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Abstract: We evaluate the storage performance of an
integrated energy harvesting and storage system using
a thermoelectric generator (TEG) and an organic energy
storage device. The power generated by the TEG is
obtained by varying the temperature of the heat source
on the bottom surface of the TEG while keeping the
opposite surface at a constant cooling temperature. The
difference in temperature gradient (AT) increases the
power generated by the TEG. Capacitance-voltage meas-
urements were performed on the organic storage device to
evaluate the storage capabilities of the embedded storage
elements, CdS nanoparticles. The objective is to assess
the possibility of the integrated system and evaluate the
effectiveness of the storage device. Voltage, current and
power density values are determined and compared for
different load resistance. The results revealed that for
the 100 Q load resistor, the voltage across the capacitor
was the maximum at a lower temperature gradient with a
charge density of 5.14 x 1073 5,.

Keywords: thermoelectric generator, organic capacit-
ors, nanoparticles storage elements, integrated system,
organic semiconductors

1 Introduction

A thermoelectric generator converts thermal energy into
electrical energy and has the potential to be used in many
applications that include energy recovery from waste
heat to power sensors or charge storage devices such as
batteries and capacitors. TEG can improve the efficiency
of energy conversion systems by converting waste heat
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into electrical power (Ismail and Ahmed 2009). Recent
efforts to predict power generated from thermoelectric
generators using mathematical models have been pro-
posed. Kristiansen et al. (2012) developed a mathematical
model for various TEG models to predict the power har-
vested from marine incinerators that burn liquid and solid
waste. A seawater heat sink was used to maintain the tem-
perature difference required to generate sufficient power
from the TEG. By implementing their model, the authors
were able to validate the results and revealed a reduction
in the cost per Watt for their particular TEG models.
Samson et al. (2012) installed a TEG on an aircraft
and tested it during flights. Based on the flight test,
their proposed TEG showed high reliability for har-
vesting energy. Simliarly, thermoelectric generators
have also been suggested for waste heat recovery from
automobiles. Hsiao, Chang, and Chen (2010) investig-
ated heat recovery of an internal combustion engine
using thermoelectric generators, where the exhaust
pipe and radiator are used as sources of heat. By
placing the TEG on the exhaust pipe, the suggested
optimum location, the maximum power harvested
was 0.43 W for a temperature difference of 290 K.
Hsu et al. (2011) investigated the power gained from
automobile exhaust using 24 TEG modules. To increase
the temperature gradient, the cold side of each module
was attached to a heat sink and a fan. The maximum
power harvested was 12.41 W at a temperature difference
of 30 K while the engine was operational at 3500 RPM.
Thermoelectric generators, when provided with
enough temperature difference, can generate very high
levels of voltage and current, thus providing high levels
of power. The excess levels of energy can be stored
in a storage device for later use. Conventional storage
devices, specifically capacitors, are a great choice for
storing the energy generated. However, they can be
harmful to the environment if not properly disposed
of. Therefore, we suggest implementing an organic
storage device with a TEG module. Organic storage
devices can be a good replacement due to their low cost,
high speed and simple fabrication process. The organic
storage devices have a comparable structure setup to
metal-insulator-semiconductor (MIS) devices which con-
tain charging elements, insulating materials and organic
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semiconductors all sandwiched between two conductive
electrodes.

Sargentis et al. (2007); Mabrook et al. (2009, 2008)
and Guan et al. (2007) showed that gold nanoparticles
can be used as charging elements in fabricating MIS
structured storage devices. All the above investigators
were able to obtain comparative capacitance-voltage hys-
teresis window gates that showed gold nanoparticles
are responsible for storing the generated charge. Other
researchers also used different nanoparticles such as cop-
per (Gupta et al. 2012), carbon nanotubes (Sleiman et al.
2012) and germanium (Duguay et al. 2007) in construct-
ing storage devices. Furthermore, all the above mentioned
researchers used silicon wafers as semiconductors. Haik
et al. (2014) developed an organic storage device which
used organic polymers as semiconductor and Au-Pt-Ag
nanoparticles as charge storage elements. Their results
showed large capacitance-voltage hysteresis loops that
indicated storage within the nanoparticles when com-
pared with a reference device that did not contain nano-
particles. The authors also revealed larger window gates
when the organic polymers were used as the semicon-
ductor to replace the silicon wafer.

