed the concept of a domestic refrigeration device whose cooling
capacity could be increased due to the application of multi-stage ther-
moelectric cells. The authors of [29] discuss an experiment performed to
investigate the impact of the shape of the current pulses on the TEC
module characteristics.

The multi-stage configuration can also be useful when thermoelectric
cells are used as an electricity generator (thermoelectric generator —
TEG). Such a case was studied by Zhao et al. [30], who optimized the
number of the TEG legs. The authors of [31] addressed the problem of
optimizing the dimensions of the TEG legs in a multi-stage configura-
tion, taking into account the dependence of the system parameters on

temperature. The study of Zhang et al. [32], on the other hand, is an
example of multi-parameter optimization of a multi-stage system.
Thermoelectric cells can also be used in combination with fuel cells. An
example use of a multi-stage thermoelectric module co-operating with a
membrane fuel cell is described in Guo et al. [33]. The literature in-
cludes works indicating that using a multi-stage configuration (with
more than 2 stages) is beneficial both in the case of heat pumps [34] and
electricity generation [35]. Like in one-stage modules, the device effi-
ciency can be improved by shaping the legs in a way that deviates from
their fixed cross-section [36].

The novelty and originality of the approach presented herein consists
in:

analysing supercooling in a two-stage system;

taking account of the thermal capacity of the internal heat reservoir
in the in-series configuration and determining the impact of its value
on the system operation and characteristics;

e taking account of contact thermal resistance between the system
elements in the modelling;

optimizing the TEC size (number of legs) in each layer
independently;

independent modelling of the current curves in the circuits of ther-
moelectric cells;

optimizing supply current curves to obtain the maximum super-
cooling effect;

analysing the supercooling potential for each of the tested configu-
rations and comparing them.

The results of the calculations performed in transient conditions, for
the examples investigated in this work, show that one of the most sig-
nificant parameters deciding about the quality of the TEC circuit oper-
ation is the thermal resistance arising between the elements [37]. If this
resistance is omitted in the calculations, the cooled space minimum
temperature gets substantially overestimated, and the optimization
process carried out for such operating conditions gives much smaller
sizes of the module than the dimensions which are actually required. It
should be noted that for the system in-series configuration, each cooling
stage of the TEC introduces additional thermal resistances. Taking them
into account is thus an essential element of the TEC model.

2. Mathematical model

The analyses carried out in this paper concern the operation of a
thermoelectric cooler system with a single and a double thermoelectric
module. In the two-module system, the modules are arranged in series;
the sandwich configuration is separated by a layer of a solid material.
The separating layer has a specific value of thermal capacity. Contact
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Fig. 1. One- and two-stage TEC system.

resistance is assumed to exist between each element of the system
(Fig. 1), which increases the effective temperature difference at the
thermoelectric cell junctions. The contact layer resistance was assumed
as constant per unit area, therefore the thermal resistance value varies in
proportion to the number of legs in each case under consideration.

The energy balance for the heat exchangers and the cell separating
layer in the two-module mode is written as:

. . dT,
0, =0u _mucud_t (1a)
. . drT,
0,=04 +m1617; (1b)
. . daT,

= — My Cn— 1
Oz = Ot — M€, dr (1c)

where Qu, and Qy are the heat fluxes collected and given to the envi-
ronment by the upper (u) and lower (I) heat exchangers. The separating
layer (m) can be treated as the internal heat reservoir. It is assumed in
the model that both the exchangers and the separating layer in between
the modules have temperatures levelled over their entire volume.
Naturally, only balance equations (1a) and (1b) will occur for the one-
module system.

The heat flux transferred between the heat exchanger and the envi-
ronment is the product of the temperature difference in the two me-
diums and the heat transfer coefficient between them (HTF), i.e.:

Q= HTF (Ta, — T,) (22)

Qu = HTF/(T; — T) (2b)
The heat transfer coefficient is defined as the amount of heat transferred
at a unit temperature difference (W/K), putting the system geometry
aside.

Considering the relations describing heat conduction in the thermal
resistance layers between the modules and the heat exchangers, it can
also be noticed that the heat flux in that area is the product of the dif-
ference in temperature on the two sides of the contact layer (the heat
exchanger and the thermoelectric junction) and the layer conductivity.
This conductivity is the inverse of thermal resistance. To determine this
resistance, r;, describing the layer independently of its surface area
(where i is u,mu,ml, , respectively), should be used and then divided by
the surface area of the layer. The layer surface area is understood as the
total surface area of the legs multiplied by factor fs; determining the part
of the cell surface that is not occupied by the legs. It follows that:

(Tu - Tu,M)nuAqu,u

Ty

0,= (32)

(Tml,M - Tm)nuAqu,u

Tu

le = (3b)
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Fig. 2. Structure of calculations in the program.
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Fig. 3. Stand for experimental testing of the TEC in the sandwich
configuration.
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Due to the rapid heat transfer in the thermoelectric element legs,
which is the effect of their relatively small thermal capacity compared to
the exchangers, the transfer can be treated as a quasi-steady state which
depends on the temperature of the exchangers at time t and current I, i.
e.:

Tu(tylwll) = Tu(Tu(t)7Tm(t)7Tau71u) (43)
Tl(ty ImIl) = TI(TI(I)mi(t)yTahII) (4b)
To(t, 4y 1) = To(T(0), T (1), Ty(2), 1, ) (40)

The boundary conditions to solve the above model are the ambient
temperatures (upper and lower) and the currents in the thermoelectric
module circuits, while the initial conditions are the temperatures of the
heat exchangers and of the separating layer material. A detailed
description of the thermoelectric module model is presented in [38]. To
solve a problem formulated in this way, it is still necessary to determine
the conditions for the heat transfer between the environment and the
exchangers, the contact resistance between the system elements, the
material parameters and the system geometrical features.

2.1. Computational software

The presented model has been implemented in the developed Ther-
moelectricCalc program. The program is used for comprehensive analyses
of systems equipped with thermoelectric modules. A flowchart illus-
trating the system operation is presented in Fig. 2.

Basic model calculations based on the presented equations (1-4)
supplemented with the equations described in [38] are realized in the
model calculations module, where using input data (the system param-
eters, the time step and simulation time), time-dependent histories of the
quantities that characterize the system operation (temperatures,
voltage, current, heat flux, etc.) are determined. The main method is to
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Fig. 4. Comparison between simulation and measurement results for constant
currents in the circuits of the TEC modules.

trigger one-off calculations manually with preset parameters (the red
path). The orange path calls the calculation model to determine the
value of the objective function for each analysed variant of the solution.
If the path of the algorithm operation goes through the current shaper
module (the blue or green path), a procedure for shaping varied current
pulses is incorporated into the optimization process. The green path with
the characteristics module controls the automation of the process of
determining full characteristics of the impact of the selected parameters
on the system performance, e.g. the impact of thermal capacity of a
selected reservoir on the system minimum temperature.

2.2. Experimental validation

The applied software tool prepared based on the presented model
was validated experimentally using a measuring system made of two
thermoelectric modules and three heat reservoirs arranged in a sand-
wich configuration (cf. Figs. 1 & 3). The heat reservoirs were made as
100x100x50mm copper blocks. The testing was performed using two
identical thermoelectric modules (MCTE1-19913L-S), the parameters of
which were established using the testing stand and the procedures
described in [38]. The HTF coefficients were also found experimentally
by investigating the course of the process of the cooling of the heat
reservoirs from the steady state and also by measuring the power needed
to maintain a constant temperature. The tested system data are listed in
Table A1l in the Appendix.

The first stage of the testing was experimental determination of the
minimum temperature achievable in the steady state. For this purpose,
simulations were performed using the ThermoelectricCalc program to
find this quantity. In this way, the values of the current supplying the
thermoelectric modules were also obtained. The applied automation of
the measurements enabled a parallel experimental search for the mini-
mum temperature. In order to reduce the time of the measurements, the
current variability area was narrowed down to values close to the
simulation results. The current was changed with the step of 0.01A. This
resulted in the temperature of 15.7°C obtained for the upper and the
lower module currents of 0.67/0.6A, respectively. The corresponding
values obtained from the simulations are 15.1°C and 0.62/0.71A,
respectively.

In the next step, simulations were performed to determine constant
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magnitudes of the supply current that ensured achieving the minimum
temperature of supercooling. The currents (4.78/5.49A) were then set
on the testing stand and temperature measurements were carried out. In
the case of the simulation, the minimum temperature was reached at the
level of 4.5°C, whereas for the measurements the value was 2°C. Fig. 4
presents a comparison between time-dependent changes in tempera-
tures obtained from the simulations and from the measurements per-
formed on the testing stand.

It can be seen that the simulation results agree with the results of the
measurements quite well. The differences in the temperature of the
cooled and the internal reservoir do not exceed 3K. Slightly bigger dif-
ferences are observed for the heat sink, which is in direct contact with
the environment.

In the next step of the validation process, the system response to a
pulse of electric currents in the circuits of the TEC modules was exam-
ined. For this purpose, optimization simulations were first performed to
establish such a history of the pulse, defined by the initial current, the
rate and the time of the rise in the current and the current final value,
that ensured achieving the minimum temperature of the upper reservoir.
The simulation results and the results of measurements performed for
such a pulse are presented in Fig. 5.

Based on the comparisons presented above, it can be seen that the
results obtained from the simulation process run using the developed
program correspond well to the results of real measurements and also
guarantees reaching significantly lower supercooling temperature. The
slight differences may be due to errors in the estimation of the TEC
parameters, differences between individual modules, as well as the
adopted simplifications.

Energy Conversion and Management 259 (2022) 115587

Table 1

Parameters of the thermoelectric system operation.
Parameter Value
Upper heat reservoir initial temperature T, °C 20
Lower heat reservoir initial temperature Ty, °C 20
Ambient upper temperatureT,,, °C 20
Ambient lower temperature Tj,,°C 20
Upper heat reservoir thermal capacity c,,J/K 300
Lower heat reservoir thermal capacity ¢;,J/K 450
Internal heat reservoir thermal capacity cp,J/K 300
Heat resistances of contacts r;, uKm? /W 1 or 100
HTF,,W/K 0.5
HTF;,W/K 10
Number of legs n 100
Surface filling factor fx 1
Electrical resistivity p, uQm 53
Thermal conductivity A, W/K/m 6.3
Seebeck coefficient a,mV/K 1.6
Leg height h,mm 3
Leg cross-sectional area A, mm? 10

The performed experiment proved the correctness of the formulated
mathematical model and the usefulness of the model implementation in
the ThermoelectricCalc program, in conditions of both constant currents
and current pulsations.

3. Numerical examples

The numerical examples analysed in this work were based on a vir-
tual TEC module whose parameters reflected data obtained from mea-
surements of commercial thermoelectric modules intended for
refrigeration applications. The tests were carried out on a purpose-made
stand described in [38]. The only quantity that was not directly reflected
in the simulations was the number of the legs, as it was a configuration
parameter of the modelled and optimized system. As the reference case,
it was assumed that the applied module consisted of 100 legs, and all the
parameters utilized in the calculations were determined based on this
assumption. For the testing purposes, it was further assumed that frac-
tions of a single module could be used, i.e. that the number of legs in a
single layer did not need to be a multiple of 100.

The values of the other data used for the calculations and charac-
terizing the tested system were assumed based on a several-litre cooler
adapted for commercial applications. In the model, the temperature of
the environment is given independently on the system two sides. In the
cases under analysis, its value was assumed as identical and equal to the
ambient temperature. The initial temperature of all elements of the
system was also assumed to be equal to the ambient temperature. The
heat exchange with the cooled space (HTF,) represents its thermal
insulation from the environment, while HTF; reflects the heat transfer to
the environment by the heat sink. A complete list of parameters is pre-
sented in Table 1.

3.1. Analysis of the two-module cooling system

To evaluate the effect of combining thermoelectric modules to ach-
ieve better cooling performance, simulations were performed of in-series
and parallel thermal connections of the two cells (Fig. 6). The results
were compared with those obtained for a one-module system (n = 100).
The simulations were based on the assumption that in all the cases the
thermoelectric cells operated with identical exchangers (identical heat
transfer coefficients HTF, i.e. the same heat sink giving up heat and the
same cooled space insulation).

The difference between the system with two modules connected in
parallel and the one-module configuration was the different number of
thermoelectric couples (n = 200 instead of n = 100). The calculations
were carried out in the transient state for a levelled initial temperature
of the system equal to the ambient temperature.
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Fig. 6. System with a single module or with two modules connected in parallel (left) and a two-module system connected in series (right).
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Fig. 7. Minimum temperature of the cold exchanger in steady-state conditions
depending on the current for the one- and the two-module parallel configura-
tion; solid lines represent the single TEC case (n = 100) and dashed lines
represent two thermally connected TECs in parallel (n = 200); in both cases the
heat sink is the same; the red lines show the minimum temperature for close-to-
zero thermal contact resistance and the purple lines — for realistic con-
tact resistance.

3.2. Parallel connection of TECs

The first step was to simulate the one-module system and the system
with two modules connected in parallel. In this case, the number of the
legs was doubled in the simulations of the two-module system, while the
other parameters were left unchanged. Then the system static charac-
teristics were determined, running the calculations until the steady state
was obtained for each trial.

Figure 7 shows the minimum temperature of the cold exchanger
achieved in the steady state for the two systems under consideration.
The results were obtained for models in which contact thermal resis-
tance was and was not taken into account (in the latter case — a very

small but non-zero value of r; = 1uKm? /W was assumed). In the former
case, the resistance was assumed as the same on both sides of the
module, totalling r; = 100uKm?/W. The graphs indicate that in all the
analysed cases there is an optimum value of the electric current for
which the cooled space temperature is the lowest. In situations where
contact resistance of the layers is taken into account, this temperature is
higher and its optimum is reached for smaller currents. This phenome-
non is due to the higher total heat conduction resistance and lower
cooling efficiency. The lower efficiency is due to the fact that the heat-
absorbing junction is to some extent isolated from the cooled space
(thermal resistance), which causes a bigger temperature gradient in the
thermoelectric element.

It may come as a surprise that for two thermoelectric cells connected
in parallel, the minimum temperature is higher than for a single cell.
This results from the adopted assumption that the heat sinks exchanging
heat (described by HTF) are characterized by identical parameters in
both cases. Hence, adding another cell, firstly increases thermal con-
ductivity between the two sides of the cells (a bigger number of legs)
and, secondly, increases the amount of heat that has to be given up by
the heat sink to the environment (Joule and Peltier heat), which raises
the temperature of the hot side. This phenomenon would not occur if
each cell had its own heat sink to dissipate heat. Then adding another
module would always lower the cold side temperature. In such a situa-
tion there is no optimal number of cells, and an increase in their number
will cause an asymptotic decrease in the cooled space temperature up to
the adiabatic temperature of the cell with the defined heat sink for the
set current. It should also be remembered that the power delivered to the
cell varies not only with the current but also with the generated elec-
tromotive force, which increases with the temperature gradient.
Furthermore, in the case of two modules connected in parallel, Ohm’s
voltage for a given current is twice higher than for a one-module
configuration (when the modules are electrically connected in series),
which also leads to a drop in cooling performance in case of limited
power supply.

3.3. Series connection of TECs

In the next step, a two-module system was simulated with the cells
thermally connected in series (according to the diagram presented in
Fig. 6). It was assumed that the system was built of two identical mod-
ules with the same parameters as in the simulations discussed above.
Moreover, equal values of contact resistance were assumed between
each individual layers of the system sandwich structure. It is worth
noting here that in such a system there are four layers of contact
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Fig. 8. Minimum temperature of the cold reservoir in the steady state depending on currents in the modules — thermal resistance of the layers omitted; the surface

depth (minimum temperature) is enhanced with the colour scale.
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Fig. 9. Minimum temperature of the cold reservoir in the steady state depending on currents in the modules — thermal resistance of the layers taken into account; the

surface depth (minimum temperature) is enhanced with the colour scale.

resistance between the upper and the lower heat reservoir.

To determine the minimum temperature of the cold heat reservoir,
calculations were performed for different combinations of the values of
the current flowing in the circuits of the modules. It was assumed that
the currents varied in the range of 0 —10A with the 0.1A step. The cal-
culations were carried out for cases with contact thermal resistances
both omitted and taken into account (r; = 100uKm?/W).

Analysing the graph illustrating the minimum temperature of the
reservoir in the steady state, for the case omitting contact resistance
(Fig. 8), it can be seen that the temperature minimum of —20.24°C is
reached for the current of 9.2A for the lower cell (located farther from
the cooled space) and 3.9A for the upper cell (located closer to the
cooled space). Moreover, it can be concluded from the graph that the
current in the upper cell has a stronger influence on the achieved min-
imum cooling temperature. The heat produced at the hot end of the
lower module is released via the heat sink to the constant-temperature
environment, while the heat produced by the upper cell must travel a
much longer path, consisting additionally of conduction in the lower cell
and thermal resistances (if taken into account) arising on the contact

surfaces. Both of the determined current optima are positive because the
upper cell cools the cooled space directly and the lower cell provides a
lower temperature for the upper cell hot side (internal heat reservoir).
This improves the entire system cooling capacity understood as the
ability to reach the lowest possible temperature. Furthermore, it can be
observed that for relatively high currents, especially in the upper cell,
the heat generation due to the Joule heat effect significantly exceeds the
cooling related to the Peltier phenomenon. As a result, the cooled
reservoir temperature achieved in the steady state is higher than the
ambient temperature.

