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Abstract 
This document provides an introduction and over view of state-of-the-art energy storage technology 
including a comparison of them and various evaluations of the new possibilities they give to the energy 
infrastructure and to society. It also describes which function each energy storage system is best suited 
for and which needs they can fulfill in our modern world. As a follow up, basic concepts about batteries 
are explained and a methodology to evaluate the capacity of most types of rechargeable batteries is 
described along with the design of a device required.  

Abstracte 
Aquest document ofereix una introducció i una vista general de l’estat de l’art de la tecnologia 
d’emmagatzematge d’energia. Inclou una comparació d’elles i varies avaluacions de les noves 
possibilitats que aporten a la infraestructura energètica i a la societat. També descriu quina funció 
millor compleix cada sistema d'emmagatzematge i quines necessitats de nostre mon modern poden 
omplir. A continuació s’expliquen conceptes bàsics de bateries és descriu una metodologia per a 
mesurar la capacitat de la majoria de tipus de bateries recarregables a demés de un disseny de un 
dispositiu necessari per aquest fi. 
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Disclaimer 
This document and the information it contains is if for academic purposes only. It is not intended to be 
used a reference on battery technology, as a guide for the making of any commercial product. It is not 
valid as a guide for investment, nor as a reference for deciding policies.  
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Introduction 
As a final project for masters degree in energy engineering, this document intends to demonstrate an 
ability of gathering, sorting and summarizing information about the state of the art of certain 
technology, and the capability of designing a device and a method that can be useful for real life or 
academic purposes.  

Purpose of this document 
 This document includes two separate parts that each has their own objective. The first part intends to 
give an overview of electrical energy storage technologies and their main characteristics followed by an 
introduction to battery systems. The second part intends to describe a lab exercise for students and the 
design of a device needed for the exercise. The exercise consists in 3 parts: the evaluation of the 
capacity of rechargeable batteries according to different discharge rates and the evaluation of their self-
discharge rate.  

Document Overview 
Part 1- Electrical Storage Overview 
Chapter 1-A discussion of electrical storage technologies, a comparison of their characteristics 
and the functions they are most suited for.  
Chapter 2- An introduction to battery systems. 

Part 2-Rechargeable Battery Analysis 
Chapter 3-A step by step guide for the evaluation of the capacity of rechargeable batteries and 
their self-discharge rate using Beckhoff TwinCat modules and software.  
Chapter 4-The design of a device needed for the evaluation described in chapter 2.  

Identification 
The exercises in the document are designed for the CITCEA laboratory in the EUETIB building of the 
Universitat Politecnica de Barcelona. It is to be perform on the Personal Computers that are equipped 
with the following: 

 -Windows NT/2000/XP/Vista/7 
 -Gigabit Ethernet PCI card (FC9011) 

 -Ethernet-EtherCAT conector cable (ZK1090-9191-0030) 
 -Beckhoff EtherCAT E-bus coupler (EK1100) 

 -Beckhoff Analogic Input terminal (EL3061) 
 -Beckhoff CANopen master (EL6751) 

 -End of Bus (EL9011) 
 -Beckhoff TwinCAT System with TwinCAT System Manager, and TwinCAT PLC Control 

 -POLYLUC Power Supply model FCP3 
 -Merlin Gerin magneto-thermal switch model C6 
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All the equipment complies with the following regulations: 

REAL DECRETO 842/2002  
REAL DECRETO 208/2005 

REAL DECRETO 560/2005 

Scope 
This document is based on information that can be found on the internet in articles by professional 
consultants, technical journalists, public awareness experts and private company advertisers. The 
articles are mostly aimed at the general public. This document does not intend to be an in-depth 
description or analysis of state of the art technology. It does not provide information on how further 
research and development should be done.  
The methodology described only guides a user to be able to run the equipment and software to 
accomplish the specific tasks later described. It does not explain the inner working of the equipment, 
how to install and configure them, nor how to solve any malfunctions. The exercise is not meant for 
children and should be supervised by a qualified adult. All equipment involved must be handled 
properly while following normal safety procedures for the use of electrical equipment.  

The device designed is described by it’s components and the connections between them. This 
document does not describe how to assembly the device nor where to purchase the components.  

Relationship to Other Plans 
This document builds from a previous thesis by Elcides Carretero Moral on automation systems.  
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Chapter 1: An Overview of Energy Storage Technology 
1.1 The Importance and Direction of Energy Storage 

 

History of Energy Storage 
 
The storage of energy has always been natural but somewhat difficult for man, often seeming to be an 
extraordinary feat. As technology advanced, springs and weights with pulleys were discovered. Then 
all sorts of contraptions and devices were tried, from weapons and construction tools to watches and 
music boxes. Water kept in towers or dams were found to be very useful too, delivering water at high 
pressure for running primitive machinery.  
Heat storage was found vital from very early on. Coals well kept could relight a fire, and stones well 
heated could cook food and heat homes. Cooling also requires energy. Freezers, refrigerators and air 
conditioning represent a large portion of our energy consumption. Because of this, “cold” is often also 
considered stored energy, although it is physically the opposite, on an energy scale, to heat. Ice and it’s 
storage have been used in civilization for thousands of years for the same purposes as we use cold now. 
Heat storage during this last century, has taken on new levels with all sorts of phase changing materials 
that have their melting point at temperatures useful for us. Changing phases involves much energy and 
most materials do not change much in volume, when passing from solid to liquid or vice versa. This 
makes them quite useful and manageable. Sophisticated heating and cooling systems use these along 
with available temperature differences whether found underground, outside or at different times of the 
day or year. 

For thousands of years engineers have known that force can be built up and energy can be stored in the 
momentum of a spinning mass. Flywheels have been used in machinery practically from the very 
beginning of the existence of machines. After being used in mills and potter’s wheels for millennium, 
then they were integrated in internal combustion engines early in their design, and are still important 
for compressing gas in their cylinders.  
When mass production started, alcohol became a form of energy storage. Crops of corn were grown 
and fermented to produce fuel for the first mass produced car, the model-T Ford.  
Of course, the spread of controlled electricity during the last two centuries brought a new dimension to 
energy, bringing with it almost infinite new uses and possibilities. Early on, in the mid 19th century, 
lead-acid batteries were found to able to store electrical charges relatively efficiently and were used to 
store and carry energy for machinery, vehicles and buildings. Due to their relatively low cost, they are 
still widely used for such uses today and are the most demanded rechargeable battery in the market. 
However, since they quickly lose capacity with a few hundred full cycles, as new technologies became 
available, they have been used mostly for back up systems and for starting lighting and ignition (SLI) 
systems.  
When the storing of very large amounts of energy began to be of interest, dams were quickly found to 
be efficient in doing so. Water could be pumped into the dam and kept indefinitely, to be released and 
passed through turbines to produce energy when needed. They are still considered an efficient form of 
energy storage today and, other than a few rare exceptions, still are the only form used for storing large 
amounts of energy.  

Since the middle of the last century, nickel cadmium (Ni-Cd) rechargeable batteries began to be used in 
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many electronic devices. Although they were better than lead-acid batteries in every way, their usage 
was limited by their high cost. With the reduction of production costs, their usage became more and 
more common for commercial purposes.  

Nickel metal-hydride (Ni-MH) technology was being developed in the 1960’s. Ni-MH batteries offered 
higher energy densities than Ni-Cd batteries, their costs were lower and they did not entail 
environmental hazards of toxic metals.  As soon as they entered the mainstream market in the end of 
the 1980’s they quickly became the rechargeable battery of choice and still are being used widely 
today, particularly in electric vehicles. Until recently however, their internal resistance was larger and 
they would degenerate rapidly when supplying high currents, as a result they have not yet replaced Ni-
Cd batteries in most power tools. 
Reduced prices and excellent performance of new battery technology has been essential for the new era 
where powerful portable digital devices are taken for granted by most of the population for everyday 
life. These new devices revolutionized communication, access of information, coordination among 
individuals and organizations, and the ability to publish or work with data of all types.  Still, man’s 
ambition, and insatiable desire for more, brought even more progress.  Because of it, within 10 years a 
new, more powerful and versatile technology, based on Lithium, entered the market and started 
replacing Ni-MH technology. Battery technology based on Lithium-Ions has being growing in usage 
since 2000, replacing Ni-MH battery for most uses.  

The present situation 
 

Energy storage is so present in our daily contemporary life that we take it for granted. Laptop 
computers, mobile phones and cameras are everywhere and used constantly. Thanks to Lithium Ion 
technology, they have the independence needed to be comfortably used. Usually, the only disadvantage 
is the daily charging, but their convenience allows us to use our devices without feeling limited or 
without being excessively worried about running out of energy. Contemporary life depends on small, 
lightweight, affordable and powerful batteries.  

 
Fig 1. World Rechargeable Battery Production 1 

 

                                                
1 http://batteryuniversity.com/learn/article/battery_statistics 
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Fig 2: Global Rechargeable Battery Demand¹ 

With our increasing awareness of the fragility of our environment, it has become clear that we can no 
longer depend on fossil fuels as our main power source. However, renewable energy sources are not as 
controllable, and therefore require much coordination of energy use and more technology. Intermittent 
and distributed energy sources both require energy storage.  This storage must be adequate for large 
quantities of energy and must take on different forms to facilitate every step of the energy flux, from 
the production, through transportation and distribution, all the way to the end-user. This has brought 
about the development of many new types and technologies of energy storage. These technologies are 
just starting to be used and their performance and the difficulties involved are still being discovered. 
The most notable new development are perhaps the flux batteries that are modular and are easily 
expandable in capacity by adding tanks, or molten salt system that can be used for either thermal or 
electrochemical energy storage. 
Until recently, amounts of energy in magnitudes of megawatt hours (Mwh) were only stored in the 
form of the potential energy of elevated water behind dams. This is no longer the case. Vanadium 
redox flux batteries with capacities larger than a MWh have been installed as load levelers, energy 
buffers or large uninterrupted power supply (UPS) systems, in multiple countries2. For examples there 
are 2-MWh load levelers in Utah, USA3, and 6 MWh energy buffers for the Tomamae wind farm in 
Japan3. These systems are running and performing as expected. Other functioning technologies capable 
of very large capacities include sodium-sulfur flux batteries, which have been in use in Japan since 
19904. 
There is another new technology that is influencing the energy storage industry. Due to environmental 
pressure, electric vehicles (Evs) have entered the market, and although they represent an almost 
insignificant proportion of total sales, a million light-duty Evs have been sold this past year5. Most of 

                                                
2 http://en.wikipedia.org/wiki/Vanadium_redox_battery 
3 2-Mwh Flow Battery Application by PacifiCorp in Utah, Mark T. Kuntz  

(http://www.energy.ca.gov/research/notices/2005-02-24_workshop/07%20Kuntz-
VRB%20PacifiCorp%20Flow%20Battery.pdf) 

4 EPRI-DOE Handbook of Energy Storage for Transmission and Distribution Applications, EPRI, Palo Alto, CA, and the 
U.S. Department of Energy, Washington, DC: 2003. 1001834. 