In this effort, we construct a storage device that uses
CdS as the storage elements and integrate it with a TEG
module and evaluate the operating efficiency and stor-
age capacity under various load resistance. We assess
the voltage, current and power density levels produced
from the TEG and evaluate the performance of the stor-
age devices under the different operating conditions. The
integration covers several conditions including steady
and unsteady temperature gradients.

2 Organic Storage Device
Fabrication

2.1 Material Preparation

The process of producing the organic polymer blend
is discussed by Haik et al. (2014). Briefly, two non-
conductive polymers were blended with an ionic liquid,
glycerol, that acts as a plasticizer. The results showed that
increasing the concentration levels increases the poly-
mers conductivity. It was reported that 2 wt% of the
plasticizer revealed great electrical conductivity values
and is used amongst the other concentration percentages.
Cadmium sulfide (CdS) nanoparticles were synthesized
by chemical co-precipitation technique. The procedures
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of synthesizing the nanoparticles consisted of the follow-
ing steps. First, 100 mL of 1 mM of cadmium chloride
(CdCl,) was added to 100 mL of sodium citrate dihydrate
and magnetically stirred for 10 minutes. To this solution,
100 mL of sodium sulfide nonahydrate was added and
stirred for 15 minutes. The yellow precipitate obtained is
washed three times with deionized water and dried at
60°C. The insulating material, poly methyl-methacrylate
(PMMA), solution was produced by mixing 8 mg of PMMA
powder in 1 mL of chloroform and left to mix overnight.

2.2 Organic Capacitor Fabrication

Figure 1 shows a schematic of the layer-by-layer setup of
the organic storage device. Previous work showed that
this layer-by-layer setup reveals larger storage capabilit-
ies. Therefore, the proposed setup will be discussed.

Aluminum Film

Organic Conductive Polymer Film

OO0 O0O00OOO0«:

PMMA
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Aluminum Film

Glass Substrate

Figure 1: The layer-by-layer schematic of the device.

The organic capacitor consists of five layers. The bottom
aluminum electrode layer was thermally evaporated on a
glass substrate with a thickness of 100 nm. The glass sub-
strate of dimensions 2 cm x 2 cm was used for handling
purposes. After thermally evaporating the bottom elec-
trode, the organic insulator, poly (methyl methacrylate)
PMMA, was spin coated at 500 rmp for 10 seconds and
then 5000 rpm for 50 s. This ensured uniform distribution
of the insulating material. Then, the CdS storage elements
were deposited on top of the PMMA layer by spin coating
for one minute at the same rate. The organic semicon-
duting polymer was later spun coated over the storage
elements. After each coating process, the sample was
heated over a hot plate set at 50°C to allow excess mois-
ture to evaporate. Finally, the top aluminum electrode
was thermally evaporated to a thickness of 100 nm.
Capacitance-voltage (C-V) sweeps of the organic
storage device were performed using a Keithley 4200
semiconductor characterization system (SCS) computer
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controlled analyzer to investigate the charge storage
capability retained in the nanoparticles. The measure-
ments were performed with a dual voltage sweep in the
range of —20 V to +20 V and back to —20 V at a scan
rate of 0.5 V/s. This was done to show the ability of the
nanoparticles to act as charging elements by observing
the presence of a hysteresis loop and the width of the
window gap as a function of the voltage sweep range.
The C-V measurement revealed the conventional accumu-
lation (capacitor is charged) and inversion (capacitor is
discharged) characteristics of a typical MIS device (Mab-
rook et al. 2009). The C-V measurements plot is reported
in previous work (Al-Haik, Haik, and Hajj 2017).