For the analysis of the two-stage system taking account of the contact
thermal resistance of r; = 100uKm? /W (Fig. 9), the minimum tempera-
ture of the system cold side is by far higher than in the case of no
resistance, totalling —6.72"C. This occurs for currents I, = 2.6A in the
upper cell and [; = 6.7A in the lower cell. The electric currents are by
almost 30% lower in this case, which is related to lower Peltier and Joule
heat. The reasons for which the determined currents are lower and the
minimum temperature is higher are the same as for the one-module
configuration. It is worth noting, however, that if evaluated
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modules corresponding thereto.

qualitatively, the results are consistent with the observations made for
the case with no contact resistance. It can also be seen that, whether or
not contact resistance is taken into account, the minimum temperature
achieved in the cooled space is lower for the two-stage configuration.
The relative decrease in the temperature difference is of course related
to the inclusion of contact resistance in the analysis and it is bigger for
the two-stage configuration because in such a system the number of
resistance layers is doubled, which results in doubled total thermal
resistance.

3.4. Thermal capacity impact

In the steady-state analysis the heat capacity of the system individual
components is irrelevant. This subsection presents a discussion of the
conditions in which the lowest possible temperature of the cooled
(upper) reservoir is obtained, regardless of whether it is reached in the
steady state or whether it occurs only momentarily, even before reach-
ing the steady state. The value of the minimum temperature in the latter
case strongly depends on the initial conditions. In the examples under
analysis it is assumed that the initial temperature is equal to the ambient
temperature. The possibility of obtaining a low temperature of the
cooled reservoir even before reaching the steady state is related to the
thermal capacities in the system and to the temperatures of the system
components at the moment that the minimum is reached.

The thermal capacity of the internal heat reservoir in the TEC
sandwich structure will determine the thermal characteristics of the
system. Consequently, it will affect the history of the cold reservoir
temperature in transient states. To analyse this influence, a number of
simulations were performed for various thermal capacity values (cy,),
assuming a constant current for each circuit. The value of those currents
was determined (independently for the two circuits) in a way that
ensured the minimum momentary temperature of the cooled reservoir.
The results for the reference case, i.e. a system with two identical
modules with 100 legs each and with the assumption of no contact
resistance, are shown in Fig. 10.

The graph indicates that if the thermal capacity of the internal heat
reservoir is relatively small, comparable to the thermal capacity of the
upper and the lower exchanger in analysed case (cf. Table 1), it has no
impact on the minimum temperature achieved. In such a situation the
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Fig. 11. Minimum temperature of the system cold end, and the corresponding
value of the current in the circuit depending on the number of thermoelectric
legs in the steady state.

minimum temperature of the cold reservoir is achieved in the steady
state. As the thermal capacity rises, here from about 6kJ/K, a systematic
decrease in the minimum temperature is observed. The temperature
asymptotically approaches the value marked by the horizontal line. The
asymptote corresponds to an infinitely large thermal capacity of the
internal reservoir. This result was obtained by setting a constant tem-
perature of the internal reservoir at the initial level. For capacities for
which a drop in the minimum temperature is observed, the lowest
temperatures are no longer obtained in the steady state but only in a
momentary thermal state of the system. For different values of the in-
ternal reservoir thermal capacity, different currents are obtained in the
circuits of the thermoelectric modules ensuring the existence of the
temperature global minimum before reaching the steady state. It is
worth noting that the moment that thermal capacity starts to affect the
system thermal inertia, an abrupt rise in the current is observed in both
circuits. In the module closer to the upper reservoir the rise is a few times
higher. This phenomenon appears for the thermal capacity value, above
which the lowest temperature is no longer achieved in the steady state,
but before the steady state is actually reached. Still visible is a rise in the
current flowing in the upper module circuit and a slight drop in the
circuit of the lower module. The histories of the currents, like in the case
of temperature, have an asymptotic nature. This leads to the conclusion
that the phenomenon of reaching the minimum momentary temperature
(lower than in the steady state) is possible due to the relatively high
thermal capacity of the internal heat reservoir and appropriate selection
of the current. Owing to that, despite the heat supplied by the upper
module, the internal reservoir temperature changes slowly. At the same
time, the cooled reservoir capacity is relatively small, which causes fast
changes in its temperature. Therefore, in the time when the internal
reservoir temperature is still lower than the steady state value, a possi-
bility arises of achieving the minimum temperature of the cooled
chamber. For this reason, the temperature momentary minimum occurs
between the system activation and the moment of reaching the steady
state. This effect also occurs for small thermal capacities c,, but it is then
so insignificant that it does not cause a temperature drop below the
minimum temperature of the steady state.

3.5. Cooling system optimization

Based on the observed phenomena described above, a question was
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not taken into account.

posed regarding the optimal number of the couples of thermoelectric
legs with defined parameters. Depending on the available thermoelec-
tric modules, the desired number of thermoelectric couples can be ob-
tained by using an appropriate number of modules. In the presented
study, however, it is assumed that the number of the leg couples is a
design variable and does not have to be a multiple of the number of legs
in a specific available module. The first to be optimized were one-stage
systems of thermoelectric couples/modules connected thermally in
parallel and co-operating, like before, with identical heat sinks.

Figure 11 presents the system optimization results taking no account
of contact resistance (r; = 1uKm?/W) and, like in previous analyses,
with the resistance layers of rg; = 100uKm?/W. The curves illustrate the
minimum temperature reached for a set number of legs and the electric
current that guarantees this temperature level. It can be seen here that
there is a clear temperature minimum that varies depending on the
existence of contact resistance. In the case of perfect contact, the opti-
mum number of legs is 62. The minimum temperature obtained for this
solution is —13.75°C at the current of 9.9A. If thermal resistance (with a
set pre-determined value) is taken into account, the optimum number of
legs increases to 90, and the minimum temperature to —3.37 C. The
current in this situation is 6.6A. The histories shown in the figure indi-
cate that the presence of contact resistance caused a flattening of the
temperature curve and a relatively wide range of the number of legs
(from 67 to 122) to ensure that temperatures below —3'C are achieved.
It is therefore should be easier to find suitable commercial modules with
the required number of legs.

It can also be seen in the graph that the current optimal value de-
creases with a rise in the number of legs. Up to a certain point, raising
the number of legs is beneficial because the Peltier heat (the cooling
effect) is increased. When increasing the number of legs, it is also

possible to decrease the current in the module circuit keeping the same
total Peltier heat, and decreasing the Joule heat at the same time. The
former is proportional to the current, while the latter increases with the
current square. However, the opposite effect has to be remembered.
Increasing the number of legs increases the amount of heat conducted by
the thermoelectric couples, leading to heat conduction opposite to the
direction of the cooling Peltier effect and a decrease in the temperature
gradient. This has an unfavourable effect on the system operation effi-
ciency, and for this reason the optimal number of the thermoelectric
couples can be determined.

In the next step similar simulations were performed for the two-stage
system. In this case the optimization was carried out for both modules
simultaneously. Compared to the previous one, the problem is more
difficult, because here there are two design variables to deal with (the
number of legs is determined separately for each module). It is impor-
tant to note at this point that changes made in one module directly affect
the operating conditions of the other and vice versa. This in turn will
affect the optimal number of thermoelectric couples for them. Therefore,
a complete Design of Experiment (DoE) was carried out over a reason-
able range of the number of legs to determine the entire field of possible
solutions. For the sake of clarity, the results are shown in a range of the
number of legs narrowed down to the surroundings of the optimal point.

The contour graphs shown in Fig. 12 illustrate the impact of a change
in the number of legs in the two thermoelectric modules on the mini-
mum temperature obtained in the cooled heat reservoir and the currents
needed to reach the temperature. The results concern the situation
where the contact resistance between the system layers is not taken into
account. In such a case, the lowest temperature of the cooled space, with
the value of —22.0°C, is obtained using 170 and 60 legs in the lower and
in the upper cell, respectively. It is achieved for the current of 6.75A in
the upper cell and 7.45A in the lower cell. In these conditions the
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larger thermoelectric modules, i.e. those with 90 legs in the upper
module and 250 legs in the lower module. In this optimal configuration

taken into account.
the currents for the upper and for the lower module are I, = 4.25A and

temperatures of the internal heat reservoir and of the hot exchanger are

m = 8.47°C and T; = 46.29°C, respectively. Similar calculations were
performed for the case where thermal contact resistance r; = 100uKm?/
i . I} = 4.75A, respectively.
In both analysed cases of the thermal path in-series connection of the

W is taken into account. The results are shown in Fig. 13
This time, the lowest temperature of —8.72°C is obtained for much
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modules, omitting and taking contact resistance into account, similar
patterns can be observed. The effect, both relative and absolute, of a
change in the number of legs (and the magnitudes of the current) is
greater for the upper module and significantly smaller for the lower
module. This again shows that in the entire cooling process, the module
located closer to the cooled space is more important. The minimum
temperature isolines take on an elliptical shape with a substantially
longer axis in the direction of changes in the number of the lower cell
legs, which indicates that for the optimal size of the upper module there
is a relatively wide range of sizes for the lower one, still ensuring tem-
perature close to the minimum. A change in the number of the lower
module legs results in nearly linear changes in the current flowing
through the module, at an almost constant current in the upper module
circuit. Analysing the graphs, it can also be seen that the optimal value of
the current in the upper circuit is affected not only by the number of legs
in the upper module but also in the lower one.

In the next step, for the optimally selected structure of each module
in the in-series configuration (60/170 for the variant without contact
resistance), the impact was determined of the current flowing through
the modules on the system minimum temperature. As the calculations
were carried out as transient-state ones, for each combination of cur-
rents the global minimum temperature over time and the temperature
after the system reached the steady state were determined. It was
assumed that the initial conditions were identical temperatures of the
environment and of all elements of the system.

Figure 14 shows the results of determining the system global lowest
temperature, for constant currents in the circuits of both thermoelectric
modules, with the initial condition Ty = 20°C. The charts include
additional lines drawn around the areas in which the steady-state tem-
perature is at the same time the lowest temperature during the entire
cycle of the system operation, i.e. from the start-up to the steady state.
Outside this area, in the transient state, shortly after the device is turned
on, a temperature lower than the steady-state temperature occurs
momentarily.

The graph on the left, corresponding to heat capacity c,, = 300J/K,
shows clearly that the minimum achievable temperature is the value
that occurs in the steady state. The global minimum achieved for n =
60/170 coincides with the currents in Fig. 12. It should not be forgotten
that large currents, in addition to the beneficial Peltier phenomenon,
intensify the Joule heat, which leads to an increase in the system tem-
perature. The Joule heat depends on the square of the current in contrast
to the linear dependence of the Peltier effect. Nevertheless, as it was
observed, a large current can temporarily produce a temperature lower
than that obtained in the steady state, but still exceeding the value
corresponding to the optimal configuration of currents. Therefore,
supercooling is impossible to occur using a constant current in the ¢, =
300J/K configuration.

The situation is changed for thermal capacity ¢, = 20kJ/K. In this
case the steady-state values are the same as for smaller capacities, but
the transient-state minimum temperatures vary. In Fig. 14 the global
minimum is beyond the area surrounded by the line, which means that
the minimum temperature is achieved momentarily in the transient
state. This global minimum temperature is reached for currents for
which the steady-state temperature is far from optimal. This is due to the
much larger thermal capacity of the internal reservoir compared to the
other ones, which results in slow changes in its temperature, and
reaching the steady state takes a relatively long time. During that time it
is possible to achieve the minimum temperature of the cooled chamber
owing to the internal reservoir temperature lower than in the steady
state.

For low thermal capacities of the internal reservoir, the global
minimum temperature, as a function of the current, is reached in the
steady state. As the thermal capacity is increased, an additional local
minimum is formed in the temperature history (occurring before the
temperature becomes steady). This minimum, after a certain boundary
value of thermal capacity is exceeded, takes over the role of the global
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reservoirs corresponding to them for the reference system.

minimum. This is the same phenomenon that can be observed in Fig. 10.

3.6. Shaping the electric current characteristic of the modules

In the next stage of the testing, the behaviour of the system was
simulated at the profile of the electric current varying over time. The
aim of those simulations was to obtain the cold reservoir momentary
temperature as low as possible, with a value below the temperature
obtained in the steady state, and also below the temperature obtained
momentarily at constant supply currents.

In the first step an initial system was assumed. It is made of two
identical modules with the number of legs n = 100. The modules are
separated by a layer of a solid material with thermal capacity ¢, =
300J/K. Moreover, no contact resistance between the system layers is
taken into consideration. The data for the calculations were taken as
presented in Table 1. It is assumed that the electric current changes
linearly with a specific slope (rate of increment in the current), a
determined initial current and the moment when the current starts to
rise. For each module these 3 parameters created a set of 6 design var-
iables of the optimization task, whose objective was to achieve the
lowest possible temperature of the cold reservoir at any instant of the
cycle. The calculations were performed using the optimization module
of the ThermoelectricCalc program. In parallel, an optimization process
was carried out using an evolutionary algorithm where the model of the
phenomenon was represented by an appropriate set of differential
equations. Very similar results in the concurrent runs of optimization
confirmed the correctness of the histories of the currents flowing in the
thermoelectric cells determined as optimal in terms of the system tem-
perature minimization.

The optimization resulted in two independent histories of the current
(I..Iy) for respective circuits of the thermoelectric modules. It can be seen
in the chart in Fig. 15 that the initial current in the upper module is
almost four times lower than in the lower module (2.3A vs. 8.3A). The
rate of the increment in the upper module current is twice higher,
totalling 72.7mA/s. A rise in the current in the upper module involves a
sharp rise in the Peltier effect and, consequently, momentary cooling of
the upper reservoir down to —25.5°C.

A similar optimization process, related to shaping the current char-
acteristic, was run for the optimal structure (determined for minimum
steady-state temperature) of the thermoelectric modules (number of
legs: 60 and 170) determined previously for constant currents. The re-
sults concern the case where the system contact resistances were not
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taken into account.

At constant currents flowing in the module circuits, the analysed
system ensured the cold reservoir temperature at the level of —22°C.
Optimizing the current curve, the minimum temperature can be
momentarily lowered to —24°C (Fig. 16).

This is due to lower currents in the initial phase of the system
operation, and - after the temperatures of all reservoirs become rela-
tively steady — the fast rate of the increment in the current. The final
value of the current is practically insignificant because the minimum
temperature is achieved in the phase of the linear increase in the current,
and the only objective of the performed optimization is exactly the
minimum temperature. Because further raising of the current after the
minimum temperature is achieved would heat up the entire system, the
current should be reduced to the initial value after the minimum tem-
perature is achieved.

Supercooling can thus be achieved by cooling down the internal heat
reservoir in the initial phase from the start-up and at a constant current.
As the current rises linearly, the Peltier effect increases, and the contact
between the module hot side and the relatively cool internal heat
reservoir momentarily neutralizes the effects related to the release of the
Joule heat and help to achieve minimum temperature.

In this case, it is the ratio of the thermal capacity of the internal
reservoir to the capacity of the cooled reservoir that is of key impor-
tance. The described effect can vitally be observed if the thermal ca-
pacity of the internal or lower heat reservoir is relatively large.
Comparing Fig. 15 with Fig. 16, it can be seen that in the structurally
optimized system, unlike in the reference case, the heating of all three
heat reservoirs, due to the increase in the current, proceeds at a similar
rate. When comparing the two cases, it can be seen that the reference
structure is characterized by a minimum temperature that is approxi-
mately 1.5°C lower. This is the effect of the much larger dimensions of
the upper module. In the reference case, in the first phase, when the
system is striving to reach the minimum temperature of the internal
reservoir, the current in the upper cell is smaller, and therefore there is a
potential to increase the current without excessively enhancing the
Joule effect at the same time. In the optimal case, the current is higher,
which narrows the range of its variation. It can thus be concluded that a
different curve illustrating changes in the values of the current ensuring
the minimum temperature corresponds to different configurations of the
size of the thermoelectric cells.

The above-presented procedure for the optimization of the current
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characteristic was then used to determine the relationship between the
minimum temperature achieved by the system and the thermal capacity
of the internal heat reservoir. Fig. 10 shows such a relationship for
constant currents flowing in the modules. In the problem discussed here,
where the current changes linearly, the reference case (100/100) and
two optimal structures (60/170 and 90/250) determined for the model
without and with contact resistance (r; = 100uKm? /W) were investi-
gated. For each case, an independent optimization procedure was car-
ried out to select the initial currents, the rate of the increment in the
currents and the instant at which the linear rise in the current begins.
The results presented in Fig. 17 show the minimum temperature of
the upper reservoir as a function of the internal reservoir thermal ca-
pacity, for the case with and without contact resistance taken into
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account (red and blue points, respectively). It should be noted that each
point in the graph represents individually optimized curves of the cur-
rents flowing in the circuits of the thermoelectric modules, obtained for
individual capacities. The presented graphs indicate that an increase in
the internal reservoir thermal capacity makes it possible to achieve a
lower minimum temperature. At the same time, as the thermal capacity
rises, the minimum temperature tends asymptotically to reach a certain
boundary value. The largest gain in temperature is obtained for the
reference case, which is not optimized in any way.

