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Abstract Thermoelectric generator (TEG) can directly convert thermal energy to electrical energy using
the Seebeck effect. The voltage output of a TEG is a direct variation to the temperature difference between
its hot and cold sides, but the impact of temperature distribution on power output is not fully understood.
This study evaluated the effect of TEG power output under identical temperature-difference conditions,
focusing on the hot and cold side effects. TEG systems with different heating and cooling source
temperatures are operated under identical temperature-differences. The system with a higher temperature
gradient at the hot side HTR exhibits better performance than the system with a lower temperature gradient
at the hot side LTR. The results show that the power output, voltage output, and current output of both
conditions differ by 5.85%, 2.71%, and 3.15%, respectively. This difference is attributed to reduced charge
carrier mobility due to temperature gradients between the hot and cold sides. The HTR condition promotable

for operating a thermoelectric power generator system, the system is turned on frequently.

1 Introduction

Global energy consumption is on the rise, primarily
driven by combustion processes. Due to the inherent
limitations of combustion efficiency, a significant
amount of waste heat is inevitably released into the
environment. Waste heat can be categorized into three
temperature ranges: high-temperature heat (>300 °C),
medium-temperature heat (100-300 °C), and low-
temperature heat (<100 °C). High-temperature waste
heat, despite being the most readily utilized form,
accounts for only 7% of industrial waste heat recovery.
On the other hand, medium- and low-temperature waste
heat constitute a significant portion of industrial waste
heat, yet their utilization remains low at 89% [1]. High-
temperature waste heat is often directly employed in
conjunction with heat exchangers to transfer thermal
energy to other processes or applications [2]. Low-
temperature waste heat, while currently underutilized,
holds promise for direct conversion into electricity
through the wuse of thermoelectric materials.
Commercially available thermoelectric materials are
assembled into thermoelectric modules (TEMs), the
composition of which adheres to the following [3].
TEMs comprise two key components: n-type and p-type
thermoelectric materials. n-type materials have many
electrons, the carriers of negative charges, while p-type
materials have many holes, the carriers of positive
charges. These two materials are strategically
interconnected through metal-semiconductor junctions,
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forming electrically series but thermally parallel
arrangements. TEMs can directly generate electricity
from heat. When employed as electricity generation
systems, TEMs are referred to as thermoelectric
generators (TEG). Fig. 1 illustrates the electricity
generation mechanism of TEG. Thermoelectric
generators operate based on the Seebeck effect, which
describes the voltage generated by a temperature
difference across a material [4].

V=SAT €))
Where
V = Open-circuit voltage (V)
S = Seebeck coefficient (WV/K)
AT = Temperature difference (K)

For thermoelectric materials to effectively conduct
electricity, they require a temperature gradient, with
heat on one side and cooling on the other. This
temperature difference drives the movement of
electrons, generating an electric current within the
circuit. The performance of thermoelectric materials is
evaluated using a dimensionless figure of merit known
as the ZT value. Ideal thermoelectric materials exhibit a
high Seebeck coefficient, high electrical conductivity
and low thermal conductivity. The relationship between
these parameters is expressed in equation (2):
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ZT= T 2)
Where
ZT = Dimensionless figure of merit
S = Seebeck coefficient (uV/°C)
6 = Electrical conductivity (S/m)
k = Thermal conductivity (W/m-K)

In a closed-circuit system, the internal resistance
(Rint) also plays a crucial role in the governing equations
[5, 6]. The direct proportionality between Rin and AT
significantly impacts the design and optimization of
TEG systems. When TEG is employed to recover waste
heat from industrial processes, increasing the
temperature gradient may be desirable to augment
power generation. However, it is essential to
acknowledge that this increase also elevates the internal
resistance of the TEG, potentially limiting the
achievable power output [7]. TEMs typically utilize
bismuth telluride (Bi,Tes), a promising thermoelectric
material for low-temperature applications, particularly
around room temperature. Its narrow energy gap and
ability to effectively conduct both electrons and holes
make it suitable for both n-type and p-type materials.
However, its high thermal conductivity compromises its
efficiency at elevated temperatures, leading to reduced
power generation [8]. TEMs are inherently limited by
their low internal efficiency. To enhance their
effectiveness, researchers have explored strategies to
improve the efficiency of TEMs. One promising
approach involves filling the module with insulating
material. Studies have demonstrated that filling TEMs
with aerogel can lead to an efficiency increase of 8.22%,
while ideal insulating materials have the potential to
boost efficiency by 9.12% [9]. The impact of the
substrate on the performance of both CTEMs
(commercial thermoelectric modules) and FTEMs
(flexible thermoelectric modules) was investigated,
demonstrating the suitability of two distinct substrate
applications [10]. The geometric characteristics of
thermoelectric legs were investigated, with five leg
configurations selected within the module for
performance analysis. Utilizing numerical modeling and
temperature-dependent properties for Bi,Tes, the impact
on internal resistance, conductivity, temperature,
thermal stress, deformation, and other output parameters
was revealed. The X-leg geometry exhibited significant
temperature-dependent behavior, and among the five
configurations, the highest density proved to be the most
efficient [11]. By incorporating nanomaterials, the ZT
value of thermoelectric materials can be enhanced,
leading to improved efficiency due to reduced thermal
resistance [12, 13]. As previously discussed, the focus
has been on enhancing efficiency within the TEM itself.
However, to improve the overall efficiency of TEG
systems currently employed in various applications,
such as health monitoring and tracking systems, micro-
self-powered wireless platforms, industrial electronic
devices, automobile engines, and aerospace, the
automotive sector must take a leading role in TEG
market development, similar to the research and
development (R&D) efforts in thin-film TEG [14].

