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ABSTRACT

Concentrated thermoelectric generating system uses concentrated solar
radiations as passive heat source to operate the thermoelectric module for
thermoelectricity generation. The pre-perquisite of thermoelectric effect
is to provide a temperature difference across the thermoelectric cell by
installing active water-cooling device on the opposite side of the heated panel.
Thermoelectric cells are known to have low energy conversion (3-5%) hence
optimizing the parameters associated with the operation of the thermoelectric
cells is very important to improve the overall system efficiency. Thermal contact
interfacial tests were carried out to determine the optimum compressive stress
Jfor greater thermoelectric power generation as well as to avoid cell damage
under mechanical compression. In this paper, a series of parametric studies
Jfor output power, output current, output voltage and open circuit voltage
were conducted indoor on a Peltier-type thermoelectric cell to investigate the
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thermoelectric performance under different conditions. The aim of this study is
to achieve optimum setting prior to the development of the final test rig which
will be tested outdoor. The indoor experiments have shown that there is a limit
to the overall cooling water flow rate and the compressive force applied to
the thermoelectric cells under optimal operation. At the optimal parametric
consideration of 11.11 ml/s cooling water flow rate and 245.25 kPa compressive
forces, the thermoelectric cell was able to produce output power of 4.19W while
operating at temperature difference of 94.55°C and efficiency 0f2.62% (21.88%
of Carnot efficiency).

Keywords: Thermoelectric cell, concentrated thermoelectric power system,
Peltier cell, renewable energy, Seebeck effect

Introduction

Concentrated thermoelectric generating (CTEG) system is among the viable
sustainable power generators which utilizes concentrated solar flux for
thermoelectric power generation. The power generating module in the CTEG
system uses thermoelectric cells (TECs) for direct thermal-to-electrical power
conversion. The TECs are not only noise free in operation, but there are also
no moving parts and they are compact in size which makes them reliable over
a long period of time .The TECs are also used to convert waste heat from the
industry into electricity. However, the relatively low conversion efficiency of
thermoelectric cells (3-5%) have greatly limited its potential as power generator
and resulted in higher operational cost [2]. Besides exploring the material
science of the thermoelectric cells, optimizing the heating and cooling rate
can be a design consideration to improve the overall system. The efficiency
for TECs is given by dimensionless figure of merit, ZT of the TEC material.
The equation to calculate figure of merit is given as follow:

_—- a’oT |
T n

where o is the Seebeck coefficient, ¢ is the electrical conductivity, p is the
electrical resistivity, and k is the total thermal conductivity. The figure of
merit for Bismuth Telluride based TECs is currently at 1 at 400°C hot side
temperature. It is essential to have an effective cooling method at high
operating temperature conditions to maintain the temperature difference
required for the operation of the TECs. Forced convective cooling methods
currently are used when compared to the passive cooling methods which rely
on natural convective cooling. Forced convective cooling provides the highest
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temperature difference for a given heat input when compared to other passive
cooling methods. The high temperature of the solar concentrator makes active
cooling a preferred method to maintain high temperature difference across
the TEC.

Extensive researches on solar concentrators and cooling methods have
been conducted to improve the thermoelectricity extraction from the sun.
Researchers [3-5] have explored various methods to operate TEC with effective
cooling on the cold side of the TEC. A temperature difference is required across
the TEC in order to produce electrical power. This is obtained by exposing one
side of the TEC to a heat source and the other side is cooled by a heat sink.
The conversion efficiency of the TEC’s shows strong linear dependence on the
temperature difference. Therefore, high heat flux loads enables the TECs to
operate at higher electrical output. Various researchers have utilised parabolic
trough and compound parabolic concentrators to increase the intensity of the
heat and thus temperature on the hot side of the TEC [6-10].

TEC can directly convert thermal energy into direct current (DC)
electricity. These TECs have been used extensively worldwide for power
generation for more than 40 years now. Power generation based on the TEC
system offers great advantage compared to photovoltaic (PV) system, in terms
of cost. The cost for TEC system is as low as 1500 $/kW, compared to cost
of PV system at 6000 $/kW [11]. This makes TEC based system a cheaper
alternative compared to PV systems for power generation. Besides that, PV
load factors are also low and lowest in winter, when the demand is highest
[11]. This makes the PV system operate at low performance. The concentrator
application used for the TEC systems enables high temperature concentration
of solar energy, even during winter and this available high temperature solar
energy can be easily converted to DC electricity using TECs.