Fig. 18 and Fig. 19, respectively, show the values of the initial cur-
rent in the upper module and the rate of the rise in the current leading to
achieving the temperature minimum depending on the system thermal
capacity. The two relations are similar in character to the history of the
minimum temperature. The value of the initial current is similar, both
with and without contact resistance taken into account. However, if the
resistance is taken into consideration, the rate of the increment in the
current is lower. The biggest changes in the two quantities are observed
at small thermal capacities (< 1kJ/K) of the system. It should be
mentioned here that the other optimized quantities (concerning the
electric current in the lower module) are less essential, and a change in
their value has a smaller impact on the achieved minimum temperature
of the cooled chamber. The lower module does not affect the cooled
space directly, and its role is limited exclusively to ensure better oper-
ating conditions (a bigger difference in temperature) of the module
located closer to the cooled chamber via moderating internal reservoir
temperature. It can be seen in Fig. 18 that for high thermal capacity
values, the initial current is negative. This proves that in the initial phase
both cells cause the internal reservoir cooling to make it possible, after a
while, for the lowered temperature of the reservoir together with the
reservoir large thermal inertia to obtain a low temperature of the cooled
space. It was noticed during the optimization that the main parameters
having an impact on the achieved minimum temperature were as fol-
lows: the initial current of the upper cell, the initial current of the lower
cell and the rate of the increment in the upper current.

The above-presented method of defining the current curve was
characterized by 6 degrees of freedom — for each stage (upper and lower)
these were: the initial value, the increment rate and the beginning of the
increment. Optimization attempts were also made for other methods of
defining the current characteristic. One of them was the method of a
jump change in the current (square waveform), where the initial value,

13

Energy Conversion and Management 259 (2022) 115587

Table 2
Minimum temperature of the cold reservoir for various configurations of the
system for ¢, = 20kJ/K.

Number of legs 100/ 100/ 60/ 60/ 90/ 90/
ny/m 100 100 170 170 250 250
Thermal contact 1 100 1 100 1 100
resistance r;,
uKm? /W
Steady state Typin, °C —20.2 —6.7 -22.0 -8.0 —-20.9 —-8.7
Constant current —26.5 -11.3 -22.6 -8.0 —25.8 -10.6
TmiruOC
Current shaper Tpin, —44.1 —24.2 -36.7 —18.6 —-37.8 —-21.1
°C
Table 3
Minimum temperature of the cold reservoir at a single thermoelectric layer.
Number of legs n 100 100 90 90 62 62
Thermal contact resistance 1 100 1 100 1 100
ri, uKm? /W
Steady state Ty, °C -12.6 -3.3 -13.1 —-3.4 -13.8 —-2.8
Constant current Tpn,°C —-12.6 -3.3 —-13.1 —-3.4 —13.8 —-2.8
Current shaper Tpin, °C —-13.6 -3.6 —-13.8 -3.6 —-14.1 -2.9

the final value and the time of the jump are set. Using this method, it was
possible to obtain lower temperatures than with a constant current, but
still they were significantly higher than the temperatures obtained for
histories with a linear phase of the increment.

Another approach was an attempt to increase the number of the
degrees of freedom of the electric current characteristic, in the hope of
obtaining lower temperatures. For this purpose, the phase of the current
rise was changed from linear to parabolic. This increases the number of
the degrees of freedom by four (for each curve, the weight of the coef-
ficient at the square and the location of the apex of the parabola). Yet
another way to describe the current characteristic was to use a broken
line composed of two linear functions. In this case, each current curve
had 10 degrees of freedom, which made the optimization process even
more difficult and time-consuming. Unfortunately, for neither of the
current shaping methods, increasing the number of the degrees of
freedom made it possible to obtain results better than those from
defining the current curve rise linearly.

The results obtained for different configurations of the system at a
very high thermal capacity of the internal reservoir are listed in Table 2.
The differences between the minimum temperature achieved in the
steady state and the momentary cooling in the transient state obtained
for a constant and a pulse with linearly varying current are clearly seen
here. The importance of contact resistance is also very evident. The re-
sults indicate that the resistance should be reduced as much as possible
for the best cooling ability. As it cannot be eliminated completely, taking
it into account in the calculations is important both from the point of
view of the determined operating parameters of the system and in
relation to the optimization of the thermoelectric module configuration.
Moreover, it can be seen that compared to constant currents, the pulse
with linear current increase makes it possible to obtain a much lower
temperature. For the sake of comparison, Table 3 presents the minimum
temperatures achieved using one layer of thermoelectric modules.

Comparing the results obtained for the two- and one-stage system, it
can be noticed that the use of two-stage cooling brings essential ad-
vantages in the form of a lower temperature. The cases optimized taking
resistance into account (Table 2 and Table 3 columns with 100 MKmZ/ w
thermal contact resistance) point to a difference of 6'C in the steady
state. In the transient state, where the internal reservoir thermal ca-
pacity plays an important role, the difference can reach up to 18 C. It is
also worth emphasizing that for a one-stage system with an optimal size
of the module, the achieved minimum temperature is close to the tem-
perature in the steady state. This means that the supercooling effect is
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substantially reduced. It has to be also remembered that the optimal
system structure is different whether the resistance is or is not taken into
account.

4. Summary and conclusions

The presented research deals with the modelling of transient states of
a cooling system with thermoelectric modules. Various configurations of
the TEC system were tested with a view to obtaining the lowest tem-
perature of the cooled space. The research was conducted assuming a
constant surface of the heat source/sink on the system two sides
exchanging heat with the environment. For this reason, the difference in
the heat exchange with the surroundings between the analysed cases
was only the effect of the temperature difference between the hot and
the cold sides of the system. As part of the study, using an own program —
ThermoelectricCalc, and based on the presented mathematical model of
the system, simulations were carried out of various configurations of
thermoelectric modules, considering their parallel and in-series thermal
connection. The parallel system was made of thermoelectric modules
laid side by side, co-operating with a common hot and cold heat
exchanger. In the case of the in-series connection, two modules in a
sandwich configuration were analysed. The modules were separated by
an internal heat reservoir with a set thermal capacity. The simulations
covered the time from switching on the current in the circuits of the
thermoelectric cells to reaching the steady state. The accuracy of the
simulation program was experimentally validated with a dedicated test
stand on commercially available thermoelectric modules.

The impact of the current value in the thermoelectric module circuit
on the minimum temperature of the cooled space was investigated in the
first place. The results indicate that for a given geometrical configura-
tion of the system, the current value that ensures reaching the temper-
ature minimum can be specified unequivocally. This is true for both the
parallel and the in-series configuration. In the latter case, two different
currents supplying the modules occur. The testing results demonstrate
that for lower currents the temperature minimum is achieved in the
steady state, whereas for higher currents, the phenomenon referred to as
supercooling can be observed. Supercooling means that during
transient-state operation, the system temperature can reach lower
values compared to the steady state. The supercooling effect also de-
pends on the magnitude of the internal reservoir thermal capacity. It was
observed that for thermal capacities of up to a certain value (here

6kJ/K), the minimum temperature corresponds to the steady state,
while above this value supercooling occurs and is stronger with the in-
crease in thermal capacity.

Better effects can be obtained through optimal selection of geomet-
rical configurations of thermoelectric modules. For this purpose, the
number of thermoelectric couples was optimized for the two considered
methods of the arrangement of the cells. In the case of the sandwich
structure, the two modules are characterized by a substantially different
number of legs, and the module in contact with the cold exchanger is
smaller. The results of the study also indicate that the achieved tem-
perature minimum and the optimal size of the thermoelectric modules
are strongly affected by the thermal contact resistance arising between
the system elements.

At a constant current, supercooling is achieved at its relatively high
values, leading to high temperatures in the steady state. This can be
avoided by shaping the current in the circuits of the modules. As proved
by the research results, bringing the system to a quasi-steady state at a
constant initial current, and then using an appropriately selected current
pulse, produces the effect of a momentary reduction in the cold side
temperature. The minimum is reached at a certain moment of the phase
of the current rise. To avoid excessive heating of the system, the current
raising process should be broken, and the current should be returned to
its initial value. It was found that for the optimally selected system
configuration, the supercooling can reach as much as 18’ C compared to
the steady-state operation. An important factor that affects the minimum
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temperature of the system is the thermal capacity of the internal heat
reservoir. An increase in this quantity makes it possible to lower the
minimum temperature.
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Appendix A

Table Al

Parameters of the experimental thermoelectric system.
Parameter Value
Ambient upper temperature Tyq, °C 22
Ambient lower temperature Tj,,°C 22
Upper heat reservoir initial temperature T,°C 22
Internal heat reservoir initial temperature T;y,°C 22
Lower heat reservoir initial temperature Tjy,°C 22
Upper heat reservoir thermal capacity c,,J/K 1300
Lower heat reservoir thermal capacity ¢;,J/K 1350
Internal reservoir thermal capacity cp,J/K 1300
HTF,,W/K 0.01
HTF, W/K 0.32
Number of legs n 100
Electrical conductivity p, uQm 53
Thermal conductivity A, W/K/m 5.7
Seebeck coefficient a,mV/K 1.44

Leg height h,mm 3

Leg cross-sectional area A, mm? 10
Contact resistance r,uKm?/W 45
Clamping force N 700
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1. Introduction

The climate in many regions of the world results in air temper-
atures that substantially exceed human comfort levels. Providing
comfortable living and especially working conditions in such envi-
ronments requires air conditioning of the rooms where people
spend their time. Maintaining the temperature of thermal comfort
has a positive impact on human well-being and productivity [1,2].
Climate control is also very important in heavy machinery and
transportation where staff are exposed for a long time to extreme
weather conditions. For staff comfort, the climate control system
should generally be compact, portable and noiseless, which can
be achieved using a thermoelectric cooler (TEC). The same require-
ments come from the electric car industry.

As indicated by relevant reports, in many countries the costs of
air conditioning in the room contribute significantly to household
electricity expenditures |[3]. The impact of the use of air condition-
ers on global warming is also important [4]. Climate damage is
caused not only by electricity consumption for refrigeration and
air conditioning purposes, but also by refrigerants, such as chlo-
rofluorocarbons [5] or hydrochlorofluorocarbons [6], which
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E-mail address: ryszard.buchalik@polsl.pl (R. Buchalik).
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enhance the greenhouse effect. The study [7] shows that higher
energy consumption is observed in cities and is much more
affected by the number of households than by the size of the pop-
ulation. This leads various institutions, including the United
Nations, to take action to reduce electricity usage [8]. In parallel,
work is conducted to quantitatively estimate the demand for cool-
ing power and rationalize its utilization, especially taking comfort
indicators into account [9]. Some sophisticated control strategies
and algorithms can be profitable in obtaining a better cooling effi-
ciency [10]. The same applies not only to stationary applications
but also to passenger vehicles [11].

The classical solutions applied in room cooling (portable or
wall-mounted) are compressor-based air conditioning systems
that work in the refrigeration cycle. Using thermoelectric modules
can be a promising alternative. In an electrically powered thermo-
electric module, the temperature difference is generated by
absorbing the Peltier heat at one end of the thermoelectric junction
and releasing it at the other end. Thermoelectric modules are usu-
ally made of two different materials with appropriate properties
connected electrically in series-parallel; thermally they are con-
nected in parallel. The module is composed of legs made of two dif-
ferent materials placed in between ceramic surfaces of the cover.
The application of thermoelectric devices in zero-emission build-
ings, including the role of air conditioning, is described in [12].

This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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Nomenclature

Q heat flow, W

I electric current, A

P power, W

R electrical resistance, Q

T temperature, K

Vv voltage, V

HTF heat transfer factor, W/K
N unit cost

n number of module legs
D unit cost of cooling power,$/W,,
Subscripts

j thermoelectric junction

l lower (heated)

out outdoor

u upper (cooled)

in indoor

el electric

h leg height, m

k thermal conductivity, ¥

r thermal resistance, &

Om Seebeck coefficient for a thermocouple, ¥
o Seebeck coefficient, ¥

n number of legs, -

1Y electrical resistivity, Qm

ETCC economic total cooling capacity, W/$
tot total

r rapid state

S steady state

op operation

R radiator

Its reliability is, in turn, discussed in [13]. In [14] an experimental
study of a solar thermoelectric air conditioner with hot water sup-
ply is presented. The system shows quite a high COP (coefficient of
performance) in combined space cooling and water heating.
Dongxu et al. [ 15] presented the issue of simulating and optimizing
the internal structure of thermoelectric elements in an air condi-
tioning system. A similar problem is presented in [16] for transient
conditions. Analyses that combine thermoelectric modules inte-
grated into the ceiling with ventilation and airflow inside the room
are presented in [17], as well as those that combine thermoelectric
modules with solar powered systems. Yilmazoglu [18] discussed
experimental research on a prototype thermoelectric HVAC system
composed of a thermoelectric module with radiators located in
ventilation ducts. The test system consists of a single TEC and
observations of the flow and thermal conditions are taken.

The internal structure of the thermoelectric module can also be
optimized [19] and such optimization can include nonstandard
geometries of the legs [20,21]. Various non-planar concepts of
the thermoelectric module design are presented in [22]. The
authors of [23] analysed multistage refrigeration systems based
on thermoelectric coolers (TECs). Attar and Lee [24] presented a
concept of thermoelectric air conditioning with air-to-air heat
exchangers for use in automobiles together with optimization by
changing the electric current and the number of modules. Sun
et al. [25] showed a novel radiant heating terminal integrated with
a TEC and analysed its operation under real conditions. It turned
out to be more efficient and faster than the conventional system.

Remarkable development can be observed nowadays in the
search for thermoelectric materials, which may result in more effi-
cient thermoelectric modules available on the market [26,27]. A
broad overview of thermoelectric modules and their applications
is presented in [28].

The heat transferred by a thermoelectric module has to be taken
from the cooled space and carried to the outside. This is usually
achieved using fan-assisted radiators, with the potential participa-
tion of a liquid medium that transports heat between the TEC and
the radiator. The required level of heat transfer can only be ensured
by radiators with an adequate capacity [29]. The medium carrying
heat can be in the form of liquid water [30] or in the form of phase-
change materials utilizing transition heat [31].

An air conditioning system suitable for a specific application
should be selected based not only on the COP of the device itself
and the demand for cooling power at a set temperature, but also
on the operating characteristics and energy consumption over a

24-hour cycle, as well as the investment cost. The point here is
to determine the peak power, taking into account the thermal
capacity of the building in the analyses [32]. In multi-chiller inte-
grated systems, the algorithms controlling each device to achieve
the desired optimum parameters can be very sophisticated [33].
Rationalizing energy consumption, the heat generated by the air
conditioner heat sink (outdoor radiator) can be used, for example,
to heat domestic water rather than being released into the environ-
ment [34]. The possibility of partial energy recovery in an air con-
ditioning system and control of humidity in the room is described
in [35]. Another useful idea to utilize the air conditioning system to
produce clean water is described by Lugman and Al-Ansari [36].
The presented method can be applied regardless of the type of
air conditioner.

Most currently used air conditioners are driven by mechanical
energy supplied to the compressor, which is usually driven by an
electric motor. This concerns the equipment in vehicles, large pro-
fessional systems for cooling industrial rooms, as well as house-
hold appliances. This paper focuses on smaller devices intended
for home use, with a special emphasis on the so-called portable
air conditioners, which are entirely enclosed in a single, stand-
alone casing. The basic problem in this type of equipment is the
need to carry away heat to the outside of the cooled room. This
is usually realized by blowing hot (heated) air out of the room
through a connected ventilation duct (concertina pipe). In addition,
such air conditioners are characterized by an uncomfortable level
of operating noise, considerable weight, and quite large casings.

The negative features of the compressor-based air conditioner
can be eliminated by using a thermoelectric system. Such a system
can be successfully used in buildings, heavy machinery (e.g.
cranes), and electric cars for both cabin climate control and seat
cooling. Also, in applications where precisely controlled tempera-
ture is required, a thermoelectric system could be a solution. Its
design is very simple and no environmentally harmful refrigerants
are required for its operation. Moreover, the system is easy to con-
trol smoothly by changing the supply current.

This paper presents a proposal for a thermoelectric air condi-
tioning system. In the considered configuration the role of the heat
pump is played by a set of thermoelectric modules, while heat is
collected from the cooled space and discharged into the environ-
ment owing to an environmentally inert liquid (e.g. water) and
radiators on the two sides of the system. The operation of such a
system was analysed from technical and economic points of view,
and the structure of the system was optimized in terms of the eco-
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nomic efficiency of the solution. Since COP provides only informa-
tion on the system efficiency, a new indicator called ETCC (eco-
nomic total cooling capacity) was introduced to involve the
investment and operational cost in a given period of time. The
analyses were based on commercially available thermoelectric
modules whose operational parameters were determined experi-
mentally. No such analysis has been published so far, and the
research results give an idea as to the rationality of constructing
and operating the proposed air conditioning system based on TECs.

2. Mathematical model

The analysis concerns an air conditioning system equipped with
thermoelectric modules. It is assumed that there are heat reser-
voirs on both sides of the modules and heat is supplied and carried
away by a liquid to and from the radiators exchanging heat with
the environment.

The analysed air conditioning system is illustrated schemati-
cally in Fig. 1.