Enhancing the output power of TEG systems
necessitates careful consideration of various factors
within the system. A study comparing forced convection
heat transfer using fins immersed in cold water and
natural convection heat transfer with air revealed that
cold water was more effective in stabilizing the cold side
temperature, thereby improving TEG performance [15].
The study investigated the effectiveness of non-
conductive thermal interface materials (TIMs) in
reducing thermal contact resistance within medium-
temperature TEG modules. By employing BN paste and
polyurethane sheet under a pressure of 1.0 MPa, the
study demonstrated the ability of these TIMs to
effectively stabilize and enhance the performance of
TEGs operating in medium-temperature ranges [16].
Whether the TEG modules are connected in series or
parallel does not affect the system's maximum power
output. The direction and flow rate of the fluid used to
transfer heat to the TEG module also play a crucial role
in determining the maximum power output.
Counterflow configuration typically exhibits a higher
power output compared to co-current configurations.
Optimized TEG systems have demonstrated power
output increases of over 34.6% [17].

Previous research has demonstrated that optimizing
the TEM and enhancing the overall efficiency of the
TEG system can be achieved by carefully considering
various structural elements within the system that
influence power production. While numerous studies
have established a direct correlation between increased
temperature difference and heightened power output in
TEG systems, the impact of operating identical
temperature-differences with varying heating and
cooling sources on power generation remains
unexplored. In this study, aim to address this gap in
knowledge. By maintaining a consistent identical
temperature-difference across the TEG system,
Evaluate the influence of using distinct heating and
cooling sources on power output. To achieve this, we
will divide the two experiment conditions, each utilizing
different hot and cold water temperatures. This approach
will allow us to systematically evaluate the impact of
heating and cooling source variations on power
generation, providing valuable insights into optimizing
TEG system performance.
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Fig. 1. Two-dimensional mechanism of thermoelectric
generator.
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2 Experimental design and method

In this work, it is an experiment to compare the results
of the power output, by the TEG system using the
identical temperature-difference two conditions, defined
as the high temperature range (HTR) and the low
temperature range (LTR). TEM in this experiment,
consisting of Bismuth telluride N type and P type pellets
total amount 142 elements, connected in an electrical
series and thermally parallel, the module has an internal
resistance of 2.8 ohms, The external resistance load used
in this experiment is a Rheostat, which is adjusted the
same maximum resistance of both conditions. To
facilitate thermoelectric conversion, the TEM is
strategically positioned to receive high temperatures on
one side, designated as the hot side. A hot water source
(HW) precisely regulates the temperature on the hot side
of the HTR, maintaining it at Tuw) = 80 °C, while the
LTR temperature is maintained at T@w) = 65 °C. In
contrast, the other side, referred to as the cold side,
receives a low temperature. A cold water source (CW)
meticulously controls the temperature on the cold side
of the HTR, setting it to T(cw) = 20 °C, while the LTR
temperature is maintained at Tcwy = 5 °C. The
temperature differential between the two water sources
is maintained at a constant 60 °C, denoted by AT = 60
°C, wunder both experimental conditions. The
temperature of the water block is maintained at 25 °C.
To ensure experimental consistency, the temperatures
Twuw) and Tcw) must be precisely controlled and
maintained at constant values. Subsequently, hot water
and cold water are simultaneously introduced into the
water block. Temperatures Twg), T(cr), voltage output
(V(outpuy), and current output (Ieupuy) are systematically
recorded at 15-second intervals, denoted by tgy, as
illustrated in Fig. 2 and Table 1. Upon reaching steady-
state conditions, the measured values are calculated and
expressed as follows. The temperature difference of the
thermoelectric power generation system (AT(reg) and
the generated power (Pupuy) are presented in Table 2
for both temperature range HTR and LTR conditions,
under identical temperature-differences.

