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PREFACE
 

This paper is one 

cal 

of a series published by Volunteers in Techni-
Assistance to provide an introduction to specific 
 state-of­the-art technologies of interest to people in 
developing coun­tries. The papers are 
intended to be used as guidelines to help
people choose technologies that are 
suitable to their situations.
They 
 are not intended to provide construction or implementation
details. People are 
urged to contact VITA or a similar organiza­
tion for further information and technical assistance if they
find that a particular technology seems to meet their needs.
 
The papers in the series were written, reviewed, and illustrated

almost 
entirely by VITA Volunteer technical experts on a purely
voluntary basis. Some 500 volunteers were involved in the produc­tion 
 of the first 100 titles issued, contributing approximately
5,000 hours of their time. 
 VITA staff included Maria Giannuzzi
as editor, 
 Julie Berman handling typesetting and layout, and
Margaret Crouch as project manager.
 

The author of this paper, Lee Merriman, is an electrical engineer
who worked for Westinghouse for 31 years. His duties 
 included
directing the installation, 
start-up and servicing of electrical
equipment. He was 
 also a reviewer of VITA's technical paper
entitled "Understanding Energy Storage Methods." The reviewers of
this paper are also VITA Volunteers. J.F. Douglas is an asso­ciate professor of electrical engineering technology at the capi­tol campus of the Pennsylvania State University. 
 He is a regis­tered professional engineer. 
 James H. Hahn is vice president of
research for Interface Technology Inc., 
 and has 25 years experi­ence as an electrical engineer. 
 Lester H. Smith, Jr., also an
electrical engineer, 
 is a founding partner of an electrical
consulting firm responsible for various 
medical, institutional,
commercial, and residential projects in the United States.
 

VITA is a private, nonprofit organization that supports people

working 
on technical problems in developing countries. VITA of­fers information and assistance aimed at helping individuals 
and
groups 
 to select and implement technologies appropriate to their
situations. 
 VITA maintains an international Inquiry Service, a
specialized documentation center, 
 and a computerized roster of
volunteer technical consultants; manages long-term field 


and publishes a variety of technical manuals and 
pro­jects; 


papers.
For more information about VITA services in general, 
 or the
technology presented in this paper, 
 contact VITA at 1815 
 North
Lynn Street, Suite 200, Arlington, Virginia 22209 USA.
 



UNDERSTANDING BATTERIES
 

By VITA Volunteer Lee Merriman
 

I. INTRODUCTION
 

Batteries have been in use 
for many years, but today there is 
a
 greater demand for battery power than ever before. 
This renewed
interest has been brought about not 
only by new developments but
also by the diversity of 
uses for batteries in civilian, indus­
trial, and military applications.
 

This paper provides a basic understanding of batteries and traces
their development from the early 1800s to the present 
day. Re­search and development continues in.an effort to solve 
 the in­herent weakness of batteries, namely, howj to pack more energy

into a smaller package.
 

An electric 
cell or battery is a device that transforms the
chemical energy contained within its active 
materials directly
into electrical energy by means of 
an electrochemical reaction.
This type of 
reaction involves the transfer of electrons from one
material to another through a conducting solution. Historically,

batteries played an important role in the early days of electri­
cal development both in the United States and in Europe.
 

In 1800 an Italian scientist named Volta discovered that by
imnersing two dissimilar conductors in a chemical solution an

electromotive force 
(EMF) or voltage was established between the
 
two conductors. Figure 1 illustrates a simple Voltaic cell. 
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Figure 1. A Simple Voltaic Cell
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The solid conductors of the cell are called electrodes and the'
 
conducting liquid the electrolyte. A cell consists of two elec­
trodes and an electrolyte. A battery consists of one or more
 
cells. The voltage of the cell depends upon the material of the
 
electrodes and the electrolyte. The electric current output and
 
the power of the cell are dependent upon the plate dimensions and
 
the weight of the electrode material.
 

There are two general types of batteries in use today: the pri­
mary type or "dry cell" and the secondary storage battery. A
 
primary battery produces a current by discharge action when one
 
of the electrodes of the cell is decomposed during use. This type

of cell cannot be restored to use again by recharging and the
 
entire cell must be discarded when it is no longer active. Secon­
dary cells, on the other hand, are chemically reversible and can
 
be charged and discharged over many cycles of operation before
 
being replaced.
 