Based on the diagram presented in Fig. 1, a mathematical model
of the air conditioning system was proposed. Due to thermoelectric
Peltier phenomena, the heat with indoor temperature T;, is trans-
ferred to the environment with outdoor temperature T,,.. The heat
absorption from the cooled space and the heat transfer to the out-
side are controlled through heat transfer factors HTF;, and HTF,,,
respectively. In practice, the two factors characterize the size and
efficiency of the radiators. The heat absorbed on the upper side is
then expressed as:

Qin = HTF;u(Tiy — Ty) (1)

and the heat released to the outdoor environment is:

Qou[ = HTFout(Tl - Tout) (2)

Assuming no heat losses in the liquid pipeline, the energy bal-
ance for the thermoelectric part is given by (3) and (4). Fig. 1 shows
a single couple of thermoelectric legs at magnification.

A typical thermoelectric module is made of many such cells
connected electrically in series. The cells are made of two semicon-
ductors connected electrically is series and thermally in parallel. A
current flowing through such a thermoelectric couple causes
absorption of heat Q;, on the top surface and a release of heat
Q.. on the bottom.

There are three main phenomena in the thermoelectric modules
that influence the heat pumping between the upper and lower
sides: the Peltier effect, Joule heat and heat conduction. But only

Tin
Z HTF;,
Tout

Pel
EE——
2 HTFout

electrical joints
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the first is the heat pumping driving process. Since the Peltier heat
absorbed at the upper thermoelectric junction is released in the
lower one, a temperature gradient occurs at the legs that is respon-
sible for the Seebeck effect (voltage generation) and opposes the
Peltier effect. The thermal gradient is also directly proportional
to heat conduction through the legs, which in consequence acts
against the pumping of heat. Moreover, the current flowing
through the legs causes a release of Joule heat (caused by electrical
resistance) in their entire volume, which also has a negative impact
on the module performance. All the above-mentioned processes
gathered in balance equations for the upper and the lower part
of the module are defined as:

IR T, —T; .
OCITJ'U — 7+ k(Tju — TJ) = (uriju) = Qin (3)
u
IR T-T) .
OCITJ'I + 7 + k(TjU - Tj) = (ﬂr4’[) = Qouta (4)

where Tj,, T are the upper and lower temperatures of the thermo-
electric junctions, respectively, k is the leg thermal conductivity, o
stands for the Seebeck coefficient, R is electrical resistance, and I
is electric current.

3. Experimental determination of the system parameters

This section describes the methods of determining the parame-
ters of the TEC and the conditions of thermal contact between the
cells needed to model the operation of the air conditioning system
under consideration. Since the manufacturer’s documentation of
the thermoelectric modules usually does not contain all the infor-
mation needed for the calculations, and because experience shows
that the parameters specified in the manufacturers data sheets do
not always correspond to reality, experimental tests were carried
out to determine the module parameters and the conditions of
the module cooperation with heat exchangers.

3.1. Test stand

The analyses of air conditioning systems performed further
below are based on the use of thermoelectric modules with param-
eters achieved under real conditions by commercially available
devices. In this case, the MCTE1-19913L-S modules [37] intended
for refrigeration systems were used. Because the internal structure
of the tested module is unknown for the current study, it was
assumed that a single module consisted of n = 100 with the leg

thermoelectric legs

ceramic cover

Fig. 1. Diagram illustrating the air conditioning system. The thermoelectric module is supplied with electricity to pump heat from the indoor (in) to the outdoor (out)
environment. The intensity of the heat exchange between the system and the environment is controlled via HTFs. A single thermoelectric couple is presented on the right.

3
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height h,,; = 3mm; all the parameters used in the calculations were
determined based on this assumption. This assumption does not
influence the results.

The TEC parameters were established using a purpose-made
test stand (Fig. 2), described in detail in [38]. It is equipped with
two heat exchangers in the form of copper blocks with a thermo-
electric module placed and clamped between them using con-
trolled force. Electric heaters are installed in the upper block
(where heat is absorbed), whereas in the lower heat exchanger
(where heat is released to the environment) there are cooling
channels with water flowing at a precisely controlled flow rate.
The stand is abundantly metered to record both thermal and elec-
tric quantities. The measuring stand design enables, among others,
operation in the mode of a set temperature difference, when the
heaters, located in the upper block and controlled by a program
PID controller, maintain a constant temperature difference
between the blocks at a set level.

The contact conditions between the exchangers and the module
determine the thermal resistance on the interface of these ele-
ments, and thus significantly affect the achieved operating param-
eters. Therefore, during the system assembly, a layer of copper
grease was applied to the surface of the modules and the whole
was compressed with a force of 1kN and heated to 80'C; it was
then left for 24 h. The force was maintained (+5%) for all the
described test cases.

3.2. Thermal contact resistance

The first stage of the testing was to determine the magnitude of
thermal resistance between the heat exchangers and the TEC ther-
moelectric joints using the dedicated test stand described above in
subsection 3.1. For this purpose, the lower exchanger was cooled
with a stream of tap water to keep its temperature in the range
of 19 — 22°C. The direction of the current of I = 5A flowing in the
TEC circuit was set to ensure the cooling of the upper heat exchan-
ger and the heating of the lower one. The following quantities were
measured during the testing: the temperature of the blocks, the
heat supplied by the heaters (to maintain the set temperature dif-
ference between the blocks AT), the steady-state voltage V; and the
voltage immediately after breaking the cell electrical circuit V,. The
testing method is based on a large difference in the inertia in the
thermal and electrical fields. Shortly after the change in the electri-
cal state (from short-circuit to open-circuit), for several millisec-
onds the temperature can still be considered unchanged, so it
corresponds to the previous electrical state. The V., is directly pro-
portional to the temperature difference in the thermoelectric joints
at the steady state. The results of the measurements and the
parameters determined based on them are shown in Table 1. All
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the presented measurements relate to the steady state, except
the measurement of V,, which is the voltage value at the TEC ter-
minals right after (milliseconds) the circuit is broken in the ther-
mal steady state of the TEC (the so-called rapid measurement [38]).

The three measurements (first three rows in Table 1) were per-
formed for a slight (or zero) difference between the temperature of
the blocks from —5K to 5K, while the last raw presents data result-
ing from their linear approximation. It was assumed that the
changeability of the investigated parameters in the range under
analysis was a linear function of the difference between the tem-
peratures of the blocks. This suggests that the TEC properties
may be treated as temperature independent. This assumption
was confirmed by the measurement results. Therefore, based on
linear approximation, it is possible to determine the value of the
temperature difference between the blocks for which voltage
(rapid measurement) V, = 0. This corresponds to an equal temper-
ature of the thermoelectric junctions. Under such conditions, it is
possible to determine the mean value of the contact resistance
because, due to no heat conduction through the thermoelectric
module, the difference between the temperature of the heat
exchangers (AT) arises only on the contact layers. The determined
total heat flowing through the module two surfaces.

th = Qu + Ql (5)
divided by the temperature difference makes it possible to cal-
culate thermal resistance,
AT
r=—
Qtat
totalling r = 0.070K/W. It is assumed that the thermal resis-
tance is identical on both sides of the module. The calculated value

defines thermal resistance of one of the layers. The Q, value is
known because it is equal to the electric power supplied to electric

heaters. Q, can be calculated on the basis of the energy balance

using the joule heat produced in the TEC, P, and Q,. The P, can
be calculated by multiplication of current (5A) and the voltage V.

Py = IV, (7)

So,

Ql:Qu+Pel- (8)

(6)

3.3. Module parameters

Based on the averaged voltage difference (Vs — V,) and current,
it is easy to determine internal electrical resistance of the TEC cir-
cuit (R = 1.59Q).

P
Qu contact resistance

TECmodule — > HHNNNNNNNNENRRNNNN] v,I
Ql contact resistance

Fig. 2. Diagram of the measuring system consisting of the upper heat exchanger with temperature (T,) with installed electric heaters, the lower heat exchanger with
temperature (T;) with the cooling channels. The thermoelectric module is mounted between the heat exchangers and supplied with electricity (V, I). Heat resistance occurs on

the contact surfaces between the module and the exchangers.
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Table 1
Results of the TEC module measurements.
LA AT, K Vs,V Vi,V P, W QW 0, W OQror, W
5 -5 9.45 1.56 473 59 106 165
5 0 9.24 1.29 46.2 72 118 190
5 5 9.00 0.96 45.0 84 129 213
5 21 7.96 0 41.5 123 165 288

Subsequent measurements were then made for the upper block

temperature set to 35 C to establish the Seebeck coefficient and
the thermal conductivity of the module. In this case, the focus
was only on the steady-state voltage generated by the module at
a zero current in the TEC circuit. The zero current condition guar-
antees that there is no Peltier heat. The measurements were car-
ried out for two different mass flow rates of the cooling water.
Due to that, different temperatures of the lower block were
obtained (Table 2).

The ambient temperature during all the measurements was
constant: T, = 24 C. The measurements first make it possible to
establish the coefficient of heat loss to the environment. The upper
block temperature is kept constant all the time by the electric hea-
ters, and the temperature of the lower block changes due to the
change in the water flow rate. In such a situation, in the steady
state, no heat is used for electricity generation, so the input and

output heats are equal (Qu = Q,) Like above, due to the linear

dependence of the heat flow on the temperature difference, a linear
approximation makes it possible to find the power supplied to the
heaters in the situation when the lower exchanger temperature is
equal to the temperature of the upper one (T, = T;). This leads to
the value of Q, ~ 5W. Dividing it by the temperature difference
between the upper block and the environment (T, — T,), the coef-
ficient of heat loss to the environment HTF,; = 0.45W/K was
determined for the testing on the measuring stand. Next, it is pos-
sible to calculate the heat conducted by the module

(Qrec = Qu — Quss), Which is the difference between the heat sup-
plied by the heaters and the heat loss to the environment. This loss

value is used to correct Q,,, and the previously determined contact
resistance. The correction is made by changing the values of heat

Q, in Table 1 by a correction factor calculated using the current
temperature of the upper block and the above-mentioned HTF

value, i.e. Q'yor = Qo — 2(Ty — Toa)HTF,o5 Now the value of Q,, from
Table 1 corresponding to V. = 0 can be corrected down by about
20W due to the loss, and this results in a correction of r to
0.076K/W.

The measurements were repeated using a different, high-
quality thermal grease (Thermal Grizzly Kryonaut) on the interface
between the module and the exchangers. In this way, the value of
the temperature difference for V, = 0 was obtained at the level of
about 7K (instead of 21K). As a result, the final contact resistance
determined decreased to r = 0.027K/W. This indicates a closely
three times greater ability to carry heat for high-quality grease
than for standard copper grease, and it was adopted for the
calculations.

Knowledge of contact thermal resistance and the heat flow
through the cell allows us to determine the temperature difference
deviation (d,7), i.e. the deviation between the measured tempera-

ture difference of the blocks (AT) and the unknown temperature
difference on the thermoelectric junction (ATrc). This provides
the basis for the determination of the real temperature difference
on the thermoelectric junction.

The values presented above make it possible to find the Seebeck
coefficient as the ratio between the generated voltage and the tem-
perature difference at the thermoelectric junction (o = V/ATc), as
well as the thermal conductivity of the thermoelectric legs as the
ratio between the heat conducted by the cell and the temperature

difference at the junction ( k = Qqec/ATrec).

In the case of thermal analyses conducted for an air condition-
ing system, due to its operating temperature range, the impact of
thermal radiation can be omitted [39]. For the same reasons, it is
also justified to assume the module parameters as temperature-
independent [12], which was proven experimentally.

The analysis presented further below is conducted using the
TEC parameters listed in Table 3. All the quantities are calculated
for the assumed number of legs n = 100, leg height h = 3mm and
A =10mm?.

4. Validation

The analytical model and the software developed based on it to
perform the analyses were validated experimentally on a purpose-
built specialist measuring stand. The details of the stand structure
and its testing potential are presented in [38]. The stand is made of
two copper blocks acting as the heat sink and the cooled space. The
former has cooling channels with water flowing inside and the lat-
ter includes electric heaters (cf. Fig. 2). The tested thermoelectric
module is placed in between the blocks.

The validation testing was carried out using another specimen
of the MCTE1-19913L-S module type adopted for the analyses.
The surfaces of the module contact with the blocks were covered
with high-quality thermal paste (Thermal Grizzly Kryonaut).

The first to be established were the parameters of the tested
module specimen and the operating conditions of the thermoelec-
tric system. This was done using the same procedure as the one
described in section 3. The measurement results indicate that
almost none of the parameters listed in Table 3 differs by more
than 2-3% compared to the tested specimen. The only quantity
for which the difference between the TEC specimens was notice-
able was the Seebeck coefficient. It was up to 10%.

The validation tests consisted in bringing the system to a steady
state at a given mass flow rate of water cooling the lower block.
The upper block was heated with electric heaters controlled by a
PID controller to maintain the block constant temperature equal
to the temperature of the environment. Such a state ensures that
there is no heat loss to the environment. In the steady state, the
power supplied to the heaters is equal to the cooling power gener-

Table 2

Measurements for a constant value of T,
Ty, C T, C Qu, W Vs,V Qrec, W oar, K ATrgc, K
35 19.1 26 1.02 21 1.6 14.3
35 253 17 0.64 12 0.9 8.8
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Table 3
TEC module parameters.
om, mV /K p, uQm 2, W/(Km) n,— h,mm A, mm?
1.44 53 5.7 100 3 10

ated by the module for a set supply current and a set temperature
difference of the modules. Therefore there is no need to measure
the cooling water mass flow rate; only the lower block tempera-
ture has to be measured. Such measurements were carried out
for several different values of the cooling water mass flow rate
and the module supply current. It should also be stated here that
the measurement of currents and temperatures poses no challenge
and the results are burdened with a slight error only. In this case,

temperature was measured using PT100 resistance thermometers

with high absolute measuring accuracy (less than 0.5%). Power
was measured using an EA-PSI 9200-25 T lab power supply with
the accuracy of 0.4%.

Very good agreement was observed between the measurement
(Qeyp) results and the results of the simulations Qg (Table 4). The
determined cooling power differs by about 6% maximum. On aver-
age the difference is less than 4%. Despite the one-dimensional nat-
ure of the model, the measurement results appear to confirm that
the impact of the phenomena occurring spatially is slight.

5. Performance simulations of the system

5.1. TEC module characteristic curves

First, the characteristics of the analysed single stand-alone ther-
moelectric module were made. For this purpose, it was assumed
that the temperature of the radiators was steady and set in
advance for each point of the characteristic determination. The
upper radiator temperature was constant and equal to 25 C in each
case. It is also assumed that at the interface between the thermo-
electric junction and the liquid transporting heat, the thermal
resistance per unit area is estimated at the level of
Ty = 'y = 42uKm? /W, for which 27uKm?/W is the contribution
of thermal resistance on the contact surface of TEC (Section 3.3)
and another 15 uKm?/W involves heat resistance between the

exchanger and the liquid stream. This value was also adopted for
further simulations. The cooling power and the COP were calcu-
lated for a wide range of currents in the circuit supplying the ther-

Table 4
Validation results.
Test no. LA AT, K Qgim, W Qexn‘ w Error %
1 3 478 54.5 529 29
2 3 -1.04 64.6 63.3 2.0
3 6 3.74 105.2 101.5 3.6
4 6 23.36 70.6 66.3 6.1
5 9.8 8.89 1334 130.6 21
6 6 3.47 101.9 101.9 0.0
7 2 -0.74 42.9 43.9 23
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Fig. 3. Cooling power and COP depending on the module current and on the discharge heat exchanger radiator (lower) temperature for the constant upper radiator

temperature of 25 C. The red lines pass through the maxima. The maximum power for each lower temperature occurs almost along a line of constant current. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

6



R. Buchalik and G. Nowak

100
80
60
40
20

0

cooling power, W
cop

-60

-80

-100

0 4 8 12 16 20 24
current, A

Energy & Buildings 268 (2022) 112168

100 8
80 7
60 6
40 5
20 4

=
-
o - o,
H ou=30°C a
Oc:.o 0 3 ]
[
£ 20 2
o
© .40 1
-60 TTSsssss 0
-80 -1
-100 -2

current, A

Fig. 4. Cooling power and COP values for the outdoor temperature of 25 °C and 30 °C. Indoor temperature is constant (25 °C) for the system presented in Fig. 1. Lines marked
as n = 100 show the results for a single module system, while those marked with n = 1000 represent one of the modules in the 10-module system. HTF;, = 100W /K,

HTFy, = 200W /K.

moelectric module at different temperatures of the lower radiator.
This made it possible to plot the charts presented in Fig. 3, which
show the results of the performed steady-state simulations.

Fig. 3 indicates that the useful effect in terms of cooling power
decreases with a rise in the temperature difference between the
exchangers. An increase in the difference also involves a reduction
in the range of currents for which the positive level of cooling
power can be achieved. It can be seen that the red line that passes
through the cooling power maxima for a given temperature differ-
ence corresponds to an almost constant current value, which is
slightly higher than 11A. Analysing the maximum COP curve (red
line passing through maxima), where the COP is defined as the
cooling-to-electric power ratio, it can be found that the maxima
are shifted towards low currents, and COP values higher than 3
can only be obtained for a temperature difference smaller than
8K at currents of less than 3A.

