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Abstract- The social and economic of the nation
depend upon fossil fuels such as coal, gas and
oil. The depletion of natural resources causes
economic problems for the usage of power
generation and storage, industrial operations
and transportation. Based on these
consequences, the development of renewable
sources such as solar energy, wind energy, tidal
energy, geo-thermal energy and biomass have
been increasing for the generation of electricity.
Due to rapid development in electronic devices,
there is a huge development in the storage
devices such as batteries, fuel cells and super
capacitors. Among these, hybrid super capacitor
is the best energy storing device when compared
to other electrochemical cells in terms of all
aspects. It is a multifunctional electro chemical
device which are highly flexible, stretchable,
foldable, wearable, transparent and few more
functionalities. This paper discuss about the
evolution of hybrid supercapacitors, different
types of hybrid supercapacitors, energy densities

and power densities of the hybrid
supercapacitors, properties, applications in the
present  generation and their  future
advancements.
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I INTRODUCTION

In 1800 Volta discovered that certain fluids
would generate a continuous flow of electrical
power. This discovery led to the invention of the
first voltaic cell which is commonly known as
battery. The word “battery” comes from the old
French word batteries which means “action
of beating”[1-3].

In 1859, the French physician Gaston
Plante invented the first rechargeable battery [4]
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based on lead acid. Until then, all batteries were
primary, meaning they could not be -recharged.
Due to this invention there is huge change in the
field of energy storage devices.

Later in 1957, engineers at General
Electric Company first experimented with an early
version of super capacitor, but there were not
succeeded. In 1966 again, standard oil company re-
discovered the effect of the double-layer capacitor
unexpectedly while doing experiments on fuel cell
designs. The double-layer greatly improved the
ability to store energy and this lead to the evolution
of the super capacitors.

In 1978 “supercapacitors” are used for
computer memory backup. In the early 20®
centuries researches were started on this
supercapacitors by using different materials and
manufacturing methods which led to improved
performance and reducing cost. Due to this there
was a great demand for the super capacitors till
now. In order to reduce the disadvantages caused
by super capacitors they invented the Hybrid super
capacitors [5-7].

In this paper, section 2 discuss about the
fundamentals and different types of energy storage
system, section 3 discuss about the classification of
supercapacitors and comparing different energy
storing devices, section 4 discuss about the Hybrid
Supercapacitors and different types of Hybrid
Supercapacitors, section 5 discuss about the
construction and working of this Hybrid
Supercapacitors, section-6 discuss about the
applications of the hybrid super capacitors, section-
7 is the conclusion which gives the summary and
overview on the topic.

1. FUNDAMENTALS OF ENERGY

STORING SYSTEMS

At present power electronics is became a
major part in our life because the electrical devices
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are incorporated with power electronics for good
performance. For this power electronics
applications basically require energy storage
devices mainly because to use these devices as the
primary energy source for power conversion. At
present, the following types of energy storing
technologies are generally used for wvarious
applications [1-3].

Flywheel systems

Battery systems

Superconducting magnetic systems
Pumped-hydro system

Compressed air systems

Super capacitor systems

P00 oW

Flywheel systems:

In this system energy is stored in the
mechanical form and this system is used in power
quality applications. The below Figure 1 represents
the flywheel.

Figure: 1

Battery systems:

In this systems energy is stored in
electrochemical form and this system is used in
power systems for power quality and load levelling
applications. The below Figure 2 represents the
Battery bank.
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Figure 2

Superconducting magnetic systems:

In this systems energy is stored in the
form of magnetic field form and this system is used
in bullet trains. The below Figure 3 represents
Bullets Train mechanism.

superconducting
magnets

electrical
power source

Figure 3

Pumped-hydro systems:

In this systems energy is stored in the
form of potential energy and this system is used in
reservoirs. The below Figure 4 represents Pumped
storage Reservoir.