In the simple voltage cell shown in Figure 2, when two dissimilar
 
metals, zinc and copper, are suspended in an electrolyte of
 
dilute sulfuric acid, a potential of appzoxiamtely 1.10 volts
 
will exist between the electrodes. The zinc electrode will be
 
negative and the copper electrode will be positive. When the
 
switch in the external load circuit is closed, a current will
 
flow through the load (energy-absorbing device) and battery in
 
accordance to Ohm's Law.* As the load current continues to flow,

hydrogen as bubbles will appear and cover the copper plate, and
 
the zinc plate will gradually dissolve. The main disadvantage

with this cell is that the gas bubbles increase the internal
 
resistance of the cell, causing current output to decrease.
 

*The direct current flowing in an electrical circuit is directly
 
proportional to the voltage applied to the circuit. The constant
 
of proportionality R, called the electrical resistance, is given

by the equation V = RI, in which "V" is the applied voltage and
 
"I" is the current.
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Figure 2. Principles of Battery Operation
 
(A) electrode reaction
 
(B) voltage established
 
(C) current flow in load and cell
 

II. TECHNOLOY VARIATIONS 

PRIMARY BATTERIES
 

Several different types of primary-type wet cells were 
developed
and used in the United States. Most notable among these were 
the
gravity cell, 
 the caustic-copper oxide cell, the air-depolarized
cell, and the 
 Lelanche cell. 
 Each cell had its own 
 operating
characteristics, and current capacities ranged from less than one
ampere (amp) for the Lelanche cell to several hundred amperes for
the caustic-copper oxide cell. 

a The British Post Office developed
wet cell known as the Daniel's cell, which offered several
outstanding operating features.
 

There were two 
 main difficulties with 
 the primary-type
construction, deterioration cell
by local action and cell polariza­tion. Local 
 action is an internal chemical action 
 inherent to
batteries; the 
 life of the cell is gradually diminished even
though no 
 load is connected to its terminals. Local action is
defined 
as the discharge of active material of either plate 
 due
to some 
 impurity in the electrolyte or plate material. This
action causes the formation of short-circuited cells, which cause
the metal to deteriorate.
 

Cell polarization is caused by hydrogen bubbles being 
 deposited
on the cathode when current 
flows through the cell. 
 This lowers
the terminal voltage and increases the internal 
resistance of the
battery. 
 Various methods for neutralizing this polarizing effect
were used, either by chemical or 
mechanical construction, which
led to the development of the air-depolarized cell.
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In the air-depolarized cell, the electrode was made of a highly

absorbent form of carbon and was suspended above the electrolyte

level. Since the carbon electrode was not immersed in the elec­
trolyte solution, polarization of the cell was prevented. In
 
operation, oxygen surrounding the porous surface of the carbon
 
electrode combines with the hydrogen evolved at the surface of
 
the carbon electrode and electrolyte. Good ventilation was re­
quired to maintain a satisfactory air supply for operation. The
 
Edison carbon cell and the Carbonaire battery were representative

of the air-depolarized type. Wet primary-type cells have largely

been replaced by the secondary-type storage battery.
 

The modern day "dry cell," which was developed by Georges

Lelanche in 1868, is a modification of the old Lelanche wet cell.
 
The difference is that only sufficient water is added to the
 
electrolyte to moisten an absorbent lining. The modern dry cell
 
is the most widely used of all primary batteries today chiefly

because of their low cost, reliable performance, and widespread

availability. Dry cell batteries are made in ratings of 1.5, 3,

6, 7.5, 9, 22.5, 45, 67, and 90 volts.
 

The most common type of construction for a dry cell is shown in
 
Figure
 

" / --IItO"% ).• 
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Figure 3. Cross Section of a Dry Cell
 

The cell in Figure 3 uses a carbon rod for the anode or positive

terminal and an outside zinc container (case) for the negative

terminal. The zinc case has an inner lining of absorbent paper

material which is saturated with the electrolyte. The space

between the electrodes is filled with a mixture of crushed coke,
 
manganese dioxide, and graphite. Manganese is added as a de­
polarizer. The electrolyte is salammonic and zinc chloride. The
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top of 
 the case is sealed with a sealing compound and the zinc
container is enclosed in a paper container. The voltage of a new
 
dry cell is 1.4 to 1.6 volts.
 

