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Abstract

The increase of renewable energy generation seen as the only way to ensure clean and sustainable
development, is under scrutiny due to its intermittent nature and an insufficient development of com-
plementary technologies such as electrical energy storage. There are quite a few energy storage de-
vices available such as super/ultracapacitors that can address the high specific power applications
compared to batteries, but have quite large size for same energy installed. Batteries on the other hand
have much higher specific energy but cannot accommodate that easily the requirement to deliver
quickly high power. This paper reports on the evaluation of a newly developed device, the supercapat-
tery, that is a single device in which the core material is chemically engineered carbon nanotubes that
can store similar amount of energy as a battery but release it faster.

1. Introduction

The capability of various electrical energy stor-
age devices in terms of specific energy and
power is summarised in Fig. 1. Electrolytic ca-
pacitors are known to offer very fast
charge/discharge (milliseconds) but the amount
of energy they can store is still very low com-
pared to conventional lead-acid batteries, which
however need very long charging times (5-10
hours). More advanced batteries such as Li-lon
used largely on laptops, offer the best perform-
ance, with high energy densities and charging
times down to one hour, but the number of
charging/discharging cycles is drastically re-
duced. Fuel cells are devices that achieve a very
high energy density because the electrical en-
ergy is converted into chemical components
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Fig. 1. Ragone plot of various energy storage
technologies [1]

which are physically separated but the technology
has serious limitations in terms of life cycles and
cost. Supercapacitors (SCs) are devices that ap-
peared on the market quite recently, and can
bridge the gap between capacitors and batteries.
The devices currently available on the market are
optimised mostly towards offering the increased
power capability in the seconds time range, whilst
the minutes/tens minutes range, which is relevant
to power levelling applications, remains still not
covered by a proper device.

Constant power or constant power cycling which
is typical for some industrial applications, have
been used already to test the SCs power per-
formance [2]-[8]. This method is simply controlling
the power level of SCs to be constant during
charging/discharging until voltage reaches a
given level that triggers the mode to be toggled to
the complementary mode (i.e. from charging to
discharging and vice versa). The power levels
used to charge and discharge the device can be
the same or be different depending on the testing
condition. Usually, the upper trigger voltage level
in this test is chosen to be the maximum that the
device can withstand whilst the lower level is se-
lected in agreement with the maximum amount of
energy that can be retrieved from the device in an
efficient way. If this is half of the rated SC voltage,
75% of the rated energy stored in the SC can be
retrieved. It should be noted that in constant
power mode, extraction of the energy at reduced
voltage levels becomes inefficient (due to Rxi?).



It may also increase the cost of the associated
power electronics due to the required increase of
SC current that has to compensate the decrease
of voltage. Since SCs may be charged at highly
constant power level as well as discharged, loss
and efficiency of SCs should be analysed over a
round-trip charge-discharge cycle.

This paper aims at evaluating the efficiency cycle
of a newly developed energy storage device at
University of Nottingham, the supercapattery, un-
der constant power charge-discharge operation.

2. The Supercapattery Tech-
nology

At the University of Nottingham, past research
led by Prof. George Z. Chen has led to the inven-
tion of novel composites of redox active materi-
als and carbon nanotubes [9]. These are known
as the third generation energy storage materials.
The unit cell made from these nano-composite
materials may have a voltage of 1.0-3.0 V,
mainly depending on the nature of electrolyte
used. The specific capacitance of these materi-
als ranges from 100 to 500 F/g [9]-[10]. Consid-
ering that 1.5 V is a technically viable unit cell
voltage, it may be calculated that the specific en-
ergy (or energy density vs. active material mass)
can reach 28-140 kJ/kg (or 8-39 Wh/kg) (vs. both
electrodes in a unit cell. For each electrode the
energy density would be four times higher). Pre-
liminary results of a 9 cell supercapattery stack
demonstrator reported in [9], are illustrated in
Fig. 2. The electrode specific capacnance of
these materials has reached beyond 5 F/cm? (vs.
surface area of electrode substrate) in laboratory
tests and a cycle life beyond 5000 (1000 cycles =
3 charge/discharge cycles per day for 1 year).

The difference in the chemistry/construction
compared to standard SCs can be explained us-
ing porous composites of carbon nanotubes and
redox materials (referred to as 3™ generation ma-
terials) as illustrated in Fig. 2, that enhance the
charge conduction and penetration. An aqueous
electrolyte of potassium chloride (KCI) is used,
which has the advantage of being non-
inflammable and not toxic compared to the elec-
trolyte used in standard SCs. The following
chemical reactions take place: At the positive
electrode that consists of composite of polypyr-
role (PPy) and carbon nanotubes (CNTs) [10]:

CNTs-PPy + n CI .===> CNTs-PPy-Cl, +ne(1)
At the negative electrode (activated carbon (C,)):

Cn+nNK"+ne ==="CyK, (2)
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Fig. 2. Improved charge conduction and pene-
tration by employing porous composites of
carbon nanotubes and redox materials (3rd
generation) [9]

Both electrode reactions are reversible. The di-
rection to the right corresponds to charging, and
to the left to discharging. Please note that these
reactions are specifically written for the prototype
supercapattery that has been tested in this work.
However, it should be mentioned that these reac-
tions also occur in other SCs with the same or
similar electrode materials.