Figure 4

Compressed air systems:

In this systems energy is stored in the
form of Kinetic energy and this system is used in
gas based power plant. The below Figure 5
represents the Compressed air system.
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heat thermal energy storage (LHTES) and Sensible
heat thermal energy storage (SHTES) etc. The
below Figure 7, represents how the power density
and energy density of super capacitors

Figure 5 2 .
Super capacitor systems: < '* 7| Supercapacitors
In this systems energy is stored in the form of B 0
both electrostatic form and electrochemical form % 1ot — Frvwheel
. . . ;i o ywheels
and this system is used in automobiles. The below 1!
Figure 6 represents the Hybrid Buses. 1ot —
1e' | ‘ |
Energy [Wh / kg ]
Figure 7

This figure clearly shows that super
capacitors are better than Flywheels and Batteries
[6-8].

Figure 6

These are some of widely used energy
storing techniques in the present’s world but they
are lot of other energy storing techniques some of
them are Hydrogen storage, Biofuel storage, Latent

TABLE 1. PROPERTIES OF HYBRID SUPER CAPACITORS:

S.NO | PARAMETERS | BATTERIES SUPER CAPACITORS | HYBRID SUPER REFERENCES
CAPACITORS
1. Type of storage Indirect Storage Direct storage Direct storage Ref no:5
2. Specific It is having very high | Itis having less specific It is having medium Ref no:1
/Gravimetric specific energy in energy and its value is specific energy and its
Energy order of 100 to 265 nearly 4 to 9 mWh/g. value is nearly 10 to 15
mWh/g. mWh/g.
3. Specific power Its specific power is It is having high specific | Itis having very high Ref no:2
less than 0.3 to 1.5 power up to 3 to 10 W/g. | specific power up to 3 to
Wig. 14 Wi/g.
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4. Discharge Time It is having more Its discharging time is It is having more Ref no:2
discharging time and | less when compared to discharging time and it
it ranges from 0.03 to | batteries and it is in ranges from 1 to 2 hrs.

3 hrs. between seconds to
minutes.

5. Charging Time It’s charging time is It’s charging time is also | It’s charging time is also | Ref no:2
also more in order of | less when compared to moderate when
1to5hrs. batteries from seconds to | compared to batteries

minutes. and it is in minutes.
6. Coloumbic Its efficiency ranges Its efficiency is up to Its efficiency is up to Ref no:2
efficiency from 70 to 85%. 99%. 90%.

7. Cycle life The life cycle of These are having high These are having Ref no:2
batteries is very less life cycle and it is above | moderate life cycle and
and it’s around 1000. | 5,00,000. it is about 1,00,000.

Volumetric It is having high It is having less It is having medium Ref no:4,
Energy volumetric energy of | volumetric energy and it | volumetric energy and it | Ref no:5

9. about 200 to 400 is found to be 4 to 14 is found to be 49.66
Wh/L. Wh/L. Wh/L.

10. Voltage of a cell It is having high It is having less voltage It is having medium Ref no:5
voltages from 2.5 to from 2.2 to 3.3v. voltage from 2.2 to 3.8v.
4.2v.

11. Equivalent The equivalent series | The equivalent series The equivalent series Ref no:5,

Series Resistance | resistance value of resistance value of super | resistance value of super | Ref no:6
batteries high in order | capacitors is less in range | capacitors is very less in
of 500 m-ohms. of 40 to 300 m-ohms. range of 0.37 to 1.89 m-
ohms.

12. Life The life span of the The life span of the super | The life span of the Ref no:3,
batteries is less in the | capacitors is more in super capacitors is in Ref no:5
range of 3to 5 years. | order of 10-15 years. order of 5to 10 years

13. Charge Its in range of Itis in range of Itis in range of Ref no:2,

temperature 0 t045°C -40 to 65°C. -20 to 40°C. Ref no:6

14. Discharge It’s in range of It’s in range of It’s in range of Ref no:1,

temperature -20 to 60°C. -40 to 65°C. -20 to 70°C. Ref no:6
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15.

There is more risk of
explosion in this type
of cell.