Based on the presented results, it can be observed that, for a sin-
gle thermoelectric module (n = 100), the operation of the system at
the difference in the temperature of the heat exchangers at the
level of 10K with the COP value of at least 1 (right graph) makes
it possible to achieve a cooling power of the order of 30 — 50W(left

graph).

5.2. Characteristics of the air conditioning system

At this stage radiators characteristics were taken into account. It
was initially assumed that on the heat discharge side (outdoor), the
radiator is twice as large as on the heat absorption side (indoor).
Both radiators are additionally assisted by fans. Therefore, the heat
transfer conditions are estimated at the levels of HTF;, = 100W /K
and HTF,, = 200W/K, where 100W/K is equivalent to a single
computer cooler’.

The analysis focused on the steady-state operation of an air con-
ditioning system (described in section 2) using the TEC tested
above under specific heat transfer conditions (HTF;, = 100W /K
and HTF,,; = 200W /K). Simulations were carried out to investigate
the achieved cooling power and COP depending on the current sup-
plying the thermoelectric module for two selected temperatures of
the lower (outdoor) heat reservoir of Ty, = 25 C (0K difference)

and 30 C (5K difference), while the temperature of the upper (in-

1 360mm type; 15 FPI; fan-assisted.

door) heat reservoir is constant (T;, = 25 C). The results presented
above point to the rather low cooling power of a single thermoelec-
tric module. For this reason, another option was analysed, with a
parallel thermal connection of 10 modules (n = 1000).

The curves in Fig. 4 illustrate the cooling power and the COP for
a thermoelectric system with a single module (n = 100) and for a
system with ten identical modules (n = 1000). For the latter case,
the results are presented for one module of the 10-module system.
The cooling power curves demonstrate that, in each case, there is a
maximum for a specific value of the current. The curves plotted for
the 10-module system show a lower maximum cooling power.
Moreover, this maximum occurs for a lower current. This is due
to the amount of heat exchanged with the environment at the
same radiators applied for both situations, with one and ten mod-
ules. In the latter case, the radiators cannot ensure sufficient heat
exchange to fully utilize the cooling potential of such a number
of thermoelectric modules. This results in an excessive rise in the
temperature gradient between both sides of the modules. Lower
heat dissipation means a lower supply current of the TEC, which
is due to the trade-off between Peltier and Joule heat. A further
increase in the number of modules would enhance the observation
and would follow with a continuous drop in COP. It should be
remembered that a larger total surface of modules translates into
a drop in overall contact thermal resistance, and thereby in a drop
in the temperature difference (at constant heat flow) between the
thermoelectric junction and the corresponding heat reservoir.
Additionally, an increase in the number of TECs leads to a rise in
heat conduction via the modules and hence may reduce the tem-
perature difference between the junctions.

What makes the cooling power of 10 thermoelectric modules
(normalized to a single module) lower also results in a lower effi-
ciency of the system. At a zero-temperature gradient, COP
increases with a decrease in the current flowing in the circuit. If
there is a temperature gradient, the situation is different. For low
current values, COP is negative, which is due to the reversed heat
flow direction. Only a higher current value ensures that the Peltier
effect is strong enough to reverse the heat flow direction and cause
the cooling of the upper heat reservoir.

5.3. Impact of the number of thermoelectric modules in the system

In the next step, the impact of the number of TEC modules
applied in the system on the cooling characteristic was evaluated.
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Fig. 5. Cooling power (left) and COP (right) as a function of the number of legs and currents. The dashed area (right) represents the COP below zero (reverse heat flow), and
the red line shows the cooling power of 250 W. HTF;, = 100W /K, HTF,,; = 200W /K. (For interpretation of the references to colour in this figure legend, the reader is referred

to the web version of this article.)

The parameters of the module used in the calculations are listed in
Table 3. Like in the previous step, constant heat transfer conditions
are still assumed as HTF,,; = 200W /K, T, = 30°C (outdoor) and
HTF;, = 100W/K, T;, = 25°C (indoor). To obtain a large enough
coverage of the search space, it is assumed that the variable will
be the number of thermoelectric legs (with a step of 20). The elec-
tric current of the TECs was the other parameter. Searching the
space in the useful range of currents and dimensions of the ther-
moelectric system (the number of legs), contour maps were cre-
ated to represent cooling power and the COP. It is assumed that
only configurations with cooling power values greater than
250W are of any interest. The contour maps obtained are pre-
sented in Fig. 5.

The maximum power of the system analysed under the adopted
assumptions is 913W. This corresponds to the number of legs
n = 3580, which means 35-36 reference modules supplied with
the current of 6.3A. Successive levels of cooling power have oval
shapes, with stronger elongation in the direction describing the
number of legs. This implies that for a relatively wide range of
the number of thermoelectric modules, a similar maximum cooling
capacity can be obtained. It can also be concluded from the chart
that the smaller the size of the thermoelectric part, the greater
the range of the current changeability for similar power values.
For bigger systems, the current should be selected with higher pre-
cision to achieve the set power.

The maximum COP reaches the value of 2.28 for n = 1680, with
a current of 1.8A. This value is located at the edge of the domain
and results directly from the adopted limitation of the solution
space (minimum cooling power of 250W). For the maximum cool-
ing power point, COP totals 0.42. Higher COP values can be noticed
in the graph, but they correspond to a very low cooling power,
which puts them beyond the area of solution of interest. We can
again see that there is a trade-off between cooling power and
COP in the respected domain.

Because the maximum COP depends on the minimum assumed
cooling power of the system, the next graph (Fig. 6) presents the
relation between these indicators. In addition, for each of the pre-
sented cases, the number of TEC modules required by the system
and their supply current are specified.

Fig. 6 indicates that a rise in the system minimum power causes
a drop in the cooling efficiency. More co-operating thermoelectric
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Fig. 6. Maximum COP, number of 100-leg modules and current (both optimized for
maximum COP) depending on the system minimum cooling power. The values at
the markers denote the corresponding number of modules. For the required
minimum cooling power the respective size of the thermoelectric part, the COP and
the optimum supply current can be determined. HTF;, = 100W/K,
HTFo, = 200W/K.

modules (marker size and number) are also required, and a higher
current is necessary to supply them.

6. Economic optimization of the air conditioning system

The next stage of the air conditioning system analysis is the sys-
tem economic evaluation. Based on available commercial informa-
tion, the real cost of a thermoelectric leg is adopted at the level of
Nrgc = 0.3$ (1% of the reference 100-leg module price). The unit
cost of the radiators, estimated in the same manner on the basis
of 360 mm 15 FPI cooler, is assumed at Ng = 0.75%/(W/K). It is
based on commercially available computer radiators. The price of
electricity needed to supply the thermoelectric module totalled
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in the EU% N, = 0.2484$/kWh = 69n$/J on average, and this value is
adopted for the calculations presented below. It is further assumed
that the device operates 8 h per day on 60 days of the year, which
gives the total of 480 h of operation per year. The calculations are
performed for 5 years of service (2400 h). These data were used to
determine the cost related to unit cooling power (D) of electricity
consumption by the device during its life (N, ):

Nop = DP¢j = NgiPeit 9)

where N is the unit price of electricity, P, — the system electric
power and t is the device service life. For the assumptions made
above D = 0.68/W,,. It should be noted that the P, value includes
the number of the thermoelectric modules, electric current in the
circuit and, indirectly, the temperatures at both sides.

The total cost of heat pumping between indoor and outdoor
environments and investments in related devices can be expressed
as a sum of costs of electricity, radiators, and thermoelectric
modules:

F = Nop + HTF;;, - Ng + HTF gy - Ng + Nigc - (O.S +0.2 hif) (10)
rej

It is assumed that heat exchange on the two sides of the system
proceeds with the use of radiators with the same unit cost Ng. The
cost of thermoelectric modules was assumed to consist in 80% of
manufacturing costs and in 20% in the used thermoelectric mate-
rial, which is included in the last term of (10) as the ratio between
the heights of legs (h/hys). To minimize the costs, the system was
optimized. The design variables of the optimization process were
the dimensions of the radiators described by the HTF and the cur-
rent that supplies the modules, which is included in the Ny, (elec-
tricity cost). The objective function was built in the following form:

g Q g
G=FETCC— & ==I"_2 (11)
Qin F Qin

where:

_{10 fori < O.Simax}
=11 fori > 0.8 inex

and i is the iteration number. ETCC stands for economic total
cooling capacity and indicates cooling power achieved from 1$ of
the total cost of the system. The total cost consists of the electricity
cost (assumed 5 years) and the device purchase cost. The aim of the
task was to maximize ETCC. The objective function includes two
factors, the first of which (ETCC) is the directly maximized quan-

tity, while the role of the second (g/Q;,) is to introduce some pres-
sure related to the system cooling power. During the optimization
process using only the first term of the objective function, it turned
out that it gave a few similar extrema for different values of the
design variables. Therefore, another term was introduced into the
function that slightly (the impact on G is of up to 1%) favours solu-
tions with a higher cooling power value. Due to a jump change in
the g parameter, more pressure on the optimization process is
introduced at the first stage, which improves convergence. Then,
the solutions are stable and repeatable. Moreover, in the case of
two identical configurations with the same value of ETCC, the
one with a higher cooling power will be considered better. Such
a device (at the set number of modules or cooling power) will have
a higher power-to-size factor, which also means reduced sec-
ondary costs not taken into account in the optimization and related
to the making of the casing, packaging, transport, ease of use, etc.

Using conditions formulated in this way, calculations were per-
formed for an air conditioning system made of 10 basic TEC mod-

(12)

2 Price as of September 2021.
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ules (n=1000) with the thermoelectric leg height of
h = hyf =3mm. Supply current and both HTF values were the
design variables. In this situation, the last term of function F (10)
is constant. The results are shown in the form of a contour map,
the creation of which required optimizing the ETCC for each pair
(D, Toy). The optimization results are shown in Fig. 7.

The contour map presented shows the cooling power achieved
at the investment of the device and the total operating cost per
unit (1$) depending on the cost of electricity and the outdoor tem-
perature. For the reference data (T,, = 30 C and D = 0.6%/W,;), the
result is ETCC = 0.58W/$. For low electricity prices and at a small
difference between the cooled space and the environment, the
indicator is equal to 1W/$, whereas at a high outdoor temperature
and expensive electricity in the analysed range, it can drop even to
about 0.12W/$. It has to be emphasized that the device can be
scaled proportionally to achieve different cooling power at the
same ETCC.

6.1. A device with the design cooling power of 2 kW

The results of the optimization presented above put aside the
cooling power provided by the system under specific operating
conditions. Therefore, it was decided in the next step to determine
the required number of basic thermoelectric modules to ensure a
reliable cooling power of 2kW, which is a power level typical of
portable air conditioning devices for small rooms. The device is
assumed to operate at the maximum value of ETCC. At this stage,
an additional variable of the objective function is the number of
legs n, while further calculations are still based on the reference
and constant height of the leg (h = h,y = 3mm).

Fig. 8 presents the required number of thermoelectric modules
needed to achieve the cooling capacity of Q;, = 2kW in maximum
ETCC conditions and the corresponding electric current. Naturally,
the cooling power can also be increased in a certain range by
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Fig. 7. ETCC as a function of the cost of electricity (D) and outdoor temperature
(Tou) for constant T;, = 25 C. For a given cost of electricity, an increase in outdoor
temperature makes air conditioning more expensive (drop in ETCC). (For interpre-
tation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 8. Number of thermoelectric modules for 2 kW of cooling power (left) and respective current in the circuit (right) at optimal operating conditions (maximum ETCC)
depending on the cost of electricity and the outdoor temperature. If the cost of electricity grows the higher number of modules results from a lower share of investment in the

total cost and a possible lower supply current.

increasing the current in the thermoelectric modules, but the sys-
tem operation under such conditions proceeds beyond the opti-
mum value of ETCC and is then less cost-effective. The results
show that, for the reference point, reaching the required level of
power involves the need to use 4140 legs, which means about 41
basic reference modules. The supply current for this number of
cells is then almost 5 A.

In the analysed range of changeability of the parameters, the
required number of modules varies from 30 to 60, which results
in a different share of investment and operating costs in total
expenditures. The required number of modules increases with
increasing electricity cost, which means higher investment costs.
It also rises with an increase in the temperature difference, but
at a slower rate than in the case of operating costs. On the one
hand, a larger number of modules allows for the desired cooling
capacity by the Peltier effect for smaller current values. On the
other hand, Joule heat (an undesirable phenomenon) is propor-
tional to the current squared, while Peltier’s effect is directly pro-
portional. Therefore, it seems to be profitable to use many
modules. However, it should be noted that a higher number of
modules means a larger amount of heat conducted by the thermo-
electric legs, and this deteriorates the effectiveness of the system
operation. Additionally, the price of each module plays a role.

Other contour maps were also prepared for an analysed device
with the cooling power of 2kW. They show the HTF values of each
radiator (indoor and outdoor) at various operating conditions
(temperature) and at various levels of the cost of electricity. The
coefficients have a direct impact on the size and/or quality of the
radiators on the two sides of the system and thereby - on their
cost.

The contour maps in Fig. 9 illustrate the rise in HTF s with a rise
in the temperature difference between the indoor and outdoor
environments. The rate of the rise is higher on the outside. The out-
door radiator is generally bigger, and the HTF,,./HTF;, ratio in the
shown range is from 1.15 to 1.89. Attention should be drawn to
the fact that the costs related to the purchase of the radiators are
not negligibly small and were considered in the objective function
(11) through the product of HTFj; e, and Ng in (10).

So far, for each operating point of the system defined by cooling
power, the difference between indoor and outdoor temperature,

10

and the cost of electricity, the optimal design and operating param-
eters of the system have been selected. However, the question
arises as to how a change in the system operating conditions,
e.g., the outdoor temperature or the cost of electricity, will affect
ETCC. Although it is relatively simple to control the system supply
current, making structural changes to the existing system design
seems irrational. To determine the level of changes in ETCC due
to changes in the conditions mentioned above, calculations were
performed for a system optimized for the reference parameters
(Towe =30°Cand D = 0.68/W,)). In this case, the design characteris-
tics determined design features of the system are
HTF,, = 741W/K, HTF;, = 567W/K and n = 4150, while the sup-
ply current was optimized for maximum ETCC.

Fig. 10 presents the percentage change in ETCC (left) and cooling
power (right) of the device based on changes in both the cost of
electricity and the outdoor temperature. The system is optimized
at the reference point (0.6$/W,;,30°C) for the maximum ETCC. It
can be read from the graph that a rise in the outdoor temperature
by less than 5K causes a drop in ETCC less than 1% and about 5%
drop in cooling power. In the entire range presented above, the
change does not exceed 10% for ETCC but reaches about 25% for
cooling capacity.

6.2. Impact of a change in leg height

It should be noted that the leg height of the thermoelectric
material of the module has an impact on both the TEC operating
parameters and, to a certain extent, on the manufacturing costs.
A change in leg height involves mainly a change in the amount
of heat conducted by the module, in the generated Joule heat,
and in the mass of the thermoelectric material used. Therefore,
simulations were performed to assess the ETCC of the air condition-
ing system, considering the variability in leg height. Due to this, the
objective function (10) operates now with an additional variable, h.
Thermoelectric material is assumed to account for 20% of the man-
ufacturing cost of the TEC module (factors of 0.2 and 0.8 in (10)).
The leg reference height (h,; = 3mm) concerns the basic model
with a known purchase cost. The calculations were carried out in
the same manner as those performed for a constant leg height,
specifying for each point (D, T, ) the optimal dimensions of radia-
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Fig. 9. Heat transfer coefficients at the 2 kW device optimized for ETCC optimal operating conditions as a function of the cost of electricity and the outdoor temperature. The
indoor temperature is 25 °C. Higher HTF values mean a bigger and more expensive radiator.
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Fig. 10. Percentage deviation of ETCC and cooling power from the optimal value for the reference point for a change in the outdoor temperature and in the cost of electricity.
No deviation in the reference point (0.6$/Wel, 30 °C). HTF factors and the number of modules were maintained the same as for the reference point, electric current was

optimized each time. ETCC deteriorates beyond the reference point.

tors (both HTFs), the number of modules (n), the current (I), and
additionally the leg height (h).

The graph on the left in Fig. 11 presents ETCC under the same
operating conditions as previously (2400 h of operation). Because
the leg height also varies in this case, its optimal value is shown
on the right. When comparing the results for the reference point
(D =0.6$/W, and T = 30°C), the ETCC rises substantially from
0.58W/$ to 0.64W/$ (Fig. 7 vs. Fig. 11). This corresponds to the
leg height by more than half lower compared to the reference case.
A change in the leg height also involves changes in the system’s
other design features, i.e., the size of radiators, the number of mod-
ules (legs). The supply current will be different, too. Compared
again to the reference point, for a device with a cooling power of

11

2kW, the heat transfer factors are HTF,, =804W/K and
HTF;, = 605W/K, respectively, and they are less than 10% higher
than in the case of the fixed leg height of h = h,,; = 3mm. The num-
ber of modules required to achieve the set power is in this case
about 32 (n = 3220).