Concentrated solar rays can reach temperatures as high as 300°C, in
some cases around 400°C [12]. The high temperature will not be feasible
for power generation using PV system. TECs on other hand can operate at
temperatures up to 400°C [13]. This makes them a good candidate for power
generation from concentrated solar energy application. If the source of energy
is cheap or free, like the solar energy and waste heat, then the efficiency of the
TEC system is not an overriding consideration [14]. Instead, this increases the
commercial competitiveness of TEC system for electrical power generation,
compared to other currently available systems like the PV systems. Increasing
the efficiency of a system like diesel cycle and gas turbine cogeneration is
possible nowadays by using TEC system. Traditionally, the waste heat from the
above systems was exhausted as a waste heat, but this can now be converted
into electricity using TECs [15]. The overall efficiency of the system can
be increased significantly by tapping the waste heat and converting it into
electricity using TECs. TECs allow a symbiotic relationship between the waste
heats generated by the machineries and converting it into electricity. This help
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increase the overall performance of the machineries where the waste heat is
converted into electricity and this energy is redirected back into it to increase
its overall efficiency.

A quarter of the population on this planet are still living without
electricity. Generating power from concentrated solar energy using TEC
system promises a good future to these people. In remote areas, where the
electricity grid is not available and the sun shines year round [16], TEC with
concentrated solar energy power generation system can be used to provide an
alternative to other high cost power generation system. The energy of the sun
is abundant and limitless and is more than enough to meet our current energy
needs by manyfold. TEC system provides an attractive means of converting
solar energy to electricity and can definitely help to connect the remote area
to the grid. The relatively simple and low cost with almost zero maintenance
promises TEC system to be a good source of power generation system from
solar energy for remote areas.

In this paper, preliminary indoor laboratory experiments were conducted
to investigate the potential electrical power generation from the TEC coupled
with the Fresnel lens concentrator. These experiments were carried out
indoors and under simulated solar concentrations. The heat source from the
Fresnel lens was replaced by cartridge heaters to simulate the concentrated
heat source from the sun. The objective of this work is to optimize the water-
cooled based CTEG power system by understanding the influence and effects
of water flow rates, different heating power and compressive stresses on the
TEC device. In order to obtain a good contact between the surfaces, the hot
and cold side of the TEC needs to be compressed. This will reduce thermal
contact resistance between the TEC, the cartridge heater block and the cooling
block. Additionally, the coupling of such heating and cooling elements to the
thermoelectric cells have certain effects on the electric output where over-
compressive stress may not be beneficial to the power output.

Concentrating thermoelectric generator (CTEG) system

TEC is made up of two dissimilar materials (P-type and N-type semiconductors)
which are electrically connected in series and thermally in parallel as shown
in Figure 1. An acrylic based Fresnel lens is used as the solar concentrator for
providing high concentrated solar flux onto the heat collector which is thermally
coupled with the hot side of the TEC. In order to provide a temperature difference
across the TEC for thermoelectricity generation, a water-cooled cold plate was
attached on the cold side of the TEC for dissipating the accumulated heat as
shown in Figure 1.
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Fresnel Lens

A S

Heat collector

TEC Module

Water out € <« Water in

‘Water-cooled heat sink

Figure 1: Schematic diagram of a thermoelectric cell (TEC) under solar
concentration using a Fresnel lens

The TEC used in this experiment is made up of bismuth and telluride
(BiTe) type of semiconductor. Bismuth Telluride cells are widely used as
thermoelectric coolers (Peltier effect) and low operating temperature
(< 200°C) power generating units (Seebeck effect). It has relatively high
Seebeck coefficient (~ 190 pV/K) and high figure of merit (~ 2 x 10 K*!), with
individual dimensions of 40 mm (length) x 40 mm (width) x 3.9 mm (height)
and 127 thermo elements per cell. Figure 2 shows the picture of one such thermo
electric cell with wiring.

Figure 2: Bi-sectional views of a Peltier type thermoelectric cell (TEC)

19
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Heat is supplied on one side of TEC while the other end is maintained at
a lower temperature via a heat sink. Due to the temperature difference, current
will flow through an external load resistance. The output power depends on
the temperature difference, the properties of the semiconductor materials and
the external load resistance. Each thermoelectric element is insulated, both
electrically and thermally, from its surroundings, except at the junction to hot/
cold reservoir contacts.