Risk of explosion

There is no risk of
explosion in this type of
cell.

There is no risk of
explosion in this type of
cell. Because they are
highly flexible.

Ref no:2,
Ref no:6

From the above data it is found that the hybrid super capacitors are having more advantages when
compared to batteries and super capacitors. Due to this reasons hybrid super capacitors are having higher scope

for ultimate power utilisation in near future.

Keywords:

Specific /Gravimetric Energy: It is defined as the battery capacity in terms of weight.

Coloumbic Efficiency: It is defined as the efficiency with which charge is transferred in a system during the
electrochemical reaction. It is also called as Faraday’s Efficiency.

Volumetric Energy: The amount of energy stored in a system per unit volume is called volumetric energy

Il CLASSIFICATION OF SUPER
CAPACITORS

In order to increase the energy density the
researcher’s moved on to some latest technology in
super capacitors this refers to hybrid super
capacitors. Coming to hybrid super capacitors we
higher energy densities and 3-4 times more voltage
values when compared to super capacitors. These
are cheaper in cost and light in weight compared to
super capacitors [9-10].

Coming to super capacitors, super-
capacitors can be classified according to its
working principle as double layer Super-capacitor,
Pseudo capacitors (or) Electro chemical super-
capacitor and Hybrid super-capacitor as shown in
Figure 8. The hybrid super-capacitor means has
two different types of electrodes. One of them is
double layer super-capacitor material such as active
carbon; the other is electrochemical-super capacitor
material such as ruthenium dioxide.
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Supercapacitors
Double-layer capacitors Pseudocapacitors
Charge sforage: Charge storage:
Electrostatically (Helmholtz layer) Electrochemically (Faradaically)

Hybrid capacitors

Charge storage:
Electrostatically and electrochemically

Figure 8
IV.  HYBRID SUPER CAPACITORS

These hybrid supercapacitors are mixture
of both batteries and supercapacitors. As this
energy storage system based on a battery electrode
and a supercapacitor electrode called battery-
supercapacitor hybrid (BSH)[11-13].
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Hybrid device:

one battery-type and
one capacitor type
electrode in a hybrid cell

R

battery

supercapacitor /

Hybrid material in

high energy but
a hybrid device

low power

high power but
low energy

Hybrid material: battery-type and capacitor type
materials combined in a hybrid electrode

Figure 9

The above Figure 9 shows how the battery
electrode and super capacitor electrode are kept to
get hybrid super capacitors.

As it is the combination of both batteries
and super capacitors it has high energy densities
and high power densities. Below graph compares

the energy densities and power densities of various
energy storing devices such as batteries, super
capacitors [14-16].

"gz Li-ion battery /
100{

3 NiEMH
> Ni-Cd
) BSH
£ 10; :
a Lead-acid
N
P EDLC
€ 1
w

0.1 1 10

Power Density (kW kg”)
Figure 10

From the above Figure 10, it is found that
hybrid supercapacitors are having higher power
densities and energy densities than the other energy
storing devices such as batteries and
supercapacitors. The hybrid super capacitors are
also called as BSH which means battery-super
capacitor hybrid [17].

These Hybrid super capacitors (BSH)
classified into several types based on the electrolyte
components and  specific energy storage
mechanism. Li-ion BSH, Na-ion BSH, acidic BSH,
alkaline BSH, BSH with redox electrolytes, and
BSH with pseudocapacitive electrode and the
above mentioned types are classified based on
electrolytic components present in the BSH[18-20].

Hil

115

Acidic BSH’s are usually obtained by combining
lead acid battery and super capacitors. Alkali
BSH’s are formed by combining one alkaline type
battery electrode and capacitive electrode and
neutral electrolytes are employed for Na-ion and
Li-ion BSHs. Coming to other types such as
organic electrolytes and ionic electrolytes are
volatile and flammable so gel-polymer type
electrolyte is preferable in BSH because of its
compatibility and safe energy storage and they are
also popular for their flexibility and stretch ability.
Aqueous BSHs are generally cheaper than the
organic electrolyte and ionic based BSH’s[21-22].