3. Experimental Setup

3.1. Development of the Superca-
pattery Stack

Since increasing the rated voltage of the super-
capattery is essential in obtaining a good system
efficiency, the research work has been concen-
trated in designing and building of a stack using
bipolar plates [11], as illustrated in Fig. 3.

Figs. 4 illustrate the step-by-step assembly of the
19-cell supercapattery stack that uses bipolar
plates and is tested in this work. The active area
is 10 cm by 10 cm but the actual device is
slightly larger to allow the mounting of two exter-
nal plates and bolts that keep the device me-
chanically rigid and pressurized. After fabrication,
the whole stack was sealed with epoxy to avoid
the electrolyte from drying, a process which was
quite successful, since the device remained sta-
ble for more than seven months [12].



CNT/MnOx
composite

CNT/SnOx
composite

[Op]
=
=8
=7
9]
1]
@
w
=
D
(1R

=
=
&
=1
=
E
(o
=}

=

(foyre wniuey)

separator
(electrolyte)

[

stack with bipolar plates connected cells

negative
electrode

positive
electrode

Fig. 3. The high voltage stack assembly from
individual supercapattery cells [11]

Fig. 4. Step-by-step supercapattery stack fabri-
cation process [12]: a) Electrode plate; b)
same with printed carbon nanotube mask
mounted on the frame; ¢) separator applied to
the plate; d) assembled stack

3.2. Development of the Power Elec-

tronic Interface

To facilitate the evaluation of the supercapattery
stack, a 25V/6A DC/DC converter prototype that
can perform various automatic charge/discharge
modes, is implemented [13]. Fig. 5 shows the
control and the schematic diagram of the auto-
matic charging-discharging system that can op-
erate in constant current, pulse current or in con-
stant power charge/discharge modes. The con-
stant power control requires two feedback

signals: the stack current and voltage. The induc-
tor current signal is sensed by a current shunt
resistor and controlled via a Hysteresis current
control loop to follow a current reference that is
outputted by a microcontroller via a D/A con-
verter using a constant power look-up table algo-
rithm (LUT). The voltage measurement is primar-
ily used to limit the stack voltage between Vsc min
and Vsc max; reaching one of the limits is forcing
the system to toggle from one state (i.e. charg-
ing) to its opposite (i.e. discharging). The voltage
feedback is also used for determining the refer-
ence current from the constant power LUT.
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Fig. 5. Control block diagram of the test system

4. Experimental Evaluation

The experimental evaluation of the supercapat-
tery stack and associated power electronic con-
verter consisted of several tests. First, an imped-
ance spectroscopy test of the supercapattery
stack was performed in a frequency range from
10 mHz to 1 kHz in order to determine the real
and the imaginary terms of the complex imped-
ance in the frequency domain. The results are
shown in Fig. 6. It can be noted that the resis-
tance of the supercapattery stack varies from a
maximum of 2.1 Q at 10mHz which is the mini-
mum frequency to approx 0.56 Q at frequencies
above 10Hz. Around 0.3 Hz, which is the corre-
sponding cycle frequency for the tests that have
been carried out in this paper, the equivalent se-
ries resistance dips below 0.63 Q.

Next, a set of higher current/power tests consist-
ing of cycling the supercapattery stack under
constant current and constant power charge-
discharge mode for a long term have been con-
ducted. The stack voltage, current and their
product as performed by the oscilloscope that
would represent the instantaneous power proc-
essed by the stack have been recorded in each
test. Fig. 7 shows a cycling charge-discharge
test with the 19-cell supercapattery stack, per-
formed at a constant current level of 6A.
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Fig. 6. Real and imaginary terms of the complex
impedance spectroscopy test conducted on
the 19-cell supercapattery stack

™ Pye=Vie xIse

Measure Prms(C1) P2ms(C2) PI.duty(C2)
value 120 6004 A 4917 %
v v v

P4:pericd(c2) (o [
18128591 5
v

Fig. 7. 6 A constant current charge-discharge
cyclic test of the 19-cell supercapattery stack

It can be seen that towards the end of the charg-
ing mode, the power input in the supercapattery
stack reaches 110W. This 6A constant-current
cycling test has been conducted continuously for
an hour in order to study the impact of losses
(expected to be around 22W) on the stack be-
havior and get an idea about its safe operating
ratings. The supercapattery stack temperature
has been monitored by thermal imaging to de-
termine if it was overheating. The result after an
hour of operation is shown in Fig. 8.
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It can be seen that a slightly hot area had devel-
oped on the upper plate, around the electrical
connections, where a temperature of 33.8°C was
reached, which is only slightly higher than the
27°C seen in the middle of the upper plate. It is
very likely that slightly higher temperatures may
develop inside the stack, but due to its flat and
thin shape and quite thick metal end plates that
provides good cooling, helps the heat to spread
out well and prevents dangerous overheating.
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Fig. 8. Thermal imaging of the 19-cell superca-
pattery stack operating for an hour at 6A con-
stant charge-discharge current