The above calculations relate to a situation where a change in
leg height involves a proportional 20% change in the cost of the
thermoelectric module compared to the reference module (0.2 fac-
tor in (10)). If the module cost is assumed to be constant regardless
of the leg height-

(F =N+ HTFj; - Ng + HTFoye - Nk + N. - 1), the ETCC will total
0.62W/$, whereas for a proportional increase in the module cost
with the increase in the amount of the thermoelectric material.
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Fig. 11. Optimized ETCC and corresponding leg height as a function of the cost of electricity and outdoor temperature. Case for variable leg height.

(F =N+ HTFy, - Ng + HTFou - Np + Ni - (h/hyr)) it would be
0.75W/$. In a way, these two values determine the range of ETCC,
depending on the share of thermoelectric material cost within the
TEC.

Fig. 12 shows the percentage deviation of ETCC (left) and cool-
ing power (right) for a system designed for the reference point at
an optimized height of the module legs. Comparing the presented
results with those shown in Fig. 10, for cells with a leg reference
height of 3mm, it can be noticed that in this case the system is
more sensitive to changes in both temperature and electricity cost.
In the analysed range of changeability of temperature and costs, up
to a 35% increase in ETCC and a 50% drop in cooling power can be
expected. It follows that a system optimized for pre-determined
operating conditions (reference point) is characterized by a better
ETCC during design-state operation, but any deviation from that
state causes an accelerated deterioration of the factor.

SETCC
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0.5 1

1.5 2 2.5
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7. The maximum cooling power of the system

The optimization results were related to achieving the maxi-
mum ETCC under the given conditions. However, in each design
configuration, the system is able to operate with a significantly
higher cooling power than the value resulting from the ETCC opti-
mum, provided that it is supplied by an adequately stronger cur-
rent. To observe the control range of such a device, the impact of
the supply current on the cooling power and ETCC related to oper-
ation in such conditions was investigated. Calculations were per-
formed for a system optimized for the reference conditions. The
test was carried out for the reference modules (h = 3mm) and for
modules with leg optimized height (h = 1.46mm).

Fig. 13 illustrates the device cooling power and the correspond-
ing ETCC, along with the COP, depending on the thermoelectric sys-
tem supply power. Both the power and ETCC curves have a clear

5Q,
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Fig. 12. Percentage deviation of ETCC and cooling power from the optimal value for the reference point for a change in the outdoor temperature and in the cost of electricity.
No deviation in the reference point (0.6$/W, 30 °C). HTF factors and the number of modules were maintained the same as for the reference point, electric current was
optimized each time. ETCC deteriorates beyond the reference point. Case for a variable leg height.
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Fig. 13. Impact of supply power on the device (optimized for maximum ETCC) cooling power and ETCC (left) and COP (right). The graphs are for the outdoor temperature of
30 °C, the indoor temperature of 25 °C and for the cost of electricity of 0.6$/W,, (reference point).

extremum, but a shift can be observed between them. The highest
cooling capacity per 1 dollar of the total cost occurs for a lower
supply power than the maximum of the cooling power. It is thus
demonstrated that if the device is designed in terms of the eco-
nomic optimum, there is still a cooling capacity margin, which in
the case of a momentary increase in the demand for cooling, makes
it possible to satisfy the demand. For a device with the reference
height of the leg and 2 kW nominal cooling capacity, the maximum
cooling power is 2.57kW. This means that it is possible to achieve a
28% increase in cooling power. When analysing the case with the
optimized leg height, the maximum cooling power of 2.67kW
can be observed. Clearly, this means a substantial increase in sup-
ply power, which translates into a drop in the COP from about 1 to
0.38. The device operation beyond the cost optimum involves an
increase in the total cost.
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Fig. 14. Percentage cooling power margin for cooling power at optimum ETCC for
the reference point as a function of the outdoor temperature. The dashed lines mark
the outdoor temperature up to which an increase in cooling power is possible.
Above these temperatures, the maximum cooling capacity is below the design level.
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To what extent the cooling capacity can change with outdoor
temperature regardless of the total cost is shown in Fig. 14. It
can be seen that the change in cooling power is nearly linear with
outdoor temperature. For a zero change, there is the highest out-
door temperature at which the system can achieve the design cool-
ing capacity (at significantly lower ETCC). For higher temperatures,
the maximum cooling power is lower than the design level. For the
cases analysed, the temperature is slightly above 40°C for the ref-
erence module height and about 39°C for the optimized, respec-
tively. The cooling power for the maximum ETCC in Fig. 13 and
its possible increase (28% in the case of 3mm legs and 33% for
the 1.46mm legs, respectively) is visible here for temperature 30 C.

It should be emphasized here that continuous operation of the
device with a power higher than optimal is also possible. However,
in such a situation, lower ETCC s must be considered. Another thing
worth noting is the fact that ETCC does not fall at the same rate as
the rise of supply power (in this case, for the power maximum -
2.5 times) because the cost of electricity is only one of the elements
of the total cost and the cooling power does not change linearly
with electric current or electric power.

8. Summary and conclusions

The paper presents a concept of a thermodynamic system of an
air conditioner using thermoelectric modules. Analyses were based
on commercially available modules intended for cooling purposes,
and the performance parameters of the TECs were experimentally
determined. In addition to the operating parameters of the module
itself, the contact resistance between the module and the heat
exchangers was also determined and included in the system simu-
lations. The analysed system consisted of thermoelectric modules
thermally connected in parallel, heat exchangers in contact with
TECs, and radiators exchanging heat with the environments. It
was assumed that heat was transported from the exchangers to
the fan-assisted radiators by a liquid medium. The validity of the
proposed mathematical model and the developed software was
proven experimentally.

The concept of the air conditioning system was tested numeri-
cally in terms of the performance parameters. It was observed that
increasing the size of the thermoelectric part resulted in lower
cooling power and lower COP per module if the size of the radiators
on both sides of the system were kept constant. This is, first of all,
an effect of more heat being conducted by the modules. A larger
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heat flux with the same radiators causes a larger temperature gra-
dient between the thermoelectric junctions, and this results in a
decrease in cooling capacity and ETCC.

The system was then optimized to maximize the cooling capac-
ity achieved from 19 of the total system cost in a set lifetime of the
device. All calculations were performed taking account of both
investment and operation costs. The calculations were run for
two design variants of the thermoelectric modules, i.e. for the com-
mercial system with the thermoelectric leg constant predeter-
mined reference height and for the case where the height may
vary.

For the set leg height and the assumed time of the device oper-
ation (2400 h) and for the average price of electricity in the EU, the
ETCC of 0.58W per 1 dollar was obtained. To construct a device
with a cooling power of 2kW, 41 assumed TECs are required. By
additionally optimizing the height of the module legs, and assum-
ing that the cost of the thermoelectric material in the TEC total cost
is 20%, the value of ETCC = 0.63W/$ was obtained for legs by
about 50% shorter than the reference ones. In this case, to generate
2kW of cooling power, 32 reference modules are needed and the
radiators must be about 6 — 8% bigger.

The system optimized in terms of economic efficiency can be
overloaded by about 30%, which involves a 2.5-fold drop in COP.
The device continuous operation (2400h) in the condition of max-
imum cooling power would cause about a 30% drop in ETCC in the
entire assumed cycle of operation.

When comparing the presented air conditioning thermoelectric
system with conventional compressor-based solutions, it can be
seen that, at comparable cooling power, it is substantially more
expensive and has a lower COP as well as ETCC. However, the ther-
moelectric system has a number of advantages: the simplicity of
design, silent operation, lack of a compressor, and the possibility
to use any (environmentally friendly/safe) liquid medium trans-
porting heat. Such a system can also work as a room heater by
reversing the direction of the current that supplies the TECs. Fur-
thermore, the momentary reversal of the current can be used, for
example, to heat up the exchanger to remove the accumulated liq-
uefied humidity from the air and reduce the biological hazard.
Moreover, the control system of such a device in the form of a reg-
ulated DC power supply seems to be very simple, and the thermo-
electric cells can be electrically connected in series or in parallel to
adapt the circuit to the voltage range of the power supply at a
given power level.
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The potential of thermoelectric energy harvesting in vehicles equipped with ICE

The paper deals with an issue of waste heat recovery in a selected configuration of an internal combustion engine. A possibility of
using thermoelectric cells (currently available on the market) for production of electricity with heat extracted from the exhaust gas was
considered. The calculations were made using specialized software. Features and design assumptions of the heat recovery system were
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etc.). An assessment of the applicability of the energy recovery system based on thermoelectric effects and characteristic of the proposed
configuration was performed. Some issues that require further research have been highlighted.
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1. Introduction

Improvement in internal combustion engine performance
is one of the main goals engineers deal with. There are many
sophisticated solutions based, in some sense, on controlling
the combustion process inside the combustion chamber and
the piston motion. Some of them increase pressure, tempera-
ture, compression ratio, valve timing, etc. But in nearly every
combustion engine system a significant part of the energy is
lost due to the waste heat expelled to the surroundings [10].
Some heat is lost in the engine cooling system, via the central
radiator, but this heat source has relatively low temperature.
Much higher temperature occurs, however in the exhaust
system. An attempt was made to analyse the possibilities,
issues and selected problems of heat recovery from the ex-
haust gas. One of the possibilities discussed in this paper is
the use of the thermoelectric modules, which convert heat
into electricity. The basic principle of their operation is the
Seebeck effect. A thermoelectric module is usually a flat
sheet (thickness of a few millimetres) of semiconductors
between ceramic (electrical insulator) plates. If a thermal
gradient occurs throughout the module a voltage difference is
generated [3, 9]. The thermoelectric modules have several
advantages like the lack of moving parts, long lifetime, very
small size and noiseless operation. On the other hand, their
efficiency is rather low. There are, of course, some more
efficient methods of waste heat recovery (Organic Rankine
Cycle, turbine) but they are usually quite complex and diffi-
cult or unreasonable to use in mobile applications [4, 14].
The thermoelectric module can be easily retrofitted, e.g. by
replacing genuine muffler with a modified one. Descriptions
of experimental research systems, including modules assem-
bled into vehicles can be found in the literature [2, 7, 11].
The following considerations were performed to make
a coarse assessment of the amount of heat which can be
recovered, overall characteristics of such heat recovery sys-
tem and different working conditions that can occur in typi-
cal vehicle drivetrain. The result obtained can be useful in
a design process of specific heat exchangers, identifying
crucial issues and targets.

2. Modelling approach
The analysis of waste heat recovery was based on a 4
stroke, a spark ignited, 500 ccm motorcycle engine. A sim-

plified model of immediate fuel combustion at a constant
volume was used. Perfectly stoichiometric air to fuel ratio
was assumed and friction inside the engine block between
moving elements was neglected. The exhaust system in pro-
posed configuration consists of, among the others, a thermoe-
lectric module assembly unit. This assembly consist of
a straight pipe, in which exhaust gases flow, a highly heat
conductive material between inner pipe surface and the ther-
moelectric cells (hot side heat exchanger — heat source), the
thermoelectric module and the cooling system. The hot side
of the thermoelectric module can be attached directly to the
heat source (a flat surface covered with thermal grease). The
opposite side of the thermoelectric module should be at-
tached to the water cooling system (cold side heat exchanger
— heat sink). The remaining surfaces were assumed adiabatic.
Figs 1 and 2 present both a cross-sectional and an isometric
view of the heat recovery system proposed.

The specialized software — AVL Boost, was used to car-
ry out the simulations.

Exhaust gas stream

_ Adiabatic wall

Water cooling module
Hot heat exchanger

— (copper filling)
\_Thermoelectric module

Fig. 1. A cross-sectional view of thermoelectric module assembly

Exhaust gas outlet

. Thermoelectric module

Hot heat exchanger

copper filling
\Exhaust gas inlet (copp 9)

Fig. 2. Thermoelectric module assembly
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The overall thermal resistance of this assembly can be
calculated as the proportionality factor between heat trans-
ferred through the system (from the exhaust gas to cooling
water) and temperature difference at both sides of the do-
main. One of them is the inner surface in contact with hot
exhaust gas, whereas the second one is the thermoelectric
module cold side (cooled with water flow from the cooling
system). Due to a major difference in magnitudes of ther-
mal resistance of the thermoelectric module and the heat
exchangers the heat exchangers resistance can be neglected
[1]. In other words, if constant heat flux is imposed to the
system the temperature gradient is significant only across
the thermoelectric module whereas within the hot heat
exchanger the temperature distribution is nearly uniform.
The same situation occurs at the cold side — the temperature
of the heat exchanger and the module cold side is almost
the same. This assumption is true for heat exchangers made
of a highly heat-conductive material, e.g. copper. In such
a case, the gas-wall temperature difference drop along the
flow direction is not large. In the described configuration it
is relatively small (not greater than 100 K), so the tempera-
ture of heat source for modules in one thermoelectric as-
sembly was assumed to be constant. As a result, in one
assembly the temperature of the inner wall (in contact with
exhaust gases) and thermoelectric modules hot side is the
same [1, 6].

Gas from engine
exhaust valve

=

1st Thermoelectric
assembly unit

2nd Thermoelectric
assembly unit

Nth Thermoelectric
assembly unit
Cooled gas

Fig. 3. General configuration of exhaust heat recovery system

Based on literature and the technical data of commer-
cially available thermoelectric modules, the thermal con-
ductivity of exemplary module (Tecteg TEG1-PB12690)
was assumed as about 0.5 W/K (~ 273 W/570°C) for sur-
face 62 mm x 62 mm [12] (0.5 W/K corresponds to 2 K/W
thermal resistance). Thermal conductivity of the thermoe-
lectric module is subjected to change with electrical load
(electric current in a circuit results with the Peltier effect —
phenomena related to the Seebeck effect). However, using
a DC/DC converter within the system, whose aim is to
provide optimal working conditions (electrical resistance of
power receiver for the highest module power or the highest
efficiency) immediately minimises the problem. So, the
overall thermal conductivity can be assumed constant [1].
Proposed thermoelectric assembly unit consists of 10 men-
tioned thermoelectric modules attached to the exhaust pipe.
The modules used have a maximum allowable working
temperature of 600°C. To keep the constant temperature
distribution within the heat source, the modules should be
uniformly distributed on the heat source surface, e.g. if the

cross section is pentagon-like showed on Fig. 1 it results in
2 thermoelectric modules (62 mm x 62 mm) on each wall.
The temperature of the heat source was determined based
on the 0.5 W/K thermal conductivity of the thermoelectric
modules. For 10 thermoelectric modules (one assembly
unit) the thermal conductivity (reverse of thermal re-
sistance) is about 10 W/K. On this basis, a script in C lan-
guage was developed and implemented in the software to
calculate the temperature of the heat source. The module
cold side temperature (resulting from water cooling) was
assumed to be 50°C. To model the heat transfer coefficient
between the stream of exhaust gas and the channel wall
(heat source, with a temperature equal to module hot side)
a Reynolds analogy have been used. It provides a rough
approximation of a general heat exchanger. The amount of
electric energy produced as useful result in thermoelectric
module was calculated using the heat transferred from ex-
haust gas into the heat exchanger in assembly unit (heat
recovered in a unit) multiplied by temperature gradient
between hot and cold side of the thermoelectric module and
then multiplied by factor (0.000128) corresponding to the
datasheet of the thermoelectric module (~7% efficiency at
600°C/50°C). The efficiency of electric power generation
can be assumed proportional to the temperature gradient, so
it is adopted here.

An alternative method for efficiency assessment can be
based on Carnot efficiency for given temperatures (heat
source and heat sink) multiplied by an appropriate factor.
This method corresponds to the assumption that the ther-
moelectric figure of merit (coefficient of performance) is
constant over temperature for the thermoelectric module
component materials (semiconductors, legs) [9].

3. Reference experimental setup

At the initial step of considerations, to avoid an influ-
ence of intensive wave phenomena, a large plenum (500
litres) have been added between the exhaust port and the
thermoelectric module assembly(s). It was assumed adia-
batic, so temperature and enthalpy changes were negligibly
small. Its only task to stabilize the exhaust gas velocity to
obtain reference data without the influence of pressure
waves and cyclic motions. The plenum is connected with
exhaust port via adiabatic, 31 mm — diameter and 500 mm —
long pipe. The pressure waves within the pipe influence to
some extent the exhaust gas discharge, but these phenome-
na are not analysed here. Dimensions of this pipe were
chosen to reduce the unavoidable effects as much as possi-
ble. The variations in velocity due to the plenum over one
engine cycle do not exceed 3%. Without the plenum, the
changes are, not only bigger than 100%, but also a back-
flow is observed. So, the use of plenum justifies the as-
sumption of a constant velocity flow. A total number of
nine thermoelectric assembly units were simulated. Figure
3 presents the overall view of the AVL Boost model. These
units are represented by pipe 8 and 10-17 (marked in red in
Fig. 3). Restrictors between them are dummy elements with
coefficients “1”. The formula interpreters calculate wall
temperatures for thermoelectric assembly unit (one pipe
means one unit, each of the nine units is equivalent of 10
thermoelectric modules). All simulations were made to
represent only the steady-state conditions and the calcula-
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tions were conducted to achieve the convergence with the
spatial resolution of 10 mm.