The electrolyte types and materials
resources, aqueous BSH’s (acidic/alkaline BSH,
aqueous Li-ion, and redox BSH’s etc are more
cheaper than organic electrolyte and ionic liquid-
based BSH’s and non Li-ion BSH’s such as Na-ion
BSH’s used for long term applications and cheaper
than all the above mentioned BSH’s because
sodium (Na) is abundantly available on our
earth[23].

Li/Na-ion electrode:
LiTisO1, Si, Fey04, MNO
graphite, NaTiA{POu)y

Psoudocapacitive
olectrode:
MnO;, RuO;, MoOy,

MoS;, Nb;Os, MXene, f§ LIMN;O4, LNMO,
LaMnO;,, Conducting NayVa(POu)s, AMnO;,0tc
polymers eto Acidic cathode:
BSH Devices PbO;
Capacitive 2 v
electrode UNmonBSHe 1\ (l0Ci 0
| Acidic/alkaline BSH; g
| | BSH with redox electrolyte;
| EDLC: Carbon | BSH with pseudocapacitive, Alkaline electrode:

(activated carbon, NIO, Ni(OH)z, NixS;,
CNT graphene, Fe-oxides,

mesoporous carbon, 4 \ Co-oxides,
etc.) 4 4 N\CuO, BzOy, etc
/ N\
/ Electrolyte \

Vi
/ Aqueous, Organic,Gel-polymer,
Redox active/additive, lonic liquid,
“Water-in-salt”", Hydrate-melt electrolyte,
elc

electrode, etc,

Figure 11

The above diagram 11 clearly represents
different types of BSH devices and their
classifications and the type of materials used in
BSHs. For this above mentioned types Lithium
based systems was the most popular one compare
to others because of their high energy densities and
some other chemical properties. So most of the
researches are choosing this field which leads to the
rapid growth of the Hybrid Supercapacitors.
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V. CONSTRUCTION AND WORKING OF
HYBRID SUPER CAPACITORS

The hollow nanostructures with complex
shell structures are suitable for efficient energy
storage of electrochemical energy [24]. Carbon
based nano cubes are used for the formation of
double shelled hollow structures surrounded by
outer shells made of carbon sulphide as shown in
the Figure 12. The special arrangements of subunits
with different dimensions have high surface area,
robustness which gives higher performance as a
battery type electrode. Moreover a hybrid super
capacitor is fabricated by using CoS-NP/CoS-NS as
the positive electrode and the activated carbon as
the negative electrode. These devices are operated
table in a wide potential range of 1.6v with high
energy and power density. This device is stable for
10,000 cycles with an extension of capacitance by
88%.

&

+ _r

g =

Current collector l

Separator l

Graphene—sucrose Graphene—Li,TisO,,

Figure 12

Lithium ion hybrid supercapacitors are
also called as Li-ion capacitors ate highly
preferable due to the combination of properties of
battery and a super capacitor [25]. These are having
high rapid charging and discharging, longer life
cycles and higher energy storage.

Thus Li-ion hybrid super capacitors may
become the ultimate power source for hybrid and
electric vehicles in near future. In this graphene is
used as an electrode material because of its
properties like high surface area, higher electric
conductivity, high electric stability and high
thermal stability [26]. These are advantageous
when compared to other electrode materials like
activated carbon, graphite and metal oxides. The
below Figure 12 represents how the hybrid super

capacitors are made from batteries and capacitors.