Experimental set up

In order to determine the optimal design and settings for a water-based cooling
CTEG system, various heating and cooling conditions were conducted indoor
on a single TEC. The objective is to explore the thermoelectric output power
performance under different parameters such as cooling water flow rates, solar
concentrations and compressive stresses at TEC contact interface. This analysis
is important knowledge during the preliminary stage of development of a water-
cooled CTEG system to achieve optimal design settings and reduce operational
cost. In addition, Peltier cell is used as TEC as it is relatively inexpensive
compared to Seebeck cell which is specially designed for high temperature
thermoelectric generation. Peltier cell is widely used as thermoelectric
refrigeration such as portable coolers. Providing a temperature gradient across
this cell leads to the Seebeck effect where the output power is similar to Seebeck
cell at low temperature environment (<150°C). It is also noted that the Peltier
cell used in this analysis has a maximum operating temperature of 150°C.

The test set-up is shown in Figure 3a and the schematic diagram of the
setup in Figure 3b. One side of the TEC is heated using a heat simulator made
of copper block inserted with cartridge heater. The cold side is cooled using
liquid cooled heat sink where water is pumped into the cooling block in which
is installed with internal fins to provide a greater heat transfer performance. The
temperatures were measured on the hot and cold side of the TEC using T-type
thermocouples that where fixed inside the grooves machined on the heater block
and liquid heat sink. In order to avoid any heat losses to the ambient, the test
sample was completely shielded using polystyrene insulation. The formula to
calculate the efficiency, n of the TEC is given below:

n=P /P

out n

=[x ¢, x (T, = TP 1/ (VD e )

The input power of the heater is given by the voltage (V) and the current (I)
applied for the different set of heating. The power output is calculated from
the mass flow rate of cooling water (r7) with specific heat capacity (cp) and
the temperature difference between the cold water at inlet (T, ) and cold water
at outlet (T ). The formula to calculate Carnot efficiency, n_ is given by the
formula below:
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Ty-T.
-— 3
. T 3)

h

where T, is the hot surface absolute temperature and T_ is the cold surface
absolute temperature of the TEC.

Electronic

Weights for
compression

cooling
block

Data
Acquisition

Cartridge
Heater
Block

Variable
Power Supply
Figure 3a: Experimental facility showing details of set-up used

to test the performance of TEC

Themocouple
for cold side
TEC \ Weights for

Cooling

Coolin WateNCooling Block (D) —> Water Out
w::" lgn Computer
System
Variable Power Electronic Data
Suj Acquisition =
pply Load Syshm

Themocouple
for hot side
TEC

Figure 3b: Schematics of experimental set-up used to test the
performance of TEC
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In order to understand the thermal effect of compressive forces between
the TEC faces and heat exchange surfaces, interfacial pressure was applied
using weights (in kg) of 10,15..etc as shown in Figure 3a. Data from the
thermocouples were recorded on the computer using Agilent 349070A data
logger unit. The maximum power output was determined by a digital rheostat
(model: BK Precision 8540, 150W DC). Figure 4 shows the heater and the
cooling block and the set-up when weights were used for compression in order
to reduce thermal contact resistance for the experimental set-up.

Insulation . s W
Weights for
Cartridge compression
Heater Block

Figure 4: Water-cooling heat sink (Top-left), electric heater (Bottom-left) and
compression test using weights (Right)

Resuits and Discussion

The first test objective is to determine the cooling water flow rate on the cold
side required for steady state performance of the experimental set-up. The
cooling water used for the setup is supplied by the town council water supply.
There will be no need for external pumping source for the pumping of the
water for the cooling of the TEC on the cold side. The cooling water flow can
also be supplied by a gravity feed system or an external pump powered by the
solar energy. This is important to minimise or eliminate the parasitic load to the
entire system. Three different flow rates were used to obtain the performance
of the cell. The external power supplied to the hot side of the TEC was chosen
at 20 watts for the above. Figure 5 shows that by increasing water flow rate
on the cold side of the TEC, the power output from the TEC increases. The
results for 11.11ml/s and 25.00 ml/s are identical as seen in Figure 5.This is
because the cooling rate for both the flow rates provides the same effect. It
can be concluded that the optimum cooling rate required for the cold side is
11.11ml/s, as the higher flow rates will not increase the power output of the
TEC. The subsequent experiments were conducted with this flow rate.