The wide window gap observed in the hysteresis plots
is a clear indication of the charge storage capability within
the nanoparticles. This large hysteresis window is mainly
linked to the high charge transport mobility of the carriers.
Because a reference device with no particles (Al-Haik and
Hajj 2016; Al-Haik et al. 2016) did not show a hysteresis
with a window gap, it is concluded that the majority of the
charge is being stored in the nanoparticles and not in the
organic polymeric layer (Kim et al. 2012; Son et al. 2011;
Shi et al. 2014).

3 Integrated Energy Harvesting/
Storage System

A Laird CP10,127,08 thermoelectric module was used as
the energy harvester. This module contains 127 elements
connected thermally in parallel and electrically in series.
It has a square profile with a surface area of 30 x 30 mm?
and a thickness of 4 mm. An electric hot plate, treated
as the heat source, allowed the bottom side of the TEG to
heat and provide sufficient temperature gradient. A solid
aluminum plate with a copper pipe inserted through it
is placed on the upper surface of the TEG and is used to
recycle water from a large tank to maintain a constant cold
temperature. Figure 2 depicts a schematic of the exper-
imental setup. Two K-type thermocouples were used to
measure temperatures on both sides of the TEG.

The TEG was connected in series with the organic
storage device and four varying load resistors. A data
acquisition card was used and recorded measurements of
the voltage source, voltage across the organic capacitor
and the temperature differences (AT). The voltage across
the load is given by:

Vi = Ve — Veap @
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Figure 2: The experimental schematic for the TEG setup.

where Vrgg is the output voltage from the TEG and Vgp
is the voltage measured across the organic capacitor. The
current in a series connection can be calculated using:

Vi Vigg -V
I= L _ YTEG cap Q)

"R Ry

where R; is load resistance.

4 Results and Discussion

The experiment consisted of two parts. For the first part,
we raised the temperature of the hot plate for 20 minutes
until reaching steady-state condition. The temperature
difference is controlled by varying the temperature of the
hot plate. For the second part, the TEG remains in steady-
state condition for seven minutes after-which the TEG was
cooled by turning off the heat source and recorded data
for an additional 13 minutes. Four different load resistors,
100, 200, 330 and 460 Q, were used in each experimental
set. As the current begins to flow in the circuit, the gener-
ated charges are stored in the organic capacitor.

Figure 3 show the variation of the current and voltage
across the capacitor versus time, when the heating source
is turned on and off for the load resistance value of 100 Q.
For load resistors 220, 330, and 460 Q, similar behaviors
were observed however with different voltage and current
values and are reported in Figures 4 and 5. We should
note here that the experimental growth and decay asso-
ciated with the charging and discharging of the TEG is not
only associated with the time constant of the capacitor.
As the temperature gradient increases, the time constant
of the capacitor remains constant with the discharge rate.
Rather, and because of the time variation of the heating
source, the charging and discharging rates are associated
with the heating and cooling rates of the hot plate. As
such, we will consider here the impact of the load resist-
ance and steady-state values of the hot temperature on the
charging density of the capacitor. It was noticed that as
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(b) The electrical circuit current versus time.

Figure 3: The experimental results with Ry = 100 Q.
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Figure 4: The average electrical circuit current versus temperature gradient at steady-state.
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Figure 5: The average organic capacitor voltage versus temperature gradient at steady-state.
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the load resistance is increased the temperature gradient
also increased. For all load resistors, it took the capacitor
7 minutes to reach steady-state conditions, after-which
it remains constant. The steady-state indicates that the
maximum power is obtained for the certain temperature
gradient. It is well known for TEG devices that the power
output is proportional to the temperature difference
(Montecucco, Siviter, and Knox 2014; Twaha et al. 2016).

