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Recent developments in converting the thermal energy of exhaust gasses of auto-
mobiles into electric power directly, require an extensive simulation and design of
appropriate TEG system. This work aims to create a physical model of engine ex-
haust system using Simscape language to simulate waste heat recovery from the
exhaust gasses using (Na, K) co-doped polycrystalline tin selenide, SnSe, TE ma-
terial. This particular material exhibits a high Seebeck coefficient and extremely
low lattice thermal conductivity in power generation because of phonons scatter-
ing by the rattlers (Na, K atoms) and nanostructuring. In the MATLAB/SIMULINK
environment, a transient simulation is done for the recovery of waste heat from a
1.5 liters engine using these specific material-based TE modules. According to the
results obtained, at the temperature gradient of 285 K across its sides, electrical
power of 10.4 W with a conversion efficiency of almost 5% is produced from one
module. The total system output power was 477 W at the exhaust gas inlet temper-
ature of 900 K to the octagonal HEx on which the modules are mounted.

Key words: co-doped polycrystalline SnSe, IC engines, TE devices, waste heat
recovery

Introduction

From the invention of the very first and basic IC (IC) engine to the current advanced
one, as much as 65% of usable thermal energy is being lost to the environment [1]. This tre-
mendous percentage of wasted thermal energy is due to Carnot's limitations and also due to the
less efficient conversion of other inevitable processes [2]. Such losses not only decrease the
thermal efficiency of the engine but also increase the percentage of greenhouse and other harm-
ful gasses for a specified output power of a particular engine. However, due to the inflation of
fuel prices and the depletion of these non-renewable energy resources, there is an urgent need
for the automotive industry to reduce these losses and use this thermal energy wisely and effi-
ciently [3].

* Corresponding author, e-mail: agsa_shabbir@outlook.com
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The literature has presented that a viable way to improve thermal efficiency, reduce
specific fuel consumption, and reduce the GHG of an IC engine for given output power is to
recover the thermal energy that is being wasted in the exhaust gases [4]. Shu et al. [5] experi-
mentally demonstrated that a lot of thermal energy contained by the exhaust gasses is wasted
in the atmosphere. Jorge et al. [6] have shown that the engine's fuel consumption is reduced by
10% if 6% of the total exhaust heat is recovered into the electricity production.

Several waste heat recovery technologies were studied and investigated i. e. exhaust gas
recirculation [7], turbocompounding systems (turbocharging and supercharging) [8], thermody-
namic cycles (Rankine, Stirling, Ericsson, etc.), and thermoacoustic systems [9]. However, to
transform the low-grade waste heat of an automotive IC engine directly into high-grade electrical
energy, a promising technology called thermoelectric (TE) technology has been an important area
of research for both academia and industry over the last three decades [10-13].

This technology holds significant merits due to its quiet, environmentally friendly,
and maintenance-free operation. Moreover, these TE devices have no moving parts along with
minimal vibrations and have a long-life span compared to the others [14]. However, because of
their lower power conversion efficiency and the cost of material being a little bit higher, these
devices are still not extensively used. Consequently, both academia and industry have placed a
great deal of effort in recent years to find TE materials with higher power conversion efficiency
and at the same time low cost, which will be a promising solution to the aforementioned prob-
lems [15, 16].

Thermoelectricity is the branch of solid-state physics which deals with the direct con-
version of electricity based on the fact that charge carriers travel from one side of a material to
the other side employing temperature gradient [17]. Generally, two physical phenomena are
discussed in this branch and the Seebeck effect and the Peltier effect as described in [18, 19].
The Seebeck effect states that an open circuit voltage is produced in the TE material as long as
the temperature gradient exists across it. The Seebeck coefficient or thermopower, S, is a ma-
terial property that relates open circuit voltage Vo with the temperature gradient AT given:

Voe = SAT (1)

The Peltier effect states that when an electric current, I, passed through a junction of
two dissimilar materials, heat, P, is evolved or absorbed at the junction:

P = 7l = SIAT] @)

where 7 is the Peltier coefficient, and Tj is the junction temperature.

