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F Since the 1981 UNCNRSE conference in Nairobi, a number of policy makers and
Orewor NGO representatives have been calling for increased reliance on renewable
energy. However, dispite attempts by donors and policy makers to increase use
of renewable energy technologies, there are very few renewable energy success
stories in Africa. Part of the problem is that rural people are unaware of the
technologies, and do not have the material or information resources to attempt
projects, no matter how technically, environmentally or economically viable
they may be. For too long the emphasis has been on ‘turnkey’ style transfer of
technology, with limited involvement of local manpower and industry. In too
many cases, this results in technology transfer that is donor-led rather than
demand-led.

However, the Kenya experience provides a refreshing alternative to aid-led
interventions . Since 1985, local Kenyan companies have installed thousands of
lighting systems in schools and homes on a commercial basis. There are similar
experiences with the PV technology in Zimbabwe, Botswana, and West Africa.
The sale of solar electric systems has created jobs for installers in rural areas, and
opportunity for urban and cottage industry. For example, solar batteries are now
sold in Kenya, and low voltage lamps are being manufactured for solar electric
systems in Zimbabwe and Botswana.

A key to the successful Kenyan experience has been commercial response to real
demand. In rural Kenyan homes, institutions, and cottage industry, there is a
very high demand for electricity to power, lights, televisions, radios, vaccine
refrigerators, and small appliances such as sewing machines. For these require-
ments, solar electricity is a realistic alternative to costly extensions of grid power
or generators.

Dissemination of renewable energy technologies can only occur if there is
appropriate information available to potential end-users, installers, extension
workersand policy makers. However, educational material prepared in Western
countries may not be suitable to the needs of rural Africans. There is therefore a
need for information suitable to regional needs. Like Mr. Hankins first book,
Renewable Energy in Kenya, this book provides information in a form that is
accessible to local people.

There are other effective methods by which information can and should be
shared in the region. The technology is changing rapidly, and prices have come
down for a number of solar electric system components; there is a need for this
information to be passed along the dissemination chain. It is hoped thata number
of organisations will take up roles in this chain.

Achoka Aworry

Executive Director

Kenya Energy and Environment
Organizations
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This manual is about making solar
electricity available to rural Africans.
It was developed from lesson notes
produced for a 1985 training pro-
gramme conducted in south Meru
District, Kenya,by Harold Burris and
myself. At the time, Harold Burris
and a number of Kenyan electricians
(their company was called Solar
Shamba) were designing and install-
ing solar electric systems tailored to
the expectations of rural home own-
ers. During the USAID-financed train-
ing programme, a dozen Meru-based
electricians learned the jua kali (cot-
tage industry) approach to solar elec-
tric technology pioneered by Solar
Shamba. Five years later, these and
other rural-based electricians have
completed thousands of solar electric
installations throughout East Africa.

Solar electricity is generated directly
from sunshine using devices called
solarcellmodules. Allovertheworld,
people are taking up the technology
to provide power for many remote
and rural applications. Since 1984,
small solar companies have installed
hundreds of thousands of systems in
developing countries, from Kenya to
the Dominican Republic,and from Sri
Lanka to the South Pacific Islands.
While the prices of petroleum prod-
ucts have been unstable over the last
decade, prices of solar electric equip-
ment have been steadily declining.
Today, more solar modules are being
produced than ever before. Countries
as diverse as Brazil, Germany, the
United States, Japan, China,and India
have solar cell production facilities.
Installation and assembly of solar
electric systems is fast becoming a
village level technology.

The pages that follow describe how
solar electricity can provide power for
the small-scale applications found in
East African rural homes, schools and
industries. With the assistance of a

Introduction

trained electrician, youshould beable
follow this book’s guidelines to de-
sign and install a solar electric system
to power lights, appliances and small
tools in a home, institution or busi-
ness.

The success of any solar electric sys-
tem depends on how well it is de-
signed, installed, managed, and main-
tained. In order to design large sys-
tems, a full understanding of solar
electric system theory is necessary.
However, you do not need to be a
highly trained engineer to design,
install or service small solar electric
systems. Only a few weeks’ training
provides skills sufficient to designand
install effective small-scale systems.

First, you need to know a bit about
electricity. You also need to know
how much solar energy can be col-
lected at what cost, how to store and
distribute the energy, how to choose
appliances and how to maintain the
system. This book contains all the
above information. Once you have
mastered these basic principles, it is
relatively simple to designand install
a system that suits your needs.

Many good manuals have been writ-
ten about solar electricity for the re-
quirements of Western electricians
and consumers (see References). But
the energy consumption patterns, the
appliances available and the budgets
of East Africansare very different from
those in developed countries.

Rural African schools, institutionsand
health centres require quality lighting
to maintain acceptable levels of per-
formance. Tea shops and kiosks
demand electric power for radios,
televisions and lights to attract cus-
tomers. Cottage industries demand
small amounts of electric power for
sewing machines, small tools and
work area lighting. Additionally,

teachers, farmersand extension work-
ers desire power for the radios, televi-
sions and music systems that connect
them with the rest of the world and
make rural living more pleasant.

The following chapters answer ques-
tions that might be asked by rural
teachers or businessmen, such as
“What is the cheapest system that I
could install to power two lights and
a radio?” and “Do I really need a
charge controller for my system?” It
provides resources to rural solar elec-
tricians such as sizing worksheets,
wiring guides and local meteorologi-
cal information. For the extension
agentor development worker, it gives
a general idea of what solar electric
equipment is available in East Africa
and what is required to complete an
installation.

Like improved stoves, biogas di-
gesters, agroforestry systems or any
other technology that benefits rural
people, solarelectricity reliesona wide
network of people involved in its
dissemination and development. No
individual can take all credit for suc-
cess that is the work of many. This
book thus owes a great debt to rural
solar practitioners such as Daniel
Kithokoi of Solar Electric Systems
(Meru), Dickson Muchuri of Alpa
Nguvu (Nairobi), Silas Kinyua of
Chuka Solar Agents (Chuka), and
Charles Rioba of Solar World (Kisii
and Nairobi). Their hard work has
proven beyond doubt that solar en-
ergy isa practical technology for rural
Africa. Thisbookisdedicated to them,
and to others like them seeking ways
to solve the rural energy crisis in Af-
rica.

Mark Hankins
Nairobi
February 1991
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Chapter 1
Solar Electric System
Fundamentals

This chapter outlines the steps required to plan and install a solar electric
lighting system. It summarises the applications, parts, advantages and
disadvantages of solar electric systems, and directs readers seeking spe-
cific information to appropriate chapters.

Specifically, the chapter reviews:
* concepts and terms used throughout the book to describe energy and
basic low voltage electricity;

o principles and components of solar electric systems, including the
solar resource, solar modules, batteries, charge controllers, and appli-
ances; and,

o estimating energy requirements, cost cutting, planning, installing and
maintaining systems.

Small Solar Electric Systems for Africa 1
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Solar electricity is electric power
generated from sunlight using
devices called solar cell modules.

The Sun and
Solar Electric Technology

The sun is the source of virtually all the
energy we use each day. The energy we
derive from woodfuel, petroleum, paraf-
fin, hydroelectricity and even our food
originates indirectly from the sun. Solar
energy is captured and stored by plants.
We use this energy when we burn fire-
wood or eat food. The sunalso powers the
rainfall cycles that fill rivers from which
we extract hydroelectricity. Petroleum is
made up of fossilised remains of plants
and animals that collected energy from the
sun thousands of years ago.

Itis also possible to collect energy from the
sun directly for heating water, cooking,
raising steam and generating electricity.
There are a number of types of equipment
which can be used to collect solar energy.
These include collector panels, which
harvest solar energy for heating water,
and solar concentrators which focus the
rays of the sun into high energy beams for
raising heat.

Solar electricity is electric power gener-
ated from sunlight using devices called
solar cell modules. The technology is gain-
ing popularity in Africa as prices of other
electric energy sources rise. Solar electric-
ity can replace small applications of petro-
leum-fueled generators, grid power and
even dry cell batteries. The technology is
spreading rapidly to rural areas where
there is great interest in its applications.

Solar electric theory is not difficult to
master, but its principles differ from 220V
ac mains (or generator) wiring. The first
part of this manual gives background in-
formation and explains the work of each
part of a solar electric system.

Common Uses of Photovoltaics

In East Africa, the most common applica-
tion of solar electricity is providing power
for household lighting and appliances. By
1991, as many as 10,000 rural homes in
Kenya were using solar electric power for
household appliances. The list below de-
scribes some of the important applications
for which solar electric power is being
utilised.

* Household lights, televisions, cassette
players, radios and small appliances.

2 Small Solar Electric Systems for Africa

Night light is crucial for education,
craft work and social activity,and tele-
visions, radios and stereo systems are
increasingly common inrural East Af-
rica. Solar electric security systemsare
also popular among rural customers.

Small industries and institutions: Schools
and small businessesinrural areas use
solar electricity to power lights, sew-
ing machines, calculators, light tools,
computers, typewriters, and security
systems.

Telecommunications: Because telecom-
munication systemsare ofteninstalled
in isolated places with no access to
power, they often use stand-alone
photovoltaic systems to power radios,
remote repeaters, and even weather
monitoring equipment.

Health centre vaccine refrigeration and
lighting: Solar electric systems are
popular for vaccine refrigeration in
rural health centres. Such solar refrig-
erators are also utilised to freeze ice
packs and to keep blood plasma cool.
The World Health Organisation sup-
ports programmes that install solar
electric refrigerators and lighting in
health centres throughout East Africa.

Electric fencing and other uses: Electric
fences, which keep wild animals in-
side game parks and out of farm land,
are often powered by solar electricity.
Other common uses of solar electric
systems include street lighting, road
signillumination, security systemsand
protection of pipelines from corrosion.



Water pumping: In a number
of sites in East Africa, arrays
of solar cell modules con-
nected to electric pumps are
used to pump water from
wells or boreholes. This wa-

ter is used for drinking, wash-
ing, other household purposes
and for small irrigation proj-
ects. Solar electricity can also
be used to purify drinking wa-
ter.
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Solar eleciric systems consume
no fuel, quietly converting
sunlight directly into electricity.
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A basic understanding of energy
concepts is necessary before
planning a solar energy project.

The Parts of a Solar Hectric Lighting System

Before planning a system, make sure you are completely familiar with the various system
parts as shown below:

Appliances and
Lamps

Battery Wiring and Fixtures

The rest of this chapter summarises the role of each partina system, and directs the reader
to the chapter in which that technology is explained in greater detail. Chapters 9, 10, 11
and 12 contain guide-lines for planning, installing, and maintaining systems.

Basic Energy Concepts

A basic understanding of energy concepts is necessary before undertaking solar energy
system installation and design. Appendix 1(page 98) contains detailed information on these
terms for readers unfamiliar with them.

Energyisreferred to as theability to work. Itis measured in units called joules (J), or (through-
out this book), in watt hours (Wh). Amp hours (Ah) are also used to indicate energy transfer
in solar electric systems (particularly to measure battery capacity). Strictly speaking, amp
hoursdo not measure energy —they must be multiplied by the voltage of the systemto arrive
at watt hours.

Power is the rate at which energy is supplied (or energy per unit time), and is measured in

watts (W).

- ____ _______ "
4 Small Solar Eleciric Systems for Africa



\\\\\\\\Il/////// Solar

=( )= Electric System Efficiency is the ratio of output energy to input energy. In the case of solar electric systems,
////// \\\\\\\ Fun d amenta I 5 the input energy is the energy received from the sun by the modules and the output energy
l is the electricity available for lights and appliances. An energy-efficient device uses less

energy to perform a given task. Efficiency is measured as a percentage; the higher the
percentage, the more efficient the transfer is.

Energy Example

At noon on a sunny day, equatorial solar radiation arrives at a rate of about 1000 watts per
square metre (this is power)(see Figure 2.3, page 11). If all of the solar radiation striking one
square metre in one day in a typical East African location could be collected, then a total of
about 6,000 watt hours, or 6 kilowatt hours, could be harvested per square meter of solar cell
module per day (this is energy). However, we know that it is impossible to captureall of the
solar energy because some energy is always lost in transformations (as heat or in reflection).

In fact, the best solar cell modules have an efficiency of only about 15%, which means that they
can only transform about one sixth of the arriving radiation into electricity (at noon, they
transform only 150 W/m? of the incoming 1000 W/m? into electric power). Over the course
of asunny East African day, the energy converted to electricity bya square meter of solar cells
is about 900 watt hours, or enough to power four 15W globe lights for 15 hours.

When installing solar electric . .
e a ' Basic Low Voltage Electric Concepts

systems, make sure that all work , : . N

. ised and checked b Besides understanding energy concepts, you also need a basic knowledge of electricity to

Is supervised and checked Dy a install and design solar electric lighting systems. Those who are used to working with 240V

quuﬁﬁed electrician. ac systems will find that low voltage dc systems are safe and easy to work with. For anyone
who has not had experience with electricity, Appendix 2 (page 99) explains electrical

concepts in more detail, and goes through several examples. Once you have mastered the

terms and principles below, then the following chapters should be readily understandable.

Current is the rate of flow of electrons through a circuit. The symbol I represents current,
which is measured in amps (A). Direct current (abbreviated dc) is a flow of electric charge
which does not change direction with time. With dc current, the positive terminal alwzys
remains positive, and the negative terminal is always negative. Solar cells always produce
direct current electric charge, asdo batteries. Alternating current (ac)is electric current which
first flows through the wire in one direction and then the other, and continues to switch back
and forth over time. Mains electricity, and that produced by generators, is ac current.

Potential difference (or voltage), measured in volts (V), is the difference in potential energy be-
tween the ends of a conductor that %overns the rate of flow of current. It may also be referred
to as the electromotive ‘pressure’ of electrons in an electric circuit. If thereis no potential dif-
ference, there is no flow of current.

A circuit is a system of conductors (i.e. wires and appliances) capable of providing a closed
path for electrons. Current can flow when thecircuitis closed. No current can flow when the
circuit is open.

Resistance is the property of a conductor (i.e. a wire or appliance) which opposes the flow of
current through it and converts electrical energy into heat. Resistance has the symbol R, and
is measured in ohms, Q.

Electric power, measured in watts (W) or kilowatts (kW), is the rate at which energy is supplied
from the power source.

The load is the set of equipment or appliances that use the electrical power from the gener-
ating source, battery or module. Series and parallel refers to the arrangement of the load and
batteries within the circuit (see Appendix 2).

Power Law: The power law states that electric power (in watts) is equal to the voltage (V, in
volts) multiplied by the current (I, in amps).

Power (Watts) = Voltage (volts) x Current (amps)

Ohm’s Law: Ohm'’s Law states that the voltage of a circuit is equal to the current (in amps)
times the resistance (in ohms). This law is useful in determining how much voltage is lost
on long wire runs.

Voltage (volts) = Current (amps) x Resistance (chms)

Small Solar Electric Systems for Africa 5



Solar
Electric System
Fundamentals

The Solar Energy Resource: How much energy is available?

When planning a solar electric system, the first question to ask is whether there is enough
solar energy available. The output of a solar module depends on theamount of sun
light falling on it. In most areas of East Africa, solar energy is

plentiful, although at certain times of the year, there may be

less energy. For example, between themonthsof Mayand -
August in Meru District, Kenya, there is significantly less
solar radiation because of cloudiness. Itisimportant to-...
plan a system with weather patterns in mind. '

Chapter 2 explains the principles of solar radia-
tion, and how to use meteorological records
to estimate how much power will be avail-
able in a given area.

Solar Cell Modules: Harvesting solar energy

Solar cell modules are devices used to convert sunlight into electric-
ity. Because there are many types of solar modules, the module
required for a given task should be chosen carefully. Modules
should be mounted so that they can collect maximum energy.

Chapter 3 explains the principles of solar electricity, the
typesand behaviour of solar modules, how to sizemod-
ules, and how to choose and maintain solar cell mod-
ules.

Batteries: Storing solar energy

Lights, radios and other appliances are used at night when
the sun has set; that is, when the solar modules are not
producing electricity. Batteries store energy collected
during sunny days for use at night and during cloudy
days. Various types and sizes of batteries are available. The
type of battery chosen depends on the energy requirements of a
system and the budget of the user.

Chapter 4 explains operating principles of batteries, the different types
that are available, how to size, choose and maintain them, and how to keep them charged
during prolonged cloudy periods.

Charge Controllers: Managing solar energy

Solar cell modules supply a limited amount of energy. For this |.
reason, solar electric systems must be managed so that the en-
ergy collected by the solar cell modules nearly equals the |
amount of electricity used to power lights and appliances. |
Charge controllers are used to prevent damage to batteries |<&
and other parts of the system due to over-charging and deep-
discharging. They may also alert the user when the battery or
module is not functioning properly.

Chapter 5 explains the operation and features of charge controller, and explains how to
manage energy in solar electric systems with or without a charge controller.

6 Small Solar Electric Systems for Africa



\\\\\\\\l/////// Solar Lamps and Appliances: The efficient application of solar energy

= \\:\“_ Electric System Unlike generators or mains (which supply electricity at 240 volts ac), solar electric systems

////I',\\\\ Fundamentals  operate onlow voltage direct current. For this reason, special low voltage direct current
lamps and appliances are usually installed in such systems. Furthermore, efficient fluo-
rescent or halogen lamps are usually used in solar electric systems because they consume
far less power than standard incandescent-type lamps.

Chapter 6 explains the principlesbehind lamps,
reflectors and ballast inverters (devices that
power fluorescent lamps), and how to choose the
y best for a given job. It also discusses low voltage

/ | \ appliances, voltage converters and use of power
conditioning units (i.e. inverters) to operate 240 volt
ac appliances.

The Load: Calculating your energy requirements

The electrical energy requirements of any site depend on the number
of lights, radios, televisions, cassette players and other appliances
used, and on the number of hours which each light or appliance
operates. By adding up each appliance’s energy demand, it is
possible to calculate the total daily electric energy requirement
of a home, school or institution.

Chapter 7 explains how to calculate the total electrical energy
demand inagiven system,and how to decide on the correct voltage
for a system.

Wiring and Fittings:
Distributing energy

Wiring of solar electric systems is similar to the
wiring of 240 V ac systems. However, low voltage
solar electric systems often require thicker wires
than those used in 240 V ac systems because there
is a voltage drop associated with low voltage dc wires on

long runs. Whendesigning a system, consider all possible volt-
age drops and use the correct wire size.

Chapter 8 explains how to choose proper cables and fittings for solar electric systems, how
to calculate voltage drops in long cable runs, and how to earth systems against lightning
and short circuit damage.

Planning a System

In order to properly plana solar electric system, you must:

¢ determine how much energy is needed to power your
lamps and appliances. This is done by adding up the |
number of lampsand appliances, tabulating their power
demand, and their daily usage time;

¢ estimate how much solar energy is available at the site
per day;

e estimate how much energy is lost due to inefficiencies in
the system;

Small Solar Eleciric Systems for Africa 7
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Solar
Electric System
Fundamentals

* determine the size of array, control and battery required.