(39}
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0.16
0.14

o - =0~ - 5.56 ml/s
0.12 "9

-3 --=F-- 11.11 ml/s
0.10

y ey ---&r-- 25.00ml/s
0.08 j
V)

0.06
F
008 |4 R

0.02 q
0.00 1 : @
0.0 0.5 1.0 15

Output Voltage, Vg, [V]
Figure 5: Effect of Flow Rate to Output Power

Output Power, P, [W]

This results in higher heat transfer rate. Few set of weights were used
to apply the compression needed for the experimental setup. Weights from
10 kg to 40 kg, with an increase of 5 kg between them were applied to the
experimental set up. The result of this analysis is shown in Figure 6. From
Figure 6, it is evident that the output power increases with the increase in
the weights applied. The maximum power occurred at 30 kg. From Figure 6,
the difference between 25 kg weight and 30 kg weight is negligibly small.
From the results, it was shown that the 30 kg weights applied provides the
maximum compression for maximum power output. The experiment is then
continued with this weight for all other external power supply to the hot side
of the TEC.

At 40 kg compression weight, significant drop in power was observed.
This is due to the cracks in the TEC developed because of high compression.
Based on the results obtained, the maximum loading stress for the TEC is at
245.25 kPa and it should not be exceeded in order to avoid damage to the TEC.
The loading stress was obtained by dividing the weight (Newton) applied to
the set-up with the surface area of TEC.

Once the flow rate and the required compression was established,
the output power supply was varied to obtain the I/V (output current versus
the output voltage) characteristic of the TEC. Figure 7 shows the output
current, I [A], versus the output voltage, V_ [V] for several temperature
gradients, AT = T, — T, [°C]. The output current increases with increase in
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0.18
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Eﬁ 0.14 | ---6~-- 10 kg
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= 0.06
S 0.04 / ‘ e Bke

0.02 /. —-©--30kg

0.00 J S -

0.0 0.5 15
Output Voltage, V,, [V]

Figure 6: Output power with different compression weights

external power supply, P, . External power supply, P, [W] of 20 to 160 Watts
was applied to the hot side of the TEC. The respective cold side temperature
was recorded at 29.03°C, 33.83°C, 38.76°C, 43.70°C, 49.86°C, 54.14°C,
59.15°C, and 64.27°C. The cold side temperature increases with the power
input from 20W to 160W because of the higher heat transfer from the hot
side of the TEC

From Figure 7, a high linearity can be observed in all I/V plots with the
same slope. This means that the internal resistance of the TEC is constant with

3.00
‘\ -==¥=== AT=16.54°C
32.50 . \ ! ==-8--= AT=33.65°C
2200 Q‘ o -=-a--- AT=48.14°C
<5 Lo =
g « N . -=-@--= AT=59.12°C
E 150 g g iy — >
3 . \.\’ ‘\‘ ‘N ------ AT=73.20°C
2 1.00 m\\‘ : ‘~.‘ ™ ! ---@~-- AT=81.64°C|
= R N .,
S o5 \t\‘\.\% - AT=86.63%
‘\ ‘. L SRR
| \ -=-A==- AT=94.55°C
0.00 ANl ~
0.00 1.00 2.00 3.00 4.00 5.00 6.00 7.00
Output Voltage, Vout [V]

Figure 7: The output current versus the output voltage for several temperature
differences across the TEC
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the test temperatures on the hot side and the load operations. This will result
in clear existence in clusters of internal resistances, as shown in Figure 8.
In order to calculate the statistical behaviour of these clusters, their medium
(, €2.36,2.22,2.42,2.43,2.52,2.45,2.33, 2.43 Q) and standard deviation
(o, € 0.13, 0.21, 0.37, 0.23, 0.38, 0.21, 0.25, 0.49 Q) were calculated and
shown in Figure 9.

3.50 -
E A XAT=16.54°C
o 3 'Y % aA DAT=33.65°C
E ; A g L 4 Py L] [}
$ gdaf, O Y
2200 Qe -* A 0AT=59.12°C
§ 1.00 — : : - ®AT=81.64°C
= f
0.50 ,{  — . . ] BAT=86.63°C
0.00 - ; i AAT=94.55°C
0.00 2.00 4.00 6.00
Output Power, P, [W]

Figure 8: The internal resistance of thermoelectric converter, R [Q] versus
the output power, P__[W], for several temperatures differences across TEC

out

__2.70

& 260 -

& 2.50 - :L- ettt

$240 { -- SRR JR o I e

§ 230 { _.f...] .l--- —— .