5 http://www.infoeworld.com/science/2011-08-28/world-ev-sales-to-go-up 
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them use Li-Ion batteries, but other technologies include Ni-MH, new and promising molten salt 
batteries, and even lead-acid batteries6. 
Heat and “cold” storage have developed significantly as well. Large amounts of heat at high 
temperatures were being stored in oils at the SEGS1 solar parabolic trough power plant in California 
from 1985 to 19997. Phase Change Materials, which consist mostly of waxes, are being used as heat 
storage for personal solar heating installations8.  
Flywheel technology has also been brought up to date. New materials encased in vacuum environments 
can be found and many commercial products designed for stabilization. These devices can respond 
very rapidly to power demands of up to a megawatt for a few seconds3. 

The Momentum 
 
It is predicted that in the slowest of cases, electric vehicles and/or hybrids will more than double in 
sales in the next 20 years, and so will the amount of renewable energy production9. This means that 
needs for energy storage will likely double as well, in the most conservative of predictions, and could 
quadruple if strategies are implemented to promote a faster adoption of renewable energy systems.  
Portable batteries, both large and small, UPS systems, load and electricity stabilizers of all types and 
massive energy storage systems all will be much more abundant and demanded.  

Many new technologies are being investigated, developed, tested and brought to the market constantly. 
Li-Ion technologies have multiplied. In addition, many new ions are being used, the components are 
being redesigned using nanotechnology, air is being introduced in the chemical process, all adding new 
dimensions to explore or enhancing characteristics. Molten salt technology is becoming more and more 
mature. Heat storage in molten salts will soon be adopted in thermal solar power plants10. Technology 
is also being developed to store heat chemically. This heat would be stored indefinitely without any 
loss to be released on command by a trigger11. Compressed air systems to enhance engines and turbines 
both for very large installations for load leveling in the MWh, and for small sized systems as for 
automobiles. Super capacitors and super conducting coils can already be used and soon will be 
common for stabilizing purposes. Phase Change Materials will be integrated into our environment, 
from our walls to our clothes, stabilizing temperature variations and therefore reducing energy losses. 
Due to the abundance of energy storage systems expected, many people are beginning to conceive 
ways to exploit the new storage capacity soon to be available and distributed among the many devices 
having them, due to the general trend. Many are hoping that Evs will be available to the electrical grid 
when parked and plugged in. Their batteries could then be used to stabilize the flow of energy in order 
to adjust to the uncontrollable factors and difficulties that are implied when large proportions of the 
grid’s power come from renewable energy sources. For instance, distributed energy generation will no 
longer be uncommon and these systems will be much more profitable with personal load levelers. In 
order to manage this complex energy flows, utility systems will have to install smart grids. These 
“smart” grids will consist of devices that will be able to communicate with each other in order to 
coordinate each of their energy flows and adjust in real time to changes in loads and sources. Personal 

                                                
6 Baterías tradicionales y avancades, Automática e Instrumentación, Setiembre 2010/nº421 
7 http://www.nrel.gov/csp/troughnet/thermal_energy_storage.html 
8 http://solar-thermal.anu.edu.au/low-temperature/air-heaters/ 
9 Energy Technology Perspectives 2010, International Energy Agency 
10 EPRI-DOE Handbook of Energy Storage for Transmission and Distribution Applications, EPRI, Palo Alto, CA, and the 

U.S. Department of Energy, Washington, DC: 2003. 1001834. 
11 Research update: New way to store sun's heat. David L. Chandler, MIT News Office, July 13, 2011 

(http://web.mit.edu/newsoffice/2011/update-energy-storage-0713.html) 
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load levelers with Li-Ion, flow battery, or molten salt technology will be present in non-isolated areas. 
If these capacities, along with those present in Evs, are managed by “smart” devices, which respond to 
communication protocols of the smart grids, they will have the capability to be shared by all the users 
of the grid. This will greatly enhance the efficient use of our resources.  
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1.2. Characteristics of energy storage technologies 
 

In order to qualify and compare different technologies, it is necessary to have defined qualities 
according to which you can evaluate them. These are a few of the most important criteria: 

Storage capacity 
Often indicated in ampere-hours (Ah) in the case of batteries, the capacity (multiply by the battery 
voltage for watt-hours (Wh)) indicates the amount of energy stored. It also can be expressed in Joules 
or kWh and is directly proportional to the specific energy or energy density of the charged materials, 
expressed in Wh/kg or Wh/L accordingly.  

Power 
The power that can be produced, expressed in watts (W), is either limited by the size of the device 
(chemically active surface), or the maximum current sustainable by the components of a system. In 
batteries it is directly related to both specific power of the charged materials and the conductivity of the 
components and junctions.  

Depth of discharge 
If all the energy stored in a system is removed, it is considered a full discharge. Many batteries do not 
respond well to full discharges, often taking irreversible damage and other times simply being less 
efficient when getting close to being totally discharged. This implies that protection systems are 
necessary to prevent discharge beyond a certain level. Of course, this reduces the actual capacity of the 
battery. Fortunately full discharge is not important for most applications.  

Discharge time 
In certain cases, it is more useful and intuitive to express energy as the amount of time for a specific 
amount of power. One of the main reasons for this is that often the same battery is able to supply 
different amounts of energy depending on the current it generates.  

Efficiency 
It is difficult to evaluate efficiency because although it is a very simple concept, Power out/Power in, it 
varies greatly according to how the operation is run and all the implications involved in the usage of the 
energy. Like most qualities, it is slightly or significantly lower in practice than it’s theoretical value.  

Durability (Cycle Life) 
Rechargeable batteries are known as secondary batteries because of their ability to be charged and 
discharged over and over again. The number of times they are able to do this without losing a 
significant amount of their original capacity (often 20% max) is called their cycle life. All energy 
storage systems have a limited amount of cycle lives, but it is particularly an issue for batteries.   

Self-discharge  
All storage systems have some leakage in their storage due to minor amounts of current slipping though 
imperfections or simply through the conductivity of the electrolyte. This leads to a dropping efficiency 
rate over storage time that poses a limit to how long it is worth to store the energy. This is often 
expressed by lost capacity/time.  
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Safety 
High technology involves exceptional materials and processes that often can be unstable, explosive, 
toxic and generally dangerous. This is important to consider while studying the environment of use and 
behavior surrounding the application.  

Reliability and Maturity 
Marketing campaigns often promote a wonderful image of certain technologies that conceals variability 
and probability of failure. Over time, after applications become more common and mature, the real 
problems and difficulties of the technology become apparent. Often, these problems can be solved by 
further development.  Experience and familiarity are the biggest differences between mature 
technology and technology under development or demonstration.  

Cost 
The final price of a technology depends on 2 major factors, the availability of the prime materials and 
the complexity of the fabrication process. Mass production tends to affect both in opposite ways, the 
more demand for a rare material the more it’s price will rise. On the other hand, large-scale production 
reduces fabrication costs.  

Environmental Impact 
Some materials that are used can be highly toxic and contaminating, such products should simply be 
avoided and not used. Sometimes energy storage systems use up a lot of land or special uncommon 
sites, others use up or generate different and various substances or materials, this will affect the 
environments they are in. In order to study this factor correctly though, all the steps of the products life 
cycle must be considered.  

Response Time to Load Changes 
Different loads demand different currents. When a load is added or removed from a source, the source 
has to adapt to the change in order to reduce or augment the amount of current being demanded. 
Different energy storage systems can adjust faster to changes in the demand of current than others. For 
instance, a capacitor involves no inertia or change in it’s functioning to go from giving maximum 
current to absorbing maximum current. Dams, on the other hand, require heavy machinery to be set in 
motion to either pump water up or release water downwards.  

Required Maintenance 
All systems require to be cleaned, or lubricated or checked for repair. Moving parts often entail more 
wear and are more prone to need repair or maintenance in general, but all systems require some sort of 
maintenance. 

Operational Flexibility  
Conditions of operation can vary according to different uses of a system. Some systems are very 
delicate in that they require very specific conditions and modes of operation in order to function 
properly or not take wear. Some only work properly under certain temperatures and pressures. Some 
environments are subject to physical stresses or frequent variations or instability of work conditions. 
How well different systems can handle these variability is important to consider.  
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1.3. Available Technologies 
 

Different forms of storing energy 
There are many different technologies and forms to store energy. In the following pages we will 
summarize these and compare their characteristics and the applications they best perform. One can 
classify energy storage techniques either by the manner in which they store the energy or by the 
characteristics and functions they can provide.  