Chapter 9 explains in detail the process of designing small solar electric systems, and
explains how to use the planning worksheets contained at the end of this book. It also
provides several examples which demonstrate their use.

Cost Considerations:
Getting the most from a solar electric system

) Solar electric systems may be expensive invest-
B] ments for rural users. Before buying a system,
> youshould compareits costagainst other options.
Z Solar electric systems are often economic over the

long term, but the cost of purchasing and installing themis
very high. Still, there are tactics you can use to minimize costs. Animportant strategy to
cut costs is to collect and manage energy as efficiently as possible.

Chapter 10 explains how to compare the cost of solar electricity against alternatives. It
also highlights practices and devices that reduce the cost of solar electric systems.

Installation Steps

If a lighting system is planned properly, installing the
components should proceed smoothly. Nevertheless,
there is a correct order which you should follow, and

there are electrical standards that need to be main- |
tained for safety reasons and to ensure that the equip- |
ment is not damaged.

Chapter 11 explains the steps involved in installing a
system, the safety precautions that should be taken and
the tools necessary to do the job properly.

Maintenance Practices

Once a system is installed, it must be serviced on

aregular basis to ensure that it continues to oper-

ate efficiently. Tasksincluderegular maintenance
of batteries and lamps, and cleaning of the solar

cell modules. If you are installing a system
for customers, then you must make sure
that the customers are completely familiar
with the maintenance practices.

Chapter 12 describes maintenance practices nor-
mally associated with small solar electric lighting
systems and explains how to fix the system when it fails.

8 Small Solar Flectric Systems for Africa



Chapter 2

The Solar Resource

This chapter explains applications and basic principles of solar energy.
The theory of diffuse and direct solar radiation, irradiance, and insolation
arediscussed (aswell as the terms kilowatt hours, peak sun hours and lan-
gleys). Estimation of energy available at a given site using meteorologi-
cal records and local knowledge is outlined. Tracking the sun to increase

energy output is examined.

Solar cell modules harvest energy from
the sun. Their output depends on the
amount of sunlight (or solar radiation) fall-
ing on them. When planning or using a
system, you should consider seasonal and
daily solar radiation changes. The output

of asolar module changesas the sun moves
across the sky during the day, and as the
angle of the sun changes with seasons. The
output also changes depending on how
cloudy and how dusty the site is.

|\\
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The Solar Resource

As the prices of fuelwood,
petroleum, electricity and dry
cell batteries rise, solar energy
harvesting devices are becoming
more economically attractive

Tapping Solar Energy

Solar energy is plentiful in Africa. Sun-
shineis useful fordrying a variety of prod-
ucts including clothes, agricultural pyo-
duce, cash crops, and bricks. Factories
along the Indian Ocean coast have long
made industrial use of energy from the
sun in the production of salt.

However, solar energy’s potential in Af-
rica has not been fully tapped. This is
because, unlike energy sources such as
petrolor charcoal, solar energy arrivesina
spread-out manner thatis difficult to trap,
convert and store for useful purposes. In
order to collect it, solar energy-harnessing
equipment must be utilised. Through the
use of such equipment, solar energy can
generate electricity, provide industrial
process heat, cook food or heat water.

Solarenergy has, until recently, been over-
looked because of the high price of the
equipmentused to harvest it (in relation to

Figure 2.1
Solar water heaters

Solar water heaters, which should not be
confused with solar electric devices, con-
sist of glass-covered panels with dark-
coloured pipes inside. Water flows through
the pipes, is warmed by the sun, and then
stored in insulated tanks for use in wash-
ing and bathing. Solar water heaters are
used in hospitals,schools, hotels and homes
throughout East Africa, saving consider-
able amounts of money that would other-
wise have been spent on wood, oil, or elec-
tricity.

the low cost of other sources of energy).
However, as the prices of fuel, wood, grid
electricity and dry cells rise, solar energy
equipmentis fastbecoming more economi-
cally attractive. In East Africa today, solar
water heaters and solar electric systems
are increasingly popular because they are
powered by freely-available sunshine.

Solar Radiation Principles

Solar Spectrum and Solar Constant
Sunshine arrives on the earth as a type of
energy called radiation. Radiation is com-
posed of millions of high energy particles
called photons. This energy is easily con-
verted into heat energy (objects placed in
direct sunshine gain energy and become
hot). It can also be converted into stored
chemical energy (as plantsdo through pho-
tosynthesis) or it can be converted into
electricity using solar cells.

Each unit of solar radiation, or photon,
carries a certain amount of energy. De-
pending on the amount of energy that it
carries, solar radiation falls into different
categories including infrared (i.e. heat),
visible (radiation that we can see) and ul-
traviolet radiation (very high-energy ra-
diation). Thesolar spectrum describes all of
these groups of radiation energy which are

- -
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Absorption and reflection of solar radiation
by the atmosphere
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The Solar Resource

When the sun is directly
overhead on a clear day in Enst
Africa, solar radiation is arriving
at the rate of about 1000 watts
per square mefer.

constantly arriving from the sun, and cate-
gorises them according to their wave-
length. However, solar cells can only
convert part of the solar spectrum to elec-
tricity and if, for example, a photon from
the infrared category strikes a solar cell, its
energy will be converted as heat and not
electricity.

Solar energy arrives at the edge of the
earth’s atmosphere at the rate of about
1350 watts per square meter. Thisdoesnot
change throughout the year and isreferred

‘to as the solar constant. However, not all

this energy reaches the earth’s surface.
The atmosphere absorbs and reflects much
of it, and by the time it reaches the earth’s
surface, it is reduced to a maximum of
about 1000 W/m?Zin tropical countries (see
Figure 2.2). This means that when the sun
is directly overhead on a sunny East Afri-
can day, solar radiation is arriving at the
rate of about 1000 W/m? Countries in
high northern and southern latitudes re-
ceive much less radiation than countries
located near the equator.

Directand Diffuse Radiation

Solar radiation can be divided into two
types: direct and diffuse. Direct radiation
comes in a straight beam and can be fo-
cused with a lens or mirrors. Diffuse radia-
tion has been scattered by clouds or dust.
Clouds and dust absorb and scatter radia-
tion, reducing the amount that reaches the
ground. On a sunny day, most of the
radiation is direct, but on a cloudy day, up
to 100% of the radiation is diffuse. To-
gether, direct and diffuse radiation are
known as global radiation.

Radiation received on a surface in cloudy
weather is reduced to one third or less
compared to the amount received on a
sunny day. It is therefore necessary to
design systems that guarantee enough
power in cloudy months, or to economise
use of energy when it is cloudy.

Solar Irradiance

Solar irradiance refers to the solar radiation
actually striking a surface, or the power
received per unit area from the sun. This is
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How much power is 1000 Wim?* ?

Ifall the energy falling on one squaremetre
at noon on a sunny day could be converted
to electricity without losses, it would be
enough to power a small electric cooker.
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More energy

Flat mounted solar cell module

10:00 AM

Less energy is

collected when
the sunis at an
angle to the
module

Flat mounted solar cell module

Figure 2.4
The angle between the module and the sun.
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The Solar Resource

A site which receives six peak
sun hours per day receives the
same amount of energy that
would have been received if the
sun had shone for six hours with
an intensity of 1000 watts per
square metre.

Figure2.5

Solar irradiance received over time on a flat surface in East Africa (watts per square meter)
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measured in watts or kilowatts per square
metre. If a solar module is facing the sun
directly (i.e.if the moduleis perpendicular
to the sun's rays), irradiance will be much
higher thanif themoduleisatalargeangle
to the sun (see Figure 2.4).

Figure2.5 shows thechangesin theamount
of power received on a flat surface during
a clear day. In the morning and late after-
noon, less power is received because the
flat surface is not at an optimum angle to
the sun and because there is less energy in
the solar beam. At noon, the amount of
power received is highest. The actual
amount of power received at a given time
varies with passing clouds and theamount
of dust in the atmosphere.

The angle at which the solar beam strikes
the surface is

tion) is a measure of the solar energy re-
ceived on a specified area over a specified
period of time. It is normally measured in
kilowatt hours per square metre per day (kWh/
m? per day), peak sun hours per day or langleys
per day. Meteorological stations through-
out East Africa keep records of monthly
solar insolation which are useful in plan-
ning systems.

Kilowatt hours per square metre per day
measures the amount of radiant energy
collected at a site. It corresponds closely to
peak sun hours, or the number of hours per
day during which solar irradiance aver-
ages 1000 W/m? at the site. A site that
receives six peak sun hours a day receives
the same amount of energy that would
havebeen received if the sun had shone for
six hours at 1000 W/m?2 Actually, the

called the solar
incident angle.
The closer the
solar incident

Figure 2.6 Mean daily insolation by month in three East African
towns. The bar graph below compares solar energy availability by
month in Arusha, Kisumu, and Gulu.
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Figure 2.7

Insolation Contour Map of East Africa

This map is an overall depiction of the solar energy availability in East Africa. The contour lines give general indications of the annual mean daily insolation (in peak
sun hours or kWh-m-% in various areas. To use the map, locate the place for which you need information and read the insolation value from the lines on either side.
For example, the contours show that the southern areas of Tanzania have a very high annual mean daily insolation (above 6.5 peak sun hours), and that the south-
western parts of Uganda have comparatively low levels (below 4.4). Note that the map gives a rough indication of insolation, and that local geographical factors may
change actual insolation considerably. The bar graphs inside the circles show monthly mean daily insolation values for selected sites in the region. These graphs
are useful for determining seasonal insolation values, and for determining the design month (see page 59). Note, for example, that Lodwar has a constant high level

of radiation throughout the year, but that insolation levels change considerably in Nairobi and Arusha.
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Peak sun hours

the equivalent number
of hours each day when
solar irradiance aver-
ages 1000 watts per
square metre.

kilowatt hours per
square metre per day of
solar Insolation

To convert langleys into peak
sun hours (or kilowatt hours),
multiply by 0.0116.

Use Table 2.1 to estimate peak

sun hour values from mean
daily sunshine hours.

irradiance at such a site changes through-
out the day. It is above 1000 W/m? for
about three hours, above 800 W/m? (but
below 1000 W/m?) for two hours, above
600 W/m? for two hours, above 400 W/m?
for two hours and above 200 W /m? for two
hours. Still, the energy is equivalent to six
hours of irradiance at 1000 W /m? (see Fig-
ure 2.5). Peak sun hours are useful be-
cause they simplify calculations. Theyare
commonly used when planning systems,
and are used throughout this book as a
measure of solar energy.

Figure 2.6 shows themean daily insolation
in peak sun hours for each month at three
sites in East Africa. Note that the total
amount of energy available per day
changes considerably from month to
month. On a sunny January day, Kisumu
receives more than six peak sun hours of
insolation. OnacloudydayinJuly, Arusha
receives only 4 peak sun hours.

In East African meteorological stations,
insolation is measured in langleys per day
(calories per square centimetre per day).
To convert langleys into peak sun hours,
multiply langleys by 0.0116. For example,
430 langleys is about equal to 5 peak sun
hours.

Using Meteorological Records

Using records kept at meteorological sta-
tions, you can estimate theamount of solar
energy available in a given location. This
information may be kept at the station
itself, or at a government meteorological
agency in the capital. The most useful
information is the monthly mean daily
insolation, but the monthly mean daily
sunshine hours will be useful if the former
is not available (see Table 2.1). Many
meteorological stations keep records of
monthly averagedailyinsolationand daily
sunshine hours.

Table 2.1: Approximate Peak Sun Hour Values

Locations in East Africa receive between
three and seven peak sun hours per day.
The exactamountof insolation dependson
the location and time of year. Figure 2.6
shows how insolation changes each month
in three East African locations. It is diffi-
cult to accurately estimate the number of
peak sun hours a site will receive on any
given day. However, on a monthly basis,
itis possible to predict insolation. If it was
sunny last December and the December
before that, it will probably be sunny this
December as well.

Figure 2.7 shows a contour map of East
African annual mean daily insolation (in
peak hours) prepared by meteorologists.
It gives an overall indication of solar en-
ergy distribution per year in the region.
The circles show mean daily insolation per
month in regional cities. However, differ-
ent seasons and altitudes cause large local
variations. Forexample, insolationisactu-
ally much less than shown on the map in
the high altitude towns of Arusha, Tanza-
nia and Meru, Kenya because of cloud
caused by nearby mountains. If possible,
the nearest meteorological station should
be consulted when planning a system.

Monthly mean daily hours of sunshine. If rec-
ords on solar insolation are not kept at a
meteorological station, then check for the
monthly mean daily sunshine hours (whichis
not the same as peak sun hours). This
measures the number of hours each day
when the sun is not blocked by clouds.
Sunshine hours can be roughly converted
into kilowatt hours per square metre (or
peak sun hours)(see Table 2.1).

If there are noinsolation recordsatall, then
insolation can be very roughly éstimated
foraday or month using Table 2.1. During
a very sunny month near the equator, for
example, there would be between six and
seven peak sun hours of insolation per
day.

Completely clear all day 8 hours or more

Site Weather Mean Daily Approximate Peak
Conditions Sunshine Hours Sun Hours

Cloudy all day 4 or less hours of sunshine 4.5 or less peak sun hours
3-5 hours of cloud cover 4 - 6 hours 4.5 - 5.5 peak sun hours
1-3 hours of cloud cover 6 - 8 hours 5.5 - 6.5 peak sun hours

6.0 or more peak sun hours

14 Small Solar Electric Systems for Africa



The Solar Resource

Tracking the Sun

Although a module will collect the most
energy when facing the sun directly, the
sunis not always overhead. AsFigure2.8
shows, between morning and afternoon
the sun’s position relative to a fixed solar
module changes from 90° on one side to
90° on the other side. During the year, the
sun changes its angle with respect to a
fixed solar module at the equator as well.
In December the sun’s path is 23.5° to the
south, in March and September its path is
directly overhead, and in June its path is
23.5° to the north.

More solar power can be tapped if solar
modules are turned to face the sundirectly
throughout the day. Turning the modules
to follow the sun’s movements is called
tracking.

Manually-operated tracking mounts are
used in Kenya to gain an additional 20-
30% more power over fixed mounts. The
two designs shown in Figures 2.9 and 2.10
are locally-made tracking mounts for one-
module home systems and multiple mod-

Noon
September
December ,.QJune
ZPM 4 ; )‘ “\ \10AM

Figure 2.8
Daily and seasonal path of the sun relative to
fixed position on the ground. The sun is

shown at its noon position.

ule systems. Both operate on the principle
thata rotatable module tilted at 30° will op-
timally harvest sunshineat 10 AM and at 2
PM. They also effectively harvest sunshine
during Decemberand June. During cloudy
weather, the module can be turned to face
the sun when it appears from behind the
clouds. Note that modules on tracking
mounts will produce less energy than flat-
mounted modules if the tracking mount is
not properly operated.

Figure 2.9: Manually-operated solar cell
module mount for arrays of 2-6 modules
(designed by Harold Burris).

Fig 2.10 Rotatable pole mount for
single modules
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Chapter 3
Solar Cell Modules

This chapter gives general details about solar cell modules. It describes
basic principles by which solar cells operate, the types of solar cells and
modules available (includingmonocrystalline, polycrystalline and amor-
phous), and the methods by which they are manufactured. Module parts
are identified, and the system by which they are rated is introduced. The
energy output and characteristics of modules under various temperature
and weather conditions are explained. This information will help system
designers to choose, install and estimate module energy output under
nominal conditions.
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Solar cell
Modules

The basic unit of solar electric
production is the solar cell.

Today solar cells are manufactured
in many countrigs, including the
USA, Germany, Spain, Italy,
Japan, Brazil, China and India.

Solar Cells and the Photo-electric
Effect

The Photo-electric Effect

Solar electricity is the direct conversion of
sunlight to useful electricity. Whenever
light strikes solar cells they convert light
energy into electric energy. They do this
according to a principle of physics called
the photo-electric effect. Solar electric de-
vices are also called photovoltaic or PV
devices.

The photo-electric effect was first discov-
ered about 100 years ago by a French
physicist, Jacques Becquerel, but did not
find a useful power-generating applica-
tion until the 1950’s, when the US space
programme started using solar cells to
provide electrical power for space ships.

Following the oil crisis in 1973, much re-
search was put into improving the tech-
nology for applications on Earth. The first
automated production of solar cells began
in the USA in 1983. By 1991, the industry
was well established and growing. Today
solar cellsare manufactured inmany coun-
tries, including the USA, Germany, Spain,
Italy, Japan, Brazil, China and India. The
price of solar cells fell from about US$ 100
per peak watt in 1974 to about US$ 4 per
peak watt by 1986. It is expected to fall
even further in future.

Solar Cells

The basic unit of solar electric production
is the solar cell. Light striking solar cells
creates a current powered by incoming
light energy.

Figure 3.1
The Photo-electric effect

Metal ribbon

Silicon solar celt
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Solar cell
Modules

Several variefies of silicon-type
solar cells are available,
including ones made from
monocrystalline, polycrystalline
and amorphous silicon.

Solar cells produce electricity when placed
in sunlight. They do not get used up or
damaged while generating electric power.
Their life is shortened only by breakage or
exposure to the elements. If a cell is prop-
erly protected behind glass, it should last
for more than 20 years.

Solar Cell Technology

Several varieties of silicon-type solar cells
and solar cell modulesareavailable. These
include modules with cells made from
monocrystalline, polycrystalline and
amorphous silicon. Monocrystalline re-
fers to cells cut from a single crystal of
silicon (a crystal is the regular geometric
state taken up by elements in certain con-
ditions; silicon crystals are specially grown
through expensive processes). Polycrys-
talline refers to cells made frommany crys-
tals. Amorphous refers to silicon that is
not in crystalline form and is therefore
cheaper. When shopping for modules, it
is important to consider the advantages
and disadvantages of various types.

The most common type of solar cells are
specially-treated silicon wafers (i.e. pieces
of very thinly-sliced silicon). These cells
are cut out of mono- or polycrystalline
silicon crystals which are grown from very
pure molten silicon (with trace amounts of
boron). The wafers are chemically treated
with phosphorus in furnaces, and then
anti-reflective coating is applied to the cell
surface to help itabsorb radiation more ef-
fectively. After this, thin metal wires are
applied to the front of the cell. These
‘ribbons’ of metal on the cell act as the
positive contact, whereas a solid layer of
metal on the back side of the cell acts as a
negative contact (see Figure 3.1).

Monocrystalline cells have an efficiency
of 12-15 %. This means that if solar radia-
tion is striking the cells at a perpendicular
angle with an intensity of 1000 W/m?, 120
to 150 Watts per m? of solar cell is pro-
duced as electricity. Monocrystalline cells
are chemically stable, so they last fora very
long tirhe if properly protected.

Monocrystalline cells were the first to be
developed for commercial purposes. They
are made by using a special saw to slice
thin pieces from a cylindrically-shaped
crystal of pure silicon. In the process of

slicing, almost as much of the expensive
crystal is lost as dust as is cut into cells.

