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ABSTRACT

Thermoelectric generator (TEG) while offering the
advantage of operational reliability are constrained by
limited efficiencies. This paper, which is from an
undergraduate research project, focusses on the
contribution of cold side thermal management of
commercially available thermoelectric generators
towards the thermal to electrical conversion
efficiency for a range of hot side temperatures.
Electric heating elements are used to vary the heat
flux to the TEG while conventional active and
passive methods employing air and water as a
medium are used for dissipating heat from the cold
side of TEGs. Both thermal and electrical
performance parameters of the TEGs are recorded for
various ambient conditions in an indoor facility
corresponding to naturally occurring wind conditions.
At the end, the utility and effectiveness of the cooling
methods are quantified for the range of operating
temperatures.

NOMENCLATURE
o Seebeck Coefficient (V/K)

AT  Temperature difference (°C)

n Efficiency (%)

I Current through TEG (A)

Pin Input power (W)

Pout  Output power of TEG (W)

Rine  Internal electrical resistance ()

T. Temperature of cold side of TEG (°C)
Th Temperature of hot side of TEG (°C)
\ \oltage generated by TEG (V)

INTRODUCTION

With the current state of energy and its availability,
there have been several attempts at developing
environmentally conscious means to generate
electricity from simple sources such as temperature
differences. Thermoelectric generators (TEG) use an
array of semiconductors to generate voltage when
presented with a temperature difference. Essentially
relying on the material dependent Seebeck effect [1]
as seen below in (1) and physically can be quantified
as the generation of an electromotive field in a
temperature difference.

Eame = —aT 1)

However, from the current literature available on
TEGs, the efficiency of these devices falls below 5-
8% [2] leading to a major concern in their inability
to provide designed performance. Therefore, TEGS
are seen as devices that would make use of residual
heat from its surroundings to generate small voltages
while providing a reasonable cost to benefit ratio.
TEGs can be used to convert the waste heat given
off by electrical instruments, vehicles and numerous
other systems, to generate power [3, 4] as well as for
heat dissipation and sensing thermal energy [5].
Research on the various uses suggests that TEGs
could be used as coolers, high and low power
generation, and superconductors.

Another use that is being investigated is the
possibility of using TEGs in Wireless Sensor
Network (WSN) applications due to the longer
lifespan and smaller physical dimensions compared
to primary batteries, cost efficiency and the use of
ambient waste heat sources which results in a
generally better environment [6]. Commercially,
TEGs are being considered for their energy
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generation capacities leading to implementation in
exhaust fumes [7] and for the development of
electrically independent combustion gas stoves that
can use TEGs to power auxiliary electrical
components without being connected to a power grid,
giving the possibility for use in remote locations [8].
TEGs have also impacted space exploration where
they are powered by radioactive emissions to support
onboard electronics during long trajectories coupled
with restrictions in fuel carrying capacity [9, 10].

Several works have investigated the mechanisms by
which various factors affect the output, and as a result
- the efficiency of the TEGs. These studies have
focused on a diverse range of varying parameters,
resulting in different setups and analysis
methodology. This necessitated a study of cold side
thermal management of thermoelectric generators
keeping, varying only the heat dissipation strategy
while all other parameters remain same. Thereby

allowing a better assessment of cooling
methodologies and  guidelines  for  thermal
management.

A significant assumption of the current experiment is
based on the work by Apertet et al [11] which
highlights the importance of assuming thermal
environment conditions and the resulting effect on the
maximum output power by distinguishing two
models. It was concluded that in order to
simultaneously maximize efficiency and power
output, the Norton model provided the more feasible
solution, which has been utilized in the current
experiment. In order to analyze the external and
internal factors affecting performance Sabino et. al
[12] using aluminum fins, concluded that the
temperature gradient and voltage increased in similar
fashions. Additionally, W.-H. Chen et al.[13] study on
geometric effect on cooling power and performance
and the study by Meng et al [14] concluded that the
heat sink temperature affected the cooling power
more than the heat load. Also recognizing the effect
of heat loss through geometry as mentioned in Niu et
al[15], W.-H. Chen et al. experimented on the various
geometric conditions affecting the TEG to generate
numerical models of the hot and cold side while
assuming steady-state conditions, constant thermal
contact resistance and temperature dependent TEG
material properties. A similar experiment by Gomez
et. al [16] comes to the same conclusion after
analyzing the influence of current variance and
thermal resistances on various geometric and working
conditions.

It still remains challenging to achieve design
efficiency levels and identify operating conditions
and parameters for their optimum usage. While
previous works test the various physical, thermal
and electrical factors affecting the TEG’s
performance, many concentrate on the cooling
design itself and some groups tend to focus on
different cases of a single concept. Therefore this
project aims to provide a comprehensive comparison
of various cooling methods on a single TEG to
examine if design specifications of efficiency are
realistic.