Dry cell batteries fall into three general classes: 
 (1) flash­
light batteries usually 1-1/4 inch in diameter and 2-1/2 
 inches
high with a current capacity of about 3 amp-hours; (2) large size
cells, 
 more commonly referred to as the Number 6 dry cell, ap­
proximately 2-1/2 inches in diameter and 6 inches high 
 with a
current 
 rating of about 30 amp-hours; and (3) the "heavy duty"
and high voltage types, 
 which might be one cell or a combination
of cells, used in industrial service with current capacities of
50 amp-hours or greater. The ampere-hour capacity is the rate of
discharge a battery can maintain for a given period 
of time,
usually eight hours. For example, a 30 amp-hour rated battery
normally could supply about 3-1/2 amps for eight hours. 
 As ordi­narily used, however, dry cells provide less than their rating.
The shelf life is limited by local action and for 
 that reason
 some manufacturers stamp a service date on 
the outer covering of
each cell. Local 
 action causes eventual deterioration of the
battery, and after about 
one or two years storage, the battery
becomes useless. Since the zinc electrode forms part of the outer
wall, its gradual destruction weakens the cell structure, and as
the 
 developed hydrogen gas builds up internal pressure, 
 it can
 
rupture and spill its corrosive contents. For this reason, equip­ment should never be stored with dry cells 
over long periods of

time. Dry cells require no maintenance and when they no longer

operate are discarded and replaced.
 

A more recent type of dry cell developed is the Ruben or Mercury
cell (Figure 4). This cell wav developed during World War II by

Ru'en Laboratories and 
 P.R. Mallory Company for operating small
electronic equipment requiring high current power. 
 This cell is

made in two forms: the "roll anode" and the 
"button type." The
anode is amalgamated zinc and the cathode is 
a mercuric oxide
depolarized 
material mixed with graphite. The electrolyte is a
solution of potassium hydroxide (KOH) containing potassium zinc­ate. These cells are far superior to the Lelanche dry cell owing
to their compact size, flat voltage characteristic, and very long
shelf life. The no-load voltage of these cells is 
1.34 volts.
 

Several advanced developments have been made in small batteries,

both primary and secondary-type cells, which include
magnesium, alkaline, silver-zinc, and lithium. 

the
 
Table 1 lists the
characteristics and applications of these cells.
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Negative 
terminal 

Zinc pellet 
ElectrolyOA 

Mercuric 
oxide­
carbon
 

Positive 
terminal 

Figure 4. Cross Section of Mercury Cell
 

Source: Stanley Wolf, Guide to Electronic Measurement and Labor­
atory Practices. (Englewood Cliffs, New Jersey: Prentice
 
Hall, Inc., 1977).
 

Table 1. 	Characteristics and Applications
 
of Some Primary and Secondary Cells
 

System Characteristics 	 Applications 

Zinc-carbon Popular common low-cost primary Flashlight, portable radios and elce. 
(Lecla.nche) (zinc- basrtery, available invariery of tronics, toys, novelties, inrau­
.MnOj) sizes ment, etc. 

.i.gT-eiium (Ntg-NtnO,) H gh-capacity prnmary battery, long kilitar) recelver-trnsmitter,aixvsf 
shelf life emergency transmitters 

Mercury (Zn-HgO) Highett cApaciry (Oby volume) of HeAuilg aids, medical (heart p ceL 
coitventionaJ types, Fst dis- photography, detectors, receiver. 
charge, good shelf life transniters, military senSor &M 

detection equipment
AJiahne (Zn-alkUline Good low-temperature and high- Cassenes a,d tape recorders, calcula. 

electrolyte-.MnO) rate perfoniianc. modete cost tors, radio and TV-popular b­
!lu
gl-dr'ain pnia ry-battery 
application

Silver-zinc (Zn-AgO) 1.ighest capacr (by %,eight) of Hearing aids, photography, elecine 
convennonsi t'pe. tat dis- watches, missiles and space apphl. 
chare, good sheif life carion (Oargef sizes)

