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Preface

Electronic engineering advances at a rapid rate where designers and researchers are
expected to maintain their knowledge half-life at 3-5 year levels. New subjects enter
the field of electronics, and we have to keep up-to-date by learning these new subjects
and still maintain our historic and practical experience-based know-how in the back-
ground to mix with the new subject areas. In this process one simple thing has never
changed—that is the simple fundamentals we apply in circuits on a daily basis.

During my last 13 years of the full-time academic career, I have learned something
important. If the simple fundamentals can be practically and effectively applied to
new circuit topologies and state-of-the-art devices, we can come up with novel tech-
niques, and develop them into very useful industrial applications, provided we also
learn from our globally distributed subject experts and mix those knowledge elements
with our own work. In this exercise, attributes such as perseverance, creativity, and
life-long learning help us immensely.

This book is my eighth major work, and this is mostly based on my last 10 years of
the academic and industrial experience in working with energy storage devices
(ESDs), particularly in the subject of nontraditional supercapacitor applications. In
this subject area, I was once again convincing myself of the most important aspect
of learning—how to apply simple circuit fundamentals with new (energy storage
or other) devices, with persevering efforts to understand the underlying physics
and electrochemistry. Particularly in developing the Chapters 2, 3, and 5 of the work,
I practically learnt that there is a massive ongoing concerted effort by the electroche-
mists, physicists, and technologists to enhance the performance specifications of
ESDs. I sincerely thank all of them for their concerted efforts to give the electronic
circuit and system designers new packaged devices where we could start with simpli-
fied equivalent circuits, and industrial device data sheets to develop new applications.

This work reflects a summary of the applications knowledge gained by a team of
researchers lead by me in New Zealand, directly and indirectly supported by the con-
certed efforts of the global team. In this work, most of research projects we work on
could help the nature and the environment too, with an effort to understand that the
energy resources are limited and renewable energy area should be well supported by
new research efforts on ESDs and applications.

Thank you,

Nihal Kularatna

School of Engineering
The University of Waikato
Hamilton

New Zealand

8th September 2014
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Energy storage devices—
a general overview

1.1 Introduction

From the invention of the transistor in late 1940s, electronic products and systems
have become an essential part of the modern world with interconnected global com-
munication systems, intelligent white goods, electronic subsystem dominated auto-
motive and a plethora of portable devices. With the world population growing
beyond 7 billion in 2012, and with the portable electronic devices getting popular even
in the poorest parts of the world, worldwide energy consumption keeps growing at a
steady rate. In 2008, world’s energy consumption was estimated to be around
144,000 TWh. Energy supply usually comes from several dominant sources, namely,
fossil fuel and nuclear (as nondominant major sources), and from many renewable
sources such as hydroelectric, solar, wind, geothermal, biomass, and biofuels.

In the world of energy usage, energy storage requirement comes in different forms.
In our home and work environments, sometimes we need to store energy in systems
such as the uninterruptible power supplies (UPSs) used for information systems and
other critical facilities such as hospitals, airports, and factories in order to safeguard
against power outages. In these situations, different types of energy storage systems
(ESS) such as batteries, supercapacitor (SC) banks, flywheels, and compressed air are
used together with suitable electromechanical energy conversion systems. In these
systems, we usually deal with few 100 W to few megawatts order requirements with
the outages expected in the range of fractional seconds to few hours.

In our modern hybrid electric vehicles (HEV) and electric vehicles (EV), battery
banks and fuel cells are used to deal with kilowatt order requirements lasting for few
minutes to few hours of driving, where the ESS comes into play. With the inefficien-
cies of internal combustion engine together with mechanical drive systems in the cars,
overall energy efficiency is in the range of 15% to over 20%, encouraging the devel-
opment of more energy efficient HEVs and EVs. In these applications, where tens of
kilowatts of power is required, the capacity of the battery banks in terms of energy
storage should be in the range of kilowatt-hours.

Compared to the above scenario, if we consider our portable electronic devices
such as cell phones, PDAs, and laptops where battery packs are used, we commonly
come across the capacity in terms of milliampere-hours (mAh) or ampere-hours (Ah),
with battery packs with nominal voltage values varying from about 2.5 to about 16 V.
Given these nominal voltage values, assumed to be constant over the operational
range, will give us the energy storage capacity in mWh to Wh. Compared to the
two above application areas, if we take much smaller power and energy requirements
such as wrist watches, hearing aids and implants, the battery pack capacity may be
specified in microwatt-hours to few milliwatt-hours only. Terminal voltages of these

Copyright © 2015 Elsevier Inc. All rights reserved.



2 Energy Storage Devices for Electronic Systems

battery packs, mostly coming in the form of one or few single cells, may be in the
range of 0.5 V to few Volts per cell.

Given a few common day-to-day examples of battery-based systems, we could
practically appreciate that a few commonly identified electrical parameters such as
terminal voltage, and the energy storage capacity in terms of Watt-hours or
milliwatt-hours allow us to compare the capabilities of the battery packs. If a load con-
sumes power at a steady rate of 1 W for 1 h, the device has consumed a total energy of
1 Wh during that period. In standard SI units, this translates to a value of 3600 J, since
1 W dissipated during 1 s is equal to 1J.

So far we have considered only batteries as an energy storage device (ESD) family,
but in general many different methods and devices can be used for energy storage suit-
able for electrical and electronic systems. This chapter provides an overview of energy
storage and delivery devices, methods, and the essential fundamentals applicable to
energy transfer into electronic systems and devices. With some quantification
approach, the contents will assist comparing the details of energy storage capabilities,
and energy delivery capabilities and limitations of ESDs in electronic environments in
a practically useful way. The contents of this and the overall work are aimed as a prac-
tical guideline to engineers, designers, and researchers working in these areas. Reader
is expected to have some essential prior knowledge on circuit theory applicable to sim-
ple circuits.

1.2 Simple fundamentals

Let us start with the simple analogy of a water tank at a certain height above the ground
level. If we have a hose connected from the bottom of the tank, with a tap connected at
the end of the hose, water flow starts when the tap is opened. We can measure the rate
of water flow in terms of liters/second. If you consider the tank as the storage device, at
this rate we can estimate the time to release the total quantity of water. If we make the
tank bigger, we get more quantity of water stored in the tank. If the bottom of the tank
is at the same level as before, we will have the same rate of flow at the end of the pipe.
We will take a longer time to release that water at that same rate. Now we can raise the
bottom level of the tank which will increase the rate of flow. This means the tank will
empty faster. We can also increase the diameter of the water hose connected to achieve
a higher flow rate of water. This happens since the resistance to water flow will reduce
due to higher diameter of the hose. If you increase the length of the hose, the flow rate
will be slower.

The above simple analogy helps us understand ESDs. The level of the water tank
(above the reference level of ground) is analogous to the (positive) terminal voltage of
the device of the with respect to the negative terminal (which is the reference voltage
level). Volume of the tank is analogous to the amount of total charge (or energy) avail-
able for release into the external circuit. Water flow in the hose is analogous to the
current (in Amperes or coulombs/second) in the external circuit. By changing length
or diameter of the hose, we create the analogy of a resistance of a conductor (which