Two other and very important phenomena observed in TE materials are Joule heating
effect and the Thomson effect [20]. In Joule heating, heat is generated due to the collision of
charge carriers with the atoms or molecules of materials also known as resistive heating,
H = I?R. Thomson effect is defined as the reversible emergence or absorption of heat, T, when
an electric current and temperature gradient exist simultaneously in TE materials forming an
electrical circuit:

TT = 7IAT (3)
where t is the Thomson coefficient and defined:

=T, ds

avg ﬁ (4)
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where Tae = (Tn + T¢)/2 is the average temperature across the junction. Since the Thomson
effect is lesser than the Joule heating effect, it is thus ignored in literature much of the time.
The mathematical model used in this article also does not consider its influence.

Typically, TE devices consist of two materials, one of which is n-type and other is p-
type. Both these materials are connected electrically in series and thermally in a parallel con-
figuration to form a junction [21]. The electrical voltage is generated whenever the temperature
gradient is present across the p-n junction [10, 22]. The efficiency of the thermoelectric modules
(TEM) depends directly on the Carnot efficiency. If the temperature gradient, AT, is more, the
conversion efficiency of the TEM would also be higher. Mostly, the thermoelectric generators
(TEG) operate with a 20% Carnot efficiency. The efficiency of two different TEG at same
temperature gradient depends upon a dimensionless material property called the TE figure of
merit, ZT, given in eq. (1) [23]. Currently, the best available TE material has ZT value of 1. It
is defined in mathematical terms as:

S%6T
Ko + K]

T =

()

where ¢ is the electrical conductivity, x. — the electronic thermal conductivity, x| — the lattice
thermal conductivity, and T — the absolute temperature.

Although TEG are less efficient than other traditional means of generating electricity,
they are an active area of research worldwide because the exhaust from any power generating
medium, such as IC engines, has virtually zero cost [24]. So, harvesting useful energy from
waste heat is more appropriate for anyone rather than consuming some more fuel to meet the
requirements [25, 26]. Large multinational automotive companies such as BMW, Ford, Re-
nault, and Honda have shown their interests to develop the TEG system for the automotive
applications to recover waste heat of the engine. However, this technical approach still is in
concept stages. The BMW system exploited high temperature TEG to produce a power of 750
W [27]. The Ford system utilized small parallel channels covered with TE materials in the pas-
sage of exhaust gasses. The power produced in this system was 400 W [28]. The modelled
system by Renault produced an electrical power of 1.01 kW [29]. The Honda system also used
a heat exchanger (HEx) and TEM to produce a power of approximately 500 W [30]. They
claimed 3% reduction of total fuel consumption. Nissan created the first TEG system for auto-
motive applications based on Si-Ge in 1998 [31]. Moreover, in 2004, an efficient TE power
generation system was built by bell solid-state TE including Marlow industries, Visteon, and
BMW to recuperate waste thermal energy in passenger vehicles [27]. Eddin et al. [32] con-
ducted experimental research on the pulsation effect of an engine’s exhaust gas on the output
of a TEG. Work shows that an IC engine with a power of 50 kW will produce 1 kW of electrical
power if it recovers 2% of its waste thermal energy, which is sufficient to remove the alternator
of that engine [12]. Liu et al. [33] experimented a TEG system on a vehicle called Warrior with
a separate cooling system and maximum power output was 944 W.

In current work, we present a model for recovering the waste heat of an IC engine of
1.5 liters, using Na-K co-doped polycrystalline tin selenide (SnSe) TE material based modules.
The model consists of an octagonal HEx on which 7 TEM can be mounted on 1/8" part and
which can accommodate a total of 56 TEM on all sides. All the performance parameters like
electrical voltage, current, power, and efficiency are plotted for one TEM. The transient re-
sponse of total electrical power is plotted that we estimate to recover from the engine’s exhaust.
At normal conditions with an exhaust flow rate of 48 g/s using a SnSe based TEG, the system
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can generate 477 W of electrical power. The current work provides an inexpensive alternative
to the most popular TE material bismuth telluride Bi>Tes for waste heat recovery. To offset the
higher cost SnSe is a viable option having high power factor 492 pW/mK?, very low thermal
conductivity and low cost comparatively.

Methodology to improve ZT

The literature has revealed that the power conversion efficiency of TE material is di-
rectly related to the dimensionless number called the figure of merit, ZT. The materials with
high ZT will have a high Seebeck coefficient,
high electrical conductivity and low thermal
conductivity at simultaneously. In low charge

1

o carrier concentrations such as semiconductors or
insulators, a strong Seebeck coefficient occurs,
and high electrical conductivity is found in high

0.5 charge carrier concentrations, i.e. in metals.