Lithium (ithium-SO,) New bartery s)stem-recent devel- have wide, genen-purpose\Will 

opment. highest-perfornce ipplicaaion when available. First 
primary Lartery, excillent low- uses will b milituy and special
tempra.ture perfonnance, long civilia.i applications needing high. 
shelf life capacity and low-temperntww 

performanc
Solid electrolyte Extrenel) lorg shelf life, low. Medical electronics, memory cirvulfA. 

power bartery fussing 

Source: Fink and Batey, 
 Standard Handbook for Electrical Engi­
nees, lth edition (New York, New York: McGraw-Hill
 
Book Company, 1978).
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SECONDARY STORAGE BATTERIES
 

Since 
 1965, there has been renewed interest in using storage

batteries in power systems. This is because modern power consump­tion 
 involves very uneven load demands and increasing peak load
demands. When a system must deliver more power 
(increase in load
demand), the supplier 
can meet the demand by either switching an
additional generator 
 onto the system or switching a charged

battery bank onto the line. 
 The latter requires a much smaller
 
investment.
 

The revival of batteries as power system units 
 primarily has
becun with small independent systems such as wind- or water­driven generators. In such systems, 
 storage batteries perform
two important functions. First, during periods of low load 
 de­mand, 
 the system battery can store much of the generated energy,

which would otherwise be lost to the system. 
 Second, energy
stored 
during the off-peak period is available during times of
peak load demand. The importance of the latter can be 
 illus­
trated with the following quantitative example: Suppose the
capacity of the battery has 
a discharge power rate equal 
to

of the generator power capacity (PB 

half
 
= 0 5 P ). This means that 

under normal conditions, during periods of high load demand, the
generator-batte-y combination can for 
several hours serve a load

of up to 1.5 times what the generator alone could serve.
 

Another reason for 
the increased interest in secondary storage

batteries is the need for backup power for some the
of newer

technology. 
 For example, most modern computers involve some form
of "volatile" storage of information, that is, the information is
lost if power is removed. To guard against this possibility, many

computer systems use "uninterruptible" power systems, 
based on
storage batteries, to supply electrical current to the computer

equipment when commercial power is lost.
 

The storage battery, constructed with secondary wet cells, is
 
similar 
in action to a primary cell, except the chemical actions
involved are practically completely reversible. 
 Once the cell is
discharged, current from an external source, passed through the
cell in the opposite direction, will subs -antially restore the

battery to its original charged condition.
 

There are 
three types of storage batteries currently available:
 
(1) the lead-acid type; (2) the nickel-iron or alkaline battery
(Edison cell); and (3) the nickel-cadmium or alkali-type (Nicad).
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Lead-Acid Batteries
 

The lead-acid battery is the most widely used type 
 of battery
today because of its low 
 cost, reliability, good performance
characteristics, and wide application. This battery is manufac­tured 
 in many sizes and capacities ranging from 1 amp-hour up to
several thousand amp-hours rating.*
 

The storage cell uses reactive sponge lead 
 for the negative
electrode (Pb), 
 lead dioxide for the positive electrode (PbO !,and dilute sulfuric acid for the electrolyte. The electrode
materials have little structural strength and mist be 
 supported
on plates or grids. 
 The grid of the battery plate has two func­tions: first, 
it supports the active plate material; and second,
it serves as a conductor 
to connect the plate terminal to all
parts of the active material.
 

Lead storage battery plates are divided into two types, the
Plante (formed) and the Faure (pasted), as shown in Figure 5.
the Plante-type of construction the active material 
In
 

is electric­ally formed of pure lead by an electrochemical process from

metallic lead of the supporting grid. In the 

the
 
Faure-type the
active material is applied to the supporting grid in the form of
a paste follwed by 
a setting, drying, and forming operation.
 

Figure 5 shows the Plante 
(A) and Faure (B) lead cell plates. The

cell assemblies are 
soldered together to form positive and nega­tive groups which are interleaved together to make up the 
 com­plete battery cell. Separators are placed between the electrodes,
and the complete element is placed in a container and sealed. The
use 
of large plates with close spacing limits the internal resis­tance of the battery to a low level. 
 Figure 6 shows a cutaway

view of the lead storage cell.
 