Monocrystalline cells

Polycrystalline cell

Figure 3.2
Various types of crystalline solar cells

Polycrystalline (or multicrystalline) cells
have a slightly lower efficiency than mon-
ocrystalline cells (i.e.10-12 %). Like mon-
ocrystalline cells, they have a very long
lifetime, and do not degrade over time.

Like monocrystalline cells, polycrystalline
cells are sliced from crystals of silicon.
However, they are made from cast ingots
of polycrystalline silicon which is made by
a different process than monocrystalline
silicon. The cells have a different appear-
ance than monocrystalline cells (see Figure
3,2). As of 1991, the price per watt of both
types of crystalline cells was about the
same.

Amorphous (or thin film) cells are the
mostrecently developed solarelectric tech-
nology. Amorphous-type cells do not use
silicon in crystalline form, and hence cells
can be manufactured much more cheaply
than with poly- and monocrystalline cells.
With amorphous modules, silicon mate-
rial is deposited on the back of a glass or
plastic surface in very thin layers. The
surface is then scored to divide it into a
number of cells, and electrical connections
are added (see drawing page 23). In this
process, very little silicon material is re-
quired. This enables mass production of
modules ata low cost. The solar cells used
in toys, calculators and watches are usu-
ally made from amorphous silicon.

Amorphous cells operate according to the
same principlesascrystalline modules, but
have much lower efficiencies (between 4
and 6%). Because they operate at low
efficiencies, amorphous modules must be
three to four times the size of mono- or
poly-crystalline modules to generate the
same power.
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Solar cell
Modules

Solar cells are connected in
series fo increase the voltage.
Arrangements of many solar
cells wired in series, sealed
between glass and plastic, and
supported inside a metal frame
are called solar cell modules.
Groups of modules mounted
together are called arrays.

Amorphous silicon degrades over time,
meaning thatas they get older amorphous
cells produce less power. When first in-
stalled, new modules produce about 25%
more power than their rating; after several
months they degrade down to their rated
power output and no longer degrade
appreciably.

Because of their low cost, amorphous
modules are often the most suitable mod-
ules for applications of 20 watts and un-
der.

Other types of cells: More research is being
conducted into thedevelopmentof cheaper
and more efficient solar cells, and these
technologies are expected to become im-
portant in future. Tandem cells utilise two
or more types of amorphous films to col-
lect a higher portion of the solar radiation
than a single thin film. Gallium arsenide
cells, which capture a wider portion of the
solar spectrum and which operate more
efficiently at high temperatures than sili-
con cells, may become important if more
cheaply manufactured.

Solar Cell Modules and Arrays

Solar cells vary in size and can be used ac-
cording to the task at hand. No matter the
task, though, all silicon-type solar cells
generate a potential difference of about 0.4
voltsin normal operation. For this reason,
solar cells are connected in series to bring
the voltage up to a useful level. Five cells
in series are enough to power a calculator

of two volts, and 30-36 cells are enough to
charge a 12 volt battery.

The current produced by a solar cell de-
pendsonits size and type. A 10 cm square
monocrystalline cell produces a current of
about 3.5 amps under Standard Test Condi-
tions (STC) of 1000 W/m? solar irradiance
at25°Cand anair mass of 1.5 (air mass tells
how much radiation is absorbed by the
atmosphere). Standard test conditions are
a set of guidelines commonly used by
manufacturers to compare solar cell mod-
ules of different types, but modules usu-
ally produce less power under actual work-
ing conditions.

As mentioned before, it is usually not con-
venient to use single solar cells because
their output does not match the load
demand. For example, one cell cannot
power a radio if the radio requires current
at three volts and the cell produces a volt-
age of only 04 V. Thus solar cells are
arranged in series to increase voltage. Fur-
thermore, solar cells are fragile, so they
must be protected from breakage and cor-
rosion. For these reasons, groups of solar
cells are usually sold to consumers in
framed glass and plastic units called solar
cell modules.

From Solar Cells to Solar Cell Modules
Arrangements of many solar cells wired in
series, sealed between glass and plastic,
and supported inside a metal frame are
called solar cell modules.

Figure 3.3
Cells, modules and arrays

Montalhne cell

......
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Solar cell
Modules

The peak power rating of @
module (Wp) is the amount of
electric power it will produce at
noon on a sunny day when it is
facing directly towards the sun,
under standard test conditions.

The process of making solar cell modules
frommonoand polycrystallinesiliconcells

involves several steps. Once properly pre-

pared and treated with anti-reflection coat-
ings, solar cells are soldered togetherin se-
ries (i.e. the front of one cell is connected to
the back of the next) and then mounted be-
tween glass and plastic. The process by
which mono- or polycrystalline solar cells
are sealed between glass and plastic is
called encapsulation.

During encapsulation, the cells are sealed
at high temperature between layers of
plastic (a special type called EVA plastic)
and glass in such a manner that air or
water cannot enter and corrode the cells.
Modules are then cased in metal or plastic
frames to protect their edgesand to protect
them from twisting. The frame may have
holes drilled in it for easy mounting, and a
connection point for earthing cables.

Electric contacts are fixed onto the back of
the module. These will either be two ter-
minal screws or two wires. With some
modules, the terminals are enclosed in a
junction box. The negative terminal, usu-
ally black in colour, is connected to the
negative terminal on the charge controller
orbattery. Likewise, the positive terminal,
usually red in colour, is fixed by alength of
wire to the positive terminal on the control
or battery. Some modules are wired so
that their voltage can be adjusted to either
6 or 12 volts.

Module Ratings

All solar cell modules are rated according
to their maximum output, or peak power.
The peak power, abbreviated Wp, is defined
as theamount of power a solar cell module
can be expected to deliver at noon on a
sunny day when it is facing directly to-
wards the sun at STC (i.e. Standard Test
Conditions, which are 1000 W/m?of solar
irradiance, a temperature of 25°C, and an
air mass of 1.5). The module’s power rat-
ing in peak watts should be specified on
the module by the manufacturer or dealer.

By counting the number of cells in a mod-
ule, it is possible to estimate its voltage.
Solar cell modules are available in several
voltages and power ratings. For charging
12 volt car batteries, modules usually have
between 30 and 36 solar cells wired in
series. With good solarinsolation,a40Wp
module with between 33 and 36 cells can
harvest enough electricity to power the

lights and small appliances (but not cook-
ers!) in a typical East African rural house-
hold.

Arrays

Often, a number of modules are required
to meet the power requirements at a site.
When mounted together, groups of mod-
ules are referred to as arrays (see Figure
3.3). Solar water pumps and solar refrig-
erators typically require large arrays of
modules for their operation.

Output of Solar Cell Modules

The power output of amodule dependson
the number of cells in the module, the type
of cells, and the total surface area of the
cells.

The output of a module changes depend-
ing on:

e the amount of solar radiation,

e theangleof themodulewithrespect to
the sun,

e the temperature of the module, and

e the voltage at which the load (or bat-
tery) is drawing power from the mod-
ule.

The I-V Curve

Eachsolar celland modulehasitsown par-
ticular set of operating characteristics.
These properties can be described by the
current - voltage curve, which is better
knownas thel-V curve. I-V curves areused
tocompare varioussolar cell modules, and
to determine their performance at various
levels of insolation and temperatures.

Figure 3.4 shows an I-V curve for a42 Wp
module. The left-hand side (I) gives the
current of the module produced depend-
ing on voltage. The bottom side gives the
voltage produced by the module at vari-
ous currents. At each pointalong the line,
itis possible to determine the power of the
module for particular conditions. For ex-
ample, imagine that a battery is being
charged by a module, and that it has
reached 12.0 volts (Point A). The current
from the moduleis 3.2ampsat Point A and
the power output is 38.4 watts (amps x
volts = power, so 12.0 V x 3.2 A = 384
watts).

The shaded portion of Figure 3.4 shows the

X R
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Solar cell
Modules

Itis advisable to operate a module
as near fo the maximum power
point as possible.

While operating, modules are
typically 20°C warmer than the
peak ambient temperature.

voltage boundaries
within which a lead- Battery charging range

acid battery is dead fully charged
charged. Note that

- s

as the battery gets T Short ciruit current Pm '
fully charged, the B @ Maximum power point
chargingcurrentbe- | 3 ;1

gins to decrease. £

There are several N

points of interest
about the I-V curve
in Figure 3.4: Voo
Open circuit voltage
e I, the short cir-

cuit current, is ' ; \ ' e f .

the point where 0 2 4 6 8 10 12 14 6 18 2
Volts

the curve Fig 34 (at cell temperature of 25°C)

crosses 0 volts
(PointB). Thisis
the maximum
current that the module is capable of

The I-V curve

rated maximum, in this case 42W).

producing. The maximum power point is always
found at the place where the curve
e V_, theopencircuitvoltage, is the point begins to bend steeply downward (i.e.

at the knee, Point D). It is advisable to
operate a module as near to the maxi-
mum power point as possible. If, for
example, the module in Figure 3.4 is
operatingaload that demands 16 volts
(Point E), power output (at 36 watts) is
much less than that at the maximum
power at Point D.

where the curve crosses 0 amps (Point
Q). This is the maximum voltage that
the module can produce on a sunny
day.

e P_, the maximum power point, is the
pointon the I-V curve where the mod-
ule produces the greatest power (its

Figure 3.5 Effe:l:ts of radiation intensity on module output
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Solar cell module output is very much gov-
erned by the intensity of the solar radiation
on amodule. Figure 3.5 shows that module
output is directly proportional to the solar
irradiance; i.e. halving the intensity of solar
radiation reduces themoduleoutput by half.
Lower radiation also lowers the voltage at
which current is produced.

Lower module output

During cloudy weather, the voltage output
of amoduleis also reduced, and modules for
charging 12 volt batteries should thus be
carefully chosen. Modules with 30 or fewer
cells may not produce a voltage high enough
to fully chargea 12 volt battery in hot, cloudy
weather. If the intended installation site has
long periods of cloudy weather, it is best to
choose a module with 35 or 36 cells.

Cloud cover reduces the output of a module

to a third or less of its sunny weather output. Continued
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Low temperature
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As mentioned previously, solar electric de-
vices are quite different from solar heating
devices. Whereas solar water heaters func-
tion well when hot, the output of solar cells
decreases as they get hotter.

\_ Solar
cell
module

As the temperature increases, power output
of monocrystalline solar cells falls by 0.5 %
per degree centigrade (this is shown by the
I-V curvein Figure3.6). Thus, a5degreerise
in temperature will cause a 2.5% drop in
power output. In strong sunlight, solar cell

Figure 3.6 Effects of temperature on module output

High temperature

cell
module

Lower output @

modules may be 20°C warmer than the ther-
mometer temperature. Furthermore, thetem-
perature on mabati roof tops may reach as
high as 60°C, meaning that the output of the
module placed directly on mabati may be
15% or morebelow its rated output. For this
reason, installers are encouraged to mount
modules on poles, on structures above the
roof, or in places where they are cooled by
wind so that their output remains as high as
possible.

Battery charging range
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-V curve showing effect of temperature on module output
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Solar cell
Modules

Shading a single cell of o

module will considerably lower

its output.

Note: A more accurate method

of estimating power output is
described on page 61.

Modules should be chosen
according 1o the energy

requirements of the system load.

Effects of Shading on Module Output

Obviously, if a shadow falls across all or
part of amodule, its electric output will be
reduced. In fact, even shading a single cell
will considerably lower a module’s out-
put and possibly damage it. Damage
occurs because the cells in a module are
connected in series, and they each must

carry the same current. When one cell (or
more) is shaded, it stops producing cur-
rent and instead consumes current, convert-
ing it to heat. If a single cell is shaded fora
long time, it may cause the entire module
tofail. Even a single tree branch, a weed or
abird’s nestcould shade one cell and cause
electrical production to fall dramatically.

How Much Energy Does a Solar Module Produce?

The maximum amount of energy that a solar module produces per day in equatorial
locations can be roughly estimated by multiplying the peak power rating of the module (in
Wp, see page 20) by the number of peak sun hours received by the module over the course
of the day (for details on peak sun hours see page 12). The actual energy output will be

less, depending on how near to the peak power point the module is operated.

Maximum energy produced by a module =
(in watt hours per day)

Peak power rating of module x peak sun hours at site

(in Wp)

Example: Solar module output:

Kisumu in January

A Siemens M-55 module hasa rated power
of 53 Wp. Using meteorological records,
the maximum daily energy output of such
a module mounted flat in Kisumu can be

predicted. Figure 2.6 on page 12 shows
that, in January, the expected daily insola-
tion is about 6.5 kWh/m?. Following the
above equation, the energy produced by
the module can be calculated:

Maximum energy produced by module (in watt hours per day)

53 Wp x 6.5 peak sun hours
345 watt hours

Thisis enough energy toruna 15 watt television for 23 hours, or to run two
8 watt fluorescent tube lamps for about the same amount of time. How-
ever, thisisnotenough energy toruna 1500 watt cooker for more than

a few minutes.

Choosing Solar Cell Modules

Modules should be chosen according to the energy re-
quirements of the system load. Information on cal-
culating the system load and planning systems is
given in Chapters 7 and 9. Table 3.1 gives
details on three types of modules available in

J Figure3.7

East Africa. Chronar
amorphous

Table 3.1: Features of Three Modules module

Available in East Africa
MODULE CHRONAR CSA13E | SOLAREXMSX-30 | SIEMENS (ARCO) M-65
Peak Power (Wp) 12Wp 30 Wp 42 Wp
Type of cells Amorphous Polycrystalline Monocrystalline
Current at Peak Power (Ip) 0.72 amps 1,75 amps 2.90 amps
Short Circuit Current (I, ) 1.08 n/a 3.3 amps
Open Circuit Voltage (V| ) 24.0 n/a 18.0 volts
Overall Module Efficiency 4% 10% 12%
Number of Cells 30 36 30
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Chapter 4
Batteries

This chapter provides information about rechargeable batteries which are
used for storing solar charge. Principles and operation of lead-acid and
nickel-cadmium batteries are outlined. Battery concepts discussed in-
clude storage capacity in amp hours, charge and discharge, state of charge,
cycle life, depth of discharge, and self discharge. The problems caused by
deep discharge and overcharging of batteries are discussed in detail, and
types of batteries available in East Africa are presented. The practice of
battery management and maintenance is introduced (together with a
description of the tools needed).
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Batteries

A battery is like a tank for
electric energy. It is impossible to
remove more energy from the
battery than was put in by
charging.

As a battery is charged, electric
energy is stored as chemical
energy within the battery cells.

Energy Storage Theory

Solar cell modules generate electricity only
when the sun is shining. They do not store
energy. If solar electric power is used to
pump water into a storage tank, thereisno
need to store the energy from the modules
because the pumped water is stored in a
tank while the sun is shining. Unfortu-
nately, this is not the case with solar elec-
tric lighting systems. Electric lights are
required when the sun is not shining, so it
is necessary to find a way to save the
electric power generated during theday so
that it is available at night.

The most obvious answer to this problem
is to use batteries, which chemically store
electricenergy. Other proposed solutions
to energy storageinclude flywheels (which
storeenergy inrotating wheel-like masses),
compressed air, and pumped water. To-
day these are neither practical nor eco-
nomical for small systems. Infact,all of the
stand-alone PV lighting and refrigeration
systems installed in East Africa use some
type of battery system to store their har-
vested solar energy.

Stated simply, a battery is like a tank for
electric energy. The solar array collects
solar energy, producing an electric charge
as long as the sun is shining. The charge
travels through wiresinto thebattery where
it is converted to stored chemical energy.
Over the course of several days, a battery
may ‘fill” with stored energy like a water
tank ‘fills’ with water collected from the
roof top gutters.

Note that it is impossible to remove more
energy from the battery than is put in by
charging. As is the case with the tap of a
water tank left open, if an appliance is left
ON by accident, electricity will drain from
the battery. Batteries operate like energy
bank accounts. From the bank, as with
batteries, you can never get something for
nothing. You cannot take out more energy
fromabattery than was putin. Likeabank
accountas well, thelong-termbenefits from
abattery are greatest when alarge amount
of energy is kept in the battery.

ENERGY
INPUT

ENERGY
OUTPUT

Figure 4.1 Energy input from the solar module must balance the energy output to the load.

Battery Principles and Operation

Batteries are groups of electrochemical cells
(devices that convert chemical energy into
electrical energy) connected in series.
Battery cells should not be confused with
solar cells, which operate according to
completely different principles. Battery
cells are composed of two electrodes (also
called plates) immersed in electrolyte solu-
tion which produce an electric current
when a circuit is formed between them.
The current is caused by reversible chemi-
cal reactions between the electrodes and
the electrolyte within the cell.

Some cells can only be used once (i.e. dry
cells) while others can be recharged over
and over again (these are called accumula-
tors or secondary batteries). Because dry
cellsavailableinshopscannotberecharged,
this chapter is concerned with recharge-
able secondary batteries only.

As a battery is charged, electric energy is
stored as chemical energy within the cells.
When the battery is being discharged (i.e.
when itis connected in circuit with aload),
stored chemical energy is being removed
from the battery and converted to electri-
cal energy.
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Nicad batteries have some
advantages that should be
considered when planning small
systems.

Figure 4.2

Rechargeable nickel-cadmium
cells. Such cells can be con-
nected with solar modules and
used to power radios and
torches.

The two most common types of secondary
battery systems on the world market to-
day are lead-acid and nickel-cadmium bat-
teries. In East Africa, lead-acid batteries
are far more readily available than nickel-
cadmium batteries (also called nicad bat-
teries, for short), but nicads are used in a
number of installations. Nicad and lead-
acid batteries contain different types of
electrodes and different electrolyte solu-
tions.

As indicated by its name, the lead-acid
battery operates on the basis of chemical
reactions between a positive lead dioxide
plate (PbO,), a negative lead plate (Pb) and
an electrolyte composed of sulphuric acid
(H,SO,) with water (H,0). When a battery
is being charged, lead dioxide accumu-
lates on the positive plate, spongy lead
accumulates on the negative plate, and the
relative amount of sulpuric acid in the
electrolyte increases. When the battery is
being discharged, lead sulphate (PbSO,)
accumulates on the negative plate, and the
relative amount of water in the electrolyte
increases (see chemical equation below).
Each cell in a lead-acid battery has a volt-
age of about 2.0 volts.

Chemical Equation for Lead-Acid
Battery Charge and Discharge:

< Charge
Pb + PbO; + 2H,S0 4 & 2PbSO 4 + 2H0
Discharge =

Nicad batteries operate on the basis of
sitnilar chemical reactions between the
positive nickel hydroxide electrode and
the negative cadmiumhydroxideelectrode
inapotassiumhydroxideelectrolyte. Each
nicad cell has a voltage of about 1:3 volts.