Thus, somewhere in the center of metals and

semiconductors, the TE power factor, S%¢, max-

imizes [34]. Moreover, there is also an increase

in thermal conductivity at high electrical con-

- . ‘ ductivity, which eventually decreases the ZT as

10 10" 10° 10 . e . -

Carrier concentration [cm™] well as the conversion efficiency as shown in fig.

) 1 [35]. Consequently, a balance is formed be-
Figure 1. Interdependence of Seebeck . .

coefficient, S, electrical conductivity, a, power tween these three incompatible features and an

factor, S%, thermal conductivity, «, for a bulk optimum ZT value is achieved.

material Mathematically, Seebeck coefficient is re-
lated to charge carrier concentration:
21,2 2/3
k *,
5% zBmT(ij (6)
3eh 3n

where kg is the Boltzmann constant, e — the charge on a carrier, h — the Plank’s constant,
m" — the effective mass of the charge carrier, and n — is the concentration of the carriers. Simi-
larly, electrical conductivity is also related to carrier concentration:

o = nep ()

where u is carrier mobility. Typically, effective TE materials are found in a region where carrier
concentration is 101°-10% cm-2 which is in semiconductors. A heavily doped semiconductor of
either n- or p-type is selected to ensure that the Seebeck coefficient is high, because semiconduc-
tors with both types result in the exact reverse Seebeck coefficient and therefore low power factor,
S?s, is achieved. Moreover, it should also have a suitable energy bandgap (<1 eV mostly) with
high carrier mobility to enhance electrical conductivity [34]. It is clear that to disassociate thermal
conductivity, x, including its both terms electronic, x., and lattice, xi, and electronic properties,
i. e., electrical conductivity, o, and Seebeck coefficient, S, figure of merit, ZT, can be increased.
Similarly, low thermal conductivity is required of an operating TE material. These
materials' thermal conductivity is divided into two parts: electronic thermal conductivity, e,
and lattice thermal conductivity, i, electronic thermal conductivity is associated with the heat
transported by the charge carriers (electrons and holes) and lattice conductivity arises due to



Khan, M. 1., et al.: Thermoelectric Waste Heat Recovery of an Automotive ...
THERMAL SCIENCE: Year 2021, Vol. 25, No. 1A, pp. 407-419 411

heat transferred due to phonons travelling through the lattice. According to the Wiedemann-
Franz law:

ke = LoT (8)

where L is the Lorenz number. It is clear from eq. (8) that electronic thermal conductivity is
directly related to electrical conductivity, therefore to reduce electronic thermal conductivity
will not be a suitable option as it will decrease electrical conductivity and has little or no in-
crease in ZT. Lattice thermal conductivity is defined by the following relationship:

1

= - 9
3(CVs ) ©

Kj

where Cy is the heat capacity, vs — the velocity of sound, and Apn — the phonon mean free path.

Itis revealed from the literature that ZT can only be improved by decreasing the lattice
thermal conductivity. There are two primary techniques used for decreasing the lattice thermal
conductivity that goes in favor of ZT and ulti-

mately power conversion efficiency of TEM. Grain
boundary

The first is phonon glass electron crystal, which
recommends that the best TE material should
have thermal conductivity like glass and electri-
cal conductivity like crystal [36]. The material
with complex crystal structure where atoms or
molecules of heavy element act as phonon scat- L
tering centers and try to push back these thermal Atomic

. . 0 defect
energy-carrying phonons as shown in fig. 2 [37].

The other technique is to nanostructure the FMEEEEES
TE materials. Through nanostructuring density VW Short wavelength phonon
of states is increased employing quantum con- /" Mid./long wavelength phonon

#——p 1 —Hot electron

finement near the Fermi level which eventually 2 Col electiori

increases the thermopower [35, 38]. Apart from ) )

this, as mean free path of electrons is much E'gurteﬂz- '"”5”""“02_0{ pho“gns s?attt)e””g .
shorter as compared to phonons, so phonons are ir? ;?rEenath?g?par IC1€s, and grain boundaries
scattered back due to its large mean free path and

greater density of interfaces of hanostructured material. Hence, this method reduces the thermal
conductivity of material while keeping charge carriers in conduction.