Following this test, it has been concluded that
operation with a current of up to 6 A, at least for
this stage of the work, can be considered as be-
ing safe. This limitation will have an implication
on the following constant power tests as it will
limit the minimum voltage that the device can be
discharged to. Fig. 9 show cycling charge-
discharge tests using the 19-cell supercapattery
stack performed at different constant power level
of 40W, 50W and 60W and at different minimum
discharge voltages of 12 V, 10 V and 8V. These
voltages are relevant since under 12V, the su-
percapattery stack discharged below 40% of the
total stored energy (corresponding to 19V full
charged level). Also, as the supercapattery stack
voltage decreases, the current increases, affect-
ing both the charge discharge roundtrip effi-
ciency and the cost of the components (switches,
inductors) in the associated DC/DC converter,
which means that there will always have to be a
trade-off between the desire to extract as much
of the stored energy as possible and the cost in
terms of components and losses, involved in re-
trieving it. This is why the roundtrip efficiency of
the supercapattery stack alone has to be deter-
mined. Here two methods were used based on:

i) direct measurement of the power/energy in and
out based on the voltage and current waveforms;
ii) efficiency estimation based on monitoring the
charging (Pc) and discharging power (Pp) and



the charging dutycycle (d), a method developed
by the authors in a previous paper [13] that uses:
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The result of an actually larger set of constant
power tests that was performed on the superca-
pattery stack is summarized in Table 1. It can be
seen that in general, there is quite good agree-
ment between the two methods, which means
that the second one, which is easier to imple-
ment, can be used for example in monitoring of
stack health in a complex energy storage equip-
ment consisting of a large number of stacks.
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Fig. 9. Constant power charge-discharge cyclic
tests of the 19-cell supercapattery stack at:
a) P=60W and V¢.min=12V; b) P=50W and
Veemn=10V; ¢) P=40W and V¢;.min=8V

Table 1. Comparison of measured roundtrip ef-
ficiency vs. estimated one based on charging
dutycycle at various power and discharge levels

Pc Pp Vr(;iltgie Nexp glitl}é Nduty
W) | (W) ) (%) (%) (%)
40.68 | 36.23 | 8-19 | 83.46 | 51.61 | 83.49
4529 | 41.83 | 8-19 | 83.40 | 52.6 | 83.24
40.48 | 35.90 | 10-19 | 85.80 | 50.72 | 86.18
45.19 | 41.74 | 10-19 | 85.99 | 51.77 | 86.05
49.20 | 47.77 | 10-19 | 86.93 | 52.76 | 86.94
59.43 | 56.16 | 10-19 | 83.29 | 54.45 | 79.06
40.61 | 37.05 | 12-19 | 89.46 | 50.47 | 89.52
45.07 | 42.95 | 12-19 | 90.10 | 51.46 | 89.90
49.96 | 48.64 | 12-19 | 88.88 | 52.33 | 88.70
59.81 | 60.38 | 12-19 | 86.33 | 53.41 | 88.05

A note regarding the slight mismatch between
the charging and discharging power in Table 1 is
that this was caused by some non-linearities in
the circuit such as offsets or interaction between
sampling and the switching ripple existent in the
measurements of the A/D, D/A convertors.

In general, it can be noted that at high power
level, as well as operation at low discharge volt-
age levels, the efficiency is decreased as Fig. 10
shows, which in constant power tests is caused

by the increase of the current in the circuit.
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Fig. 10. Experimentally determined efficiency vs.
power throughput for different voltage ranges

In addition, at low voltage (8-19V range), only
two operating points at lower power levels of 40
W and 45W have been tested, which means that
the losses are referred to a low power through-
put, resulting a lower efficiency. This may also be
a potential explanation why the efficiency seems
to increase with the power level up to a point, af-
ter which it starts to drop (probably due to the
losses increasing exponentially with square the
current, outpacing the increase of power
throughput).



5. Conclusions

This paper presented the implementation and ef-
ficiency evaluation of a novel energy storage de-
vice, the supercapattery, which is a single device
in which the core material is chemically engi-
neered carbon nanotubes that can store energy
levels comparable to a battery but as fast as a
supercapacitor. The technology behind the de-
vice is briefly presented, as well as the process
to produce the supercapattery stack. This is then
evaluated by an impedance spectroscopy test to
confirm its equivalent series resistance and ca-
pacitance. A DC/DC power converter able to
produce continuous cycles of various charge-
discharge modes was used to characterize the
device at 6 A constant current. Thermal imaging
revealed that the temperature build-up remains
acceptable facilitated also by the planar shape of
the stack. The evaluation concluded by perform-
ing a comprehensive set of cyclic charge-
discharge tests at different levels of constant
power and minimum discharge voltage which
were used to experimentally determine the
roundtrip efficiency and confirm an earlier effi-
ciency estimation technique proposed by the au-
thors. The results revealed that the roundtrip effi-
ciency of the supercapattery stack changes with
the test conditions, but remains at a high enough
level to justify the utilization of this technology in
power peak levelling applications.
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