(in) + (in)
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Tiw) = Te) = Tic) Tew

(out) (out)

External resistance load
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Fig. 2 . Schematic diagram of the thermoelectric power
generator system experiment setup.

Table 1. Experimental setting of HW and CW water sources
temperature and the interval time data record.

Temperature
Cofldition HTR LTR
Taw (°C) 80 20
Tcw) (°0) 65 5
ATw) (°C) 60
tv (sec) 15

3 Result and discussion

To investigate the impact of varying temperature and
electrical parameters over time, the experiment was
conducted under two distinct conditions: HTR and LTR.
Notably, both conditions maintained identical
temperature-differences. Consider the temperature
difference line AT(reg) at the water block position of
both states. The lines overlap and converge at a steady
state at 46 °C. Furthermore, the LTR condition exhibits
a slightly faster transition to steady state compared to the
HTR condition. This can be attributed to the smaller
temperature difference between the LTR condition's
HW position, and the initial temperature condition at the
HB position compared to that of the HTR condition.
This is illustrated in Fig. 3. The output power represents
the primary outcome of operating the system under both
experimental conditions. A comparison of the output
power generated under both conditions reveals a
significant difference. Despite maintaining identical
temperature-difference as in the previous experiment,
the LTR attains a steady state more rapidly than the
HTR. Notably, operating the system under HTR
conditions higher power output value compared to LTR,
with a percentage difference of 5.85%, as illustrated in
Fig. 4. The output power, the primary outcome of this
electricity generation system, was determined from the
output voltage across the load, reflecting the electric
current flowing through the load. The results obtained
under both conditions exhibit a consistent trend with the
output power, with the HTR condition higher values
compared to the LTR condition. As illustrated in Fig. 5
and 6, the percentage differences between the HTR and
LTR conditions are 2.71% and 3.15%, respectively. A
comprehensive summary of the experimental results is
presented in Table 2. Output power is influenced by
electrical resistance. The internal resistance varies with
the temperature difference due to the fact that the TEM,
the sole location receiving temperature in this system,
operates continuously. This relationship between
resistance and temperature difference is shown in [7]. A
discernible influence of temperature on the electrical
properties of thermoelectric materials is evident [8]. The
observed disparity in electrical output suggests the
presence of carrier mobility impediments within the
TEM, which are responsible for the electric current in
the TEG system. To theoretically explain these
experimental findings, we must consider the impact of
varying temperature on carrier mobility within
thermoelectric materials. This relationship is governed
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Table 2. Result of both conditions. 80
T " 70
emperature
Condition HTR LTR €01 -
Tams) (°C) 69 55 %’;50 o T(HB) HTR
Tcp) (°C) 23 9 g 0 | yu T(HB) LTR
< i/ AT(TEG) HTR
ATaee (°C) 46 §30 1/ —-AT(TEG) LTR
V outpuy (V) 2.4554 2.3898 = ". It T(CB) HTR
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P(output) (W) 018219 0.17183 10 ,/-/ e .
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P(%diﬂ) (OA)) 585 Time (sec)

Fig. 3. Temperature results of HTR and LTR conditions with
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fundamental principle governing thermoelectric £ 01 / oo TR
materials is the mobility of charge carriers, a concept Soo8{f Po LTR
applicable to semiconductors. This mobility plays a < o6

critical role in understanding the behavior of 0.04

thermoelectric materials. These materials are classified 002
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with charge carriers, namely electrons and holes, 0 5 100 150 200 250 300 350

serving as the driving force behind electricity Time (sec)

generation. Within the TEG system, two mechanisms Fig. 4. Electric power output of HTR and LTR conditions
contribute to charge carrier scattering, impacting the with the identical temperature-difference at a steady state.
mobility of charge carriers and ultimately influencing 5

the system's electrical power output efficiency.