Materials and methods

Modelling the engine exhaust system

In this simulation, an engine exhaust system in MATLAB/SIMULINK environment
was modelled in the Simscape language as shown in fig. 3. The software provides fairly simple
building blocks for modelling a physical system. In this model, the first heat was transferred
from the exhaust gasses to a pipe utilizing heat transfer mechanism called convection, which
was then conducted through the exhaust pipe to the hot side of TEM, finally being used by
electrical power generation system. On the other hand, part of total energy was conducted again
through TEM, that being further convected in the environment or cooling medium, which is
not shown here for the sake of simplicity of the model. The value of the convective heat
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Figure 3. Physical model of engine's exhaust system on Simscape in MATLAB/SIMULINK
environment and MATLAB function block containing mathematical model for one TEM of tin
Selenide (SnSe) based material

transfer coefficient, he, used in this simulation between exhaust gasses and the internal surface
of the HEx was 100 W/m?K?. In this model, one side of TEM was attached directly to the
exhaust pipe having temperature 500-600 K almost and the other side remained at a constant
temperature of 303 K. The mathematical model was developed using MATLAB for one module
used in its original formin the SIMULINK environment. As the temperature gradient developed
across the two sides of TEM, a transient signal of electrical voltage was observed. Similarly,
all the other performance parameters were plotted against time as exhaust gasses flow through
the exhaust pipe.
The HEX for this simulation was supposed
to be an octagonal in shape as shown in fig. 4,
where we were able to mount 56 TEM with di-
mensions of the each TEM being 56x56x4 mm.
In order to increase the internal coefficient of
convective heat transfer, this octagonal pipe may
be equipped with an exhaust air deflector at the
center which pushes the air towards the top wall
of the HEX. For convenience, 1/8t" portion of this
model was used for simulation instead of using
the entire HEX. The temperature profile will be
the same on all other faces due to symmetry so
Figure 4. Octagonal HEx on the exhaust pipe that the power output will also be the same. It
for TEM mounting was observed that the temperature on the hot side
of the first module mounted on the exhaust pipe
was higher than the second one, similarly, this behavior was found in all the modules positioned
in the longitudinal direction of the pipe, as some portion of the gas entropy was transformed
into electrical power by each module. One assumption was made in this simulation that all sides
of HEx uncovered by TEM were insulated and that there were no heat losses to the environment
through these sides.

1/8" part
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Mathematical modelling of TE module

Mathematical model of the TEM is further categorized into electrical and thermal be-
haviors. The equations of these two responses were fed into MATLAB/SIMULINK for just one
TEM and the response of different performance parameters was plotted. The power produced
by one TEM is integrated to all other modules operating at same conditions.

Electrical behavior

The steady-state electrical parameters, i. e., current, voltage, and power, form essen-
tially linear relationships at constant temperature difference retained over a TEG, such that the
electrical counterpart can be modelled as a DC source in series with internal resistance to a first
approximation. The electrical current and voltage are expressed:

| = NS0 —Te) (10)
I:zL + I:ain
V =nS(Th—Te) — IRin] (11)

where n; is the number of thermocouples in one module, Rin — the internal resistance, and
RL —the load resistance. By choosing materials with higher electrical conductivity, reducing the
leg length and increasing the cross-sectional area of thermocouples during processing, we aim
to reduce the internal resistance, Rin, of TEM in order to achieve better performance [39].

Thermal behavior

In the thermal behavior of a TEG heat flow rate based on the given temperature gra-
dient is calculated at both sides. Heat flow rate is a combination of Peltier heat, Fourier heat
from one side to the other, and Joule heat at each side [40]. For these three categories, the heat
flow rates on both sides are given:

Qn = SITh + K(Th— Tc) — 0.51%Ri 12)
Qc = SITc + K(Th — Tc) — 0.51%Rin (13)

where K is the thermal conductance. The difference between these two flow rates is equal to
the electrical power output:

Pout = Qn— Q¢ = VI (14)

Finally, the power conversion efficiency of TEM is the ratio between electrical output

power to the input heat flow rate. Thermal conductivity should be minimal in order to achieve
higher conversion efficiency:

n=—24 (15)

Results and discussion

Variation of TEM performance parameters

All performance parameters of the TEM are influenced by two variables: one is TEM
hot side temperature, Tn, and the other is load resistance, R..
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Effect of hot side temperature

The effect of TEM hot side temperature on the output electrical voltage, current and
efficiency is linear. So, all these parameters increase linearly with the increase in temperature.