Nicad Batteries

=
N @ ) )Nicad batteries
== T are more expen-
‘ sive per unit of

N -
reL 02 [ storage  than

BATTERY lead-acid batter-
ies; for this rea-
son most instal-
lations choose
lead-acid batter-
ies. However,
nicads have some
advantages thatshould be considered, par-
ticularly by small system planners:

1.3volrs
12 AmgHiow®

o Nicads are lighter and available in
smaller sizes. Nicads, sized like dry cell
batteries, can be used to power appli-
ances such as radios, cassette players
and torches.

e Theycanbe completely discharged with-
outdamage to the cells, and they canbe
left for long periods in a low state of
charge (see page 28). In very small sys-
tems without charge controllers, this is
an important advantage.

e Nicads can be operated over a wider
range of temperatures than lead-acid
batteries.

e Nicad batteries require less mainte-
nance than most lead-acid batteries, an
important consideration at sites where
the system maintenance is a problem.

e Finally, nicad batterieshavea verylong
life compared to lead-acid types. Lo-
callyavailable 1.3 volt cells (packed like
dry cells, see Figure4.2) havea calender
lifetime of between 3-4 yearswhen used
in solar electric systems. Larger nicad
batteries may last longer than 10 years.

Assembly of nickel cadmium batteries has
been carried out on a limited basis in East
Africa (i.e. for Kenya Railways by Associ-
ated Battery Manufacturers, Nairobi).
However, at present the demand for such
batteries is far too low to justify the high
cost of production. Furthermore, cadmium
isa very poisonous chemical, and the envi-
ronmental problems posed by large-scale
manufactureand useof such batteries must
also be solved before production begins.

Lead-acid Batteries

The discussions that follow in the next
several sections concern lead-acid batter-
ies. Where nicad batteries differ signifi-
cantly fromlead-acid batteries, the pointis
made.

:EzbiLéa’dia’cid"ﬁa’tbt“év

spilled, ‘sulphuric |
- acid will burmn the skin ot eyes, it will;
~'bum holes through clothes and furni-"

e ture, and 1t w111 damage cement ﬂoors ;

jfclean water, : Th ake the' affectedf_-:
: :;person to the hospltal for further treat-:
~ment, - . .
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Batteries

The amount of energy that a
batiery can store is called its
capacity, and is indicated

in amp hours.

You should never use the full
capacity of a lead-acid battery,
os this will damage its plates.

Post

Cell wali

Figure 4.3 Parts of a lead-acid battery

\ Terminal

teriesin Kampala. Both shal-
low and deep dischargebat-
teries are manufactured in
Nairobi by Associated Bat-
tery Manufacturers.

Rated Storage Capacity

The amount of energy thata
battery can storeis called its
capacity. A water tank, for
example, with a capacity of
8000 litres can hold at most
8000 litres. Similarly, a bat-
tery can only store a fixed
amount of electrical energy,

There are many types of lead-acid batter-
ies, which fall in two general categories:
deep discharge and shallow discharge. Deep
discharge batteries are preferred for solar
electric systems because more energy can
be taken out of deep discharge batteries
than shallow discharge batteries without
causing damage to the cells (these terms
are explained on pages 28 and 29.

Shallow discharge batteries (i.e. automo-
tive batteries) are designed to supply a
large amount of power for a short dura-
tion; taking too much energy out of these
batteries before recharging them is likely
to damage the plates inside. If chosen for
solar electric systems, shallow discharge
batteries must be managed very carefully, or
the results will be expensive and disas-
trous.

Shallow discharge automotive batteries
are manufactured by Yuasa battery com-
pany in Dar es Salaam and by Uganda Bat-

typically marked on theside
of the battery by the manufacturer.

The capacity of a battery is measured in
amp hours (Ah). This indicates the amount
of energy that can be drawn from the bat-
tery beforeitiscompletely discharged (note
thatamp hours are not ameasure of energy
— to convert amp hours to energy in watt
hours, multiply by the battery voltage). A
battery of 100 Ah should ideally givea cur-
rent of 2 amps for 50 hours (i.e. 2 amps
times 50 hours equals 100 amp hours). The
rated storage capacity, however, isa gen-
eral guideline and not an exact measure-
ment of the battery’s size, as capacity
changes with a battery’s age and condi-
tion, and the rate at which power isdrawn
from it. If current is drawn from the bat-
tery at a high rate, its capacity is reduced.

Charge, Discharge
and State of Charge

Charge current is the electric current sup-
plied to and stored in a battery. Asa water
tank will take more or less time to fill de-
pending on the rate at which water enters
it, the amount of time required to com-
pletely charge a battery depends upon the
size of the current at which it is being
charged. Batteries can be charged by solar
cell modules, by mains-power connected
to a battery charger, or by diesel, petrol or
automobile engines attached to a prop-
erly-sized alternator or generator.

The amount of charge a battery has re-
ceived (Q, in amp hours) can be approxi-
mately determined by multiplying the
chargingcurrent (I,inamps) by theamount
of time the current has been left on (T, in
hours):
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Batteries

Q (amount of charge in amp hours) = | (charging
current in amps) x T (time in hours)

Several deep discharges will ruin
or drastically shorten the life of a
lead-acid automotive battery.

State of charge is a measure of
the energy remaining in the
battery.

If this figure (Q) is multiplied by the bat-
tery voltage, then the energy supplied to
the battery will be given in watt hours.

Of course, some energy is always lost in
the charging and discharging process as
heat. Depending on the type of battery
and its age, the energy lost is between 10
and 30% for lead-acid batteries.

Batteries should not be charged at a cur-
rent that is higher than one tenth of their
rated capacity. Thusa 70 Ahbattery should
not be charged at a current of more than 7
amps. When batteries are charged at too

\\\ll//é/,/

2

7N

CHARGE takes place
when electricity

\
|
is being supplied to
and stored in the

battery

DISCHARGE takes
place when electricity
is being consumed

by the load

Figure 4.4

Charge, discharge and cycling. A cycle is
one charge period followed by one dis-
charge period

high a current, the electrolyte level falls
quickly because of gassing and the cells
may be damaged. Low currents are more
efficient than high currents for charging
batteries.

Most solar cell modules are designed to
charge 12 voltbatteries. Ina 12 voltsystem,
the solar charge from a 40 Wp module does
not get much higher than 3 amps, which s
well-suited for charging a 100 Ah battery.

Dischargeis the state abattery isin whenits
energy is being used by a load (i.e. lights,
radio or television). Thedischarge currentis
the rate at which current is drawn from the
battery. The amount of energy removed
from a battery over a period of time can be
calculated (as charging energy was deter-
mined above) by multiplying thedischarge
current by the amount of time the load is
used. For example, a lamp drawing 1.2
amps for four hours uses 4.8 amp hours of
energy fromthebattery (1.2amps x4 hours
= 4.8 amp hours).

Thestateof chargeisa measure of theenergy
remaining in the battery. It tells whethera
battery is fully charged, half charged or
completely discharged. With lead-acid
batteries (but not with nicads) itis possible
to measure state of charge using a hy-
drometer or voltmeter (see page 31). The
cells of a fully charged battery have a state
of charge of 100%, while those of a battery
with one quarter of its capacity removed
are at a 75% state of charge.

Cycle, Cycle Life
and Depth of Discharge

A battery in a solar electric lighting system
is charged each day by the solar cell mod-
ule and then discharged by the load each
night. Each charge period together with
the following discharge period is called a
cycle. For example, in one cycle a 100 Ah
battery mightbe charged up to 95% state of
charge during the day, and then discharged
by lights and television to 75% state of
charge that evening.

The cycle life of a battery is the number of
cycles it is expected to last. Most batteries
havea cyclelife of several thousand cycles;
nicads usually have longer cyclelives than
lead-acid batteries. The rated cycle life of a
battery (this should be specified by the
manufacturer) is the number of cycles a

battery is expected to last before its capac-
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Batteries

With small solar eleciric systems,
deep discharging is a more
common problem than over-
charging.

Lead-acid batteries should not be
left standing uncharged for long
periods of fime.

ity drops to 80% of its original rated capac-
ity. The actual cycle life of a battery is
shortened by deep discharges (see below),
high temperature, and too much discharg-
ing at a high rate.

Depth of discharge (DOD) tells how much
batteries are discharged in a cycle before
they are charged again. Shallow cycle
batteries should not be discharged below
80% state of charge on a regular basis.
Deep cycle batteries should not regularly
be discharged below 40% state of charge.

A deep discharge cycle is a cycle in which a
battery is completely or almost completely
discharged. This typically occurs during
long cloudy periods, or when the load is
much larger than the solar charge.

In East Africa, the most common cause of
failurein solar lighting systems is abuse of
batteries by deep discharge during cloudy
weather. Smalllighting systemsoftenwork
wellduring sunny weather, but fail during
the cloudy season. Thisis because there is
not enough solar charge to meet the en-
ergy demands. If the battery is very low
after a week or more of cloudy weather, it
should immediately be charged by an al-
ternative method. Meanwhile, the use of
electricity should bereduced to protect the
battery until the weather gets sunny again.

Self-discharge

If they are left standing uncharged, all
batteries lose charge slowly by a process
called self-discharge. This occursbecause of
reactions within the cells of the battery.
For example, cars that have not been used
for several monthsoftendo not startdue to
self-discharged batteries.

Therateatwhichbatterieslose their charge
depends on the temperature, the type of
batteries, their age and condition. As bat-
teries get older, their rate of self-discharge
goes up. As well, dirty batteries (i.e. those
with a high accumulation of acid mist on
their surface) tend to have higher self-dis-
charge rates. Warmer weather increases
the rate of self-discharge. Normally, new
batteries do not discharge more than 5%
per month. However, in hot weather, old
automotive lead-acid batteries may lose
up to 40% of their capacity per month if
they are not charged regularly.

To avoid high self-discharge rates:

e store the battery off the floor in a.
wooden battery box or non-metallic
tray (see page 88);

e keep the top surface of the battery
clean;

e keep the terminals clean and greased.

Lead-acid batteries left in a low state of
charge for long periods lose some of their
capacity duetopermanent chemical changes
in the plates (i.e. sulphatation of the plates).
Ifabatteryisleftinalow state of charge for
over a month, it may not accept its rated
charge capacity, oritmay notaccept charge
atall. (Note that nicad batteries can be left
discharged for long periods without dam-
age).

Overchargin
and Charge aontrollers

Batteries left on solar charge after they
have been fully charged are said to be
overcharged. If, for example, a 70 Ah bat-
tery at a 100% state of charge is still con-
nected to a solar module on a sunny day;, it
will be overcharged. Smallamounts of over-
charging will not damage a battery (i.e. a
40 Wp module is unlikely to overcharge a
100 Ah battery), but continued overcharg-
ing of a battery causes a loss of electrolyte,
damage to the plates, and a shortened life-
span.

-, Hydrogen gas can
" - cause an explosion if
- it i not removed from
- the room

Cap with vent

Acid 7

electrolyte
Bubbles of
hydrogen gas form

Piates — on plates during
overcharging
Figure 4.5

Gassing in a cell due to overcharge
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Batteries

Automotive batteries are not the
best choice of energy storage for
solar electric lighting systems.

When a battery is being overcharged, it
loses water by gassing. Sincea fully charged
battery can no longer hold solar charge
from the module, the charge causes a
chemical reaction which changes water in
the electrolyte to hydrogen gas which
escapes from the electrolyte as bubbles.
Gassing causes two problems: First, the
level of electrolyte in each cell goes down.
Distilled water must be added toreplaceit.
Secondly, explosive hydrogen gasis given
off. Toavoid the risk of explosion, this gas
must be vented from the battery storage
area.

In order to avoid damaging the battery by
overcharging, several steps should be
taken:

e adevice called a charge controller may
be connected between the battery and
the solar module (see page 34). When
thebattery is fully charged, the charge
regulator reduces the solar charge en-
tering the battery to a trickle. This
prevents water loss from the cells by
gassing.

e thebattery’s state of charge should be
checked regularly to determine
whether it is being overcharged (see
page 31).

e if a battery is being overcharged, the
load should be left on longer, or, if
there is no charge regulator, the solar
charge should be disconnected when
the battery is fully charged.

Types of Lead-acid Batteries

Automotive Batteries

Automotive batteries (also called Starting,
Lighting and Ignition or SLI batteries) are
shallow discharge lead acid batteries used
mainly for starting car engines. They have
a low self-discharge rate (1-4% per month
when new) and they have a long cycle life
with shallow cycling (i.e. if the battery is
not taken below 80% SoC).

They are not the best choice of energy stor-
age for solar electric lighting systems.
However, since they are locally-manufac-
tured, cheap and widely available in East
Africa, many people do use automotive
batteries for powering lights and televi-
sions in rural areas. For those installing
systems on limited budgets, 40 - 100 amp
hour automotive batteries may be practi-
cal options.

If automotive batteries are chosen, special
care should be taken to ensure they last as
long as possible. They should not be used
below 80% state of charge (i.e. only 20% of
their capacity should beremoved percycle).
Furthermore, during cloudy weather, they
should be carefully maintained and taken
for charging in town if necessary.

Lead Antimony (Motive) Batteries

Lead antimony batteries aredeepdischarge
batteries which were originally designed
to power electric vehicles. Antimony is
added to the positive plate, enabling the
battery to withstand deep discharges of
between 50 and 80%. Lead antimony bat-
teries have higher self discharge rates,
however, and require more frequent addi-
tions of distilled water.
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Beware of battery acid when
measuring the state of charge.
Wear old clothes, and keep
plenty of water nearby to rinse
spilled acid.

Captive Electrolyte (Gel) Batteries

Captive electrolyte batteries use a non-
liquid electrolyte to eliminate the prob-
lemsof water loss through gassing. Sealed
at the factory, they do not leak or spill, so
they are easily transported and require
less maintenance. They can withstand
deep discharges, and have agood cyclelife
(i.e. 2 years when cycled to 50% SoC and 3
years when cycled to 25% SoC at 25°C).
They have a low self discharge rate.

Captive electrolyte have poor perform-
ance characteristics at high temperatures,
so they should not be used in hot sites.
They are among the most expensive type
of battery.

Measuring State of Charge

The state of charge is checked to determine
whether the battery is being discharged
too much, and to determine whether there
are any bad cells. Each battery in a solar
electric system should have its state of
charge checked at least once a month.
Heavily used small systems should have
battery state of charge checked once per
week during cloudy weather.

When measuring state of charge, check the
electrolyte level in each cell to make sure
thatithasnot fallen too low due to gassing.

Asmentioned above, itis possible to meas-
ure the state of charge (SoC) of a lead-acid
battery using either a hydrometer (a tool
which measures the thickness of sulphuric
acid) or a voltmeter.

Hydrometers are more accurate than volt-
meters. They measure the density, or the
weight per unit volume of the sulphuric
acid electrolyte in a cell (this is also called
the specific gravity), which is directly re-
lated to the state of charge of the battery.
As lead-acid batteries are discharged, the
sulphuricacid within each cell is converted
to water, which has a lower density than
sulphuric acid. As the cell is discharged,
the electrolyte becomes less dense and the
battery’s state of charge decreases.

Hydrometers

Typical hydrometers contain a floating
scale with specific gravity readings. Use
the hydrometer as follows:

1. Draw sulphuric acid up into the hy-
drometer from the battery cell by

Figure 4.7 Using a hydrometer

squeezing the bulb while the nozzle of
the hydrometer is placed in the cell
(see Figure 4.7).

2. Thescalefloatsatalevel that varies ac-
cording to the density of the acid, and
the state of charge of the cell.

3. Read the specific gravity of the cell
from the scale floating in the acid (see
Figure 4.8). Sometimes the hydrome-
ter scale does not give the specific grav-
ity, butonly tells whether thebatteryis
in a low, medium or high state of
charge.

4. Consult a state of charge vs. specific
gravity tableor graphto determine the
SoC (i.e. for ABM solar batteries, see
below).

The arrow and dotted lines in Figure 4.9
show that if the specific gravity reading is
1205 with an ABM solar battery, the state
of charge is about 80%.

Figure 4.8 Reading a hydrometer
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Battery state of charge can be
measured with voltmeters or
hydrometers.

Density (Specific Gravity)

Table 4.1 What the Hydrometer Readings Mean with ABM Battery

Specific Gravity | Stage Action to be taken
(grams/litre) of Charge
1210 and above Good None. Battery cell is fully charged.
1160 - 1210 Fair The cell needs charging. Reduce use of lights
and appliance
1110 - 1160 Poor The cell is almost flat. Do not use load until battery is
charged.
Below 1110 Flat The cell is flat. Take for recharging at a petrol station.
Figure 4.9 Table 4.2
LIsing specific gravity to measure the ABM State of Charge for ABM Solar Battery
“Solar” battery’s SoC — -
1240 State of Specific Gravity | Open
), charge (grams/litre, circuit
1220 (%) 25°C) voltage
\ / (volts)
1200 ‘ 100 1230 12.74
/ 90 1216 12.62
1180 80 1203 12.50
1 70 1189 12.36
1160 60 1175 12.25
50 1161 12.13
1140 40 1147 12.00
/ 30 1134 11.87
1120 20 1120 11.75
10 n/a 11.64
1100 — — ) 0 n/a 11.51
0 State“oof Chargee&) 8 100
Bad Cells
Voltmeters

Voltmeters are also used to measure a bat-
tery’sstate of charge. Asthe stateof charge
of alead-acid battery decreases, its voltage
also decreases. An ABM solar battery at
100% state of charge, for example, has a
voltage of about 12.7 volts; when dis-
charged to 50% SoC its voltage will be
about 12.1 volts (see Table 4.2). The actual
reading varies with the type of batteryand
the temperature.

Tomeasure a battery’s state of charge with
a voltmeter:

1. Disconnect the battery from the load
and solar charge. If the battery was
being charged (or discharged), wait 20
minutes to allow the cell voltages to
stabilise before taking a measurement. If
you measure right away, the reading
will be inaccurate.

2. Connect the voltmeter’s leads to the
positive and negative terminals of the
battery. Read the voltage on the volt-
meter and compare it to the reading
onastate of charge table that isappro-
priate to your battery (i.e. Table 4.2).

Sometimes, a battery may have a bad cell.
This means that, although the other cellsin
the battery are still working, one cell has
stopped functioning properly (possibly due
to a short circuit in the plates). When a
battery’s voltage is low (i.e. about 10.5
voltsorless), but the state of charge in most
of its cells is high, the battery probably has
abad cell. To check for abad cell, measure
the state of charge of each of the cells in the
battery individually using a hydrometer.

If a hydrometer is not available, you can
still check a battery in a low state of charge
forbad cells. To do this, remove the caps of
all the cells and short the terminals with an
insulated wire. If acellisbad, it will bubble
furiously and producea disagreeable smell.

It is possible to rebuild bad cells; certain
fundis have set up businesses charging
batteries and repairing bad cells. How-
ever, you should first check the work of
such fundis before paying money to havea
battery repaired. Quite often with old bat-
teries, the repair job will only last several
weeks before another cell goes bad in the
battery. It is often more economical to

EEPE
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Never put an old second hand
battery in parallel with a new
oge.

Do not add tap water, sulphuric
acid, battery tonics or any other
impure solutions to the cells.

purchase a new battery rather than repair
a single bad cell.