The main characteristics of applications are the following: They might be, either permanent fixed to the 
location, or portable. They might be used to store energy for a short or long term, or they might require 
more or less power.  
A permanent, short term, high powered storage system might be a power stabilizer in a distribution grid 
or a UPS for an industrial process. A permanent, long term, low power storage system might be a load 
leveler for a personal photovoltaic (PV) system installed on a household. Transportation systems, 
however, will be interested in long term and short term, portable and medium powered systems.  
The EPRI-DOE Handbook of Energy Storage for Transmission and Distribution Applications, 
cosponsored by U.S. Department of Energy proposes specific applications for which each technology is 
considered most suited, according to technological and economical analysis. Although only large 
power and grid applications were considered, the evaluation is interesting considering that utility 
systems represent a very important and growing market of energy storage. Therefore, when discussing 
the systems in the following pages, the applications they are considered to be best suited for according 
to this evaluation, will be mentioned. These applications are: 

Grid Angular Stability (GAS) – Mitigation of power oscillations by injection and absorption of real 
power for periods of 1 to 2 seconds. The reference duty cycle for analysis is standby for infrequent 
events characterized by 20 oscillatory cycles, cumulatively equivalent to a full power discharge (FPD) 
of 1-second duration., 1 event per day; 10 events per year. Valued at the cost of alternative solutions. 

Grid Voltage Stability (GVS) – Mitigation of degraded voltage by additional reactive power plus 
injection of real power for durations up to 2 seconds. The reference duty cycle for analysis is standby 
for infrequent events characterized by 1 second FPD, 1 event per day, 10 events per year. Valued at the 
cost of alternative solutions. 

Grid Frequency Excursion Suppression (GFS) – “Prompt” spinning reserve (or load) for mitigating 
load-generation imbalance. Requires energy storage to discharge real power for durations up to 30 
minutes. The reference duty cycle for analysis is standby for infrequent events characterized by 15-
minute FPD, 1 event per day, 10 events per year. Valued at the cost of alternative solutions. 

Regulation Control (RC) – System frequency regulation in concert with load following. The reference 
duty cycle for analysis, is characterized by continuous cycles equivalent to 7.5-minute FPD and charge 
cycle (triangular waveform), 2 cycles per hour deployed with 10 minutes advance notice. Valued at 
market rates. 

Spinning Reserve (SR) – Reserve power for at least 2 hours with 10 minute notice. The reference duty 
cycle for analysis is standby for infrequent events characterized by 2-hour FPD, 1 event per day, 10 
events per year. Valued at market rates. 
Short Duration Power Quality (SPQ) – Capability to mitigate voltage sags (e.g., recloser events). The 
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reference duty cycle for analysis is standby for infrequent events characterized by 5 seconds FPD, 1 
event per hour, 5 events per day, 100 events per year. Valued at the cost of alternative solutions. 
Long Duration Power Quality (LPQ) – SPQ, plus capability to provide several hours reserve power. 
The reference duty cycle for analysis is standby for infrequent events characterized by SPQ plus 
standby for 4 hours FPD, 1 event per year. Valued at the cost of alternative solutions. 

3-hr Load Shifting (LS3) – Shifting 3 hours of stored energy from periods of low value to periods of 
high value. The reference duty cycle for analysis is scheduled 3-hour FPD, 1 event per day, 60 events 
per year. Valued at market rates. 
10-hr Load Shifting (LS10) – shifting 10 hours of stored energy from periods of low value to periods 
of high value. The reference duty cycle for analysis is scheduled 10-hour FPD, 1 event per day, 250 
events per year. Valued at market rates. 

 
Categorizing energy storage methods brings to discuss the different forms of energy that can be stored. 

 -Mechanical energy, in the form of kinetic or potential energy, from pressure or gravity. 
 -Thermal energy, in the form of high temperature mass, or the altered phase or chemical state  
          of a material. 
 -Electrochemical energy, in the form of ionic imbalances. 

 -Electromagnetic energy, in the form of electric or magnetic fields.  
Each of the following technologies only stores energy in one these manners, but they may be suitable 
for more than one type of application.  

A. Storage of mechanical energy 

Compressed Air Energy Storage (CAES) 
Since 1970s energy storage as compressed air has been studied, marketed and operated in various 
countries with satisfactory results12. They were and are still being used to perform load management, 
ramping duty, peak power generation, synchronous condenser duty and spinning reserve duty.  

The practice consists in compressing air to 40-70bars into underground caverns later to be released and 
combined with cold low pressure air as a preheating method for a gas turbine. Studies are being done 
that show that it could also be profitable if the storage of the compressed air were done in underground 
piping instead of caverns. This would allow sites without caverns to employ such technology.  

Compressed air is a relatively cheap and flexible form of storing energy, it also is a mature technology 
that can be bought and installed with relative confidence. It is important to point out though that the 
recuperation of this energy always implies the consumption of natural gas. Using compressed air is a 
way for Natural Gas power plants or engines to reduce their gas consumption by around 25%13. It is 
important to keep this in mind in order to realize that this technology can only reduce our dependence 
on fossil fuels by a limited degree.  

For the grid, compressed air is most suited for Regulation Control, 3-hr Load Shifting and 10-hr Load 
Shifting.  
                                                
12 EPRI-DOE Handbook of Energy Storage for Transmission and Distribution Applications, EPRI, Palo Alto, CA, and the 

U.S. Department of Energy, Washington, DC: 2003. 1001834. 
13 Energy storage systems-Characteristics and comparisons, H. Ibrahim, A.ILinca, J. Perron, WERL Université du Québec, 

Dec 1 2006 
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Small Scale Compressed Air Energy Storage (SSCAES) 
Using an electric compressor that doubles as a generator, electricity can be stored and recovered with 
an efficiency of 50%13. This can be useful for small and medium sized operations including personal 
transportation. Such technology uses air at 300 bars, which is clearly a safety hazard. Electrochemical 
battery technology has advanced fast enough and reduced it’s costs enough that SSCAES technology 
will probably not become common. Most commercial projects for such products have not been 
successful.  

Flywheel Energy Storage (FES) 
Large amounts of kinetic energy can be stored in massive spinning objects. Due to the fact that the 
output of power rapidly drops during discharge, and that efficiency also rapidly drops from 85% to 
45% within hours of storage, flywheels are only practical for power stabilization but not for load 
leveling. As a proven technology they are flexible in size and can be used both for small-scale and 
large-scale applications. For electrical grids, they are considered most suited to provide Grid Angular 
Stability and Short Duration Power Quality.  

Pumped Hydro-Storage (PHS) 
Large scale load leveling has been accomplished for many years at a 65-80% efficiency in large 
dams114. This technology is very mature and widely used but limited due to the geological needs it 
entails. The environmental damage caused, although usually reversible, is great and potential sites are 
rare. Therefore available capacity is not expected to expand much. Large infrastructure is needed so 
small scale applications are not expected to be frequent.  

B. Storage of thermal energy: 

Thermal Energy Storage (TES) 
Heat is stored directly by heating large masses, solid or liquid, or indirectly as chemical states using 
phase change materials such as paraffins or even ice. The heat (or cold) is then used to make steam, hot 
air or water for industrial processes or directly in heating/cooling systems of buildings. TES has also 
been used in a combined-cycle power plant to store large quantities of energy by heating metals with 
electric resistances and then recuperating the heat by preheating air sent to the turbine at a later time, 
accomplishing  an storage efficiency of 60%.14 There are also plans to use molten salts to store heat for 
load leveling at thermal solar power plants.  

C. Storage of electromagnetic energy: 

Super Conducting Energy Storage (SMES) 
When a current passes around a surface, a magnetic field is generated inside it. By applying extremely 
low temperatures to metals, very large magnetic fields can be created and kept, storing energy very 
efficiently. They are useful for stationary, short term, high power storage systems. They theoretically 
can accomplish a round trip efficiency of 92%.  The losses consist mainly of ohmic heat losses from 
the constant flow of current and the refrigeration necessary to keep the coil extremely cold. 

Existing installations used for power quality are abundant in factories all around the world. 
Commercial products exist with power up to 8 megavolt-amperes (Mva) and capacities of a few 
megajouls (MJ). In electrical grids, they are considered most suited for applications of Grid Angular 
Stability, Grid Voltage Stability and Short Duration Power Quality.  
                                                
14 Wikipedia 
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SuperCapacitors (SCAP) 
Voltage differential held on separate surfaces facing each other create an electric field which can also 
hold energy in large amounts using special materials between the 2 surfaces. With round trip 
efficiencies of up to 95%15, this technology has been used for portable, short term, low powered storage 
needs in computers for 30 years. Recently it’s market has been expanding in fixed, short term, low 
powered and high powered applications.  Similar to SMES, in utility grids, they are also considered 
most suited for applications of Grid Angular Stability, Grid Voltage Stability and Short Duration 
Power Quality.  

D. Storage of electrochemical energy: 

Flow Battery Energy Storage (FBES) 
Flow batteries consist in two electrolytes that are pumped through a power cell containing a membrane 
through which they can exchange ions.  Direction and rate of the flow of the solutions accordingly 
determine the direction and flow of the current. Capacity of the system is determined by the volume of 
electrolyte stored, power is determined by the amount of power cells used in the installation. It is a very 
modular technology, allowing flexibility and adaptability to different and changing scale of energy 
needs. It is most practical for fixed, long term, high and low powered applications but portable 
applications are being considered although they are not expected to be frequent due to the low power 
density accomplished. They typically have an energy density of 25 Wh/kg, but it is rising thanks to 
further development.  Unlike most batteries, that accomplish round trip efficiencies of 90% and higher 
(other than Lead-Acid), flow batteries do not tend to surpass 75% due to mechanical losses in the 
pumps and the flow of the solutions.  

Vanadium Redox Batteries (VRB) 
Vanadium based electrolyte technologies are considered environmentally benign and are therefore 
receiving attention from the environmentally concerned. Round trip efficiencies are reported to be 
around 75%. Maintenance consists mostly in replacement of the mechanical parts needed for plumbing. 
They are a commercially mature technology and have already been installed in various countries. Over 
all, in terms of utility grids, they are considered most appropriate for 10-hr Load Shifting.  

Zinc-Bromine Batteries (Zn-Br) 
Zinc-bromine has also been considered an option for flow battery systems, due to the higher energy 
density and lower cost of zinc, but it is not yet commercially mature. Overall efficiency is claimed to be 
between 70 and 80%. Bromine is a serious health and environmental hazard, but such technology offers 
different application options, consisting basically in Grid Angular Stability and Short Duration Power 
Quality.  