Performance parameters vs. hot side 1emperalur1e1
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Figure 5. Variation of TEM performance
parameters with its hot side temperature;
TEM-01 performance parameters: 1 — voltage,
2 —current, 3 — power, 4 — efficiency
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Figure 6. Variation of TEM performance
parameters with its load resistance; TEM-01
performance parameters: 1 — voltage,

2 —current, 3 — power, 4 — efficiency

While the output power of the module increases
parabolically with the temperature as shown in
fig. 5. The maximum power of TEM-01
achieved was 10.4 W at 588 K hot side tempera-
ture. The maximum power conversion efficiency
of TEM-01 achieved was 4.7% at the maximum
hot side temperature which is 588 K in this case.
As we move longitudinally on the HEX, effi-
ciency of the respective TEM decreases because
of decrease in hot side temperature.

Effect of load resistance

The behavior of performance parameters as
the load resistance changes is quite different
from the previous case. The output power in-
creases gradually up to a specific ratio
(m = R/Rin) of load and internal resistances. Af-
ter that specific ratio its value starts to decrease.
It was found that maximum output power occurs
atm =1, or RL = Ri, called matched load power.
On the other hand, power conversion efficiency
maximizes at an optimal load condition [41],
which is meyt = 1.14, or R = 1.14R;, for this
SnSe based TEM, given as:

_ i _ 0.5
mopt - - (1+ ZTave) (16)
Rin

The other two parameters, load voltage and
current increase and decrease respectively, with
the increase in load resistance as shown in fig. 6.
The load resistance, R, was varied from 0-10 Q
in this simulation. The maximum value of elec-
trical current called short circuit current was

5.56 A, occurred at zero load resistance. Similarly, we got the maximum value of voltage called
open circuit voltage at the infinite load resistance or at zero current. An open circuit voltage of
7.5 V was achieved from one TEM in this work. As the maximum load resistance of 10 Q was
taken for one TEM, so a load voltage value was 6.61 V with a very minute current flow of 0.66

A across this resistance.

The other aspect of identifying how the performance parameters of TEM are interre-
lated to each other is to see how they are changing their values concerning another specific
parameter. Here, the graph between the electrical current flowing through the external circuit
of only one TEM is plotted against voltage, power, and efficiency. When the current begins to
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flow, the voltage decreases. We also observe a Voltage, power and efficiency vs. current
symmetrical curve of power and efficiency al-
most halfway through the short circuit current.
Note, the peak points of these two curves occur
at two different currents, as seen in fig. 7.

1
1

Voltage [V]

N W R O N @

Transient variation of TEM hot side
temperature and performance parameters

The temperature of the hot side of the TEM
installed directly to the exhaust pipe increased as
exhaust gasses started to flow. In this simulation, o 1 2 3 a4
the flow rate of the exhaust gasses remained con-
stant (48 g/s), which corresponds to 1.5 liters au-  Figure 7. Interdependence of TEM different
tomotive IC engine in normal operating condi- Performance parameters; 1 - TEM-01 voltage,
tions. The exhaust gasses were circulated at three 2~ 1 =M-01 power, 3 — TEM-01 efficiency
different inlet temperatures to the HEX. How- ., Hotside temperature vs. simulation time
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ever, the transient response of TEM performance < N
parameters was plotted at the exhaust gasses in- gsso-

let temperature of 900 K. It can be noticed from gm» 1 —5 .

the graph in fig. 8, that the hot side temperature g

of the very first TEM is more as compared to the ~ $ 450!

last one because of the conversion of heat into

electricity by the preceding TEM. The maximum £ 400

hot-side temperature of the first TEM achieved 5,

was almost 588 K after 600 seconds while it was /

534 K for the last TEM. 0 100 200 300 400 500 _ 600

Time [seconds]

All the performance parameters of the TEM
vary transiently in a same manner as the temper- Figure 8. Transient variation of TEM hot side
ature of the hot side of TEM changes with re- temperature; 1 —TEM-01 hot side temperature,
spect to time as shown in fig. 9. In this work, the 2~ TEM-07 hot side temperature
simulation time was set to 600 seconds and at
this time all these parameters approached to their peak value and came in steady-state in the
next interval after 600 seconds. The maximum value of each parameter occurred at the maxi-
mum hot side temperature on the respective TEM.