Replacing Batteries

Depending on its type and the way it is
treated, a battery in a solar lighting system
should last between two and ten years.
When the battery is dead, it needs to be
replaced. When they finish their cycle life,
batteries no longer hold a charge. At this
time, the cells may have different state of
charge readings.

Typically, one or more cells will fail before
the others, so it is a good idea to occasion-
ally check for bad cells in old batteries. Re-
airing very old batteries is usually futile,
ause they are likely to fail again. Bat-
tery manufacturers buy the cases of old
batteries for recycling.

If a system has more than one battery in
paraliel, the batteries should be of the same
age and condition. Putting a new battery
in parallel together with an old battery
will prevent the new battery from getting
fully charged.

Maintaining Batteries

Batteries will last for along time (from 2-10
years depending on the type) if they are
properly installed, maintained and man-
aged. They should be located in well-
ventilated rooms (i.e. where air can circu-
late).

Tasks involved in maintaining and man-
aging batteries include:

e Regular checking of state of charge to
ensure that the battery is performing
well. Keeping state of charge records
may help to detect when a battery is
getting too old to use, or when a cell
has gone bad.

e Checkingelectrolytelevelsin eachcell.
Replacing water lost during gassing
with de-ionised water. The plates
should always be below the level of
the electrolyte to avoid damage to the
battery. De-ionised water, which is
available at battery shops, is used in-
stead of tap water because it does not
contain any impurities which could
damage the cells. Rainwater or home-
made distilled water may be added to
replace lost electrolyte (see page 93).

o Cleaning the top of the battery. This
avoids high rates of self-discharge
caused by electrical conduction
through acid mist accumulating on

top of the battery.

e Cleaning terminals and contacts.
Cleaning the terminals ensuresa good
electrical contact with the solar array
and load. Application of petroleum
jelly or grease to the terminals pre-
vents them from becoming corroded.

e Giving the battery occasional equaliz-
ing charges to mix up the electrolyte.
Equalising charges are charges well
above the normal “full” charge which
cause the electrolyte in the cells to
bubble and get mixed up. These
charges can be done in town, prefera-
bly inthe cloudy season whenthe solar
radiation is low.

Alternatives to Solar Charging

Systems should be designed so that the
moduleis large enough to keep batteriesin
a high state of charge even in cloudy weather.
However, because of the high expense of
modules, and becauseof thelengthy cloudy
periods in some areas, small lighting sys-
tems sometimes do not receive enough
solar charge to meet the load requirements.
In such cases, the users should protect the
battery from deep discharge by charging it
with an alternative method:

o Charging with a battery charger: The
battery can be taken to town for charg-
ing. In many small towns, petrol sta-
tions or jua kali industries operate bat-
tery chargers from mains, and top
batteries up for a small fee.

o  Charging from a car’s alternator: Batter-
ies can also be charged from the alter-
nator of a car. This is done by replac-
ing the battery in the car with the solar
battery and, either running the engine
when the car is stationary for enough
time to bring the battery to a high state
of charge, or driving the car on a jour-
ney with the solar battery in the place
of the other battery.

e  Chargingwitha bicycle generator: Nicad
cells canbe charged witha bicycle gen-
erator. The generators available for
bicycles produce a current of less than
one amp at about four volts, and an
hour or two of easy pedalling should
bringa pair of nicad cells to full charge.
In cloudy weather, a bicycle can thus
be used to charge nicads as a supple-
ment to small modules. Using a trans-
former, small (below 50 Ah) 6 and 12
volt batteries can also be charged.
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Chapter 5

Charge Controllers
and Load Management

This chapter discusses charge controllers, devices which are used to
manage the energy flow in solar electric systems. The work of charge con-
trollers is described, and controller components are introduced, including
fuses, main switches, blocking diodes, LED indicators, low voltage dis-
connects, and charge regulators. The choice of charge controllers in East
Africa is briefly described. Management of small systems without charge

controllers is also considered.

As explained in Chapter 4, the success of a
solar electric lighting system depends, toa
large extent, on the performance of the
batteries. For a system to operate well and
have a long lifetime, the batteries must be
keptinashigha state of charge as possible.
The energy entering the batteries during
the day (i.e. the solar charge), must be
roughly equivalent to the energy being
discharged from the batteries at night by
the load.

Any solar electric lighting system must be
managed so that the energy flow from the
batteries to the load is not too great, and so
thatthe energy flow into thebatteries from
the modules is not too great. Most solar
electric systems use a charge controller to
manage the electrical power produced by

the modules, and to act as a connection
point for all the system components. To
save money, some designers of small light-
ing systems do not include charge control-
lers in the system, and instead rely on the
user to manage the energy flow.

The Charge Controller

The charge controller, or control panel (as
it is sometimes called), has two primary
functions. First, it provides a central point
for connecting the load, the module and
the battery. Secondly, it manages the sys-
tem so that the harvested electricity is ef-
fectively used, and so that components are
protected from damage due to changing
voltage levels.

Load

BAT TERY

Figure 5.1: Role of a charge controller in energy management
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The charge controller provides a
central point for connecting the
load, module, and battery. It
also manages the sysiem so that
harvested electricity is effectively
used.

Blocking diodes prevent current
draining from the batteries to
the solar cell modules at night.

System Connections

The control panel, at the very least, should
act as a junction box. Here, the battery,
solar module and load are fastened to-
gether by means of connector strips, and
fusesareincorporated to protect the equip-
ment from damage by short circuits.

Fuses and circuit breakers. The controller
should contain the system fuses or mini-
ature circuit breakers (MCB’s). Fuses and
circuit breakers protect the major circuits
in the system from short circuits. Simple
automotive-type fuses or fuse wires are
readily available in East Africa. Fiveamp
fusesare sufficient for very small systems,
while20amp fuses (or

producing current at night, the battery
voltage is higher than that of the modules,
and current will flow backwards to the
modules. This loses energy in the system.
A blocking diode is like a one-way gate
that allows current to enter the battery
from the module but does not allow it to
flow back. Instead of using a blocking di-
ode, some charge controllers automatically
disconnect the solar modules from the
battery when no current is flowing from
the module. Blocking diodes may also be
installed inside the junction box of the
module by the solar electric agent.

Part of the work of charge controllers is to
inform the wuser

larger) are necessary
for larger systems.
MCB’s are small
switches that auto-
matically break the
circuit when thereisa
shortcircuit. They can
be switched back ON
when the wiring prob-
lemis corrected. Both
the charge wire from
the solar cell and the
load wires (to the
lights and to other
loads) should befused
or protected by an
MCB.

Terminals for attaching battery,
solar and load cables

Figure 5.2 Typical charge controller

whether the system
is properly working,.
Usually, light-emit-
ting diodes (LEDs),

beepersoralarmsare
Load used for such pur-
disconnect poses:
indicator

o The solar charge
light indicates
whether a cur-
rent is flowing
from the solar
array to the bat-
tery. Itlights up
when the array
is charging the
battery. If the so-

Main circuit switches.
It may be necessary to control certainloads
from the centrally-located control panel
using main circuit switches. For example, in
aschool, classroomlights may be switched
ON from the charge controller located in
the office. This prevents misuse of lights
by students in the classrooms. In a home,
thelights can be turned OFF from the main
circuit switch during the day to prevent
draining of the battery by lights acciden-
tally left ON.

Power Management

Charge controllers perform services that
protect the system and notify the useras to
whether the system is functioning prop-
erly.

Charge controllers often contain a blocking
diode. Blocking diodes prevent current
from flowing from the batteries to the
solar cell module when the battery voltage
is higher than the module voltage (see
Figure 5.3). When the modules are not

lar charge light
does not come ON when the sunisout,
the cause could be any of the following
problems:

- a loose connection on the charge
wire

- bad fuse or disconnected circuit
breaker

- loose battery terminal
- bad battery or cell

- broken solar cell module

o The low battery light notifies the user
that the battery is in a low state of
charge. If thislight comes ON, the user
should completely stop, or reduce as
much as possible, the use of electrical
lights and appliances until the battery
is in a higher state of charge. Some
controllers use an alarm or beeper
instead of an LED light. The low bat-
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(harge controllers often manage

the system by automatically
disconnecting the load or
array from the battery.

—Pr ' ,
Blocking diode Swilch

Solar cell module — Batte ry Load

|

Figure 5.3 Simple system circuit diagram showing
blocking diode between module and battery

lers, the level at which the con-
troller cuts off the load can be
adjusted.

e The charge regulator prevents
thearray fromoverchargingthe
battery. Like the low battery
disconnect, italso monitors the
battery’s state of charge. When
it gets above 90% SoC, the con-
troller reduces the current from
the module to a trickle charge,
which is a very small current
that fills the battery slowly

tery light avoids the need to continu-
ally use a hydrometer to check the bat-
tery state of charge.

o The battery full light tells the user that
the battery is fully charged, and, with
some controllers, that the controller
has reduced the battery charging cur-
rent to a trickle charge.

L J

Charge controllers often manage the sys-

tem by automatically disconnecting the

load or array from the battery.

e Thelow batterydisconnect continuously
measures the stateof charge of the bat-
tery. If the state of charge drops to a
level that is too low (for example, 40%
SoC), thecharge controller disconnects
the load from the battery. This might
happen during the cloudy season
when the televisionis being used too @
much, and when there is not enough
charge to bring the battery state of
charge up. With some charge control-

without causing gassing. Such
achargeregulatoris notrequired when
the battery is properly matched to the
solar cell module (i.e. a 40 Wp module
attached to a 100 Ah battery does not
normally require a charge regulator).

The controller may include other features
to enhance the system’s performance.

Load timers are switches that connect
and disconnect loads after a certain
amount of time. They automatically
turn loads ON, limit the amount of
time that the loads are kept ON, and
prevent abuse of the battery. For ex-
ample, in a school, a load timer might
switch classroom lights so that they
come ON at sunset, stay ON for three
hours before automatically being
turned OFF.

Ammeters and/or voltmeters measure
the current and potential difference of
the load, batteries and modules. On
large systems, they are sometimes in-

Table 5.1: Comparison of Three 12 voit Charge Controllers
These three charge controllers are available on the market in East Africa (see Figures 5.2 and 5.4).

Feature Sollatek SPCC 05 Sollatek SPCC 20 | SCI Charger
Installation Size up to 40 Wp 40 to 200 Wp up to 200 Wp
Voltages available 12,24, 48 12, 24, 48 12,24
Maximum current 5 amps 20 amps 20 amps
Blocking diode Yes Yes Relay disconnect
Low Voltage Disconnect | 10.0 volts (adjustable) | 10.0 V (adjustable) | 11.0V
Reconnect voltage 11.7V 125V 13.0V
Indicator lamps Green: load connected | Green: Fully Red: Battery low,
Red: Battery low, load charged, module load
disconnected disconnected disconnected
Yellow: Charge ON
Red: Battery low,
load disconnected
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Load timers outomatically turn
loads ON, limit the amount of fime
that the loads are kept ON, and
prevent abuse of the battery.

stalled in the control panel to allow
users to monitor their system’s per-
formance. If a voltmeterisinstalled in
the controller, the battery voltage (and
hence state of charge) can be checked
by looking at the control panel. Simi-
larly, output of the solar modules and
the current of the load canbe carefully
monitored by users.

Surgeprotectors protect the systemcom-
ponents and appliances against the
rapid power increases expected when
lightning strikes nearby. A module
(and the other solar equipment) will
probably not survive a direct light-
ning strike but, if lightning strikes
nearby, a surge protector would pre-
vent damage to the system. Surge
protectors operate by disconnecting

the system when a very high current
moves through the wire.

Choosing Charge Controllers

Charge controllers are rated according to
the current they can manage. The smallest
available controllers are rated at 5 amps;
they best serve systems with a few lamps
and aradio. A home witha television, four
or five lamps, a cassette player and a sew-
ing machine would require a 20 amp
controller. As of 1991, not many charge
controllers wereavailable separatelyin East
Africa, but it is hoped that as the industry
develops more will become available at
lower prices. Table 5.1 compares some of
the charge controllers that are available on
the local market.
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If you chose not 1o use a charge
controller, lake special care fo man-
age the energy so that the battery
is not ruined.

Local Production
of Charge Controllers

Charge controllers are manufactured from
various electrical components (i.e. relays,
diodes, resistors and circuit boards). Most
charge controllers used in East Africa to-
day are imported. However, they can be
assembled from locally-available compo-
nents. By 1990, at least one East African
company had begun assembling charge
controllers. Cottage industries in Kenya
havesuccessfully designed, assembled and
sold their own controllers.

Figure 5.5 shows a circuit diagram which
can be used to build a very simple charge
controller with locally available electrical
spares. The controller has an LED solar
charge indicator lamp, a fuse and switches
for the sockets and lights. It does not have

must take special care to manage the en-
ergy so that the battery is not ruined.

At times thereis not enough solar power to
fully recharge the batteries, especially in
the case of 20 Wp or smaller systems. Take,
for example, the cases of Meru, Kenya,
Arusha, Tanzania or Mbarara, Uganda
which have less than 4.5 peak hours of in-
solation per day during certdin months.
As the cloudy days go by, users in such
places are likely to take more energy out of
the battery each night than was put in by
the solar charge, while the battery steadily
loses its charge. Within two weeks, the
battery may be completely discharged and
permanently damaged.

The guidelines below suggest ways by
which a system can be effectively man-
aged without a controller. Chapter 10
discusses further techniques of effective

energy management

resistor

Variable _

Resistor
7

’

ST

* Main lamps switch

Main sockets switch

(see page 75).

o Checkbatterystate
of chargeregularly
with a hydrometer
or voltmeter. Even
without measur-

Solar charge
indicator
(LED diode)

Fuse

LT\

ing, you can often
tell when a bat-
tery’s state of
charge is getting
low. For example,
when battery volt-
age is low it may
take fluorescent

:

Solar terminal

R

Battery
terminal

Lamps
terminal

Figure 5.5 Circuit diagram for basic control panel

b
+__

lampssometimeto
light up after they
areturned ON,and
they may flicker.
As well, the televi-
sion picture gets
dim and does not

+
Sockets
terminal

alow voltage warning light or disconnect,
however, so the user would still have to
manage the energy flow of the system.

Managing Systems
without Controllers

Because of the high cost of charge control-
lers, many small system buyers choose not
to install one in their system. Without a
controller, however, the battery is not pro-
tected by a low voltage disconnect from
deep discharging. In such cases, the user

fill the whole
screen, and the motors in cassette
playersand other machinesrunslowly.

e Calculate the approximate energy
harvest of the module (see page 23),
and adjust energy use so that it is ap-
proximately the same as energy har-
vest.

e When the battery state of charge is
low, limit the use of appliances.

e Charge the battery by other means if
necessary (see page 33).

ron R e
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Chapter 6

Lamps and Appliances

This chapter explains how to choose the best lamps and appliances for so-
lar electric systems. Principles of efficient lighting are explained, includ-
ing lumen output, efficacy, and reflection. Information about incandes-
cent, halogen, and fluorescent lamps (and their associated fixtures) is pro-
vided. Choice of lamp, depending on the purpose intended, is outlined.
Important aspects of low voltage tools and appliances likely to be used in
solar electric systems are presented. Finally, voltage converters and in-
verters (power conditioning units) are briefly explained.

Normal 240 V ac light fixtures and appli-
ancescannotbedirectly connected in12 or
24 volt solar electric systems. Instead,
special types of lamps and appliances
must be chosen. Efficient low voltage dc
fluorescent or halogen-type lampsarenor-
mally used in solar lighting systems. In-
candescent lamps (globes) consume much
more energy to produce the same light,
and should be used only in places where
light is not required for long periods of
time.

Lighting Principles

Electric lamps convert electric energy into
light energy, which is also called visible ra-
diation. Visible radiation is the part of the

radiation spectrum that our eyes can de-
tect. We can see visible radiation, but we
cannot see heat radiation or ultraviolet
radiation. Efficient lamps give off a maxi-
mum of visible light while producing only
a small amount of wasted heat.

There are three important points to con-
sider when choosing and installing lamps:

e Theamount of visiblelight the lamp pro-
duces;

o theamount of electric power required by
the lamp; and

e thedirection in which the light shines.
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Efficacy describes how much light
is produced per watt of eleciric
power.

Figure 6.1 shows that when a lamp is in
use, it produces both heat and light en-
ergy. Visible light produced by a lamp is
called the luminous flux; the amount of vis-
iblelight a source produces is measured in
lumens (Im). For example, a hurricane lan-
tern produces about 100 lumens. A flash-
light bulb produces a luminous flux of
about 30-40 lumens. A 40 watt incandes-
cent globe lamp produces about 400 lu-
mens. An 8 watt fluorescent lamp pro-
duces 240 lumens.

Heat Heat

G )

Figure 6.1 Lamps produce both light and
heat energy.

The rating of an electric lamp is always
givenin watts. An8watt fluorescentlamp
draws 8 watts of electric power, and a 40
watt globe lamp draws 40 watts. Efficacyis
a special term which tells how much light
(inlumens)is produced per watt of electric
power. Lamps with a high efficacy pro-
duce more light energy per watt of power
than lamps with a low efficacy, and are
thus more desirable. For example, the 8
watt fluorescentlamp described above has
an efficacy of 30 lumens per watt (240lm+8
W =301m/W). The globe lamp has an ef-
ficacy of only about 10 lumens per watt
(400 Im + 40 W = 10 Im/W). Note that if
you touch a globe lamp, it is hotter than a
fluorescentlamp because the globe lamp is
losing much more energy as heat.

The direction in which light from a bulb
travels is also important. Light moves
from a bulb in all directions, but it may
only be needed in one direction. For ex-
ample, if you are trying to read a book,
then the light should shine on the pages of
the book, and not on the ceiling. Light can
be directed where it is needed using reflec-
tors. Evena small amount of visible radia-

Power
d | {(Watts)

Direction of
Light

Amount of Light

Figure 6.2 Important points to consider
when choosing lamps are the amount of
light produced, the power rating of the
lamp and the direction in which the light
shines.

tion may be useful if it is directed onto the
place whereitisrequired. Use of reflectors
to maximise usage of a lamp’s output is
discussed on page 42 and 43.

Incandescent and Halogen Lamps

Incandescent lamps, or globe
lamps, are made up of a thin
tungsten wire (called a fila-
ment) inside a glass globe
which contains an inert gas.
When electricity passes
through the tungsten
filament, the filament
offers resistance to the
current, and heats up
to a very high tempera-
ture. Atsuchahigh tem-
perature (3000°C),
the filament glows
brightly, giving off
both light and heat.

Figure 6.3
Incandescent lamp

Globelampshave very low efficacies of be-
tween 9 and 16 lumens per watt (com-
pared to fluorescentlamps which are three
to four times more efficient). They also
have a rather short life of between 500 to
1000 hours. However, globe lamps are
much cheaper than fluorescent lamps, and
they do not require ballast inverters to
work (see page 41). Also, globe lamps are
not damaged when the battery voltage
gets low (though their lives are shortened
when the lamp is operated above its rated
voltage).