EXPERIMENTAL METHODS

The experimental setup consists of a 40 x 40 mm
thermoelectric module obtained from Tecteg,
Canada, with a stated peak efficiency of ~6% at a
cold side temperature of 30°C and a AT of 100-
150°C. The thermal receiver end of the module was
attached to a hot plate for a range of heat fluxes,
while various heat sinks were attached to the cold
side of the module for heat dissipation. A complete
list of all equipment used to perform the experiments
is listed below.

Table 1: List of equipment

Equipment Description
Ceramic Hotplate & Omega Silicon
Heater Heater (45 W Maximum heat power

output)

Omega, Type T, 0.25mm & Omega
Type K, 0.125mm

Silicon Paste

High conductivity (K=6 W/m.K) pads
from Artic Cooling, thickness 0.5 mm

Thermocouples
Thermal Paste

Thermal Pads

chij?;iion NI9211 (thermopouple input), N19201
Cards (analog voltage input), NIcDAQ9172
Ammeter Qgitleernt Technologies handheld multi-
Agilent Technologies (maximum
Power Supply output of 50V) & Leybold (maximum

output of 250V) variable DC power
supplies

The thermal grease and the hot plate heater were
supplemented with thermal pad and Omega silicon
heater due to their effective performance. Similarly,
fine wired thermocouples of 0.125mm diameter
were used to reduce heat loss between the contact
surfaces. The following heat sinks were used for
heat dissipation.



Table 2: List of cooling devices used in study
Equipment Description

Fin outer dimensions of TEG)

Hybrid Passive

Cooling Corporation (model: CR-95C)
Aluminum tank (manufactured to the

Water Tank outer dimensions of TEG)

Wind Tunnel Texas A&M University at Qatar

Facilities

CPU Water cooling block, 41mm x
From VvW

41mm X  12mm.

Technologies.

Heat Exchanger

Experimental setup:

The TEG was tested under the following
conditions:

» No added cooling (natural convection)

» Passive Air Cooling: Fin

» Passive Water Cooling: Water Tank

*  Hybrid Cooling: NoFan™ CPU Cooler

» Active Air Cooling: Wind Tunnel

» Active Water Cooling: Heat Exchanger

Each of the above experiments will be discussed
separately, however for all, there is a general set up
which was consistently used as shown in Fig. l.a
below. The difference in the setups was in the type of
cooling attachment placed above the TEG.
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(b) General Experimental Configuration
Figure 1: Schematic representation of experimental facility

An overview of the five experimental setups
under passive and active cooling that were pursued in
the current work is depicted in Fig. 1.b. The

Aluminum fins (manufactured to the

Fanless CPU Cooler from NoFan™

methodology followed for each experimental run is
described in the following sections.

No Added Cooling: In this case natural
convection was the sole mechanism for heat removal
from the thermoelectric module. Thermal grease was
used to ensure good thermal contact between the
heater surface and the hot side of the thermoelectric
device.

The heater was set to temperatures between
30°C and 70°C because and temperature and voltage
data was collected at a sampling rate of 3Hz. The
internal resistance was calculated manually by using
an external resistor, of known resistance, placed in
series with the TEM and an ammeter to measure the
current. The power output was calculated using this
resistance in order to quantify the efficiency of the
device.

Passive Air Cooling: A fin was used to provide
heat dissipation from the TEG placed on the heater,
with fine thermocouples for acquisition of thermal
data. The voltage supplied to the heater was
controlled, which allowed for measurement of power
input. This was later used to measure the efficiency
of the TEG under the specified cooling method. All
temperature and voltage measurements were
collected using LabVIEW at a continuous sampling
rate of 1 Hz.

The hot side of the TEG was maintained at a
constant temperature after achieving steady state
while the cold side varied. The test was repeated for
various hot side temperatures—and corresponding
voltage inputs of 30V, 40V and 50V—whilst
collecting temperature data on the hot and cold side
as well as the wvoltage output. The heater
thermocouple was used to ensure that data collection
did not begin prior to steady state. The internal
resistance of the TEG at 4.5Q, as already specified
by the manufacturer, was used to calculate the power
output.

Passive Water Cooling: The process described
above was repeated with a water tank as the cooling
method. The tank was fabricated from 1mm
aluminum sheets. Water was Kkept at room
temperature and the heat temperature was varied.

For this method, a broader range of input
voltages for the heater for used, from 30V to 70V in
increments of 10V, in order to reach higher hot side
temperatures comparable to the heat dissipation
potential associated with water based cooling
methods. While the lower bound was kept in same
range is previous experiments for continuity.