During discharge the battery material of both plates is converted
into lead sulfate. The amount of lead sulfate formed onthe plates
and the 
 amount of acid lost from the electrolyte are in 
exact
proportion 
to the rate of discharge. The reverse action 
 takes
place when the cell 
is charged. Cell chemical 
 reactions are
represented by the following equation; however, 
 this is a
simplified form as 
the actual action is much more 
complicated.
 

*Battery ampere-hour rating is normally based upon an 
8-hour dis­
charge rate.
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Figure 5. Plante (A) and Faure Lead Cell Plates (B)
 

Source: A.E. Knowlton, Standard Handbook for Electrical Engi­
• .. r:m*,.. ,fh.t.. 

ner, 8th edition (New York, New York: McGraw-Hill Book
 
Company, 1949).
 

"at" 

'tt Sae /"w's 60lf
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Figure 6. Cutaway View of a Lead Storage Cell and Battery
 

Source: Charles Hubert, Preventative Maintenance of Electrical
 
E imn (New York, New York: McGraw-Hill Book Company,
 
1969).
 



At the positive plate:
 

PbO2 + HSO4 - + 3H+ + 2e-* -- PbSO4 + 2H20 

At the negative plate:
 

Pb + HSO 4 - i PbSO4 + H+ + 2e-

The combined cell reaction for both discharge and charge is 
ex­
pressed by the following equation:
 

discharge
 

PbO 2 + Pb + 2Hj SO 4 2PbSO 4 + 2H20 + electrical energy 
sulfuric 

plate plate acid plates 

charge
 

On discharge the acid separates from the electrolyte and forms a
chemical combination with the plates, changing it to lead sul­
fate. As discharge continues, additional acid is drawn from the
electrolyte until current will 
cease to flow. The water, formed
 
by the loss of acid to the plates, lowers the remaining specific

gravity** of the electrolyte. In common practice, discharge isalways stoppeL. oefore the plates have entirely sulfated, because 
once entirely sulfated, battery condition cannot be converted
back to active material on charge. On charge the reverse 
 action
 
takes place: the acid in the sulfated plates is driven back into
the electrolyte, and the SO4 
combines with hydrogen in the water
 
to form additional sulfuric acid (H2SO4).
 

Electrolyte for lead-acid cells is dilute sulfuric acid. 
 For a
fully charged battery the specific gravity varies from 1.200 
 to
1.30 and when discharged 1.150 (pure water measures 
1.00). The
specific gravity is measured by a 
syringe-type hydrometer 
as
shown in Figure 7, and values are temperature corrected.
 

*The symbol e- stands for electrons.
 

*Specific gravity is defined as the ratio of weight of given
a 

volume of a substance to an equal volume of pure water. 
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Figure 7. Portable and Vent-Plug Hydrometer
 

Source: C.C. Carr, 
 Craft's American Electrician's Handbook, 8th
 
edition (New York, 
 New York: McGraw-Hill Book Company,

1961).
 

The voltage of a lead cell is approximately 2.10 volts at no
but is higher when being charged. 
load
 

Normal voltage on charge is
2.15 volts and as the cell approaches full charge this value

rapidly increases to between 2.5 and 2.6 
volts. This later inter­
val of charge is known as 
the "gassing period." Gassing of the
electrolyte 
 at any time during charging should be avoided as the

charge rate is 
 too high. As a cell reaches its final fully
charged condition, a high current 
is not advisable as this excess
current decomposes the water 
in the electrolyte, which is driven
 
off in the form of gas.
 

The 
lead-acid battery has several disadvantages: (1) cells 
are
temperature sensitive and lose power in cold 
 temperatures; (2)
cell plates tend to buckle Lnd distort on sustained, high current

service, and (3) special 
care must be observed when a battery is
not used for long periods, otherwise the cells will sulfate.
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Also, this cell can be accidentally overcharged, charged in the
 
wrong direction, and momentarily short-circuited without harm.
 
Alkaline batteries are not injured by freezing and an electrolyte

with a specific gravity of 1.200 at 15.51C (60'F) freezes solid
 
at -66*C (-87 0 F). The electrolyte of this cell gradually deterio­
rates during use and must eventually be changed.
 