Kenyan home lighting systems frequently
use 15 watt auto globe lamps in places

... ]
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Do not stare directly into the
bulb of a halogen lamp, as it
may damage your eyes.

where light is only needed occasionally or
for short periods. Such places include
stores, bathrooms, hall waysand little used
rooms. Weather-proof globe lamps are
also sometimes used outside the house as
security lights.

Halogen lamps are a spe-
cial type of incan-
descent
lamp
with fila-
ments
that pro-
ducea40to
50% brighter
light than regular
globe lamps (up to 30 lu-
mens per watt). Thelampslastabout
twice as long as conventional incan-
descent lamps. Halogen lamps may
besold withspecial reflectors which
carefully direct light where
it is needed.

Figure 6.4
Halogen lamp with
reflector

in desk top fitting

Fluorescent
Lamps and Ballast Inverters

Fluorescent lamps (also called tube lamps)
use current flowing through mercury va-
pour to produce light radiation. A fluores-
cent lamp is a glass tube containing mer-
cury vapour and argon gas, with elec-
trodes at either end of the tube. When the
lamp is turned ON, an
electriccurrent flows from

i

& N
/
Figure6.5// , \ \ \ \ \ \\
Fluorescent lamp fitting

high efficacies of between 30 to 75 lumens
per watt. For example, an 8W tube lamp
has an efficacy of between 30-40 lumens
per watt, while a 13W lamp has an efficacy
of between 50-60 lumens per watt. Tube
lamps have long lifetimes of between 2000
and 5000 hours.

Most solar electriclighting systems choose
fluorescent lamps in places where light is
required for lengthy periods of time. For
example, dining rooms and living rooms
(in homes), classrooms (in schools), and
examination rooms (in clinics) are best
served by tube lamps. However, the price
of fluorescent lamps is high compared to
the price of incandescent lamps. When op-
erated on direct current, all fluorescent
lamps require a ballast inverter to modify
the power. This device may be damaged if
the battery voltage falls to a low level.

Ballast inverters. Fluorescent lamps oper-
ate at high voltage alternating current (be-
tween 70-100 V ac), and, as such, they can-
not be powered directly by 12 volt dc cur-
rent from batteries. Low voltage dc fluo-
rescent fixtures contain a special device
called a ballast inverter, which convertslow
voltage direct current to the type of current

theelectrodes through the
mercury vapour in the
tube. The current causes
the mercury vapour to
give off ultraviolet radia-
tion. This invisible ultra-
violetradiation strikes the
inside of the glass tube
whichis coated witha thin
layer of phosphor. The
phosphor glows with a
bright white light when it
is struck by ultraviolet ra-
diation.

Fluorescent lamps have

Sink ’
BOX ananedt Parts of a fluorescent lamp fitting

Small Solar Electric Systems for Africa 41



Lamps
and Appliances

Using the principles of reflection it
is possible to make much more
effective use of light sources.

Table 6.1: Performance of Typical 12 Volt Lamps

Lamp Type Watts Light Output | Efficacy | Lifetime
w lumens (Im) Im/W hours
Incandescent Globe 15 135 9 1000
Incandescent Globe 25 225 9 1000
Halogen Globe 10 140 14 2000
Halogen Globe 20 350 18 2000
Batten-type Fluorescent (with ballast) 6 240 40 5,000
Batten-type Fluorescent (with ballast) 8 340 42 5,000
Batten-type Fluorescent (with ballast) 13 715 55 5,000
PL-type Fluorescent (with ballast) 7 315 45 10,000
Source: Manufacturers'Data
. required by the
lamp. Theballast
convertsdirectcur-
rent into alternat-
—— ing current, it
-—— transforms the
— Dbattery voltage
- froml2o0r24to — —_—
\§ 70-100 volts.
/| \\\ Similarly, ballast
'pr * cy o
PL* type lrqu nl:;rﬁstff:gt the cugrent, and w
they may con- Lightrays
tain a special cir-
cuit which helps the lamp start (see Figure
6.6). Figure 6.8

Several types of tube lamps are available.
The mostcommon type, the battenlamp, is
a straight tube fastened to a fixture in
which the ballast is contained (Figures 6.5
and 6.6). Another type that is available
from some suppliers is the ‘compact’ fluo-
rescent. This lamp, made by Philips and
called ‘PL’ fluorescent, is more efficient
than the batten-type fluorescent lamp (see
Figure 6.7 and Table 6.1).

Reflection

Lamps give off light in all directions. As
Figure 6.8 shows, some light from a lamp
source travels up, some travels down, and
some travels sideways. If a light fixture is
placed on the ceiling, the light rays trav-
elling upwards and sideways are wasted.
Reading, sewing, crafts and other work is
done belowthe lamp —those light rays that
travel upward do notreach the placewhere
they are needed. In other words, energy is
being used to produce light, and much of
that light is wasted.

However, using the principles of reflection
it is possible to make use of the light rays
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Light travels in all directions
from bulb source

that are otherwise lost. A shiny surface
causes light rays to bounce offitand return
in the ogposite direction from which they
came. Figure 6.9 shows how a reflector
placed around a lamp directs thelight rays
from the lamp in one direction. For ex-
ample, reflectors found in torches (flash-
lights) direct the relatively small amount
of light from the bulb in a beam to the place
where it is wanted.

There are two simple ways to make better
use of light by reflection in work places
and classrooms: reflectors and white paint.

Reflector Fittings

Reflector fittings are shiny materials used
to reflect light to the areas where it is
needed. They are placed aboveand on the
sides of lamps to reflect light that would
otherwise be lost down onto the reading
area. Reflectorscanbe made from mirrors,
from polished stainless steel sheets, or from
polished aluminium. Reflectors are espe-
cially cost effective in schools and work-
shops where large areas must be lit.
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Lamps
and Appliances

Rooms freshly painted with white
paint are much brighter than rooms
with dark or unpainted walls.

Figure 6.10

Classroom lighting. Fluorescent
lamps fitted with reflectors
provide a much brighter light
for study than incandescent
lamps.

White Paint

While dark surfaces absorb light, white
surfaces reflect it. White paint reflects
light from walls and ceilings of the room
back into the work area. Rooms freshly
painted with white paintare muchbrighter
than rooms with dark or unpainted walls.
School and workshop walls should be re-
painted with white paint every few years
to keep the walls bright for easier reading.

Choosing the
Type and Size of Lamp

The most important factor in the choice of
lamps is efficacy. Lamps that use more
power require more solar cell modules to
provide them with enough energy. As
mentioned above, fluorescent lamps have
efficacies that are four to five times higher
than globe lamps, and they last much
longer. However, there are other factors
thatinfluence thelampschosen, including
price and intended use.

Fluorescent lamps are between 10 and 20
times as expensive asincandescent lamps.
For this reason, ruralhome system design-

Reflector Tube lamp

fitting =%

Light rays

Figure 6.9 Reflectors direct light to the place
where it is needed.

ers often include only two or three fluores-
cent fixtures in the house (i.e. in one bed-
room, in thesittingroomand in thekitchen).
Rooms where light is needed for shorter
amountsof timearefitted with globelamps.

Sizeand choice of lamp also depend on the
intended purpose of the light. Theamount
of light required differs depending on the
particular situation for which the light is
needed. Whether the light is required for
craft work, to light a shop, for security, for
study or for social purposes (i.e. ambient
lighting) will have a great bearing on the
size of lamp chosen. The distance from the

White painted walls
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When choosin
always select

i

appliances,
e most

energy-efficient.

lamp to the work area is also important
because light scatters quickly with dis-
tance. The closer a lamp is to the work
surface, thelesslightlost due to scattering.

When choosing lamps for a particular
room, the most important factor is the size
of the room. Larger rooms, and rooms
with high ceilings, require larger lamps.
There are no absolute standards to use
since people prefer different levels and
types of lighting. Many people in East
Africa have reached university studying
under the inadequate light of paraffin
lamps. Thereis a simple test to determine
if thelightisenough: If abook canbe easily
read anywhere in the room, most people
agree that the light level is sufficient. Con-
sider the following cases:

e  Health clinic examination rooms require
a very strong light so that the doctor
canobserve the patient properly. Even
a small room requires a 13W fluores-
cent tube light or a 20W halogen with
a reflector. If the doctor needs to per-
formoperations,anevenbrighterlight
is required.

o Craft work such as sewing, electrical
soldering or beadwork require more
lightthanambient lighting. Iflightisto
be used for such purposes, the system
should be designed with lamps that
are adequately sized (i.e. 13 watt fluo-
rescent tube lamps instead of 8W
lamps).

e Classrooms. The large areas of class-
rooms must be provided with enough
lightforreading. ExperienceinKenya
indicates that students can read well
in the typical 8m x 10m classrooms
under two 15W fluorescent lamps fit-
ted with stainless steel reflectors (see
Figure 6.10).

e  Sitting rooms. InEast Africa, ownersof
home solar electric systems are usu-
ally satisfied with 8 watt fluorescent
lamps placed on low ceilings above
the dining table. This allows those
working at the table to read, and those
sitting in the far corners of the room to
see well. One 8 watt tube gives off
enough light for a room of up to 4mx
5m. Larger rooms can be lit with two
or more 8W lamps with seperate
switches.

Appliances

Most home solar electric systems supply
energy for smallappliancesas well aslights.
These include televisions, radios, cassette
players, record players, sewing machines,
fans, workshop tools and computers. In
order to work in a home system, the appli-
ance must operate at 12 volt direct current
(or 24 V dc if the systems is wired at 24
volts). 12 volt appliances are available in
East Africa. For example, 12 volt televi-
sions that operate from car batteries are
readily available.

In order that they
do notdrain the fx
battery, appli-
ances should be
energy-effi-
cient. When
choosing appli-
ances, check the
labelstofind the
unit with the
lowest power

consumption. Figure6.11
For example, Note that energy con-
old 100W televi- sumption for televisions

depends on the screen
size, the model and
whether it is colour or
B& W.

sions should be
avoided, and
instead efficient
13-15 watt units
should be cho-
sen.

Voltage Converters
and Power Conditioning Units

Voltage Converters. If an appliance oper-
ates at a different voltage than the battery
(i.e. if a radio draws 6 volts dc when the
storage battery is at 12 volts dc), then a
voltage converter is required to step the
current down to the proper voltage. This
will avoid damage to the radio (or other
appliance). Voltage converters are often
available in electric appliance stores (see
Figure 7.2, page 48).

Power Conditioning Units (also called
inverters). Especially with large systems, it
may be necessary to run appliances that
require 240 volts alternating current (i.e.
colour televisions, refrigeratorsor videos).
Power conditioning units (PCU’s)convertdc
power into a form suitable for high voltage
acloads. Changingdc powerintoacpower
is also called inverting dc to ac, which is
why PCU’s and low voltage lamp ballasts
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Use this table when estimating
the daily energy demand of your
appliances.

Power conditioning units {PCU’s)
convert 12 or 24 volt dc power to
240 volt ac power.

Table 6.2: Approximate Power and Energy Requirements

of Appliances for Household Use

Appliance Power Daily Energy | Notes
(Daily Usage Time) | Rating Use
(watts) {watt hours)
Sewing Machine 80 50 Motor is engaged only
(2 hours) 25% of time
14" Colour Television | 80 160
(2 hours)
12" B & W Television | 13 26
{2 hours)
14" B & W Television | 33 66
(2 hours)
20" B & W Television | 60 120
(2 hours)
Radio 5-30 15-90 Power draw depends
(8 hours) on volume setting
Cassette player 20-60 40-120 Power draw depends
(2 hours) on volume setting
Small fron 300 100
(30 minutes)
Soldering Iron 200 45
(10 minutes)
Electric drill 300 60
(5 minutes)
Computer 100-200| 200-400
(2 hours)
Fan (continuous) 60 1,440
Water Pump 450 1,000
(3 hours)
Refrigerator 300 1,500 Compressor motor
(continuous) engaged 40% of time

are called inverters. Unlike ballast in-
verters in lamps (which change up to 50
watts of dc powertoac), PCU’sinvert hun-
dreds or thousands of watts from dc to ac.

In the process of converting dc to ac, in-
verters use up energy. They are typically
about 80% or less efficient in converting
power. When planning large systems this
energy loss must be calculated.

If power conditioning units are used in a
system, they must be properly sized to
handle the highest current possible, or the
peak energy demand (i.e. when all the appli-
ances are turned ON). Important factors
to consider whenbuyinginvertersinclude:

e Efficiency: Usually they are between
60-90% efficient. Efficiency varies
greatly depending on the load, and
most inverters do not perform up to
their efficiency rating all the time.

Cost: As one would expect, better
quality inverters cost more.

Wave form: This is a measure of how
“clean” the 240 V ac current output is.
Inverters are classified by their three
types of output: sine wave, modified
sine wave and square wave. Square
wave inverters are cheap but cannot
power some appliances (such as fluo-
rescent lamps or videos). Sine wave
inverter outputisclosest to grid power,
but these inverters are most expen-
sive.

Surge capability: This is how the in-
verter reacts to sudden changes in
power demand. For example, whena
motor or refrigerator compresser turns
ON, it draws a large amount of power
for a short time, and the PCU must be
able to react to this surge.
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Chapter 7

Calculating the Daily System

Energy Demand

This brief chapter explains how to estimate the total daily energy demand
of the lamps and appliances in a system. A practical example shows
exactly how this is done. The chapter explains the concepts of watt hours
and amp hours, and how they are determined. System voltage, which
depends on appliance voltage ratings, is also discussed. Once you know
the energy demand of lamps and appliances in your system, you can then
estimate the size of the battery and array required.

Before buying a solar electric system, you
must determine how much energy will be
required each day to power the load (i.e.
your lamps and appliances). This quan-
tity of energy is called the fotal daily load
energy demand, and is measured in watt
hours. It is calculated by totalling the
energy that all the appliances and lamps
use on an average day. This number,
added to the extra energy needed to over-
come system losses, is the total daily system

Column A Column B
Lamp or appliance Voltage
(list below) (volts)

energy requirement (see Chapter 9).

When calculating fotal daily load energy de-
mand, the planner should consider all the
appliances to be powered by the system,
even those that will be purchased in the fu-
ture. Tables 6.1 and 6.2 (see page 42 & 45)
list the power requirements of anumber of
lamps and appliances, and can be used
when making these calculations.

Column C Column D Column E
Power Daily use Daily Energy Use
(watts) (hours) (watt hours)

Table 7.1
Daily Load Energy Demand Calculation
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How to Calculate the Total Daily
Load Energy Demand

To calculate the total daily energy demand
of the load, add up the energy in watt
hours required by each lamp and appli-
ance per day. Table 7.1 provides a step by
step method of carrying out this calcula-
tion. It is identical to the table found in
Worksheet 1, page 107. The instructions
below explain how to fill in the table:

Column C).

Individual lamp and appliance use (in
number of hours per day): List the esti-
mated amount of hours per day that
each lamp and appliance will use i
Column D. If the appliance is only to
be used a few times per week (i.e. a -
sewing machine might only be used
on weekends), estimate the number of
hours it is used per week, divide by 7
and write the number of hours per day

1. Individual load description: List all the in Column D.
lamps and appliances to be powered
by the system in Column A. Individual lamp and appliance energy use
. . (in watt hours per day): Multiply the
2. Irfdwzdual lamp and appliance voltage_z: power of each load (Column C) by the
List the voltage of each of the appli- number of hours it is used per day
ances and lamps in Column B. (Column D). Write this figure in Col-
umn E. This is the energy use in watt
3. Individual lampand appliancepower: List hours per day of each appliance.
the power in watts of each appliance
and lamp in Co.lurr.m C. Usually, the Total daily energy demand of load: Add
manufacturer 1n§1cates. the power allthenumbersin Column E,and write
rating on the appliance itself. Radios the total in Box F. This s the total daily
and cassette players are rated accord- load energy demand in watt hours. At
ing to their maximum power, but they a later stage (see Chapter 9), this num-
normally operate at much less than ber will be used to calculate the total
israted at 30W, write down 15 wattsin
To calculate the fotal daily energy Figure7.1 W Iam‘p%
demand of the load, add up the T"If“’ld;{l’y load energy demand BW amp §—
energy in watt hours required by calcutation: exampte Switches
each lamp and appliance per day.
Charge
controller |
Column A Column B Column C Column D Column E
Lamp or appliance Voltage Power Daily use Daily Energy Use
(list below) (volts) (watts) (hours) (watt hours)
Fluarescent lamp | \2 ¥ =W 2 hours |SS WA
| Flgavescent lamp | 2V 13w 2 hows |26 Wh
PAugveScemt lomp | V2V W 2 Wours |16 Wh
Fluotescet (am? 12 v |\ howr
@ Colonr TV \2. vV 2. hours
Total Daily Load
Energy Demand
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System voliage is the voltage
at which the appliances
in the system operate.

Watt Hours and Amp Hours

For planning purposes, energy consump-
tion is indicated inwatt hours or amp hours.
Watt hours (or kilowatt hours) is a com-
mon measure of electric energy. How-
ever, because battery capacity is generally
measured in amp hours, solar electric
system planners often use amp hours to
indicate energy instead of watt hours
(strictly speaking, though, amp hours are
not a measure of energy, but a measure of
total charge). A twelve volt, 100 amp hour
battery contains approximately 1200 watt
hours of energy.

To calculate amp hours, divide the energy
in watt hours by the system voltage.

energy (watt hours)
~ system voltage (volts)

Total charge
(amp hours)

Example:

A 12 volt system in a house with four
lamps and an 80 watt television has an en-
ergy demand of 250 watt hours per day
(see Figure 7.1). How many amp hours
does the system consume per day?

Answer:
Total charge 250 Wh
(amp hours) |~ 12V
= 20.8 Ah per day

Choosing the System Voltage

System voltage is the voltage at which the
appliances in the system operate. It is
normally the voltage of the largest load in
thesystem. Thisbookis written mainly for
those using 12 or 24 volt (or smaller) dc
systems. Small home systems can operate
at 12 volts quite reliably, and 12 volt appli-
ances are available in East Africa (includ-
ing televisions, sewing machines, electric

Figure 7.2
Low wvoltage converter

Adjustable switch for setting

drills, radios and lamps). If appliances of
different voltages than the system voltage
are to be used in the system, then voltage
converters (Figure 7.2) or power conditioning
units will be required (see page 44).

For systems that use nicad cells to power
radios or cassette players only, the system
voltage can be set at the voltage of the
radio. If, for example, a radio operates at 6
V, thenfive 1.3 voltnicad batteries could be
placed inside theradio and charged witha
small solar cell module at a system voltage
of 6 volts (see Figure 10.1, page 73 ).

In systems where there arelong cable runs,
system voltage is often set at 24 volts or
higher because the higher voltage reduces-
energy loss caused by voltage drop in the
cables (see page 53). School systems are
often 24 volts because of the long runs
between classrooms and buildings. How-
ever, finding appliances that operate at 24
volts may be a problem in some areas. If
more power isrequired ina 24 volt system,
batteries and modules must be added two
at a time (the 12 volt batteries and modules
are in parallel and cannot be added one at
a time).