For the 100 Q, the minimum and maximum temperat-
ure gradient was reported to be 7.5 K and 28.3 K, respect-
ively. Whereas, for the 460 Q load resistor, the minimum
and maximum temperature gradient was reported to be
14.7 K and 57.7 K, respectively. When placing the 220 Q
load resistor, the highest voltage and current values were
obtained, 1.4 V and 0.011 A, respectively. We should note
here that although the maximum values for voltage and
current were obtained for 220 Q load resistor, this does
not imply that the maximum charge density is obtained
for this load resistor. It was also observed that for the 330
and 460 Q load resistors, the lowest voltage and current
values were obtained although the maximum temperature
gradient for the 330 Q load resistor was obtained as 78.1 K.

Figure 4 shows the variation in the steady-state cur-
rent as a function of the temperature difference, AT, for
different load resistances. It is interesting to note that the
steady-state current varies linearly with the temperature
difference. The highest slope is for the load resistance
of 100 Q. This indicates that, at this load resistance, the
capacitor can achieve a higher charge value at a specific
value of temperature difference. This also can be seen in
Figure 5, which shows the variations in the voltage across
the capacitor as a function of temperature difference. For
every value of temperature difference, the largest voltage
is obtained for 100 Q load resistance and decreases as the
resistance is increased.

As shown in Figure 6, combining the results from
the above figures shows that the internal resistance of
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the organic capacitor depends on the current. The low
values of the load resistance lead to high values of the cur-
rent which might have impacted the temperature of the
capacitor itself and caused its resistance to increase signi-
ficantly. So, in order for the capacitor to charge, the appro-
priate load resistance must be used. Values of voltage
and current in Equations 1 and 2 have been averaged for
steady-state condition.

The capacitance, C, of the capacitor was measured to
be 100 nF using a multifunctional multimeter. The cross-
sectional area of the capacitor, Acqp, is approximated to
be 0.25 cm?. Therefore, the average charge density can be
expressed as:

CVegp
Acap

B)

QCharge =

Figure 7 shows that the charge density is a function of
the temperature difference and the load resistance. For
a specific value of temperature difference, the highest
charge density is obtained when the load resistance is
100 Q. Particularly, a maximum charge density of 5.14 x
10’3% is obtained for temperature difference of 34.1 K.
Table 1 shows the reduction in charge density as the load
resistance is increased.

For a load resistance below 100 Q, very low to no
current was detect. Electrical current was detected for
resistance values that were larger than 100 Q. At higher
resistances the steady-state current decreased as the
load resistance increased. Therefore, we only tested it
up to 460 Q. The internal resistance of the capacitor was
determined by a simulated system and was found to
be about 100 Q. The matching of resistive load and the
capacitor seems to provide the optimal configuration for
the current and voltage at lower temperature gradients.
Higher temperature gradient was required to produce
the measurable current for higher load resistors to pass
through the system.
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Figure 6: The average voltage across the organic capacitor versus average circuit current.
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Figure 7: The average charge density versus temperature gradient.

Table 1: The charge density reduction percentage with respect
to load resistance.

R d';‘(g";f"’ Reduction
Q) (107) (%)
100 15 -
220 9 40
330 4 73.3
460 3 80

5 Conclusions

We investigated the integration of a TEG module with an
organic capacitor. The effect of the load resistance and
steady-state values of the TEG’s temperature difference
on the charging density of the organic capacitor were
investigated. The charging and discharging of the TEG are
not associated with the time constant of the capacitor.
The current flowing through the circuit board and the
temperature difference have a linear relationship. The
slope value of both the voltage and current increases
as the load resistance decreased. Also, a linear relation
was noticed between the temperature difference and the
voltage across the capacitor. The highest voltage values
across the capacitor for all temperature differences occur
when the load resistance is 100 Q. The organic capa-
citor’s internal resistance depends on the current of the
circuit. The current value increased as the load resistance
was decreased. The high values of electrical current could
increase the temperature of the capacitor, which increases
the internal resistance of the capacitor. Therefore, a suit-
able load resistance should be used with the capacitor
to be able to charge. For all temperature differences, the
charging density of the capacitor rates were the highest at
the 100 Q load resistance. The reduction in charge dens-
ity rates based on the highest values are 40 %, 73 % and
80 % for load resistances of 220 Q, 330 Q and 460 Q,
respectively.
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