Polysulfide Bromide Batteries (PEB) 
A technology similar to VRB, but less promising, partially due to a lower efficiency of about 60-65% 
round trip. Although considered environmentally benign, PEB have gained less attention from 
environmentalists. Similar to VRB, for utility grids, their best application would be 10-hr Load 
Shifting.  

 

Fuel Cells-Hydrogen Energy Storage (FC-HES) 
                                                
15 Embotellando energia:el sueño de los eléctricos, E. Mascarell Gurumeta, R. Villafafila Robles, Energia 2009 
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Hydrogen can be stored in various mechanical and chemical forms, and then later pumped through a 
power cell to generate electricity. Although fuel cells have received reasonable attention in the media 
recently, hydrogen is an inefficient form of storing energy (35% round trip efficiency) and is of high 
cost. Therefore, we will not give it further consideration.  

Lead-Acid Batteries 
Consisting of an electrode of lead and another of oxidized lead with a sulfuric acid solution as 
electrolyte, these batteries are the oldest, most extended, and most used form of electrochemical energy 
storage. Although they have a poor energy density (around 40Wh/kg), a short cycle life, require a lot of 
maintenance, and are environmentally dangerous (being highly toxic), they are relatively cheap, and are 
used in all types of applications. However, due to their short cycle life, they are not appropriate for load 
shifting. Available and mature technologies include: 

Flood Lead-Acid Batteries or Vented Lead-Acid Batteries (VLA) 
The most traditional type of lead-acid battery, they are still the most used. For the utility grid, they are 
considered most useful for Grid Angular Stability, Grid Voltage Stability, Grid Frequency Excursion 
Suppression, Short Duration Power Quality, Long Duration Power Quality. They consist in three 
different technologies:  
-Starting, Lighting and Ignition Batteries (SLI) 

 Made as inexpensive as possible, they are still perfectly suited for shallow-cycle applications 
 where high power is needed for infrequent short periods of time. Ideal for automobile engine 
 starting, these batteries are familiar to most everyone.  
-Deep-Cycle/Traction Batteries 

Designed for deep discharge applications, they are the traditional rechargeable power source in 
 autonomous electric transportation such as fork lifts and golf carts. They can reach a cycle life 
of a few hundred cycles.  

-Stationary Batteries 

 When large amounts of power or energy are needed, fixed installations are set up. As long as 
 full discharge is rare, power quality systems of lead-acid can last long enough to be worth the 
 investment.  

Valve Regulated Lead-Acid Batteries (VRLA) 
In order to make batteries more portable with less maintenance, batteries with less electrolyte solution 
were designed. They were sealed in a matter to provide more mobility to the battery but in order to 
avoid hydrogen build up, their designs included a safety valve, thus inspiring their name. VRLA 
batteries were marketed promising much better characteristics than traditional Lead-Acid technology, 
but time has shown that more times than not, they malfunction, therefore the technology has not been 
successful.  

Nickel Batteries  
Batteries that use nickel hydroxide as a positive electrode have been in use for decades. Their energy 
density of around 80Wh/kg, doubles that of Lead-Acid technology, but due to their high cost, they have 
been used for small capacity, small power portable applications. Up until recently, they were the most 
common rechargeable battery for electronic devices. For electrical grids they give good results in 
applications of Grid Angular Stability, Grid Frequency Excursion Suppression and Short Duration 
Power Quality.  They have been progressing over the years, developing different types of negative 
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electrodes. They include the following: 

Nickel Cadmium Batteries (Ni-Cd) 
Being the most simple electrode to use, they were the first technology available. Cadmium is toxic 
though, so alternatives have been found. A famous inconvenience many remember is the maintenance 
issue known as the memory effect. This effect causes big losses in capacity of the battery when not 
fully cycled for long periods of time. Although they are considered a technology of the past, they still 
out perform new battery technologies in the cycle life, which is typically claimed to be more than 1000 
cycles, and can almost reaches 2000 cycles. They also operate well in a wide range of temperatures but 
have a specific energy of only 40 to 60Wh/kg. 

Nickel Metal-hydride Batteries (Ni-MH) 
By mixing hydrogen with a metal alloy, like, lanthanum, nickel, titanium, zirconium or rarer metals, a 
negative electrode to substitute cadmium can be made. Thanks to advanced material technology, these 
batteries can match and even surpass qualities accomplished with a cadmium electrode, accept cycle 
life, which only reaches slightly beyond 500 cycles. And operation temperature range.  They typically 
have a specific energy of 60 to 120Wh/kg. 

Nickel Hydrogen Batteries 
Instead of having the hydrogen kept in a metallic alloy, it is simply contained under pressure 
surrounding the cell.  

Nickel Iron Batteries (Ni-Fe) 
Using a iron (II) hydroxide electrode usually results in a two step reaction. Some commercial products 
were available aimed at substituting Ni-Cd batteries. Investigation is still being conducted, but so far no 
new products have been available.  

Lithium-Ion Batteries (Li-Ion)  
Lithium ions have been found to be a more versatile and powerful way of generating current flows. 
Using different substances composed of Li as the electrodes placed in a solid, or liquid solution of 
lithium ions, power densities can be accomplished that double those with nickel based electrodes. They 
are not considered an environmental hazard and have practically replaced the nickel based battery 
market although they cost twice as much. Except LFP batteries, which double the cycle life of other 
Lithium based technology, they have a cycle life similar to Ni-MH batteries, ranging from 500 to 1000 
cycles. Thanks to a different chemistry, they can be made into a variety of shapes, being even more 
useful when integrated in portable systems. They would offer good performance in grid applications 
similar to those of nickel batteries, but due to their greater costs, they will most likely be kept with 
portable low and mid power systems.  
By using different elements in the electrodes, different combinations of characteristics can be found to 
suit different applications.  

Different Cathodes 
The first cathode material, LiCoO2 (LCO), began to be used in commercial batteries in 199116 and is 
still the most common cathode material in personal portable electronics. Another common material is 
LMO (LiMn2O4). Designed to be safer than LCO, it is disadvantaged by its short cycle life. Yet 
another material often discussed is LiFePO4 (LFP), because, although it does not have a very high 

                                                
16 Wikipedia (http://en.wikipedia.org/wiki/Lithium-ion_battery) 
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energy density, it is considerably safe and long lasting. In addition, it has the advantage that iron is 
abundant on the planet, which helps to reduce the cost.  NMC (liCoNiMnO2) and NCA (LINiCoAlO2) 
are also new interesting materials that accomplish high energy densities. Some claim that NCA 
electrodes can have long cycle life17.  

 
Fig 3. Lithium-Ion technology comparison18 

These and other positive electrode materials are compared in the following table.  

 
Table 1. Positive electrode materials for Li-Ion technology19 

Different Anodes 
Graphite is typically used as a negative electrode, but recently Titanate is being mentioned as an option 
for fast charging. Semiconductors and nanotechnology are promising impressive advances in handling 
large currents.  

                                                
17 http://batteryuniversity.com/learn/article/types_of_lithium_ion 
18	   LiFePO4	  Based	  Li-‐ion	  Battery	  For	  Electric	  Vehicle	  Applications,	  Field	  Test	  And	  Modeling,	  presentation	  by	  Anthony	  Wong	  

at	  the	  EVBF2011	  
19   Wikipedia (http://en.wikipedia.org/wiki/Lithium-ion_battery) 
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Table 2. Negative electrode materials for Li-Ion technology20 

Molten Salt Batteries 
Molten sodium offers interesting ionic characteristics that can be harnessed if the sodium is kept at the 
required temperature. Even though energy is lost due to maintaining the battery very hot, the energy 
density is high enough and the elements common enough that this technology has been developing for 
decades and has reached a commercial level.  

Sodium Sulfur Batteries (NaS) 
Used for space technology since the 1980s, these batteries began to be of interest to Japanese utility 
companies, such as TEPCO, for which commercial models were made available in the 90s. Nippon 
Tokusyu Tōgyō Kabushiki-gaisha Spark Plug Company (NGK) still has sodium-sulfur battery 
module product lines. They use a negative sodium electrode, a beta alumina solid electrolyte and a 
positive electrode of sulfur. These models are designed to work at a minimum of 300ºC and are 
irreversibly damaged if allowed to cool below 160ºC and solidify. They claim round trip efficiencies of 
up to 80%. Since the high temperatures required and the corrosive nature of the sodium makes this a 
difficult technology to harness, it is mostly used in unique applications. This technology is mature and 
considered most suited for Short Duration Power Quality and 10-hr Load Shifting.  

Zebra Batteries (Na-NiCl2) 
The sodium nickel chloride battery operates at a temperature of around 250ºC and is meant to be left 
charging when not in use, but is not reversibly damaged if left to cool down. Since they are made of 
low-cost, benign materials, and they are not particularly dangerous, with energy densities of 90Wh/kg, 
they are already commercial modules ready for electric vehicles, such as the 30kW Panda Elettica by 
Mes-Dea SA of switzerland.  

Zinc Air Batteries 
The oxidation of zinc can be harnessed and even reversed. Zinc Air batteries have existed for years but 
new designs allow fast mechanical recharging, by changing the electrolyte and the zinc used as fuel. 
The oxidized zinc can then be sent to recycling plant where it can be reduced once again using solar 
energy. Zinc is an abundant and relatively cheap metal. Zinc Air batteries are not hazardous and are 
starting to be considered the optimum choice of rechargeable battery for electric vehicles.  Since air 
supplied to the battery must be free of CO2, Evs running on Zinc Air batteries would include a CO2 
absorbing system, therefore, not only would they not release carbon dioxide, they would actually 
sequester carbon.21 

                                                
20 Wikipedia (http://en.wikipedia.org/wiki/Lithium-ion_battery) 
21 http://www.qsinano.com/pdf/The_Zinc_Air_Solution.pdf 
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1.4 Comparison of energy storage systems for grid applications 
 
In a general view of non-portable energy storage systems, one can categorize them in 4 broad 
application categories, each giving importance to different qualities.  