Supercapacitors

Hybrid Supercapacitors

Fig: 5.2

Lithium ion Batteries

VI. APPLICATIONS
1. Hybrid Electric Vehicles
2. Micro grids
3. Energy Harvesting
4. Gondola
5. Railways
6. Uninterruptible power supply

Hybrid Electric Vehicles: These Super capacitors
are used in electric vehicles increase the charging
time, stable electrical properties, broader ranges of
temperatures and longer lifetime when compared to
batteries. On using these hybrid supercapacitors in
hybrid electric vehicles braking energy is stored to
improve driving efficiency [27]. This regenerative
braking system is used to reduce fuel consumption
in electric hybrid vehicles. Supercapacitors provide
quick bursts of power, start-stop fuel saving
system, faster start-stop with respect to traffic
lights. The Figure 13 represents the various
processes occurring in a hybrid vehicle.

) @

Internal

Combustion i
Engine E“Ineé:ttor :’c
- Gasoline

LI Battery

S NC SUSTAINABLE
g ENERGY ASSOCIATION

Figure 13

Micro grids: In micro grids, power is delivered by
using clean and renewable energy as shown in the
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Figure 14. Supercapacitors are used in microgrids
to store the input power and deliver the power
required during high demands and this reverse
action takes place because of the presence of
supercapacitors. Microgrids produce energy in the
form of DC whereas supercapacitors are used for
both- AC and DC applications. These
supercapacitors do not provide frequency when the
grid is directly connected to the AC [27].

Figure 14

Energy Harvesting: Super capacitors are used in
energy harvesting sector as shown in the Figure 15
because these are used to storing energy and
discharging energy. Here the energy can be stored
from different renewable like light energy, solar
energy, wind energy and other forms of energy is
converted into electrical energy. This stored energy
will be released within 10 hours [27].

\ :\.\|',/’.
Ggg - E. 3
+ ?

i

O

Figure 15

Gondola: These are used in faraway places from
cities and are connected between mountains. These
gondola use electricity for complete day for
opening and closing the door, communication as
shown in the Figure 16. These require very fast
charging near the stations because it cannot be
recharged when it is travelling. Supercapacitors are
used in gondola for fast charging, more number of
cycles and high lifetime [28].
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Figure 16

Railway: Supercapacitors are used in starting
systems for railways for diesel electric transmission
as shown in the Figure 17. These capacitors store
braking energy and use it for regenerative action.
These supercapacitors deliver peak current and
magnetise the supply voltage. This is used in
starting systems for diesel engines and increases
the speed of the train. The use of supercapacitors in
trains increases the efficiency [28].

GE Transportation's

Battery-Electric

Locomotive

(.p:;k';&?%;; 2400 kWhrs
wasmins 1(0-15

Figure 17

Uninterruptible power supplies (UPS): UPS
systems are used to provide continuous and
uninterruptible power supplies during peak loads
by transferring power supply from the stored or
backup energy system when any power disruption
occurs. This type of energy transfer requires high
energy density batteries so hybrid supercapacitors
are highly preferable. There may be increase in
battery losses and reduce the life cycle of the
battery because of high pulsating currents. But
hybrid supercapacitors can withstand high currents
and their transients. These hybrid supercapacitors
are used in UPS systems when backup system is
required and for delivering power in short time.
The Figure 18 represents the schematic process
takes place for providing uninterrupted power

supply.
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Figure 18

VII. CONCLUSION

The review on the above article represents
the current status of the hybrid supercapacitors and
its future applications in various fields. The
classification ~ and  principles  of  hybrid
supercapacitors along with their mechanisms are
reported in the article. In the field of electrification
and transportation small electronic devices are used
for storing large amounts of energy in shorter time
but at low cost. The combination of Li-ion batteries
and ultra-capacitors shows how efficiency and
reliability of the source increases.

These hybrid super capacitors are
suggested as best energy storing devices because of
their higher energy and power densities. The
applications of hybrid supercapacitors are
especially used in field of hybrid electric vehicles,
uninterruptible  power supplies and energy
harvesting; Super capacitors are more feasible and
sustainable energy storing devices when compared
to other energy storing devices like Li-ion batteries,
capacitors and supercapacitors. These
supercapacitors are fabricated through different
types of materials to avoid losses due to resistance
and leakage currents. The developments of hybrid
super capacitors using different materials have
great extent in future.
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