Hybrid Cooling: In this case a commercial CPU
cooler manufactured by NoFan™ was employed for




heat dissipation from the cold side of the TEG. The
NoFan™ cooler is considered as a hybrid device
since there is a liquid coolant in the cylindrical fins
which goes through a phase change as it absorbs heat
from the cold side of the TEG, while heat rejection
takes place from the fins aided by natural convection.
The fan less cooler uses patented ‘IcePipe’
technology and yields a maximum TDP (thermal
design power) of 95 watts.

Figure 2: Experimental Setup for Hybrid Cooling Method

It’s functioning is based on natural circulation of
the liquid coolant through capillary action. Since no
additional cooling is needed, it is a passive cooler
with a phase change process. This cooler was chosen
due to the relatively newer technology using phase
change cooling which results in a noiseless, dust free
and low maintenance way to cool PC systems and
offers a hitherto wunexplored TEGs cooling
techniques. The complete experimental setup is
shown in Fig. 2. The Data Acquisition system is
towards the left and was maintained same for all
cooling methods.

Active Air Cooling: The TEG was placed in a
wind tunnel and fitted with the fin used in the passive
air cooling experiment. The heater was insulated
using cardboard to prevent heat loss. The experiment
was performed for two wind speeds and 5 input
voltages mentioned earlier.

Active Water Cooling: The final cooling method
was performed using a heat sink which uses
circulating water as the active cooling agent. The
flowrate of the water was kept constant and five
measurements were collected.

RESULTS

Data from the three thermocouples and the open
circuit voltage was measured. The heat flux input was
changed by varying the input DC voltages to the
heater. For the case of passive air cooling and no-

cooling, the range of voltages supplied were
30VDC, 40vDC and 50VDC.

Since the Silicon heater that was used was rated
for a maximum voltage input of 115VDC, the
manufacturer provided the following equation to
calculate the heat power given out by the heater at
any voltage below the maximum:_

Facruat = Fagred * {M) )

Vo
Consequently, Table 3 shows the net heat flux
provided by the heater at the various voltage settings
that were used throughout this experiment.

Table 3: Relation of Heater Supply Voltage and Heat Flux

Supply
Voltage(V) 30 40 >0 0 "
Input Heat
Power(W) oooa 5 = ©7
HeatFlux \7g5 8507 13202 19140 26052
(wyme) 4785 850 | ' '

Instead of maintaining a constant hot side
temperature, the input heat flux was kept constant,
which is a more practical scenario since most waste
heat sources have a stable heat energy loss rather
than a persistent temperature. While studying the
General Temperature and Voltage Characteristics it
was observed, that the voltage data was excessively
noisy, and prohibited any analytical study. Hence, a
Low-Pass Butterworth filter was applied via
MATLAB with a normalized cutoff frequency of
0.01. Additionally, AT was initially plotted as a
function of time. It was noted that both voltage and
AT have similar behavior with time. Therefore there
is a general correlation between output voltage
produced and temperature difference applied across
the TEG as confirmed by the conclusions drawn by
Sabino et. al[12]. The voltage output was then
plotted against AT at specific points to find the
Seebeck coefficient of the device which was the
slope of the linear fit and was valued at 0.022 V/K
which is comparable to that found in literature[17],
0.0119 VIK, for the corresponding model of the
Peltier device.

The voltage readings collected over a range of
cold side temperatures are shown in Figure 3. As
expected, an increase in the cold side temperature
(resulting in a decrease in the temperature gradient
over the TEG) resulted in the decrease in the output
voltage. The uncertainty associated with the
guantities on the vertical and horizontal axis are also
displayed in each of the following graphs.
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Figure 3: Voltage Output vs. Cold Side Temp. for No Cooling
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Figure 4: Power Output vs. Cold Side Temp. for No Cooling

From the open circuit voltage, and the known internal
resistance of the thermoelectric generator, the net
maximum power output from the generator was
calculated, as shown in Fig. 4. The internal resistance
of TEGs are known to vary with temperature.
Resistance curve were obtained from the
manufacturer for different hot side and cold side
temperatures.

Following this, the heat power delivered by
the Silicon heater from Table 3 was considered as the
input power and the efficiency of the TEG as a
system was calculated. The efficiency of the system
when a fin was used to cool the TEG with free
convection is shown in Figure 5. It can be noted that
the values for the efficiency here are significantly
higher than those in Figure 6, when no cooling
method was implemented.