Temperature fluctuations impact the internal structure of 25 |

thermoelectric materials, consequently influencing the | T T

movement of charge carriers. When temperature S 21/

variations lead to a reduction in the mean free time of 2

carriers (1) through both carrier scattering mechanisms, 315 1] Vo HTR
this directly affects the mobility of charge carriers (p). g ----- Vo LTR
This diminished mobility, in turn, reduces the current z !

density within the system and the thermoelectric 05

material (J), ultimately affecting the electric current (I) '

flowing through the system. This decreased mobility is 0 ‘ ‘ ‘ ‘ ‘ ‘

attributed to the scattering of carriers within the o 50 100 1T5I?ne (szg)o 250 300 350

thermoelectric material. This phenomenon has a direct
bearing on the electrical conductivity of the material (o),
which also experiences a reduction. As a consequence,
the power factor (S?c) within the ZT value also 008
decreases, as per the relationship described in (2). This
reduction in the power factor is a contributing factor to
the diminished efficiency of the material for
thermoelectricity generation. An analysis of the
experimental data acquired at an identical temperature-
difference of 46 °C demonstrates the existence of
distinct carrier mobility conditions under both HTR and
LTR conditions. This disparity stems from the
differential temperature effects exerted on the hot and
cold sides of the TEM under each condition. Two
primary carrier scattering mechanisms governing these
observations are lattice scattering and ionized impurity
scattering, exhibiting temperature dependencies of T2
and TC?, respectively [18]. Furthermore, a well-
established phenomenon in thermoelectric materials is

Fig. 5. Electric voltage output of HTR and LTR conditions
with the identical temperature-difference at a steady state.
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Fig. 6. Electric current output of HTR and LTR conditions
with the identical temperature-difference at a steady state.
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the reduction in carrier mobility with increasing
temperature [8, 27]. In the context of n-type
thermoelectric materials, corresponding p-type in this
system experiences a temperature differential at the hot
end, with 69 °C under HTR conditions and 55 °C under
LTR conditions. The both temperature induces lattice
scattering, despite the electron's thermal velocity and
drift velocity being primarily driven by heat energy. As
lattice  vibrations intensify, electron mobility
diminishes, leading to a reduction in the mean free time
of electrons. However, under HTR conditions, the
elevated temperature at the hot end serves as a driving
force for carriers. As the electron current transported,
the region where the temperature begins to decrease,
inside n-type thermoelectric material, the carrier also
possesses a thermal velocity, resulting in a higher
residual kinetic energy compared to the LTR condition
carriers as they approach the cold end. The cold end of
the HTR and LTR conditions have temperatures of 23
°C and 9 °C, respectively. These two cold-end
temperatures are significantly different, resulting in
different scattering mechanisms. In this experiment, the
LTR condition has a stronger influence on scattering
with ionized impurities due to its lower temperature.
This causes the carriers to have a lower thermal velocity.
As a result, the carriers are more likely to be deflected
by the ionized impurities, which reduces their mobility.
In addition, the hot end of the LTR condition has less
driving force for the carriers due to its lower hot-end
temperature. When the carriers reach the cold end, their
thermal velocity is further reduced. Therefore, the HTR
condition exhibits higher current transport compared to
the LTR condition. This observation aligns with the
theory of carrier scattering mechanisms in extrinsic
semiconductors, which states that the internal resistance
of a thermoelectric material is influenced by hot and
cold temperatures. Introducing an obstacle to the
mobility of charge carriers within the TEG system
reveals that HTR possesses lower electrical resistance
compared to LTR, resulting in enhanced electrical
power generation, as demonstrated in Fig. 4, 5, and 6
from experiments conducted with identical temperature-
differences. However, the nature of these different
temperature gradients induces variations in carrier
mobility within the material, impacting the electrical
current generated by the TEG system in this experiment.
However, thermoelectric materials possess an
appropriate operating temperature range, governed by
their inherent properties. Considering the applicability
of the TEG system operating under the HTR condition
in this experiment, it is particularly suitable for TEG
systems that require frequent startups, such as those
employed in cooking stoves [15], or biomass stoves [19-
26]. This condition is also well-suited for tropical to
warm countries, as the cold-side temperature is closer to
room temperature. In contrast, the LTR condition is
more appropriate for TEG systems operating in cold-
weather countries. This stems from the fact that the cold-
side temperature under the LTR condition is
significantly lower. Finally, to reduce the -carrier
scattering in thermoelectric materials, it will help to
increase the efficiency of electricity generation. As these
references show, the effect of carrier scattering

mechanism [28-32]. The carrier scuttering is important
for considering the operating temperature range of the
system, which is conducive to better energy production
in TEG systems.

4 Conclusion

In the experiment, under identical temperature-
difference of 46 °C, the HTR condition demonstrated
superior power output compared to the LTR condition,
exhibiting a 5.85% enhancement. This improvement is
attributed to both voltage and current outputs, which
differ by 2.71% and 3.15%, respectively. The HTR
condition exhibits favorable performance for TEG
systems that require frequent on-off cycles, however,
LTR conditions have promotable performance in cold
weather applications.
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Department of Energy Technology and Management, Faculty
of Science, Energy and Environment, King Mongkut's
University of Technology North Bangkok for providing
invaluable knowledge and access to research facilities.
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