Category 1. Low-power application in isolated areas, essentially to feed transducers and emergency 
terminals.  Here, the most suited technology is Li-Ion Batteries. 

Category 2. Medium-power application in isolated areas (individual electrical systems, town supply. In 
this case the most suited technologies are Lithium-Ion and flow batteries. 

Category 3. Network connection application with peak leveling for which the most suited technology 
is the SuperCapacitor. 

Category 4. Power-quality control applications. Here, the most suited technologies are 
SuperCapacitors and Flywheels. 

 
Fig 4: Performance index according to application category.22 

 
According to this analysis, the most interesting technologies are Li-Ion and SuperCapacitors. Also 
interestingly efficient are flow batteries for categories 1 and 2, since they are relatively clean 
technologies, and flywheels for category 4.  
When comparing the needs of different types of applications one can arrive at three general categories. 

Power quality: Fast reaction times is most important and is only required for a few seconds at most. 
Best technologies are: Super conducting energy storage (SMES), high power super capacitors and 
flywheels. 
Load leveling (Bridging Power): During large changes in load due to fault or between switches of one 
source of generation to another, moderate reaction times of seconds is needed and enough energy is 
required in order to endure for several minutes of supply. Clean and efficient technologies are: high 
energy super capacitors, long duration flywheels and possibly Li-ion batteries. 
                                                
22 Energy storage systems-Characteristics and comparisons, H.Ibrahim, A.Ilinca, J.Perron, Université du Quebec, 2007 
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Fig. 5: Distribution of storage techniques as a function of their field application.23 

Energy management: Very large amounts of power are needed in order to decouple loads with 
generation allowing uncontrollable generation sources to supply power to loads when it suits us best. 
Clean and efficient technologies are: Pumped Hydro, CAES, Flow Batteries and NaS Batteries.  

 
Fig. 6: Distribution of storage techniques as a function of their field application.23 

 
 

                                                
23 Energy storage systems-Characteristics and comparisons, H.Ibrahim, A.Ilinca, J.Perron, Université du Quebec, 2007 
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Fig. 7: Capacity and Power output of different energy storage systems.24 

 

This graphic gives a clear view of which technologies are capable of being used on a large scale for 
high power and energy needs.  

 
Fig. 8: Distribution of storage techniques as a function of investment costs per unit of power or unit of energy.24 

 
Since economical cost is still a major issue, energy systems have to be compared on such terms. The 
following figure compares technologies according to their capacity and their power as a function of 
cost. The least expensive capacities are available with pumped hydro, CAES and flow batteries. The 
least expensive power is available with SCAPs and flywheels.  
Important factors that determine overall costs are the efficiency and durability of a technology. In Fig.9 
we can appreciate that SCAPs and flywheels are both the most efficient and longest lasting. Li-Ion 
batteries are efficient as well and moderately long lasting followed by NaS batteries and flow batteries. 
                                                
24 Energy storage systems-Characteristics and comparisons, H.Ibrahim, A.Ilinca, J.Perron, Université du Quebec, 2007 
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Pumped hydro and CAES are long lasting followed by NaS and flow batteries.  

 

 
Fig. 9: Mass and volume densities of stored energy techniques.25 

Another very useful comparison of technologies is according to their specific energy and energy 
density. These are the most important things to determine whether a technology is appropriate or not 
for portable devices. Naturally, these characteristics go hand and hand. The most compact are high tech 
batteries, such as Li-Ion and Na-S, the largest and heaviest are flywheels, SCAPS, flow batteries and 
rechargeable zinc-air batteries.  

                                                
25 Energy storage systems-Characteristics and comparisons, H.Ibrahim, A.Ilinca, J.Perron, Université du Quebec, 2007 
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Chapter 2: An Introduction to Battery Systems 
2.1 Essential Concepts 

 
A battery consists basically in two separate electrodes that have different oxidation levels, connected 
by an ionic solution through which positive and negative ions cross each other while they pass through 
from one electrode to the other. This ionic movement creates an electrical imbalance that has a 
tendency to be eliminated by a parallel exchange of electrons. Once the electrodes have reacted with 
the ions in the electrolyte, their chemical state is changed and their reactive potential lost. In the case of 
rechargeable batteries, the reaction can be pushed in reverse by forcing a reversal of the electron flux . 
Batteries that allow reversal of the chemical reaction are called secondary batteries, they are the only 
type that we discuss in this document. 
The chemical reaction is called an oxidation/reduction, often termed “ox/redox”, or simply “redox”. 
The electrode that undergoes oxidation, absorbs negative ions, and therefore releases electrons, is 
called the anode. It is connected to the “negative” terminal of the battery. The  “positive” terminal of 
the battery is connected to the cathode. It is the cathode that absorbs electrons in order to electrically 
balance the charge gained by the reaction that absorbs positive ions from the electrolyte.   
If the electrolyte is a liquid solution, the battery is termed “wet”. Common examples are the lead-acid 
battery we know so well in automobiles. For practical purposes, small batteries for portable electronics  
use “dry” cells, in which the electrolyte is in the form of a gel or a polymer.  

Voltage 
Depending on electrodes being used, a specific redox reaction will take place yielding a precise 
difference of electric potential. This potential is unique to each reaction. Furthermore, each chemical 
reaction generates a discrete voltage that is relatively constant during the discharge of the battery. It is 
not  possible to reduce the voltage resulting from two specific electrode materials, but putting multiple 
cells in series can produce a higher voltage, multiples of that of the individual cell. 

Ni-MH produces around 1.2V. Lithium based electrodes produce different voltages according to the 
different alloys used, they range from 3.3 to 4.2V.  

In the following figure we can see the average voltage functions for different battery technologies. 
Interestingly, we can see that most technologies used, do not have a significant drop in their voltage 
until 90% of their capacity has been discharged.  

Capacity 
Since the voltage of a battery is fixed, the energy contained can be expressed as I*t. By multiplying this 
term times the voltage of the battery the energy in Joules can be determined. A typical capacity for a 
common AA Ni-MH battery could be 2500mAh, or 1.2*2.5*3600=10800J or 3Wh. Unfortunately, 
batteries do not discharge with equal efficiencies at different discharge rates, they tend to lose more 
energy when more current is being released.  

State of Charge (SOC) 
The equivalent of a fuel gauge for a battery can be contrived many ways, but none of them are 
accurate. Only by impedance spectroscopy can a battery’s charge be gauged, but this is a complicated 
and relatively new technique. More frequently used methods are either chemical, requiring access to 
the electrolyte, voltage reading (inaccurate due to changes in battery behavior), or current integration 
(inaccurate due to losses).   
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Fig 10: Voltage drops according to the state of discharge in different battery technologies26.  

State of Health (SOH) 
The relative deterioration of a battery can be evaluated by comparing it's capacity, internal resistance, 
and self-discharge rate to the original values when the battery was new. As for the SOC, impedance 
spectroscopy is said to be the only reliable method for an accurate evaluation. 

Charge and discharge rate (C-rate)  
For simplicity, the value of capacity is used to quantify charge and discharge rates. Therefore, a battery 
rated with a capacity of 2500mAh is discharged at 1 coulomb (C) if releasing a current of 2.5A, and 
will supposedly be able to supply such a current for one hour. If discharged at 2C, it would 
theoretically supply 5A for 30 minutes. Charging this same battery at 0.25C would signify a charging 
current of 0.625A, that would theoretically charge the battery fully in 4 hours. As you can see in the 
following figure, in practice, the performance of the battery falls short in a LG Li-Ion battery with 
currents above 1C.  

                                                
26 http://liquivision.com/xenfree_extras_batteries.php 
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  Fig 10: Discharge characteristics of a lithium-ion battery according to different discharge rates27 

Discharge depth 
Many batteries, cannot handle a full discharge, it provokes irreversible damage. Most of the time it is 
due to the fact that individual cells are stacked to create a battery and each cell has a slightly different 
capacity. As a result, one cell will be fully discharged before the others but will continue to discharge.  
This will cause a charge reversal in the cell, causing serious damage to the battery. In the case of a 
lithium-ion cell, this could provoke extremely high temperatures and possibly an explosion. In order to 
prevent such dangerous situations, the batteries include a digital controller that monitors it's situation 
and shuts off the battery before getting close to full discharge or other unstable situations. It is 
important not to surpass this discharge limit.  

Cycle life or durability 
Rechargeable batteries have the ability to be discharged and recharged multiple times, a so called 
discharge cycle, but all of the different technologies of rechargeable batteries are limited to a certain 
number of cycles. For different reasons, batteries will tend to lose capacity the more discharge cycles 
they undergo. If a battery is discharged to what is considered it's lowest safe state of discharge and then 
fully charged to it's max capacity, this is called a full cycle. The durability of a battery is measured in 
the number of full cycles it can perform before it loses a specific proportion of it's capacity, typically 
20%. Some technologies, like lead-acid, don't have much durability, and have much less if they are 
submitted to full cycles. On the other hand some battery manufacturers, particularly of modern battery 
technologies, consider that the wear on the battery is proportional to the amount of energy charged and 
discharged from the battery instead of the mount of charge and discharges. So basically, if the battery is 
discharged and recharged a quarter of it's capacity 4 times, it is considered to have undergone the same 
amount of wear as if it were fully discharged and charged in one complete cycle. 

                                                
27 http://www.candlepowerforums.com/vb/showthread.php?94539-another-M6-R-with-MN61/page5 
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2.2 Battery Evaluation and Control 

Quality Control 
Batteries are complex devices and they can be dangerous if used improperly or if an error has occurred 
in their production. Consequently, it is important to make sure that they are not only well-fabricated but 
also well-handled at all times. To ensure this, there are various standards, regulations, and guidelines. 
Here are the references to some of the most relevant28.  
UN/DOT 38.3: For shipping lithium batteries, either alone or as part of a device. 

ANSI C18.3 (Portable Lithium Primary Cells and Batteries: General guidelines. 
UL1642 (Standard for Lithium Batteries): General guidelines covering “technician-replaceable or 
user-replaceable lithium batteries”. 
UL2054 (Household and Commercial Batteries: General guidelines to Individual lithium batteries 
(cells) covered by UL2054 must also meet UL1625. There is much overlap between UL1642 and 
UL2054. 