System voltage above 24 volts is beyond
the scopeof thisbook. Itis quite possible to
design systems that operate at 36 volts, 48
volts or more, but these systems become
increasingly complex. Otherwise, large
systems canbedesigned toincludea power
conditioning unit (PCU, orinverter) which
converts low voltage dc to 240 V ac. A
properly sized PCU can operate 240 V ac
appliances such as videos and refrigera-
tors (see page 44). However, the priceof an
inverter may be more than thatof the colour
television. Systems that include PCU’s
should be designed by qualified solar elec-
tricians.

appliance voltage
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Chapter 8
Wiring and Fittings

This chapter describes low voltage dc cables and fittings for solar electric
systems. Topics covered in the first sections include choosing cable size
and type, choosing fittings (switches, fuses, connector strips, etc.) and the
method of earthing the system. Tips on connecting cables are given. The
theory of voltage drop is explained in some detail. Two methods of
choosing proper cable size are presented with examples.
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When installing solar electric
systems, follow established
wiring codes for local areas.

A qualified electrician should
supervise the planning and
installation of any elecric
system.

Warning:

Never plug 240 V ac appliances
into sockets wired with 12 V dc
current.  If standard 240 V ac
sockets are used in a solar electric
system, fell everyone who uses the
system not to plug in any equip-
ment without checking its voltage.
Accidental connection of ac appli-
ances info dc power will destroy
the ac appliance and may cause a
shock 1o the unlucky user.

Previous chapters discuss the parts of so-
lar electric systems. Harvested energy is
distributed between these parts using elec-
tric cables and fittings. To make efficient
use of the energy collected by the modules
and stored in batteries, you must choose
cables and fittings carefully. Wiring pro-
cedures are much the same in low voltage
dc systems as with 240 V ac systems, but
there are some important differences, as
explained below. Houses that have previ-
ously been wired for mains or generator
power can easily be adapted to use solar
electric power.

House Wiring Cable

Make sure you choose the proper cable
size when planning your system. Wiring
cable manufactured in East Africais avail-
ablein 1.0mm?, 1.5 mm? 2.5 mm?,4.0 mm?,
6.0 mm?, and 10 mm? (this number refers
to the cross-sectional area of the wire). 240
volt ac systems normally distribute power
using wiring cable with a cross-sectional
area of 1.0 or 1.5 mm?, but this wire is too
small for solar electric systems. Low volt-
age dc systems in small households nor-
mally use 2.5 mm? cable (without a sepa-
rate earth wire) which is also knownas 2.5
mm? twin flat. The black wire serves as the
negative ‘earth’, and the red wire is the
positive ‘live” wire.

15mm2  1.0mm2
cable cable cable cable

4 25mm2

Figure 8.1
Wiring cable

In solar electric systems, multi-stranded
wire should be used instead of single-
stranded wire. Those cables laid where
they will be exposed to the sun should be
sunlight resistant. The insulation of 2.5
mm? twin flat is somewhat resistant to
sunlight (it should last about 5 years be-
fore shredding), but common single insu-
lated strands of wireare not sunlight resis-

tant. When wires pass underground or up
outside walls, they should be run through
conduit, a special type of plastic pipe used
for enclosing electric wire.

Switches, Sockets and Fuses

Switches. Switchesare used to turnlamps,
appliances and
7| other loads ON and
OFF. Theyalsoserve
the important pur-
pose of disconnecting
modules, batteries and
loads during servicing
and emergencies.

Figure 8.2
Standard switch

DC-typeswitches are preferred for low volt-
age solar electric systems. However, be-
cause they are not readily available in East
Africa, installers commonly use standard
240V ac switches. Standard light switches
are sized at 3 and 5 amps, and can safely be
used for lamps of up to 36 and 60 watts
respectively in 12 volt dc systems.

Sockets. Sockets (or power outlets) are
devices into which the plug is inserted to
access power for an appliance. Low volt-
age, high current dc spckets are recom-
mended for solar electric systems. Aswith
switches, however, low voltage socketsare
not readily available in East Africa. For
this reason, standard 240V ac sockets with
switches are commonly used in small solar
electric systems. These sockets, usually
rated at 13 amps, are capable of providing
current for loads up to about 150 W. If a
larger load (i.e. a colour
TV)istobeusedina ® » i
solar electric sys- N —
tem, ask an elec- — "
trician or the ap-

pliance dealer to

helplocatea suita- Figure 8.3

bly sized socket. ~ Socket

Fuses and Miniature Circuit Breakers
(MCB’s). Fuses are devices placed in the
circuit between the battery and the load to
prevent damage from high current to
appliances, modules and charge controller
circuitry. Because batteries are capable of
delivering a very high current, there is a
risk of a fire or damage to the system in the

E . _____________________ |
50 Small Solar Electric Systems for Africa



Wiring and
Fitfings

nan O

w22 25

Fuses are devices placed in the
circuit between the battery and the
load to prevent damage from high
currentio appliances, modules and
charge controller circuitry.

More system problems are caused
by bad connections than by fail-
ures of the equipment itself.

event of a short circuit.
Whenashortoccurs, %
the fuse “blows” (i.e.

astrip of wire inside (%
melts)and opens the

circuitsothatcurrent Figure 8.4

cannot flow. Oncea Cartridge-type fuses
fuse has blown, the

cause of the high current should be inves-
tigated and repaired before replacing the
fuse with a new one of the same size.

Miniature circuit breakers are small
switches that automatically break the cir-
cuit when there is a short circuit. They can
be switched back ON once the wiring prob-
lem has been corrected.

If the solar electricsystem containsa charge
controller, a fuse is usually positioned
inside the control itself. If there is no
control, or if there are loads that need to be
protected independently, then fusesshould
be included in the circuit. Small systems
usually require only one fuse to protect the
load. Larger systems should havea fuse to
protect each major circuit.

Sizing Fuses. Fuses are rated in amps ac-
cording to the current demand of the cir-
cuit they are protecting. They are sized to
‘blow’” when the current is 20% greater
than the maximum expected current in the
circuit. If, for example, there is a short
circuit in one of the appliances, the circuit
draws much more than the rated current
(i.e. more than 20% higher), and the fuse
rapidly heats up, ‘blows’ and opens the
circuit.

In East Africa, radio dealers and electronic
equipment shops stock fuses of various
sizes, ranging from (.25 amps to 30 amps
or larger. For circuits 5 amps and above,
cartridge-type fuses are commonly used.
Below 5 amps, simple wire fuses or glass
‘automotive’ type fuses are used.

To calculate the required fuse size for each
major circuit, follow the following steps
(see also Worksheet 4, page 110):

1) List the circuits that need to be pro-
tected. Determine the maximum pos-
sible power required by adding the

power in watts of all loads (Column B
on Worksheet). This is the power
drawn when all appliances and lamps
are turned ON.

2) Change the power to current in amps
by dividing it by the system voltage.
This is the maximum rated current in
the circuit (Column C).

3) Increase this figure by 20% of its value
(i.e. multiply this figure by 1.2, see
Column D).

This is the size of the fuse required.

Example: If a twelve volt system circuit
includes a 15W television and three 8 watt
lamps, then the maximum power is 39
watts.

15W + 8W + 8W + 8W = 39 watts

Divide the power by the system voltage
(12 volt):

39 watts + 12 volts = 3.25 umps

Increase this figure by 20%:
3.25 amps x 1.2 = 3.9 amps

In the above circuit example, a4 amp fuse
should be used.

Making Connections

Wires in solar electric systems should be
connected securely, safely and carefully.
More system problems are caused by bad
connections than by failures of the equip-
mentitself. The following tips are given to
help make sure that the initial connections
last a long time.

Use connector strips. Never connect wires by
twisting. Connector strips are insulated
screw-down wire clamps used to connect
wires together in solar electric systems.
They are used instead of junction boxes be-
cause the largestsize cable that
junction boxes can fit is
only 1.5mm?. Con-
nector strips
areavailable
in several
sizes to fit
2.5mm? or
larger wire.

(]
L)

Figure 8.5
Connector strips
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Neat wiring not only looks better,
it is easier fo service and less likely
to get tangled, or crossed and
shorted.

Itis desirable to earth the frames
ond negative terminals of all
modulesinasystem, aswell asany
valuable appliances that you do
not want fo risk destroying.

Prepare wire ends carefully. Strip 1/2 to 1
centimetre of insulation from the end of
the wire. Make sure the wire is clean.
Then, before fixing the wire to a terminal
or connector, twist the end.

Use weatherproof boxes and conduit when
connecting wires outdoors. If connected
outdoors, wires should be enclosed in
junction boxes. Make sure there is extra
wire forentry and exit fromjunction boxes.

Avoid twisting wiresaround terminals. Usea
crimp tool (see Figure 11.1, page 83) if one
is available, to fix ring-type or spade-type
ends to the wire. These are less likely tobe
pulled off or to be affected by corrosion. If
the installation site is near the ocean, sol-
der terminal connections so that they do
not corrode.

Inspect all connections after installing. Make
sure no wires.are loose. Check for places
where bare wire might overlap and cause
a short circuit.

Be neat in wiring. Neat wiring not only
looks better, it is easier to service and less
likely to gettangled, or crossed and shorted.
Align wires coming from terminal strips
so that they are straight.

It is also desirable to earth the frames and
negative terminals of all modules in a sys-
tem, as well as any valuable appliances
that you do not want to risk destroying. In
reality, most small solar electric systems
arenotearthed. This hasnotbeena serious
problem, because the small loads of solar
electric systems are low voltageand do not
carry high enough currents to necessitate
earthing (although large loads should al-
ways be earthed).

However, in areas where lightning storms
are common, earth wires are advisable on
arrays of two or more modules to guard
against lightning damage (one dealer in
Kenya reports that at least four of his sys-
tems have been struck by lightning).
Earthing wires allow the electrical energy
from lightning to pass into the ground
without damaging the module, controller,
or loads.

Solar modulesare earthed by running thick
gauge earth wires from the frame and
negative terminal of each module to an
earthing rod driven into the ground. If
there are several modules in a system,
earthing wires from each module should
be connected to one cable whichrunsto the

Earthing the System

Earth wires protect against electric
shocks to people and against
damage to the system from light-
ning. Earth wires (called ‘ground
wires’ by Americans) provide an
easy path for electricity to travel
through if a live wire accidentally
touches the casing of anappliance,
control box or module. They are
commonly attached from the metal
casings of appliances or modules
toarod driveninto the ground. In
ac systems, one of the three wires
in the plug is an earth wire.

Low voltagedcsystemsare earthed
by connecting the negative (black)
wireto earth. Thisisaccomplished
by connecting the negative battery
terminal to an earthing rod.

Figure 8.6
Earthing the array
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As with water pipes, cables with
lorge cross-sectional areq allow
more current o flow.

earthing rod. Some 40 Wp or larger mod-
ules have a terminal for the attachment of
earthing wires. For example, Arco
(Seimens) modules include a self-tapping
screw to which the earth wire is fixed (see
Figure 8.6). This screw is inserted into a
designated hole in the side of the module,
and the earth wire is wrapped around it
before it is tightened (Note that the wire
should be connected to the negative termi-
nal, as well). An earth wire should also be
attached to the mounting structure itself.

Wire Size, Voltage Drop and
Maximum Wire Runs

As with water pipes, cables with a large
cross sectional area allow more current to
flow than those with small cross sections
(see Figure 8.7). The size of a wire thus de-
termines the amount of current that can
pass through it. Unfortunately, low volt-
agesystemsrequirea higher current to carry
the same power as high voltage systems.
In long cable runs, energy is lost as heat
through the resistance of the wire to the
flow of electricity. If the wire cross section
is notlarge enough to support the current,
a voltagedrop will occur over the length of
the cable. This may damage or cause poor
performance in lamps and appliances

Carries Carries
most least

CUITENT current

7/

4 o5mme  15mm2 10mm?2
cable cable cable  cabe

Figure 8.7
Larger wire sizes carry more current

The example below considers the differ-
ence in current flow between wires that
connect separate 24 watt lamps toa 12 V
battery and 240 V ac grid power (see Fig-
ure 8.8).

Example:
The Power Law (see Appendix 2)isused to
determine the current flowing ineach wire.

Voltage
(volts)

Current
(amps)

Power
(watts)

A 24 watt globe lamp consumes 24 watts of
power regardless of whether itis designed
to work with a 240 V ac or 12 V dc power
supply. However, to produce the same
power as high voltage ac, more current
must flow in the low voltage lamp. Figure
8.8 shows the current draw of highand low
voltage lamps. Notethat the currentdrawn
by the high voltage lamp, 0.1 amps, is 20
times less than the low voltagelamp's cur-
rent of 2.0 amps.

High voltage 24 watts
ac source 240 volts ac
T 0.1 amps

24 watts

12 volts dc
Low voltage 2.0 amps
dc source

N2

=~

NI

High curren flow

Figure 8.8
Current flow in high and low voltage systems

The above discussion makes it clear that
low voltage systems use a much higher
current than high voltage systems. Cables
for low voltage systems must be large
enough in diameter to carry this high cur-
rent. In small home systems, 2.5 mm? wire
isusually sufficient for all short cable runs;
however, it is still good practice to calcu-
late the voltage drop for all cables, espe-
cially those that connect solar modules
and batteries.
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Voltage drop is a loss of voltage
{and hence power) due 1o resis-
tance in long runs of cable.

If the conditions in the box to
the right hold true for your
system, you do not need to go
through the wire sizing process.
Use 2.5 mm?cable through out.

Figure 8.9
Voltage drop table

What is Voltage Drop?

Asmentioned above, voltagedropisaloss
of voltage (and hence power) due to resis-
tance in long runs of cable. It occurs inall
wire runs, but is only a serious problemin
low voltage systems with long cable runs.

Suppose that the 24W lamp operated from
abattery in theabove exampleislocated in
a kitchen 50 metres from the battery (see
Figure 8.10, page 56). How much of a
voltage drop will there be if a 1.5 mm?
cable carries the power to the lamp? Will
the voltage drop affect the performance of
the lamp? If so, what wire size should be
used?

These questions need to be answered be-
fore installing the lamp. Whether voltage
drop will affect an appliance depends on
the appliance (fluorescent lamps may be
ruined when run at a voltage below the
recommended level). It is good practice
not toallow voltagedrops of more than5%
on a cable, but in most cases equipment in
small systems can tolerate up to 10% volt-
age drops.

Whether the wire sizechosenina cablerun
islargeenough canbe determined in either
of two ways: By using Maximum Wire
Run tables or by calculating the voltage
drop. Both methods are described in the
following sections.

For either method, first follow the instruc-
tions below (see Worksheet 4, page 110):

1) Listeach wirerun together withitsone
way distance. Write them in Columns
A and B in the worksheet.

2) Find the current passing through each
wire. To do this, add the power in
watts of all the lamps.and appliances
on each wire run, and divide by the
voltage. Write thison the worksheetin
Column C.

3) Use the Maximum Wire Run tables
(see page 55) to determine the maxi-
mum length that can be used with a
given type of wire. Alternatively, fol-
low the instructions for calculating the
exact voltage drop for each run on
page 55.

Using Maximum Wire Run Tables
Tables 8.2 and 8.3 give the maximum run
of cable that can be used between modules,
batteries, and loads in 12 and 24 volt sys-
tems under various currents. They should
be used as described below:

* First, calculate thecurrentinamps that
the wire will carry (as entered in col-
umn C of the worksheet). Ifina 12 volt
system, for example, there are two 8
watt lTamps at the end of a wire, the
current being carried by the wireis 1.3
amps (8W x 2 lamps + 12 volts = 1.3

amps).
Veltage Drop Table
Column A Column B Column C Column D Column £ Columa F
Cable run Distance Maximum Kvalueof  Total resisitance  Voltage &rop Is voltage
. . of cable current intended wire drop too high?
(list each major run) (metres) {amps) (ohms/metre) (ohms) {wvolts) {Yes/No)
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Table 8.2: 12 Volt System Maximum Wire Length in Metres (0.6 V max voltage drop, or 5%)

Increasing system voltage
decreases voltage drops
in long runs.

Wire Size Load Current
(mm?)

2 amps 4 amps 6 amps 10 amps
1.5 11 metres 6 metres 4 metres 2 metres
2.5 19 9 6 4
4.0 30 15 10 6
6.0 44 22 15 g
10.0 75 38 25 15

Table 8.3: 24 Volt System Maximum Wire Length in Metres (2.0 V max voltage drop)

Wire Size Load Current
(mm?)

2 amps 4 amps 6 amps 10 amps
1.5 37 metres 19 metres 12 metres 7 metres
2.5 63 31 21 13
4.0 100 50 33 20
6.0 147 74 49 29
10.0 250 125 83 50

e Next, read from the table the load cur-
rent in amps that is closest to this fig-
ure. If the current is not listed in the
tables, read the nexthigher figure. (For
example, in Table 8.2, if the current to
be carried is 3 amps, read down the 4
amp column).

* Read across the row for the corre-
sponding wire size. 'na 12V system,
for example, if the current to be car-
ried by the cable is 4 amps, and the
wire size is 2.5 mm?, then the maxi-
mum distance that the appliance can
be placed from the source is 9 metres.

Example 1

The24W lamp mentioned on page53draws
2.0amps at 12 volts. Reading down the 2.0
amp column, the maximum distance thata
1.5 mm? cable carrying 2 amps could sup-
port without a 5% voltage drop (i.e. 0.6
volts)is 11 metres. The maximumdistance
a 2.5 mm? wire could run without signifi-
cant losses is 19 metres. A 4 mm? cable
would safely be able to carry 2 amps up to
30 metres.

Note from Table 8.3, that if the lamp was

run on 24 volts dc, the voltage drop is
much less, and that even a 1.5 mm? wire
could be used to transmit the current 37
metres at that voltage. Increasing system
voltage decreases voltage drops in long
runs.

Calculating Voltage Drop

Instead of using the above tables, it is
possible to calculate the voltage dropona
cable run using simple electric principles.
Ohm'’s Law states that voltage is equal to
the currentinamps multiplied by theresis-
tance in ohms (see Appendix 2). This can
be used to calculate the voltage drop in a
circuit as follows:

Resistance, R
(Ohms)

Voltage drop Current, |
{volts) “| (amps)

To calculate voltage drop, one must first
know three values:

s the current flow through the wire in
amps (I);

e thedistance of the cable run in metres;
and,
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Ohms Law:
voliage drop =
current x resistance

o theresistancefactor, K, of theintended
cable in ohms per metre (see Table
8.4). Multiplying the distance of the
wire by the resistance factor gives the
total resistance, R.

The voltage drop in each wire is calcu-
lated, using Worksheet 4 (see pages 71 &
110), as follows:

1. Identify each cable run and note its
one-way length in Columns A & B.

2. Determine the maximum current that
each cable will carry as described on
page 54. Write thisdownin columnC.

3. Determine the resistance factor, K, of
the intended cable using Table 8.4.
Note this value in Column D. For ex-
ample,a 1.5 mm? copper wire hasa K
value of 0.027 ohms per metre.