System total output power

The system was consisted of an octagonal HEx containing a total of 56 TEM, eight
TEM located radially and seven TEM in the longitudinal direction up to a length of 400 mm. A
temperature gradient was developed across all the TEM as the exhaust gasses started to flow.
The power produced by the TEM mounted in the octagonal HEX radial direction in one set was
the same, but as we traverse in the longitudinal direction, it continually decreased due to the
reduction in hot side temperature. The following graph shows the power trend regarding simu-
lation time at three different exhaust gas temperatures. The transient response of system total
output power is plotted in fig. 10, at three different exhaust gas temperatures. It can be seen that
the electrical power increases with the simulation time which is kept 600 seconds in this work.
After that time there is insignificant or no transient increase in power and we say the system
has come to a steady-state.
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Performance parameters vs. simulation time System total output power vs. simulation time
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Figure 10. Transient variation of system total
output power at three different exhaust gas
temperatures; 1 — 900 K, 2 -800 K, 3—700 K

Figure 9. Transient variation TEM performance
parameters; TEM-01 performance parameters:
1 - current, 2 — voltage, 3 — power, 4 — efficiency

Table 1 clearly demonstrates the electrical power produced by different sets of TEM
mounted in radial direction of the octagonal HEX at three different temperatures of the exhaust
gasses. It can be noticed from the table that the power generated by each TEM mounted on 1/8™
part of HEx is multiplied by a factor of 8 in order to get total power. It can also be seen that
electrical power generated by first collection of 8 TEM is greater in each case than the next
coming sets. The total electrical power produced by this TEG system is 477 W when exhaust
gas has temperature of 900 K at the inlet of HEX. It is reduced to 331 W and 211 W, as the
exhaust gasses inlet temperature decrease to 800 K and 700 K respectively.

Table 1. Total power generated at three different exhaust gas inlet temperatures to the HEx

TEM at the HEx Pout at 700 K [W] Pout at 800 K [W] Pout at 900 K [W]
TEM-01x8 36.8 57.6 83.2
TEM-02x8 34.4 53.8 77.6
TEM-03x8 32.0 50.4 72.4
TEM-04x8 29.8 46.8 67.5
TEM-05%8 27.8 43.6 63.0
TEM-06%8 26.0 40.8 58.6
TEM-07x8 24.2 38.0 54.7

Total 56 TEM 211 331 477
Conclusion

The potential of TE material based on polycrystalline tin-selenide, SnSe, for the re-
covery of automobile waste heat is investigated in this work. The introduction of co-doped
rattlers (Na, K), and other intentionally introduced atomic scale structural defects because of
phonons scattering, the selected material has a high TE power factor, S%s, and low thermal
conductivity of the lattice, which improves its power conversion efficiency. The simulation
model consists of an octagonal HEx on which 56 TEM are installed. At an inlet temperature of
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900 K of exhaust gas to the HEXx, the maximum electrical power produced by the very first and
last TEM installed on it in the longitudinal direction, is 10.4 and 6.84 W, respectively, and the
total TEG system has the capacity to produce 477 W under these operating conditions. The
results of this work will pave the way for exploring new TE materials with better and more
efficient performance and low-cost recovery of waste heat from IC engines. The present method
can be extended to other waste heat recovery mechanisms using any suitable TE material.

Nomenclature

Cv — heat capacity, [JK™]

e —charge, [C]

h - Plank constant, [Js]

K —thermal conductance, [WK™]
ks — Boltzmann constant, [JK1]

L — Lorenz number, [WQK?]

m* — effective mass, [kg]

n - charge concentration, [cm=]

nt — number of thermocouples

P — Peltier heat, [J]

Pout — output electrical power, [W]
Qc — heat flow rate at cold side, [Js]
Qn — heat flow rate at hot side, [Js™]
Rin — internal resistance, [Q]

RL — load resistance, [€2]

S - Seebeck coefficient, [VK]

T —absolute temperature, [K]

Tc —cold side temperature, [K]

Th —hot side temperature, [K]

Tj —junction temperature, [K]

Voc — Open circuit voltage, [V]
ZT —figure of merit
AT —temperature gradient, [K]

Greek symbols

n  — power conversion efficiency

x  —thermal conductivity, [Wm—K1]

xe — electronic thermal conductivity, [Wm1K1]
x - lattice thermal conductivity, [WmK-1]
Jph — phonon mean free path, [m]

u  —carrier mobility, [m2V-1s1]

vs —speed of sound, [ms™]

©  — Peltier coefficient, [V]

o —electrical conductivity, [Sm]

tr  — Thomson coefficient, [VK™]

Abbreviations

HEX — heat exchanger
TEG - thermoelectric generator
TEM — thermoelectric module

Tt — Thomson heat, [J]
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