IEEE 1625 (Batteries for Portable Computers: Guidelines to a comprehensive “system” approach to 
lithium battery safety. 

IEEE 1725 (Rechargeable Batteries for Cellular Telephones: Guidelines to a comprehensive 
“system” approach to lithium battery safety. 

EC 62133 (Secondary Cells and Batteries Containing Alkaline or other Non- Acid Electrolytes: 
General guidelines, expected to replace UL 1642 by 2012. 

IEC 60086-4: General safety standards for primary lithium batteries. 
IEC 61960: General safety standards for secondary lithium cells and batteries. 

IEC 62281 (Safety of primary and secondary lithium cells and batteries during transport) : 
General guidelines. 

SAE J 2464 (Electric and Hybrid Electric Vehicle Rechargeable Energy Storage System Safety 
and Abuse Testing): general guidelines. 

UL 2580 (Batteries for Use in Electric Vehicles), currently under development. 
Most of these guidelines have to do with safety and involve variations of some or all of the following 
tests: 
a) Physical resistance 
The battery will be subjected to different forces of impact, vibration or pressure in very precise and 
detailed manners and then will be monitored for explosion, combustion, elevated temperatures and 
subsequent damage and malfunction.  
b) Thermal shock 
The battery will be subjected to both high and low temperatures, at which they might or might not be 
charged or discharged. Meanwhile they will be monitored for explosion, combustion, elevated 
temperatures as well as weight loss and subsequent damage and malfunction. 
c) Short circuit  
                                                
28 Navigating the Regulatory Maze for Lithium Batteries – Part I Introduction, Intertek 
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A short circuit is applied between the terminals for a small period of time and the same reactions as 
above are monitored: explosion, combustion, elevated temperature, weight loss and subsequent 
damage. 

d) Forced-Discharge 
A specific voltage lower than that of the battery is applied directly to the terminals in order to simulate 
incorrectly stacked cells or other similar unintended situations.  Monitorization is done as in the above 
tests.  

e) Overcharge 
The battery is charged and then is continually  supplied current for a certain period of time.  During this 
time it is continuously monitored as in the above tests 

Testing 
In order to accurately evaluate different batteries from different manufacturers, it is important to set 
properly defined tests with which to compare them. Because of this the IEC published a document (# 
61960) with the objective of providing “the purchasers and users of secondary lithium cells and 
batteries with a set of criteria with which they can judge the performance of secondary lithium cells and 
batteries offered by various manufacturers”. It is a precise definition of terms, values, tests and test 
conditions to be carried out step by step that determine the following characteristics: 

• discharge performance  
• charge retention and recovery 

• charge recovery after long term storage 
• endurance in cycles 

• battery internal resistance 
• electrostatic discharge  

According to high technology battery analyzer manufacturers, such as Cadex, the only accurate way to 
test a battery is through multi-frequency electrochemical impedance spectroscopy (EIS). Injecting a 
range of frequencies allows the reading of all three impedances in the battery. Such methods have not 
been normalized yet due to their novelty.  

Battery Management 
Due to the delicacy of batteries, it is important that their use, both charge and discharge, are done in a 
very controlled manner. This requires precise electronics, usually involving a microcontroller that 
monitors the batteries temperature, voltage and current at all times and limits their values accordingly. 
Each cell involved in the battery must be individually handled in order to assure a proper functioning of 
the device. These systems will disconnect themselves from further usage if conditions considered 
dangerous are reached. They will also attempt to extend the durability and performance of the battery 
by properly manipulating it’s cells and components.  These systems are called Battery Management 
Systems and already are included in most commercially sold lithium-ion battery packs. Devices that 
run on battery packs also include some sort of Battery Management System that serves as a charger and 
SOC indicator. 
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2.4. Commercially available products 
Now that we have introduced general battery technology, we can move forward to looking at specific 
models on the market. These are the products that we might find in our machines and appliances or will 
most likely be at least similar. We will give an overview of a few of the most well presented products 
on the internet. 

SAFT 
Saft produces high quality large rechargeable batteries for industrial and defense purposes. Most if it's 
products are of Ni-MH technology. 

 
Fig 11. SAFT Smart VH Module 

Their most portable product, designed for light electric vehicles, professional appliances and small 
back up applications is based on Ni-MH. It has a warranty for up to 500 hundred cycles and can handle 
currents of 40 S.  

 
Table 3. SAFT Smart VH Module characteristics 
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SAFT also offer lithium ion technology but only for electricity consumption applications. They consist 
of batteries with at least 2.2 kWh that are well suited for distributed generation, personal or communal 
load leveling and smart grids. They claim to be designed to last 20 years of high daily usage.  

PANASONIC 
Panasonic produces small batteries for everyday appliances in standard sizes such as the coins and 
cylinders we are so familiar with. Their AA cell has the following characteristics: 

 

 
Fig 12. Panasonic AA Nickel Metal-hydride battery characteristics. 

Panasonic also produces Lithium-Ion batteries that are designed for common portable electronic 
devices such as phones and laptops, but does not sell them directly to consumers. Cells must be bought 
through a battery packager that will ensure the assembly of the cells with a proper circuitry for safety 
purposes. This circuitry will dictate new limits on the characteristics of the battery. The individual cells 
made by Panasonic have the following characteristics. 
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Fig 13. Panasonic Lithium Ion battery characteristics. 

BYD 
This Chinese company claims to be the largest supplier of rechargeable batteries in the world. They 
have a very wide range of products to offer. Their lithium-ion batteries claim this typical performance: 
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Fig 14. BYD Lithium Ion battery characteristics. 

EVPST 
EVPST, another Chinese company,  specializes in batteries for electric vehicles (Electric Vehicle 
Power System Technology), but it also produces a wide range of lithium-ion batteries, including new 
LiFePO4 models. Their most impressive feature is that they claim a durability of 1500 cycles.  This is 
EVPST's latest product: 

 
Fig 15. EVPST48123160-40H Lithium-Ion battery. 

TENERGY 
Tenergy, a company from the United States, also offers a wide variety of products including LiFePO4 
batteries. However, they do not indicate their durability. Here is an example of one of their smaller 
products. 
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Table 4. Tenergy Lithium Ion battery. 
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Part 2: Rechargeable Battery Analysis 
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Introduction 
Possibly the most important characteristic of a battery for the end user is it’s capacity. After many 
charge-discharge cycles, a battery slowly loses its capacity, rendering it less useful to the user. Since 
many devices that use batteries have a simple and imprecise method of measuring it’s state of charge, 
often it gives an misleading idea of the real capacity a battery still has. The following pages describe a 
method in which to thoroughly measure a battery’s capacity, it’s self-discharge rate, and the design of a 
device required to do so. The intention is that university students will be able to familiarize themselves 
with both these characteristics and learn how to measure them using a Beckhoff TwinCAT automation 
system. This will allow them to see the limitations and potential of both new and used batteries.  

Motivation 
Since the biggest players in our modern economy system profit from scarcity, waste and wage slavery, 
products are designed to have a short life and be disposable. We all have gotten used to this behavior 
and tend to throw away our batteries all the time, even if they are rechargeable. Standards consider that 
a battery that has lost 20% of its original capacity needs to be replaced with a new one. While many 
people may continue to use batteries even when they have lost more than 20%, few people would 
disagree that a battery with only half of it’s original capacity is worth keeping. A closer look at the 
situation reveals this to be far from the reality.  
A battery’s main function is the storing of energy for a later use, so in a practical sense, the most 
important characteristic of a battery is how much energy it can store per size and weight. Being the 
cheapest technology, Lead-Acid, is still used for most situations when medium amounts of energy need 
to be stored for back up systems or small scale load leveling for distributed generation. The 
inconvenience is that they have a specific energy of only 30 to 40 Wh/kg, an energy density of only 60 
to 75 Wh/L, and cycle life of, at most, a few hundred cycles.  
Average Li-ion batteries have a specific energy of 100 to 250 Wh/kg and an energy density of 250 to 
650 Wh/L). Ni-MH batteries tend to have a specific energy of  60 to 120 Wh/kg and an energy density 
of 140 to 300 Wh/L. That means that even after having lost half their original capacity, Ni-MH will still 
probably carry twice the mount of energy per kilogram or liter than brand new Lead-Acid batteries, 
while Li-Ion batteries will probably be able to carry three times the amount.  

The loss of capacity of a battery per charge-discharge is relatively linear for both Ni-MH and Li-Ion 
batteries. This means that if it took them 500 cycles to lose 20% of there capacity, although most 
people will tend to consider they need replacement after losing 50% of their capacity, Ni-MH batteries 
may still have up to 400 cycles or more before they wear down to the point of having the same specific 
energy and energy density of Lead-Acid batteries. In the case of Li-Ion batteries, they may have up to 
850 cycles or more.  It is clear that even when used and considered worn out, they are far from being 
useless.  Second hand Ni-MH or Li-Ion batteries are probably a cheaper, smaller, lighter, more 
powerful and better performing alternative to Lead-Acid for back up systems, traction vehicles and 
small scale load leveling. 
These exercises are intended to show students the potential of used batteries still have and help in their 
design for their reuse.  
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Chapter 3: Basic Battery Analysis 
3.1 Objectives 

1. The measurement of the capacity of a battery at a discharge rate of 1C 

2. Observe how the capacity of the same battery varies according to discharge rate used. 
3. The measurement of the self-discharge rate of a battery. 

3.2 The methodology step by step 

Equipment and material needed 
A) A rechargeable battery 
The battery to be analyzed can be either new or used. It is preferable is the battery carries information 
or a reference number with which we can find the following characteristics. If the chemistry type is not 
known and can’t be deducted, it can not be used for the exercise. 

  1) The chemistry of battery: either Ni-Cd, Ni-MH, Li-Ion or Lead-Acid.   
It is important to know the chemistry of the battery in order to know how many cells it contains.  