Next, the Hybrid NoFan™ CPU cooler was
used to draw heat away from the cold side of the
TEG. The data collected was somewhat unexpected

and did not display a clear trend. One possible
reason is that the heater was not able to supply
sufficient heat energy to the TEG, compared to the
energy being dissipated by the cooling system. The
efficiency of the system at various input levels are
displayed in Figure 6.
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Figure 5: Efficiency vs. Cold Side Temp. for Fin Cooling
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Figure 6: Output Efficiency vs. Cold Side Temperature for
Hybrid Cooling

This complete process was repeated for four
other cooling methods: Passive water cooling,
Active Water cooling, and forced convection using a
wind tunnel at two different air velocities (Low
Speed: 2.9 m/s and High Speed: 6.4 m/s). This
resulted in a total of 16 runs. During these runs
variations in efficiencies were observed after
passage of settling time. The observed peak
efficiencies that were obtained for each cooling
method are listed in Table 4. Highest efficiencies
were obtained by active air cooling. The red vertical
bars show the uncertainty associated with each
measurement.



Table 4: Peak efficiencies for different cooling methods

Active Active
Passive Active Air Air
Water Water Low High
Speed Speed

Heater 40 0.05 0.34 2.73 1.98
Input 50 0.13 0.49 3.17 4.22
Level 60 0.40 0.59 4.68 2.66
(Volts) 70 0.77 0.82 4.51 4.41

While the peak efficiency only lasts for a short
duration in each run, a more important value is the
steady state efficiency of the system. Any large scale
implementation of waste heat recovery will need to
be run continuously and hence studying the steady
state efficiency is of paramount importance. The
steady state values for each of the sixteen trials are
summarized in Table 5 below.

Table 5: Steady state efficiencies for different cooling methods

Active Active
Passive Active Air Air
Water Water Low High
Speed Speed

Heater 40 0.09 0.04 0.26 0.30
Input 50 0.05 0.12 0.39 0.39
Level 60 0.11 0.27 0.54 0.52

(Volts) 70 0.14 0.32 0.74 0.66

A key objective of this work was to study
different cold side management techniques from the
perspective of overall efficiency. In order to compare
the different sample and statistically analyze the data,
an Analysis of Variance (ANOVA) test was carried
out.

Table 6: ANOVA for all cases with 75% confidence

Source

of P- F
Variation SS df MS F value crit
Rows 060 1 0.60 168 0.24 162
Columns 20.81 6 3.47 9.70 0.01
Error 214 6 0.36

1.78

Total 23.56 13

A two-way ANOVA without replication was used
to determine whether the cooling method and the
input heat flux have an effect on the peak efficiency.
The results of the analysis are presented in Table 6,
where the heat flux is represented by the rows and the

cooling methods by columns. At a 75% confidence
interval, both factors have a significant effect on the
data, with the cooling method having a greater effect
on the peak efficiency. Another ANOVA was applied
to determine whether the wind speed of the active air
cooling method has an effect on the peak efficiency,
shown in Table 7. Even with a confidence interval as
low as 75%, the wind speed does not have a
significant effect on the peak efficiency.

Table 7: ANOVA for wind speeds in active air cooling.

Source
of P- F
Variation SS df MS F value crit

Rows 10.45 4 2.61 3.89 0.11 2.06
Columns 0.24 1 0.24 0.35 0.58 1.81
Error 2.69 4 0.67

Total 13.37 9

The analysis of variance (ANOVA) statistical
model was used on the data to analyze the associated
variance between the data groups. For the case of the
experiment, the data groups were divided into two
main divisions; the cooling method and input heat
flux and the two different wind speeds for the active
air cooling method. The effect analyzed was these
factors’ influence on the peak efficiency and while
the initial claim of the first two factors i.e. cooling
method and input heat playing a significant role on
the efficiency, was confirmed, the wind speed
having no significant contribution to the efficiency
was unexpected. It was assumed that due to higher
rates of cooling with increasing wind speed, higher
wind speeds would vyield higher efficiencies.
However, since the efficiency depends on the power
input and output and not solely the heat transfer, the
marginally larger power required for higher wind
speeds, balances the peak efficiency between the
trails with varying speeds.

CONCLUSION

Our observations indicate that the only methods
to come close to the manufacture specification of
efficiency are the active air cooling which reach a
maximum of 4.5% efficiency if peak efficiency is
considered. From our data, considering steady state
efficiencies the cooling methods based on a
decreasing efficiency can be listed as follows; active
air cooling, active water cooling and passive water
cooling. Possible changes to future experiments



include testing different TEG elements to get a better
sample space. It is clear that due to the longevity,
relative durability, small size, lack of moving parts
and the simplicity of energy transfer makes TEGs a
fast rising and feasible concept for energy generation.
Any efforts to employ TEGs in large scale energy
generation however need to consider the individual
and collective efficiencies of the thermoelectric
elements.
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