The heat flux throughout the assembly can be adjusted,
within the software, with the heat transfer factor parameter.
It is a ratio of real heat transfer coefficient and the value
used in calculations. A value equal to one represents con-
duction in the simple pipe, as shown in Fig. 1. Values
greater than 1 represent e.g. internally finned pipe or other
changes in geometry which intensify the heat flow. This
value was set to keep the maximum temperature at the
allowable limit (exceeding 600°C of pipe wall temperature
would damage the module). This condition results in heat
transfer factor of 1.02. Particular solutions of heat exchang-
ers for thermoelectric modules to provide the best heat
exchange can be found in the literature [5, 8].

The calculations were made for a reference point - full
throttle, 6000 rpm. The mechanical power of the engine is
therefore 24.62 kW. Total enthalpy flow behind the plenum
is 27.7 kKW (reference zero: 1 atm; 25°C), which corre-
sponds to temperature 1278 K, mass flow 24 g/s and veloci-
ty (mean) 69 m/s. Table 1 shows some selected results
obtained for the thermoelectric module assembly units.
Heat flux means heat recovered in particular assembly unit
(heat flux through thermoelectric modules), electric power
is generated by thermoelectric modules as described above,
and it is the useful effect.

R2 H R1 5 1 3B1
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<
| MNT1
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Fig. 4. Overall view of test bench in AVL Boost

It can be seen from Table 1, that efficiency of each next
thermoelectric assembly unit decreases. This results from

a reduction in the temperature of the exhaust gas which, in
consequence, decreases the heat flux and efficiency of the
thermoelectric modules due to a drop of temperature gra-
dient.

Table 1. Selected parameters of nine units (heat transfer factor for every
unit — 1.02) during operation in full throttle at 6000 rpm

Thermoelectric Inlet gas Outlet gas Wall Heat Electric
assembly unit temp. temp. temp. flux power

[K] K] K] W] [w]

1 1278 1191 873 2748 193

2 1191 1111 820 2483 158

3 1111 1038 771 2242 129

4 1038 972 728 2023 105

5 972 910 688 1823 85

6 910 855 651 1642 69

7 855 804 651 1478 56

8 804 758 589 1330 45

9 758 716 562 1196 37

Sum 16966 877

Table 2. Selected parameters of nine units for variable heat transfer factor
during operation in full throttle at 6000 rpm

Thermo- Inlet gas Outlet Wall Heat Elec- Heat
electric temp. gas temp. flux tric transfer
assem- K] temp. K] W] power | factor [-]
bly unit K] W]
1 1278 1191 873 2751 194 1.02
2 1191 1102 873 2751 194 1.38
3 1102 1013 873 2751 194 2.10
4 1013 921 873 2751 194 4.49
5 921 836 827 2520 163 10
6 836 761 754 2154 119 10
7 761 697 754 1836 101 10
8 697 641 635 1561 62 10
9 641 593 588 1325 45 10
Sum 20400 1265

In the next step, a PID regulator has been involved in
the system and tuned to set the heat transfer factor for every
thermoelectric module assembly independently. Obtained
data are presented in Table 2.

As it can be noticed from Table 2, the total recovered
energy in the form of electric power is about 1.27 kW. To
provide the same heat flux, and in consequence, the same
temperature of the module, greater heat transfer factors are
required. This is because of the drop in enthalpy of the
exhaust stream. Here, the heat transfer factor was arbitrarily
limited to 10.

In the next stage, the plenum has been modified. Its
volume changed from 500 I to 5 I. The variation of veloci-
ty during one engine cycle is now significant. Values of
instantaneous velocity behind the plenum are in this case
between 110 m/s forward and 10 m/s reverse. For this
situation, similar analyses were made as described previ-
ously and presented in Table 2. The mean inlet and outlet
gas temperatures are the same as before. For the first four
thermoelectric module assemblies, the wall temperatures
also must be the same because it is a criterion to tune the
heat transfer coefficient and it is equal to the maximum
allowable thermoelectric module temperature.
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Table 3. Optimal heat transfer coefficient for each first four subsequent
thermoelectric module assembly

Thermoelectric

assembly unit 1 2 3 4

Heat Transfer 1.06 1.44 2.26 5.34

Coefficient

Because of the amount of energy and reasonably small
heat transfer factor, further considerations are limited to
four thermoelectric module assemblies. The heat transfer
factors are also similar. Table 3 presents the heat transfer
coefficients for the 5 | plenum.

4. Experimental setup in different working

conditions

For further considerations, the system consisting of four
thermoelectric module assemblies (each assembly consists
of 10 modules) were taken into account. Each of them has
different heat transfer factor coefficient presented in Table
3, which is optimum for the reference point (6000 rpm, full
throttle). The proposed system was analysed at different
working conditions.
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Fig. 6. Recovered power for 4000 rpm

Two rotational speeds of 6000 rpm and 4000 rpm were
considered, with different throttle position, from 5% (flow
coefficient restriction 0.05 in the intake manifold) to 100%
(flow coeff. 0.98). Diagrams in Fig. 5 and Fig. 6 show the
total amount of harvested electric energy in the four ther-
moelectric module assembly (40 thermoelectric modules in
total).

5. Results discussion

The results of the proposed configuration have been
presented above. In the first configuration, when nine ther-
moelectric module assemblies are identical, the recovered
electric power was 877 W. It is about 3.5% of the engine
mechanical output power. After modification of the ther-
moelectric module assembly assuming individual tuning of
geometry (heat transfer factor) for every unit, the efficiency
of more than 5% was achieved. But for units number 5 to 9
a high heat transfer factor is necessary. This value has been
limited to 10 in this paper due to practical reasons. The
highest possible amount of produced electric energy is
achievable only in the first four units. The efficiency of the
thermoelectric module becomes lower as the temperature of
the heat source decreases. The influence of cyclic motion
and pressure wave is relatively small in this case. It is hard
to predict how this phenomenon influences the whole sys-
tem. On one hand, the forward and reverse cyclic motion
intensify the heat transfer factor, but on the other, some
portion of the hot gases can be rapidly pushed through the
heat exchanger. Some description and analysis of this phe-
nomena can be found in [13]. The behaviour of the pro-
posed system is nearly linear with decreasing load of the
engine for both investigated rotational speeds.

6. Conclusion

Results obtained in the investigation can be useful for
further analysis concerning the geometry of heat ex-
changer, economic profitability of waste heat recovery
systems. It can also be helpful in rough estimation of the
number of thermoelectric assemblies or simple modules.
The geometry was assumed arbitrary. In the real arrange-
ment, this can vary significantly and influence heat transfer
phenomena due to cyclic pulsation in the exhaust system. It
can enhance or lower the effective heat flux. The length of
the heat exchanger can also have a different influence de-
pending on the engine rotational speed and a ratio between
gas pulse length and heat exchanger length. Some ways of
enhancing the heat flux are the elongation of the heat ex-
changer, internal fins, turbulisers, etc. It has to be a subject
of further investigation which one is more profitable. The
acoustic phenomena have not been taken into account in
this case and further investigation dealing with sound level
and exhaust after treatment (3 W cat, DPF) should be also
performed. The amount of energy possible to recover is not
very large, Although it should be notified, that this is the
electric energy — with high exergy level. In conventional
solutions, the alternator is used to produce electricity and its
efficiency, the amount of consumed mechanical power have
to be also considered. In the pro-posed configuration, the
power of alternator changes, it can possibly be switched off
or working like an engine. The transient phenomena and
heating period have to be also the subject of further investi-
gation. Reasonability of using the thermoelectric solution
strongly depends on the development of thermoelectric
cells, materials and their cost.

Acknowledgements
This work was supported by the National Science Centre grant
no. 2016/23/B/ST8/03133.

COMBUSTION ENGINES, 2019, 179(4)

73



The potential of thermoelectric energy harvesting in vehicles equipped with ICE

Bibliography

(1]

(2]

(3]

[4]

[5]

(6]
[7]

Ryszard Buchalik, MEng. — Institute of Power
Engineering and Turbomachinery, Silesian Universi-
ty of Technology.

e-mail: ryszard.buchalik@polsl.pl

Prof. Grzegorz Nowak, DEng., DSc. — Institute of
Power Engineering and Turbomachinery, Silesian
University of Technology.

e-mail: grzegorz.nowak@polsl.pl

BUCHALIK, R., NOWAK, I, ROGOZINSKI, K,
NOWAK, G. Detailed model of a thermoelectric generator
performance. Proceedings of the 5th International Confer-
ence: Contemporary Problems of Thermal Engineering.
Gliwice, 18-21 September 2018.

HENDRICKS, T. J. Thermal system interactions in optimiz-
ing advanced thermoelectric energy recovery systems. Jour-
nal of Energy Resources Technology. 2007, 129. DOI:
10.1115/1.2751504

IZIDORO, C.L., ANDO JUNIOR, O. H., CARMO, J.P,,
SCHAEFFER, L. Characterization of thermoelectric genera-
tor for energy harvesting. Measurement. 2017, 106, 283-
290. DOI: 10.1016/j.measurement.2016.01.010
KARVONEN, M., KAPOOR, R., UUSITALO, A., OJA-
NEN, V. Technology competition in the internal combustion
engine waste heat recovery: a patent landscape analysis.
Journal of Cleaner Production. 2016, 112, 3735-3743.
KUMAR, S., HEISTER, S.D., XU, X. et al. Thermoelectric
generators for automotive waste heat recovery systems part
i: numerical modeling and baseline model analysis. Journal
of Electronic Materials. 2013, 42(4), 665-674.

LIENHARD, J.H.IV., LIENHARD, J.H.V., A Heat Transfer
Textbook. Phlogiston Press. Cambridge Massachusetts, 2017.
LIU, X., DENG, Y.D,, LI, Z., SU, C.Q. Performance analy-
sis of a waste heat recovery thermoelectric generation sys-

(8]

[°]

[10]

[11]

[12]

[13]

[14]

Krzysztof Rogozinski, MEng. — Institute of Power
Engineering and Turbomachinery, Silesian Universi-
ty of Technology.

e-mail: krzysztof.rogozinski@polsl.pl

tem for automotive application. Energy Conversion and
Management. 2015, 90, 121-127.

LIU, X., DENG, Y.D., ZHANG, K. et al. Experiments and
simulations on heat exchangers in thermoelectric generator
for automotive application. Applied Thermal Engineering.
2014, 71, 364-370.

NOLAS, G.S., SHARP, J., GOLDSMID, H.J. Thermoelec-
trics; Basic Principles and New Materials. Springer-Verlag.
Berlin-Heidelberg-New York 2001.

RYCHTER, T., TEODORCZYK, A. Teoria silnikow ttoko-
wych. WKL. Warszawa 2006.

SCHOCK, H. et al. Prospects for implementation of thermo-
electric generators as waste heat recovery systems in class 8
truck applications. Journal of Energy Resources Technolo-
gy. 2013, 135. DOI: 10.1115/1.4023097

Tecteg TEG1-PB12690 Thermoelectric module datasheet:
tecteg.com/wp-content/uploads/2017/04/TEG1-PB12690-
Spec-sheet.pdf

WENDLAND, D. Automobile exhaust-system steady-state
heat transfer. SAE 1993 Transactions: Journal of Materials
& Manufacturing-V102-5.

ZHU, G., LIU, J, FU, J., WANG, S.A. Combined organic
Rankine cycle with double modes used for internal combus-
tion engine waste heat recovery. Journal of Engineering for
Gas Turbines and Power. 2017, 139. DOI: 10.1115/
1.4036955

74

COMBUSTION ENGINES, 2019, 179(4)



Appendix 6. Article [F]
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Abstract:

This paper presents an analysis of the use of a thermoelectric energy recovering device in commercial vehicles
equipped with a combustion engine. The efficiency of thermal engines is limited, especially in mobile
solutions. A significant amount of heat is emitted to the environment at various temperature levels (cooling
system and exhaust). An attempt was made to analyse the rationality and profitability of the implementation
of thermoelectric modules in the internal combustion engine system, especially in the exhaust. A numerical
model was created and implemented in a professional software. The vehicle itself was also modelled, which
enables simulation of various driving conditions, cycles and vehicle specifications, both steady- and transient-
state. An improvement can be observed in the overall efficiency of the vehicle due to the energy recovering
system. Focus on the overall profitability was made. Profiles of velocity and temperature in the exhaust pipe
were shown and analysed in terms of the heat exchange process. The heat capacity of the energy recovering
system and its influence on the system performance were analysed.

Keywords:

thermoelectricity, combustion engine, energy recovering, driving simulation
Introduction

An analysis of the number of vehicles now operated worldwide points to a number of 1.1 billion, with a
continuous upward trend. It is estimated that the number will increase by another several hundred thousand
cars in the next years, especially in developing countries. Internal combustion engines, which are now the main
source of drive for most of them, are globally responsible for huge emissions of carbon dioxide and other
harmful pollutants into the atmosphere. Ongoing intensification of efforts can be observed in recent years
aiming to mitigate the harmful environmental impact by stricter standards set out in relevant legal regulations
and imposed on new cars launched into the market. The efficiency of internal combustion engines used in
vehicles totals 30-40% at best [1]. In standard operating conditions it is usually a few times lower. The biggest
energy loss is related to the high temperature of large amounts of exhaust gases emitted to the environment.
Many works are now being carried out on the recovery of what is considered to be waste energy in conventional
solutions. This paper deals with the issue of energy recovering in a vehicle equipped with an internal
combustion engine. Some investigations [2-4] considering the use of the exhaust gas enthalpy have been made
and can be found in literature. One of the most promising methods is the application of thermoelectric modules
(TEMS) due to their advantages — they are a simple, low-cost solution which is maintenance-free, has no
moving elements and enables direct production of electric power [5]. A thermoelectric module works on the
basis of a temperature difference, and the heat flux passing through it is partially converted into electricity.

The main thermoelectric phenomenon is the Seebeck effect. It consists in generating an electromotive force in
a conductor composed of two different materials (with different Seebeck coefficients), when their joints are
kept at different temperatures. Second related phenomenon is the Peltier effect. It consists in absorbing heat at
one junction and expelling it on the other. Magnitude of this heat is proportional to the electric current in the
cell circuit and the temperature of the respective junction. There are current values for which maximum power
or efficiency in heat energy to electricity conversion is achieved.

In this case, the hot side is heated with the exhaust gas, whereas the other has to be cooled. A system based on
this phenomenon can also be easily retrofitted by replacing a part of a generic exhaust system. A lot of
investigations have been made considering, for example, the system efficiency [6,7], the geometry of heat
exchangers [8-10], the strategy of the exhaust gas stream control [11] and the configuration of heat exchangers
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[12]. This paper describes the idea of using specialized AVL BOOST software to create a useful,
comprehensive model to simulate the influence, behaviour and profitability of the exhaust energy recovering
system made of thermoelectric modules. The software enables one-dimensional calculations of the exhaust gas
dynamics and of the related processes occurring in internal combustion engines.

Modelling and system approach

The main idea of this paper is to provide a simulation tool for an assessment of the thermoelectric energy
recovering module installed in a car exhaust system. The input data taken for the calculations represent a
typical C-segment car with a four-cylinder 1.5L gasoline engine. The model consists of pipes, junctions, a
pressure restrictor (also acting as a throttle), plenums at the gas stream inlet and outlet and an air filter. No
additional elements are introduced at this stage — like forced charging, a turbine, pollution after-treatment, etc.
Gases are modelled as real ones with the most important parameters taken as a function of temperature,
pressure, and chemical composition. The general layout of the model of the investigated system presented in
the software GUI is shown in Fig. 1. To simplify the simulation process, constant volume combustion is
assumed to occur at the top dead centre. The air-to-fuel ratio is fixed at 0.85 compared to the stoichiometric
ratio.

PL2 MP4
7

‘!ﬁ!’ MMTE

A

——
APz CE1 e
" & 5
Kic: ¥
MAC2 MHCH !
g "}.‘Y_\}’]I FI2 F o ’ MNTA

Fig. 1. General view of the model layout in AVL Boost

The resulting maximum mechanical brake power and torque of the engine in the selected range are presented
in Fig. 2. The exhaust system is assumed to be thermally insulated from the surroundings all the way down
from the cylinder outlet valve to the thermoelectric heat exchanger.
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Fig. 2. Power and torque of the engine under investigation



Fig. 3 presents the mean velocity and temperature (averaging in time domain for the entire cycle) downstream
the exhaust manifold for a fully open throttle corresponding to the data presented in Fig. 2.
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Fig. 3. Mean velocity and mean temperature

The analysed model of the recovery system consists of a hot heat exchanger (copper filling), thermoelectric
modules and a cold heat exchanger in the form of a water cooling module. The heat capacity of the hot heat
exchanger is taken into account. The harvesting system is schematically shown in Fig. 4. The heat exchanger
is modelled as a pipe in the model layout of the engine. The solver included in the program uses the Reynolds
analogy [13] to determine the heat transfer based on the distribution of the fluid flow parameters, such as
temperature, velocity, pressure, mass fraction, etc. in each time step and each point along the pipe. A procedure
in the C language was developed to calculate the operating parameters in the hot heat exchanger. The
determined value of the instant heat transferred from the gas into the TEM system is processed to determine
the temperature gradient (versus time) in the heat exchanger and the TEM generated power and efficiency.
The TEM power and efficiency depend only on the hot heat exchanger temperature. The change in the
temperature (in time) comes from the difference between the heat flowing through the TEM and the heat from
the exhaust gas divided by the heat capacity. The initial length of the pipe is 500 mm and its diameter is 44
mm. The heat exchanger between the hot side of the thermoelectric cell and the exhaust gas has the same
temperature throughout its volume. It is also assumed in this paper, that the resistance to heat conduction inside
the exchanger is negligible comparing to the other heat-conducting components of the system.