  2) The voltage of the battery 
  3) The claimed capacity of the battery, often indicated in Amper-hours (Ah) 

B) A battery charger  
To begin the exercise we will need to charge the battery. To do so we will use a charger designed for 
the type of chemistry of the battery we want to analyze, whether Nickel based, Lithium based or Lead-
Acid based.  

The most common type of battery charger are for Ni-Cd and Ni-MH batteries and work for any type of 
such battery (termed universal). Universal Li-Ion chargers are relatively new on the market but they are 
available and can be found in hobby shops for remote control models. In the absence of a universal 
charger for either nickel based or lithium based batteries, the device for which the battery was used can 
serve the purpose. Sometimes the devices for which the battery was use simple and imprecise methods 
of measuring the state of charge and they may not fully charge the battery. It is impossible to know if 
this is the case but it will cause the capacity of the battery to seem lower than it actually is. Lead-Acid 
battery chargers are common to find at auto repair shops. In the absence of one, an option is to bring 
the battery to a auto repair shop. 
C) A Beckhoff TwinCAT workstation 

The exercise will consist in discharging the battery to it’s lowest voltage the battery can be brought to 
before causing and wear on it. A Beckhoff TwinCAT automat will perform the discharge at the desired 
rate and monitor the process. Precise information on the Beckhoff TwinCAT automat required can be 
found in Annex 1.  

D) A controlled current sink 
The battery must be discharged at constant current in order to correctly determine it’s capacity. The 
controlled current sink must not only be able to take a constant current from the battery, it must also be 
able to dissipate the power that will run through it. Chapter 4 describes the design of a device that will 
be able to drain a constant current ranging from 1mA to 10A without over heating.   
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E) A power source  

The current sink will require a power source of 5V. The TwinCAT automat includes a power source 
that can be used for this purpose. 

F) Wires and connectors 
Appropriate connectors and wires are needed to connect the battery to the TwinCAT automat. It is 
important that they can connect to the battery terminals with out accidentally short circuiting them. 

I. Measure the Capacity of the Battery 
The function of a battery is to store energy and then release it in a controlled manner. For the end user, 
this means that what he cares about most is how many hours it will run their device. No battery lasts 
forever, all of them lose capacity with use. When a battery has lost 20% of it’s original capacity it is 
considered to reached the end of it’s lifetime and in need of replacement. Deep-Cycle Lead-Acid 
batteries are said to last 300 cycles. Ni-Cd batteries can last over 1000 cycles and so can Li-Phosphate 
and NMC batteries. Other Lithium based batteries only last half that many cycles.  

Other than Lead-Acid batteries, after losing 20% of their capacity, does not drop at a faster rate with 
more cycles from then on. This means that most still have hundreds or thousands of useful cycles 
before their capacity falls to 50%. That is a lot of useful energy still. If you consider the fact that even 
after losing half their capacity, modern Ni-MH and Lithium based batteries still carry more energy per 
kg or cubic centimeter, and will last more cycles, than Lead-Acid batteries, you realize that they still 
are far from being useless. 

A common problem with used batteries is that their voltage may drop faster than expected and 
therefore many devices misread this as if the battery were discharged even though they still have plenty 
of capacity left. In the following exercises we will discharge the battery to a slightly lower voltage than 
most devices allow. This will hopefully allow a more correct reading of it’s capacity. 

The order of the exercise will be as follows: 
Step 1: Identification of battery chemistry and minimum discharge voltage 

Step 2: Charge the battery 
Step 3: Identify the terminals of the battery 

Step 4: Choose a discharge rate 
Step 5: Configure the end-of-discharge voltage and discharge rate  

Step 6: Connect the discharger 
Step 7: Connect the battery 

Step 8: Assign variables to inputs and outputs 
Step 9: Run the program 

Step 10: Take note of the results 

Step 1: Identification of battery chemistry and minimum discharge voltage 
In order to analyze the battery we must first know what type of chemistry it uses and what voltage can 
we discharge it to without damaging it.   
• Battery chemistry 

It is important to know what type of chemistry is in the battery in order to charge it with the appropriate 
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charger.  Charging the battery with an inappropriate charger could cause it to explode or be heated to 
dangerously high temperatures 
• End-of-discharge voltage 

Discharging a battery below a certain voltage may cause permanent damage to the battery. This is 
especially problematic with batteries that contain multiple cells. Every cell will have a slightly different 
capacity and since they are connected in series to raise the output voltage. If the battery is discharged to 
the point where a cells charge is reversed due to being drained of all it’s energy, it will damage the 
battery beyond repair and can cause it to heat up, build up explosive gases and possibly explode.  
Lithium based batteries often contain a protective circuit that will put the battery to sleep if discharged 
below 2.9V, or 2.7 in LPF batteries. This will put the battery out of order and it can no longer be 
recharged.  Some battery chargers include a “wake up” feature to boost the battery back into regular 
work mode. If not, the battery will not be able to be charged.  
For most rechargeable batteries this information can be determined following the block diagram in Fig. 
15. If this is not the case, do not proceed in analyzing the battery.  
Instructions to use the block diagram: 

• Start at the beginning and follow each step carefully. If a color is assigned to the path you are 
following along the way, from then on always return to following a path of that same color if possible. 
Black paths and blocks are generic and should only be followed if you have not followed a colored path 
yet, or if no path of your color is available with the result of the present step. Once you have followed a 
certain color, for the rest of the process don’t follow any other color except black when no colored path 
is appropriate. In some cases a path is assigned two colors. In such cases, the path is appropriate for 
both. 
For example: If you battery is labeled as a Nickel based, the path will be red. When arriving the block 
“What is the voltage of the battery?” and the voltage indicated is larger than 1.2, the only appropriate 
path to follow is the red path marked “>1.2”. 

• In order to avoid crossing paths, some blocks have numbers to which a path will jump to with blocks 
such as “Go to block 3”.  In such cases, if possible, continue following paths only of the color you were 
previously following before the jump.  
• The end-of-discharge voltage in parentheses is for when the battery is discharged at high rate of 1C or 
higher.  

Step 2: Charge the battery 
Charge the battery with an appropriate charger for the chemistry of the battery. Different charge 
methods will give different results. Batteries tend to provide more capacity when charged with a slow-
charge method. 

Step 3: Identify the terminals of the battery 
For this exercise we will only be using the positive and negative terminals of the battery. Sometimes 
batteries have more than two terminals and this can make it difficult to identify them. If we can not 
identify the positive and negative terminals we can not proceed with the exercise. Most batteries have 
there terminals marked, if this is not the case identify them with a voltmeter. Lithium based batteries 
sometimes have a “T” terminal, used to measure the temperature of the battery, it usually will be the 
middle one. Ni based batteries may have multiple terminals as well, in this case it may be difficult to 
identify the positive and negative ones. The voltage between them will usually be the largest and will 
be stable and not fluctuate when touching the terminals with your hands. If it is unclear which terminals 
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are those we are looking for, it is best to not try to charge the battery.  

Step 4: Choose a discharge rate 
Standard tests to measure capacity are done with a discharge current of 0.2C +-1%. This means that if 
the battery is supposed to have a capacity of 2500mAh, for example, the proper discharge current 
would be 500mA. At this rate, if new, the battery should be able to be discharged for 5 hours before 
arriving to it’s end-of-discharge voltage. 

If a lower discharge rate is used, the battery will provide more capacity. Continuing with the previous 
example, if a 0.2C discharge rate is used, meaning a discharge current of 250mA, the battery should be 
able to be discharged for more than 10 hours before reaching it’s end-of-charge voltage. In the same 
manner, if discharged at a higher rate the battery will give less than the normal capacity. Continuing 
with the example, if a 0.4C discharge rate is used, meaning a current of 1A, the battery will reach it’s 
end-of-discharge voltage before 2.5h.  

 
Fig.16 Step by step block diagram to identify the chemistry type and end-of-discharge voltage of a battery 
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High discharge rates of 1C or more will cause the battery voltage to drop more than expected, therefore 
the we will use a lower end-of-discharge voltage. This should not cause any damage to the battery and 
the voltage should rise a bit shortly after the battery is disconnected.  

The exercise can be repeated with different discharge rates to observe this phenomenon. 

Step 5: Configure the end-of-discharge voltage and discharge rate 
First of all turn on the computer. Once windows is running, turn on the power switch of the TwinCAT 
automat that is on it’s far left. Then open TwinCAT PLC Control and load the file called 
“discharger.pro”.  

The code of the program includes two constants that must defined by the user, I and Vmin. I is the 
current we want to discharge the battery with. Vmin is the end-of-discharge voltage. The values for the 
these parameters determined in step 1 and 4 must replace the two capital xs (XX) in the code that 
assigns these constants.  

Once the values have been entered click “build” in the “poject” menu.  
The control signal of the TwinCAT automat has a precision of 0,1% so as long as the discharger is 
configured correctly the reading will qualify as a standard test. The discharger has three modes in order 
to offer this level of precision for currents ranging from 10mA to 10A. The switch must be set to the 
appropriate position for each mode.  

position operating range 
1 10 – 100 mA 
2 0.1-1 A 
3 1 – 10 A 

Table 5. Current modes of the discharger. 

Step 6: Connect the discharger 
With the help of a small flat screwdriver, connect the wire labeled “C” to pin 1 of the EL4001 analog 
output card, the wire labeled “V” to pin 1 of the EL3061 analog input card of the automat, and the wire 
24V to the voltage supply of the automat.  

Step 7: Connect the battery 
The battery will have to be appropriately connected in order to correctly discharge it. It is important to 
make sure that the connectors do not short-circuit the terminals during the process. This would damage 
the battery and cause it to heat up and possibly explode.  
The discharger can be used with batteries ranging from 3 to 30 V. Connect the positive terminal to the 
red wire labeled “+” and the negative terminal to the black wire labeled “-“.  