8220 *I' ¥

= 2.10 -

5 200 [ , :

5 0 50 100 150 200
Input Power, Py, [W]

Figure 9: The medium and standard deviation values of the internal resistance
of the TEC, R, , [Q], versus the output power, P [W]
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The length of the intervals (the standard deviation) around the centre
values of the clusters (their medium) can be considered to have the same order
magnitude. This indicates repetition of certain pattern on the behaviour of TEC.
The possible explanation for this discrepancy is the variability of the measuring
conditions due to the high test temperature involved in the characterisation
process (e.g., calorimetric leaks and convection around hot plate). The central
line of the three horizontal line in figure 9 represents the medium of the mediums
(eg,pu=[p +p,+p, +p, +p +p +p +pl 8=240Q), while the equal
distances between the central line (i) to the top and the bottom lines is the
standard deviations (6 = o, 06,0,0,0,0,0,0, ~0. 12Q). These last two lines
are locatedonp+ocand p - o, rcspectnvely From this analysis, it is possible to
conclude that the internal resistance of the analysed TEC is equal to R = 2.40€,
with a tolerance equal to AR, = 0.12Q, thus R, =R + AR, =2.40+0.12Q.

It is also observed from figure 10 that the output power increases with
the increase in input power. This is due to the rise in output voltage, V. [V] as
the temperature gradient, AT = T, — T, [°C] increases. This will then result in
an increase in the output current, I [A]. The dissipated power corresponds to
the external load resistance applied, R, [Q]. Maximum power occurs when the
external load resistance R, [Q] is equal to the internal resistance, Rint [Q2] of the
TEC,e.g,P_ =R/ [W]. Flgure 10 shows the output power P [W] versus the
output voltage V_ [V]. The output power increases P, [W] w1th the increase
in temperature difference, AT =T, - T.[°C] or extemal power applied P, [W]
to the hot side of the TEC. Figure 11 is an alternative set of plots, but for the
output power P_ [W] versus the output current I [A].

woo Lo e atiese
L A ---B--- AT=33.65°C

3.50 L. ,‘ ,.a-“ | “, - i :

.00 At MY | o m=ep=== AT=48 14°C

omm@ee= AT=59.12°C

W]
oW
8 8

~--#--- AT=73.20°C
---8--- AT=81.64°C

---8--- AT=86.63°C

Output Power, Pout[
3

---4=~- AT=94.55°C

0.00 2.00 4.00 6.00 8.00
Output Voltage, Vout [V]

<

Figure 10: Output power P_ [W] versus the output voltage V. [V]
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Figure 11: Output power, P_ [W] versus the output current, I
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(Al

Figure 12 shows the plot for open-circuit voltage, Vioen [V] versus the
temperature difference, AT = T, — T,. [°C] across the TEC. The open-circuit
voltage, V__ [V] was measured at the output of the TEC without any external
resistance load, R, [Q] applied to the TEC. An open- voltage function was
obtained by curve-fitting the plot for Figure 12, as shown below.

Vpen = 0.0641 AT [V] “)

;’ 6.m o RS — ‘
o 5.00

g; 4,00 e
S 3.00 -

& 0.00 ; ;
0 20 40 60 80 100
Temperature Difference, AT [ C]

en Circui

Figure 12: Open Circuit Voltage, VOpen [V] versus the temperature difference,
AT =T, - T, [°C] across the TEC
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Figure 13: Maximum output power, P [W] versus the temperature
difference, AT = T, — T, [°C] across the TEC

Figure 13 shows the plot for maximum output power, P_ [W] versus
the temperature difference, AT = T,-T . [°C] across the TEC. The maximum
output power increases with the increase in the temperature difference across
TEC. A line was fitted to the plot to obtain the relationship between the two
parameters than can be useful to predict the power output from the TEC based
on the temperature difference, as shown below. This relationship is valid for
TEC operating with a max temperature difference of 100°C.

P ma = 0.0002%(AT>B¥) [W] ()
The indoor test provides useful data for the outdoor experiment using the Fresnel
lens for the heat source. The optimum cooling flow rate and the compressive
force from the experiment will be useful for design of the final outdoor test rig
with optimal design setting with minimum cost. The Peltier cell used in the
experiment can be used with concentrated solar radiation for power generation
application under 150°C hot side temperature.

Conclusions

A series of parametric studies were conducted on a single TEC to investigate
the effects on performance during the development of a water-cooled CTEG
system. These experiments were carried out indoors and under simulated solar
concentrations. The experiment results have shown that compressive stresses
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on TEC plays important roles in CTEG system or any waste heat recovery
systems which some designers may ignore. The TEC was able to produce
maximum power of 4.19W at 94.55°C and 2.62% conversion efficiency was
produced from a single thermo electric generator. In summary, with careful
design considerations in waste heat recovery system using water-cooling
system, the operation cost can be reduced with higher thermoelectric power
output and lower maintenance cost. This study also revealed that for a specific
design, a water-cooled cold plate has a maximum cooling capacity which
allows designers to take into account to avoid high pressure head and result
in unnecessary maintenance arising from water leakages.
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