Exhaust gas stream

__Adiabatic wall

T

\Water cooling module

Hot heat exchanger
(copper filling)

.
™,
“_Thermoelectric module

Fig. 4. Schematic diagram of the thermoelectric energy recovering system

Numerical simulations

The aim of the numerical simulations using the model presented in Fig. 1 was to assess the possibility of
utilizing exhaust gas enthalpy by means of an energy-recovery system based on a system of thermoelectric
modules. The calculations were performed first for the steady state and then for the transient-state conditions
of the engine operation.

Steady-state conditions

The presented thermoelectric module is modelled based on the data of commercially available TEMs. For the
calculations presented further below, a module is assumed with the hot side maximum temperature of 650°C,
total thermal resistance of 2 K/W, efficiency of 7.5% at the 600K temperature difference (changing linearly
with temperature) and the cold side constant temperature of 50°C. It is also assumed that the system consists
of ten thermoelectric modules thermally connected in parallel. This results in 0.2 K/W total thermal resistance.
The heat transfer coefficient inside the heat exchanger is set to 7.51, which can represent ribs inside the tube.



This specific value was set to make it possible to achieve maximum parameters of the thermoelectric modules
(based on the maximum temperature) at 3300 rpm of the engine at full throttle at steady-state conditions. For
this configuration, the engine working conditions corresponding to a higher heat transfer would result in
damage to the thermoelectric system. In such a case, allowing higher rotational speed than 3300, a bypass
system would be required to avoid damage of the system.
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Fig. 5. Energy recovering parameters of the system of thermoelectric modules; heat flow through
the system (HeatEXx), heat exchanger temperature (Th) and electricity produced (Erec) in steady-
state conditions

There are 10 modules placed on one heat exchanger which, as mentioned above, has uniform temperature
throughout the entire volume. Consequently, all simulated thermoelectric modules have the same hot end
temperature at all times, and therefore identical operating conditions. The heat entering the exchanger from
the flue gas depends on the gas duct geometry, its position, length and diameter.

Fig. 5. presents the steady-state operating parameters for the simulated thermoelectric energy recovering
system. HeatEx denotes heat conducted through the thermoelectric energy recovery system, Th is the TEM
hot side temperature (simultaneously the gas duct inner surface temperature), Erec stands for useful electric
energy extracted by the recovery system.

It can be seen that an increase in the engine rotational speed is accompanied by a rise in the mean values of
the exhaust gas both velocity and temperature (averaged in time domain). Each of these two phenomena
analysed independently causes an increase in the heat transfer being the effect of forced convection.
Consequently, the relative increase in the heat transfer due to both these processes is more intense than the
proportional increase in either of the two quantities analysed independently. The HeatEx and the Th curve



have an identical shape, which is due to the adopted way of modelling the thermoelectric module — where the
TEM constant thermal conductivity and constant temperature of the cold end are assumed. The effective
amount of the generated electrical energy (Erec) depends on the TEM efficiency and the recovered waste heat
flux, so it is steeper.

All the above mentioned diagrams refer to the full throttle operation and steady-state conditions. During normal
driving conditions a more important issue is how to estimate the mentioned parameters for a partial load. To
represent it, three points corresponding to the engine speeds of 2000 rpm, 2500 rpm and 3300 rpm are chosen.
Fig. 6 presents a drop in the mean temperature (averaged over time for entire engine cycle) and in the mean
velocity in those points at the exhaust manifold outlet as a function of engine throttling — the results are shown
with respect to the brake power. The right ends of the curves represent maximum power at respective rotational
speeds, and the left side is the condition corresponding to a nearly closed throttle (pressure factor = 0.01, which
explains power below zero at some states).
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Fig. 6. Variation in the mean temperature (time average) and velocity under a partial load; blue —
1000 rpm, red 2500 rpm, green — 3300 rpm

For a set value of the engine rotational speed, both temperature and velocity vary monotonically with an
increase in power. Obviously, the load-dependent variation is stronger for higher rpm values due to the wider
range of power available for those rotational speeds. Velocity behaves in a linear manner because it is directly
related to the mass flow through the system, which in turn is related to the amount of supplied fuel, and thus
indirectly — to power. The simulations show that the dynamics of the temperature variation is the highest for
the lowest of the analysed rotational speeds, i.e. 1000 rpm.

An important issue is the heat transfer in the exhaust system for the pulsations and repetitive movements
coming from the exhaust valves. Fig. 7 presents the velocity profile during one cycle of the engine (two
rotations) at the exhaust manifold outlet. The momentary values of both velocity and pressure differ
significantly from the mean value during a single cycle of the engine operation. This is due to the strong
unsteadiness of the phenomenon of the cylinder emptying and the related thermodynamic and gasodynamic
phenomena. They come from the cyclic opening of the exhaust valve. The relative velocity fluctuations are
much bigger compared to the relative fluctuations in temperature, which level off naturally due to thermal
diffusion, gas mixing and the possible bidirectional exchange of heat with the collector elements. The green
line represents zero brake power, so there is very little power generated by the combustion pressure in the
cylinder. This results in the near sinusoidal shape of the curve due to cyclic emptying of the cylinder. As a
result, a pressure wave is created and there is a periodic movement of gas in the exhaust duct. As for the other
two curves, there is a clear deviation from a sinusoidal waveform due to the rapid expansion of hot gas
immediately after the valve opening and formation of a shockwave.
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Based on the above considerations a thesis can be proposed that by altering the position and dimensions of the
heat exchanger, it is possible to significantly influence the heat transfer process and its characteristics. The
rotational speed of 2500 rpm was chosen for the following analysis. The calculations shown above take into
account a 50 mm-long pipe between the exhaust manifold (last junction connecting together all exhaust pipes
from every cylinder) and the thermoelectric harvesting system (further on referred to as the connecting pipe).
Four values of the thermoelectric heat exchanger length are considered — 200, 300, 400 and 500 mm. Several
lengths of the connecting pipe are taken into consideration, starting from 50 mm up to 2300 mm. Fig. 8 shows
the dependence of the recovered heat, i.e. the heat collected by the heat exchanger, on the exchanger length
for three selected lengths of the connecting pipe (50, 1150 and 1600 mm). Due to the drop in the jet
temperature, the amount of heat extracted from the exhaust gas along the exchanger decreases.
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Fig. 8. Heat flowing through the thermoelectric system for 3 different connecting pipe lengths at
2500 rpm (from top to bottom — 50 mm, 1150 mm, 1600 mm) as a function of the heat exchanger
length

To better illustrate the phenomenon, Fig. 9 presents the heat transferred through the 300 mm long heat
exchanger as a function of the connecting pipe length. A periodical upswing in the heat value can be observed
with local maxima at about 500 mm and 1600 mm. The local minimum is observed for an exchanger with the
length of about 1200 mm.
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Fig. 9. Heat flowing through the thermoelectric system for different connecting pipe lengths at 2500
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The pulsating nature of the flow and the gas outflow through the valve from the cylinder cause a non-
homogenous distribution of velocities and temperatures. They are averaged and slightly damped after
manifold, but still present. As a result of pulsations, for some lengths of the connecting pipe and the heat
exchanger a portion of hot gas is present in the heat exchanger longer than for other lengths — the hottest portion
can either “fly through” the exchanger or reverse velocity (stays longer) while in the exchanger. The latter
effect results in temperature averaging (alignment) associated with the turbulent flow. Therefore, despite the
fact that the pipe is thermally insulated from the environment, an increase in its length causes temperature
alignment and a lower temperature of the heat exchanger. For some combinations of the connecting pipe and
the exchanger lengths, the average temperature of the heat exchanger is higher than for some configurations
with longer exchanger. It can result in higher heat flow, despite smaller heat transfer area between heat
exchanger and exhaust gas. This is a source of paradox, it is related to the pulsating nature of velocities and
pressures and their relative phase shift, which is different at each point in the system. For this reason, less heat
is transferred due to convection. The same phenomenon is probably responsible for the nonlinear increase in
the heat flow if the heat exchanger is lengthened. The described phenomena can be vividly seen if animations
of temperature, pressure and velocity are created. The pulsations seem to have a much stronger effect on the
convective heat transfer than the mean velocity (time averaging).

Transient conditions

The above simulations enable a deeper understanding of the proposed system and its characteristics, but the
most important problem is the simulation of the profitability of such a system in real driving conditions. A
model taking account of transient phenomena is developed, with a special focus on the heat capacity of the
investigated energy recovering system. The driver model changes gears at fixed rotational speeds of the engine
— 1200 and 3300 rpm, and the process takes 0.8 s. The thermoelectric harvesting system is tuned to achieve
the maximum allowable power at full throttle and 3300 rpm, as described above. The vehicle minimum speed
is limited to 1.8 m/s (idle in first gear). The most important parameter in transient conditions is the heat capacity
of the hot heat exchanger collecting heat from the exhaust gas and transferring it to the TEM. The assumed
cycle takes 200 s and consists of idle standstill (5 s) at the beginning, rapid acceleration up to 120 km/h, mild
braking (regenerative) and finally idle standstill again (150 s). The velocity profile is presented in Fig. 10 and
the corresponding engine parameters — rotational speed and the load factor — are shown in Fig. 11.
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The crucial parameters for the recovery of energy in the driving cycle in question are investigated for different
heat capacity values of the heat exchanger — 76, 90, 380, 760, 1520 J/K.
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Fig. 12. Heat flow from gas to the heat exchanger for different heat capacity values; red — 76 J/K,
green — 190 J/K, blue — 380 J/K, black — 760 J//K, pink — 1520 J/K in the “drive” part of the cycle
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Fig. 13. Heat flow from gas to the heat exchanger for different heat capacity values () during the
“standstill ” part of the cycle

Fig. 12 illustrates distinct changes in the heat flux transferred by the exhaust gas during acceleration and gear
changing. This is related to the significant differences in the exhaust gas temperature and mass flow. The
higher the heat capacity of the heat exchanger, the more heat it absorbs at initial stages. Higher heat capacity
means greater possibilities of heat accumulation in periods of intensive supplies of heat. It can be also observed,
that during short periods of time during the gear change, the heat exchanger releases heat back to the exhaust
gas. It is related to changes in a wide range of temperature and exhaust gas velocity along with changes in



engine operating parameters. During gear shifting the engine brake power is suddenly reduced to nearly zero.
Fig. 13 presents the same process, but for idling. In this situation, at low heat capacity the system reaches
thermodynamic equilibrium almost immediately. But the higher the heat capacity, the longer the process.

Fig. 14 presents the resulting temperature of the heat exchanger versus time in the “driving” part of the
described cycle. It can be seen that the smaller the heat capacity of the heat exchanger, the faster the
temperature changes in it, which is obvious. The heat exchanger temperature level will, in turn, influence the
amount of heat recovered by the heat recovery system, as shown in Fig. 15.
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Fig. 14. Temperature of the heat exchanger for different heat capacity values; red — 76 J, green —
190 J/K, blue — 380 J/K, black — 760 J//K, pink — 1520 J/K
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Fig. 15. Heat flow through the TEM for different heat capacity values; red — 76 J, green — 190 J/K,
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Because a constant temperature of the cold side of the TEM was assumed, the heat flux through the module is
proportional to the temperature of the hot side of the heat exchanger. It can be seen that a rapid increase in
temperature involves an equally fast rise in the amount of heat. Such a system with low heat capacity is
characterized by high dynamics of variability, which will directly affect the dynamics of the TEM performance
presented in Fig. 16 illustrating the electric power generated by the TEM.
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Fig. 16. Electric power generated by the TEM for different heat capacity values; red — 76 J, green —
190 J/K, blue — 380 J/K, black — 760 J//K, pink — 1520 J/K

The presented results show that low heat capacity of the recovery system can be disadvantageous due to the
rapid rise in the heat exchanger temperature, which can reach levels exceeding the maximum operating
temperature of the TEM. Such a situation would necessitate a partial bypass of the exhaust. On the other hand,
high heat capacity limits the fast rate of the temperature rise and ensures considerable accumulation of heat



inside the heat exchanger. However, this may also result in the exchanger cooling down. This heat can be fully
utilized to supply the TEM in a later phase of the cycle. However, in such a case the energy conversion may
occur in lower temperature which generally results in lower TEM efficiency and consequently reduced level
of recovery. The data presented in Fig. 17 are the effect of the electric power integration in time, so they
represent the total amount of electricity produced from the beginning of the cycle.
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Fig. 17. Electric energy recovered by the TEM for different heat capacity values; red — 76 J, green
—190 J/K, blue — 380 J/K, black — 760 J//K, pink — 1520 J/K

Analysing Fig. 17, it can be concluded that the total output of the system depends on the time frame under
analysis. For the smallest analysed heat capacity, the highest amount of generated energy is obtained if the
analysis covers the initial time of movement. The case with the heat capacity of 380 J/K results in the largest
amount of recovered energy in the interval from about 90 to 180 seconds. This is already the period of the
engine idle operation, after the acceleration and the deceleration manoeuvres. However, there is no significant
reason why the system using a thermoelectric module could not continue operation for some time even after
the engine is shut down, using the accumulated heat to charge the battery or supply electric power to comfort
equipment (ventilation, audio, infotainment, etc.) in the vehicle.

Real drive test

In the next step of the considerations, the velocity profile to be followed by the car is assumed. It is based on
some parts of the WLTP cycle. The total covered distance is approx. 12.9 km. The calculation is performed
for one selected heat capacity value: 76 J/K.
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Fig. 18. Velocity profile of a simulated real driving cycle
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Fig. 19. Heat exchanger temperature profile of a simulated real driving cycle
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Fig. 20. Electric power harvested in a simulated real driving cycle
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Fig. 21. Electricity produced in a simulated real driving cycle

The presented results show how energy recovery proceeds for a cycle reflecting a real driving cycle of a
vehicle. It can be seen that recovered power varies over a wide range, from about 20 W to about 200 W,
depending on the engine momentary demand for power. During the entire driving cycle of about 15 minutes,
less than 100 kJ of electrical energy was recovered. This gives energy equivalent to that contained in about 10
grams of petrol, assuming that the efficiency of energy extraction from petrol is at the level of 30%. During
the presented driving cycle, the vehicle consumed about 1.2 litres of fuel, which means average consumption
of 9.3 1/100 km. Based on Fig. 20 and Fig. 21, i.e. real driving cycle simulation, it can be stated that the system
works much more efficiently for higher loads associated with a faster travelling speed.

Conclusions

This paper presents an analysis of the external performance characteristic of the internal combustion engine
system in the most significant range of speeds from the point of view of practical operation. The exhaust gas
mean values of temperature and velocity in the exhaust manifold change approximately in proportion to the
engine rotational speed. As the rpm value gets higher, the velocity of the medium increases, and so does the
convective heat transfer in the exhaust system. The periodicity of combustion in the engine cylinders
additionally involves formation of pressure waves, and the unsteadiness of the exhaust gas outflow leads to
considerable unsteadiness in the flow through the exhaust system. Pulsations seem to have a much greater
effect on convection than the mean velocity of the exhaust gas flow. This results in an intensive heat exchange
in the applied energy recovery system based on the TEM.

The evaluated factors determining the efficiency of heat recovery from exhaust gases are the length of the pipe
segment connecting the collector to the heat exchanger, the length of the heat exchanger and the exchanger
heat capacity. It was noticed that the heat flux transferred by the recovery system is non-monotonic depending
on the length of the connecting pipe. The length should be selected so as to avoid a hot portion of the exhaust
gas being pushed rapidly through the recovery heat exchanger. Generally, the shorter the connecting pipe, the
more heat is recovered.

It was also observed that the heat capacity of the heat exchanger has a significant effect on the performance
and efficiency of the energy recovery system. Low heat capacity leads to high dynamics of the recovery system
operation, which results in rapid changes in the exchanger temperatures. This can create high thermal stresses
in the system, leading to overheating and, consequently, destruction of the TEM. Lower heat capacity causes
faster heating and, as a result, a decrease in heat flux conducted from the gas. Higher heat capacity enables
partial accumulation of heat in the heat exchanger during the engine operation under a high load and its slow
release under smaller loads or even in the standstill phase. However, too high heat capacity leads to lower



temperature of the heat exchanger, and in consequence lower TEM efficiency. So, such a system should be
optimized for a specific engine.

Analysing a real driving cycle of about 15 minutes, less than 100 kJ of electrical energy was recovered. This
gives energy equivalent to that contained in about 0.01 litres of petrol, assuming that the efficiency of energy
extraction from petrol is at the level of 30%. During the presented driving cycle, the vehicle consumed about
1.2 litres of fuel, which means average consumption at the level of 9.3 1/100 km. The energy recovered by the
regenerative braking system greatly exceeds this value. The TEM-based recovery system is more effective for
constant driving at high speed. No detailed calculations were performed of the economic costs of manufacture,
assembly and operation of the thermoelectric module embedded in the engine exhaust system. However, based
on the presented data it seems that, under the adopted assumptions corresponding roughly to the devices
available on the market, the installation of such systems nowadays may be economically unjustified in most
cases of the car use.
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