Step 8: Assign variables to inputs and outputs 
Open the program TwinCAT System Manager and load the file “discharger.tsm”. Make sure the 
program is in “config mode” by clicking on the TwinCAT icon at the bottom right of the computer 
screen and selecting it under “System”. In the window on the left, left-click on “Confugración E/S” 
then right-click on “Dispositivos de E/S” and select “explorar dispositivos”. Say yes when asked “Scan 
for boxes” and “Activate Free Run”. 

In the window on the left, right-click on “PLC-Configuración” and select “Agregar a proyecto PLC…”. 
Select “discharger.tpy” 

In the window on the left, left-click on “Dispositivo (EtherCAT)” under “Confugración E/S” and 
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“Dispositivos de E/S”. Then select “Terminal 1 (EK1100)” and “Terminal 5 (EL3061) and double click 
on “Value”. A window will pop up where we will select the only variable shown if we built the 
program in TwinCAT PLC Control properly, “Vbatt”. Then we will do the same by clicking on 
“Terminal 6 (EL4001), then “AO Outputs” and double clicking on “Analog output” and selecting the 
variable “Vout”.  

To apply the assignments click on the symbol   in the toolbar. 

Step 9: Run the program 
Turn on the discharger. Return to TwinCAT PLC Control and select “Login” under the “Online” menu. 
If window pops up saying there have been changes to the program, say yes. Run the program by 
selecting “Run” under the “Online” menu.  
The automat will automatically end the discharge when the battery has reached it’s end-of-discharge 
voltage configured ealier. Let the program run and come back when the discharging is over.  

Step 10: Take note of the results 
TwinCAT offers various ways to monitor inputs on a graph. Save the graphs either by saving a screen 
shot or in a TwinCAT file. Take note of how long it takes to discharge the battery until it reaches the 
end-of-discharge voltage. TwinCAT will save the values of Vbatt on to a file using the function blocks 
FOPEN_MODEWRITE, FB_FileOpen and FB_FileWrite. This file can be later be opened in a 
calculation program such as OpenCalc or Microsoft Excel. Determine the sample time by dividing the 
time it took to discharge the battery by the amount of samples taken. Add all the results together and 
multiply them by current used to discharge the battery and by the sample time to know the capacity of  
the battery.  

II. Observe how the capacity of the same battery varies according to 
discharge rate used. 
Repeat the process of measuring the capacity of the battery with a different discharge rate. In order to 
reconfigure the discharge current in TwinCAT PLC Control, select “Logout” under the “Online” menu. 

III. The measurement of the self-discharge rate of a battery. 
Now that we know how to measure the capacity held in a battery, we can also measure how much 
capacity is lost over time when the battery is left idle. This is called it’s self-discharge rate. Due to the 
fact that the electrolyte and electrical isolation of the battery do conduct electrons although extremely 
poorly, the battery will slowly discharge on it’s own. In order to measure it’s self-discharge rate, we 
will charge the battery and let it sit idle for 28 days before measuring the capacity it still holds. 

Step 1: Charge the battery 
Charge the battery with an appropriate charger for the chemistry of the battery. 

Step 2: Store the battery 
According to the AENOR protocol number UNE-EN 61960 for evaluating the self-discharge rate of a 
lithium battery, it must be stored in a dry place at 20ºC +- 5º for 28 days. We will do so for all types of 
batteries in order to have a similar reference.  

Step 3: Measure the capacity of the battery 
After 28 days follow the steps of the first exercise to measure the capacity of the battery at a discharge 
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rate of 0.2C. 

A loss of 40% of it’s original capacity is considered excessive. This can be an indicator that the battery 
has been worn down from many cycles, age, or improper use that has caused internal damaged. 
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Chapter 4: The discharger 
 
In order to properly measure the capacity of a battery, it must be discharged with a constant current and 
a precision of +-1%. To do this one needs a constant current sink. To do this we will use the basic 
operational amplifier circuit in Fig 17. 

 
Fig 17. Constant current sink 

Requirements 
With a control signal that goes from 0 to 10 V with a precision of 0.1% we need to be able to apply a 
constant current load to a battery that can have voltage range from 2.5 to 30 V. Many Lithium based 
batteries are single cells and, for a full discharge, they may have to drop all the way to 2.5V. Vehicle 
batteries or load levelers sometimes have voltages of 24V, but when fully charged they can actually 
give a few volts higher.  

Standard tests require a discharge rate of 0.2C. Lithium based cells may have capacities as low as 
100mAh, so we need to be able to sink currents as small as 20mA.  

Description of the discharger 
The transistors make sure that current flows from the battery and they take the entire load. One 
transistor wouldn’t be able to handle so much power so there are two of them in parallel to split the 
current between them. Together they amplify the current coming from the opamp by at least 800, when 
the current is low. With more current their gain can rise to a 10000. The resistors that are down current 
of the transistors set the current. Since batteries have to be able to continue being discharge until they 
reach voltages as low as 2.5V, Vce or the transistors can’t fall below it’s saturation voltage (2Vmax), so 
the voltage setting the current on the resistors has to be below 0.5V. In this case the control voltage will 
be max 0.1V. This low voltage is obtained by dividing the control signal by 100 with voltage dividers. 
In order to establish a current of 10 amps, the current setting resistance has to be 0.01V, which we 
accomplish with 10 0.1Ω resistors. In order to keep precision with smaller currents, there is a current 
setting resistance for each decimal range. Since these different groups of resistors will have no have 
exactly the same variation in their supposed value, there is a trimmer potentiometer for each group of 
resistors. These trimmers have to be adjusted when the circuit is first used in order to calibrate it and 
make up for both the bias voltage of the opamp and the tolerance of the resistors.  
The control signal ranges from 0 to 10 and is called Vout in the program the runs the device. Vbat is 
read by the automat and is compared to previously configured end-of-discharge voltage so that when it 
is reached, the discharge stops.  
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Fig.18: The discharger circuit. 

Cost 
Some parts are much more expensive than others. To simplify, only the parts costing atleast a few euro 
will be considered. Costs are rounded out.  

 
Part Individual Cost (€) amount Total price (€) 

ESM4045DV transistor 20 2 40 
15x25cm stripboard 5 1 5 

15x50x10cm vented case 15 1 15 
890SP-02500-A-100 

250mm radiator 
40 1 40 

RL65-21/14H blower 40 1 40 
Total cost   140 

 
Table 6. Cost of the discharger 
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Parts used 
Part     Quantity 
• 0.1Ω 1% metallic film resistor ……………..11 

• 2.49Ω 1% metallic film resistor……………..4 

• 4.99Ω 1% metallic film resistor……………..5 

• 121kΩ 1% metallic film resistor………….....1 

• 887kΩ 1% metallic film resistor….………....1 

• 120kΩ trim potentiometer….………………..1 

• 10kΩ trim potentiometer.………………...….3 

• ESM4045DV transistor……………………...2 

• LM324 quad rail-to-rail operation amplifier..1 

• 15x25cm stripboard………………………….1 

• 3 position 10A switch………………………..1 

• 3 position switch…………………………..…1 

• 10 A red coated wire………………………50cm 

• 10 A black coated wire……………….……50cm 

• coated wire………………………………..…2m 

• adjustable 10 amp terminal………………..…2 

• 15x50x10cm vented case…………………...1 

• thermal pad…………………………………..1 

• 890SP-02500-A-100 250mm radiator…………1 

• RL65-21/14H blower……………………1 

Calculations 

Transistor 
10 amps through the transistor 
Max voltage drop 30V ----  30Vx5A = 150W 
ESM4045DV max power = 1500W OK 
Minimum required voltage drop 2.5V 
Collector-Emitter Saturation Voltage 
at 25A = 1.5V OK 
Collector current precision 1% 

Min hFE 500*2 = precision of 0,1%  OK 
Heat 
J(junction to case) : 0.83ºC/W 
J(ventilated radiator) : 0.05ºC/W 
The radiator claims this thermal resistance 
providing a effective air flow of 22.63m/h. 
We provide it an air flow of 250m/h . 

Operational Amplifier 
Power 
Base emitter saturation voltage: 3V 
Max temperature 150º-33% = 100ºC 
Thermal impedance J package = 15ºC/W 
(100-35)/1 5= 4W 
 (3-0.1)*(10/2000) =0.0145W  
4W>0.0145W OK 

Precision 
Opamp 
Input offset voltage: max 7mV 
Input voltage = 0.1V 
Needs 7% adjustment 
Current defining array 
Needs 1% adjustment 
Adjustable voltage divider  
Needs 1% adjustment 
Trimmer1: 120k/22turns = 5450Ω/turn 
10kΩ>5450Ω 
Trimmer2: 10kΩ/22turns = 460 Ω/turn 
460/1M = 0.046% min adjustment < 1%  OK 
130/1M = 13% max adjustment  
Max adjustment needed: 7+1+1=9% 
13% > 9% OK 

Resistors 
10 amps through the resistor array 
Max voltage drop 0.1V-------0.1Vx10A = 1W 
1W/10 = 0.1W < 0.25W    OK 
10 amps through the resistors 
1W/5 = 0.2W < 0.25W   OK 
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Conclusions 
Energy storage technology is advancing very fast and old conceptions of it’s limits are no longer 
adequate. Megawatt-hours can be stored at affordable prices in systems that are not a danger to the 
environment thanks to flux batteries. Large and small load-levelers are feasible and affordable to both 
large-scale renewable energy plants and small-scale distributed generation. High energy densities can 
be quickly recharged in portable devices thanks to zinc-air batteries. The materials required for 
batteries can be recycled and therefore the resources are not going to be depleted. Electric vehicles can 
replace almost all internal combustion vehicles and be affordable and sustainable.  
Fuel cells have not been mentioned in this document simply because they are not a direct form of 
energy storage. They can be considered an energy storage device as much as a gas turbine can. Even 
the most efficient fuel cell technologies can not equal round trip efficiencies of energy storage 
technologies even without considering efficiencies lost in storage and transportation of hydrogen. Since 
most fuel cells presently being used run on hydrocarbons, clearly the hype about the hydrogen energy 
vector is propaganda promoted by the oil companies in order to desperately cling to their hegemony of 
the energy market and their dominant position in the global economy.  
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