The main advantages of the nickel-iron cell are: (I) it is

extremely light and strong owing to its steel construction; (2)

it offers an indefinitely long life; and (3) it overcomes the
 
cell sulfating problem of the lead-acid battery. The chief
 
disadvantage is its high first cost and high internal resistance.
 

Nickel-Cadmium Batteries
 

Nickel-cadmium or Nicad batteries, a relatively new addition to
 
storage cells, were developed in Europe. These batteries consist

of interleaved assemblies of positive and negative plates mounted
 
in a sealed steel container. The positive active material, nickel
 
hydroxide, and the negative active material, cadmium oxide, are
 
encased in identical, finely perforated steel pockets. The plates
 
are made up of rows of these pockets, which are crimped and
 
formed into steel 
frames. Positive and negative plate assemblies
 
are bolted together to heavy steel bus bars. Plate groups are
 
interleaved and separated by thin plastic rods. The cell elec­
trical terminals and case are nickel plated. The electrolyte is a
 
solution of specially purified caustic potash (potassium hydrox­
ide) dissolved in distilled water. Figure 9 shows a cutaway view
 
of the Nicad battery.
 

The simplified cell reaction is:
 

charge
 

Cd + 2NIOOH + KOH + 2H20_4Cd(OH)2 + 2Ni(OH)2 + KOH + electrical 

Edison cell, 


-> 2energy 
discharge 

During 
change 

charge or discharge of the cell, 
in the specific gravity of the 

there is practically no 
electrolyce. Like the 

the sole function of the electrolyte is to act as a
 
conductor for the transfer of hydrogen ions from one 
electrode to
 
L,.e other. The voltage rating of each cell is 1.20 volts on open

circuit; when connected to an external load, this voltage remains
 
fairly constant up to approximately 90 percent of its rated

capacity. The amp-hour rating of the Nicad cells is based upon a
 
final discharge voltage of 1.10 volts per cell. Unlike Edison
 
cells, Nicad batteries will be damaged by repeated over-discharg­
ing below their minimum cell rating of 1.10 volts. Nicad batter­
ies have a temperature operating range from -51*C (-60'F) to 931C
 
(2000F).
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Nicad batteries are vibration and shock resistant due 
 to 	 their
 
steel construction; hold their charge well during long idle
 
periods; maintain a constant voltage source during discharge; and
 
are not damaged by overcharge. These batteries can be mounted in
 
any position on discharge. Like the Edison cell, the Nicad bat­
tery 
 has 	a high first cost as compared with the lead-acid bat­
tery; however, this high 
 cost is offset by their longer life
 
span. A comparison of lead-acid, alkaline, and Nicad batteries is
 
presented in Table 2.
 

Table 2. Comparison of Lead-Acid, Nickel-Iron,
 
and Nickel-Cadmium Batteries
 

Operating Cell Life
 
Typical Temperature Energy Charge/
 
Cell Range Density Discharge Cost
 

Type Voltage (OC) (Wh*/kg) (Cycles) ($/Wh*)
 

Lead-Acid 
 2.0 20 to 30 37 1200-1500 .08
 
Nickel-Iron 1.2 2.2 to 46 29
 
Nickel-Cadmium 1.25 (-51) to 93 33
 

*Watt-hours
 

General Maintenance Procedures for Storage Batteries
 

Proper 
 maintenance is essential for continued trouble-free ser­
vice of storage batteries. While the cell construction is differ­
ent for the several types, maintenance is similar for all types

and consists of the following general procedures:
 

1. 	Keep cells clean and dry;
 

2. 	Check electrolyte level regularly;
 

3. 	Keep batteries charged at all times; and
 

4. 	Keep impurities of all kinds out of cells as they will
 
have a harmful effect and eventually ruin them. Never
 
use any tools or utensils (hydrometers, funnels, etc.)

that have been used to service other electrolytes dif­
ferent from that required for that specific battery,
 
especially tools used for lead-acid batteries.
 

5. 	Refer to manufacturers' recommendations and keep a
 
written maintenance record.
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The electrolyte of the lead-acid cell 
never requires replacement

except for loss due to accidental spills. However, in the Edison

and Nicad cells there is a gradual deterioration of their elec­trolyte, which must eventually be replaced over the life 
of the
 
battery.
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