4. Calculate the total resistanceof the cable
by multiplying the resistance factor
(Column D) by the distance of the wire
(Column B):

Total Resistance

{(ohms)
Resistance Factor, K x Legnth of Cable
{(ohms/metre) {metres)

Write this value in Column E.

5. Using Ohm's Law, calculate the volt-
age drop through each cable. The
voltage drop will be equal to the total
resistance (Column E) multiplied by
the maximum current carried in the
wire (Column C). If the voltage drop

Voltage 12 volts

Table 8.4: Resistance Factors for Copper Cables

Wire Area | Resistance Factor, K
(mm?) (ohms/meter)
1.0 0.040
1.5 0.027
25 0.016
4.0 0.010
6.0 0.0068
10.0 0.0040
16.0 0.0026

is greater than 5%, consider using a
larger diameter cable. If the voltage
drop is greater than 10 %, use a larger
cable.

= maximum current x total resistance
{Column C) (Column E)

v

dr

Example 2 shows how to use the work
sheet to calculate voltage dropin a system-
atic manner.

Example 2:

Suppose electricity is provided for a 24
watt lamp in a kitchen 50 metres from the
power source using 1.5 mm? cable. Using
Ohm’s Law, it is possible to compare the
voltage drop of a 240V ac system witha 12
V dc system (see Figure 8.10 & 8.11).

1. The current passing through and the
length of each wire is given in Table
8.5. Fora 12 volt system this is 2 amps.

2. The resistance factor of the 1.5 mm?
cable, from Table 8.4, is 0.027 ohms/
metre.

24
watt lamp

15 mm?2 cable

X

e
i

Figure 8.10
Voltage drop in a 12 volt dc system

50 metres
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Table 8.5: Example Calculation of Voltage Drop in High and Low Voltage Systems

y Fittings

240 volt ac 12 volt dc
globe lamp globe lamp
Current (amps) 0.1 amp 2.0 amps
Length of Wire (m) 50m 50m
Resistance Factor, K
(1.5 mm? cable) 0.027 ohms/m 0.027 ohms/m
Total Resistance
(K x 50 metres) 1.35 ohms 1.35 ohms
Voltage drop 0.12 volts 2.8 volts
Voltage at Lamp 240 volts 9.2
Percent
Voltage Drop (%) <0.1% 23.3%

3. The total resistance of the wire is cal-
culated by multiplying the resistance
factor by the length of the wire. Note
that the number is equal forboth 240V
ac and 12V dc because the wire is the
same in each case.

4. Next, as per Ohm's Law, the total re-
sistance is multiplied by the current
carried in the wire. This gives the
voltage drop.

For the 240 V cable, there is little voltage
drop over 50 metres. This shows the ad-

mitting electricity over long distances.

However, for the 12 volt lamp, the voltage
drop is 23%. This drop is too high, and a
larger diameter wire size needs to be used.
Voltage drops over 5% are not recom-
mended; but, because of the high cost of
thicker cable, drops of up to 10% may be
allowed in small systems to save money.
In the example above, a 4.0 mm? cable
givesa voltage drop of less than 10%. Note
that 50 metre cable runs in small solar
electric systems are not appropriate be-
cause of the large voltage drop and the

vantage of high voltage acpower fortrans-  high cost of the cable.
Voltage Drop Table
Column A Colomn B Column C Column D Column E Column F
Cable run Distance Maximum Kvalueof  Total resisitance  Voitage drop Is voltage
of cable current intended wire drop too high?
(list each major run) (metres) (amps) (ohms/metre) (ohms) (volts) (Yes/No)
Main House to kitcleeh SOM| 2 A D-D27 13501 2.2y | Yes

Figure 8.11 Filled voltage drop

table for example 2
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This planning method is for basic
systems only. Systems above 200
peak watts should be designed with
the assistance of a qualified solar
electric engineer.

The worksheets referred fo in the
fext are found on pages 107 1o
110 at the end of the book.
Whenever the text refers fo a
table or box {for example, Box
F), it is referring fo a box within
a worksheet.

Chapter ¢
Planning a Small System

This chapter is a guide to designing small solar electric systems. It
combines the information presented in the preceding chapters, enabling
you to tailor a solar electric system to your own particular requirements
and resources. Worksheets 1 to 4 (attached at the end of the book) guide
the reader through four design steps, including:

I A

Calculation of the load and system voltage;

Survey of solar energy resource and selection of module(s);

Sizing and selection of battery and charge controller;

Sizing and selection of cables, fuses and switches.

Total Daily System Energy
Requirement and System Voltage

The total daily system energy requirement is
the amount of energy the modules must
generate tomeet the daily energy load plus
the extra energy required to overcome
system losses. The steps below explain
how to use Worksheet 1 (see page 107) to
calculate this figure, and how to decide on
the system voltage.

1.

Determine the total daily energy load
demand inwatt hours (as explained in
Chapter 7, page 46). Write this num-
ber in Box Fof Worksheet 1.

Next, estimate system losses to the
battery, wires and inverters. Not all
energy produced by the modules is
available for usein the system, assome
is lost as heat in conversions. For
small systems, it is reasonable to as-
sume that losses will be about 20% of
the total daily load, butlosses increase
if the system has long wire runs, old
batteries, or inverters. Write the esti-
mated energy losses in Box G.

3. Add Box F and Box 6.

Write the sum in Box H.

This is the amount of energy that

Total Daily Load
Energy Demand

Estimated System
Energy Losses

Total Daily System
Energy Requirement

must be supplied by the
module(s) each day.

Figure 9.1 Determining daily system energy
requirement

3.

Add Box F to Box G. This sum is the
daily total system energy requirement
in watt hours. Enter this number in
Box H of the worksheet.

Decide on the system voltage. This
will be 12 volts in a majority of home
systems in East Africa. Systems with
long wire runs (i.e. schools) should
operate at 24 volts or higher. Very
smallloads (i.e.radios or lanterns) may
be run at 6 volts or lower with nicad
battery storage (see page 48). Write
the system voltage in Box I.
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The month with the lowest mean
daily insolation value is called
the design month.

Resource Survey:
Estimate the energy harvest

Before selecting your module, you need to
estimate the solar energy available at the
site (i.e. mean daily insolation in peak sun
hours). Worksheet 2 (see page 108) will
help you do this. Records from a nearby
meteorological station should be used if
they are available (see Chapter 2). If there
is no met station nearby, you will have to
estimate the amount of power available at
your location, as explained below.

Using Meteorological Records

If monthly meandailyinsolation dataisavail-
able from a station nearby, enter the
monthly data in the table in Box A, Work-
sheet 2. (Data may be in langleys: to con-
vert langleys into peak sun hours, multi-
ply by 0.0116). If only sunshine hours data
is available, convert it to peak hours using
Table 2.1, page 14 (note this conversion is
an estimate only).

Mean insolation data. Enterinsolation data
from nearest met station. Convert from sun-
shine hours or langleys to peak sun hours.

Box A
Month | Langleys] Sunshine hours| Peak sun hours

i
|

UEOV:>HHZ>Z~:1'-'

Annual

Figure 9.2
Enter records in Box A of Worksheet 2.

Check which month has the lowest mean
daily insolation. This is called the design
month because its low mean daily insola-
tion value is often used to size the array
(for example July is the design month for
Arusha, see Figure 9.3). If solar charge is
the source of all your electric power, and

Annual mean
i ? .
daily insolation
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Month

Figure 9.3

Monthly mean daily insolation for Arusha

you cannot reduce power consumption
during cloudy weather, then you must
design the system so that the modules
produce enough power during the cloudi-
est, or design month. For example, in a rural
health centre that cannot function without
aminimumsupply of energy for lightsand
vaccine refrigerators, the system should
provide enough energy even during the
cloudiest weather.

However, if you base the size of your array
and battery on the design month, then
your array may be too expensive, and it
may produce excess energy in the sunny
months (in Nairobi, the mean daily insola-
tion varies between 4 peak sun hoursin the
cloudiest month and 6 peak hours in the
sunniest). To reduce the size and expense
of the array required, the annual mean daily
insolation value may be used asa planning
figure instead of the design month value
(see Figure 9.3). This is the average energy
available per day over the whole year (add
all monthly values together and divide by
12). Note that a shortage of energy during
cloudy parts of the year is likely if you use
this value when designing, so you will
have to reduce use of lights and appliances
(or charge the battery by an alternative
method) during those months.

Decide whether you will use the design
month mean daily insolation value or the
annual mean daily insolation value when
planning your system. Enter this value in
Box B.
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If no meteorological station is
nearby, it will be necessary fo
make an estimate {or educated
guess) of the insolation received
at your site.

Estimating Insolation
without Records

If no meteorological station is nearby, it
will be necessary to make an estimate (or
educated guess) of the insolation received
at your site. Consult the contour map of
East Africa’s annual mean daily insolation
to getarough estimate of your site’sannual
mean daily insolation (Figure 2.7, page 13).
InFigure 2.7, forexample, Dar es Salaamis
located between the 5.1 and 5.3 peak sun
hour contours on the map. Therefore Dar
has an estimated annual mean daily insola-
tion value of about 5.2 peak sun hours.
Write this value in Box C1.

Next, use Table 2.1 on page 14 to refine the
above value based on the seasonal changes
at the site that you have observed. Com-
pare your site’s monthly weather vari-
ations with the monthly variations of sites
near yourson themapinFigure2.7. Which
month is the cloudiest, and how much
more cloudy isit? This value corresponds
to the design month. It may be as much as
half the annual mean daily insolation fig-
ure in Box C1. Write it down in Box C2.

Choose whether to use the design month
value in Box C2 or the annual average
value in Box C1. Enter this value in Box B.
Remember, most sites in East Africa have
mean daily insolation levels of between
four and seven peak sun hours, so the
number you enter in Box B should be be-
tween four and seven.

Extra Energy from Tracking

Modules attached to tracking mounts like
the one described on page 15 will collect
about 25% extra energy (if properly oper-
ated). For modulesmounted onsuch track-
ers, calculate 25% of the valuein Box Band
writeitin Box D. If the module is fixed (not
tracking), write ‘0" inBoxD. Now,add Box
Band D together, and write the sumin Box
E of the worksheet.

This is the number of peak sun hours (or
the total amount of energy in kilowatt
hours per square metre) expected per
design day, from which the array and bat-
tery size will be determined.

Sizing and Selection of the Array

The module(s) in a system must be chosen
so that their energy output matches the
energy requirements of the load as closely
as possible. For a solar electric system to
succeed over the long term, average daily
energy outputmustequal theaveragedaily

energy requirements:

Energy Producedby = Total Daily System
Module per day Energy Requirement
(in watt hours) (Iin watt hours)

As discussed in Chapter 3, the power out-
put of any module depends primarily on:

» thelevel of insolation (i.e. the number
of peak sun hours received by the
module, as calculated in the previous
section). Insolation is determined by
weather conditions and by theangle of
the module to the sun;

e the temperature of the module (the
hotter the module, the less the power
output);

» thevoltageatwhichitisoperating (the
closer the voltage is to the maximum
power point, the higher the power
output).

Choosing the Size of your Module
Chapter 3 explains how to roughly esti-
mate any module’s maximum output:

Maximum energy
output of module =
in watt hours

Peak power Insolation
rating of module | x in
in Wp peak sun hours

Note that modules will always produce
less energy under field conditions. Thisis
because module peak power ratings (Wp)
are measured under ideal conditions, and
in the field, conditions are not ideal (i.e. itis
hotter or the load voltage may be poorly
matched to the module). This calculation,
however, conveniently allows planners to
make a rough estimate of module output
using only the module’s rating and insola-
tion data. Module output can be estimated
more accurately using manufacturer's I-V
curves (see next page).

X S
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Use this table to roughly

estimate the energy output of a

particular module size under
different levels of insolation.

Rated size
of module required

in Wp

Total daily system
energy requirements
in Watt hours

. lnsoilra:tion , |Adjustment
peak sun hours Factor

The rated size of the module(s) required in your system can be calculated from the total
daily system energy requirements, the daily insolation in peak sun hours and an adjust-

ment factor.

Insert each of these numbers into their
respective boxes in Worksheet 2, and
complete the calculation as follows:

1. Enter the total daily system energy re-
quirement (from Box H in Worksheet
1)in Box F.

2. Enter the designinsolation value from
(Worksheet 2, Box E) in Box G.

3. Enter an adjustment factor in Box H.
This figure accounts for the lower
actual field output of the module. In
most cases, use the value 1.1 as thead-
justment factor. If the module is
mounted directly on tin, or if the aver-
age ambient temperature is above
40°C, use the value 1.2.

4. Complete the maths, double check
youranswer, and writeitin Box I. This
is the size of the module you need.

Depending on your budget, and the mod-
ulesizesavailable, youcanchooseaslightly
larger or smaller module. A larger module
will produce extra energy for appliances.
A smaller module will require that less
energy is used during cloudy weather.

Table 9.1 shows the maximum daily en-
ergy output of variously-sized modules at
several levels of insolation. The table also

shows that modules attached to tracking
mounts collect significantly more energy
each day.

A More Accurate Method

of Estimating Module Output

The method described above for sizing
your module is not accurate for several
reasons:

» First, the peak power rating is based
on module output at 25°C with a solar
irradiance value of 1000 W/m?. In re-
ality, your module will probably oper-
ate at a higher temperature, and have
a lower output.

¢ Secondly, the actual module power
outputdependson the voltageat which
it operates (see I-V curves, page 21).
Modules are rated at their peak power
output, which occurs at a specific volt-
age (the maximum power point,Pm).
Unless the load is exactly matched to
the maximum power point voltage,
modules will produce less than the
rated peak power.

The I-V curve supplied with your new
module can be used to make a more accu-
rate estimate of energy output. You need
to find the current (in amps) at which the
module operates, which depends on the
voltage, temperature and irradiance. Fig-

Table 9.1: Maximum Daily Module Energy Output per Day (in Watt Hours) at 3 Insolation Levels

Module Size 4 peak hours 5 peak hours 6 peak hours
(Wp) Fixed  Tracking Fixed Tracking Fixed  Tracking
25 10Wh 12Wh 12Wh 16Wh 15Wh 19Wh
5 20 25 25 31 30 37
10 40 50 50 62 60 75
20 80 100 100 125 120 150
40 160 200 200 250 240 300
60 240 300 300 375 360 450

L. _______________________________________________________________ ]
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Small Sysiem Battery charging range the Bat tery
4r v
W 1,000 Wim2 5/ i As mentioned in Chapter 4, the
g 4 | Cell temperature battery is the part of the system
£ 47°C  29amps ! ; (5)28 most likely to experience prob-
ol SR i 4790 lems, so it must be carefully se-
= ’/ 60°C lected. Worksheet 3 guides you
If you have |-V curves for your & 7 ] through battery sizing calcula-
module, you can calculate its 31t 125volts 17 tions (see page 109).
output much more accurately. 7
P B W S w ﬁ 5 Choice of battery will be limited
Voltage (Volts) by what is on the market and
how muchyouhavetospend. A
Figure 9.4 new, deep-discharge solar bat-

The operating voltage of a
module charging a battery in
sunny weather will be slightly
higher than the normal voltage
of the battery.

Using I-V curves to calculate module current output. Note

that this curve is for a given irradiance.

ure 9.4 shows I-V curves for a typical 32
cell module at a fixed solar irradiance.
Note that there are different curves for
different temperatures (i.e. 10°, 25°, 47°,
and 60°C). Note also the shaded area
which shows the battery charging range
between about 11.5 and 14 volts. If you
know the charging voltageand the operat-
ing temperature, you can use your mod-
ule’s I-V curve to calculate the operating
current of the module at a given solar
irradiance.

For example, using the I-V curve, we can
estimate the operating current of amodule
at a temperature of 47°C charging a 12.5
volt battery (remember, modules are typi-
cally 20° warmer than the ambient tem-
perature). Follow the dotted line up from
12.5 volts until it touches the 47°C curve,
and then follow the dotted line across to
the current reading (about 2.9 amps). If
the module’s temperature was 60°C, you
would use the 60° curve to calculate the
current output (i.e. 2.3 amps).

Now, multiply the operating current (in
amps) by the daily insolation figure (in
peak sun hours) to get the amp hour out-
put of the module per day:

Output of module
(in amp hours)

Insolation
X in
peak sun hours

Operating current
(in amps)

Multiply this amp hour figure by the sys-

tem voltage to convert to energy in watt
hours.

tery is the best option, but many
40 Wp systems successfully util-
ise automotive or second-hand
batteries. When choosing second-hand bat-
teries, remember that their capacity may
be greatly reduced by age and previous
cycling. Very small systems (i.e. 20 Wp
and below) should consider utilising nicad
batteries (see Chapter 4).

Battery voltage is determined by the sys-
tem voltage. Most systems use 12 volt
batteries, but six volt (or smaller) batteries
are available. Larger systems use 12 volt
batteries arranged in series.

Battery capacity for any system depends
upon:

1) the total daily system energy require-
ment (obviously, the larger the sys-
tem, the more battery  capacity re-
quired). This number was calculated
in Box H of Worksheet 1, and should
be entered in Box A of Worksheet 3.
Convert this figure to amp hours (see
page 48) and enter the new figure in
Box B.

2) the number of storage days required.
This is the maximum expected con-
secutive days of cloudy weather when
the battery will supply most system
power. In sunny areas, this number
may be as low as two or three days
only. In places with long cloudy sea-
sons, this number may be much larger
(i.e. 7 days or more). Write your esti-
mate in Box C of the worksheet.

3) themaximumdaily depthofdischarge.
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Figure 9.5
Example battery sizing
calculation

Shallow cycle automotive batteries, for
example, should not be cycled below
75% state of charge, so only 25% of
their capacity is available for system
energy requirements (see Chapter 4).
Write this number in Box D as a deci-
mal (i.e. 25% is 0.25 as a decimal).

The required system battery capacity can
now be calculated by relating the three
variables in the following equation:

s T‘:‘al [éaily Number of Storage
ysiem Energy X Days Required
Requirement (Days)

(Ah) L
Maximum Daily Required System
< Depth of ={ Battery Capacity
Discharge (Ah)
Example Calculation:

Calculate the battery capacity of a system
that has four lamps and a television, or a
daily energy requirementof 274 watthours
(see Figure 9.9, page 67).

In Box A, write the total daily system en-
ergy requirement in watt hours. Convert
274 watthoursinto amp hours by dividing
by the system voltage, 12 volts:

274 watt hours + 12 volts = 22.8 amp hours

# Total Daily System Energy
Requirement in watt
hours.

From Worksheet 1 Box H.
Divide this figure by the
system voltage and enter the
quotient in Box B below.

Total daily system
energy requirement
in amp hours.

Number of storage
days required

Required system
battery capacity.
This is the minimum
battery size required
in amp hours.

Maximum allow-
able daily depth of
discharge of battery

The total daily system energy requirement
(in amp hours) is entered in Box B of the
worksheet as 22.8 amp hours.

Next, calculate the number of days of stor-
age. In Box C, write the number of con-
secutive days of complete cloud cover that
would ordinarily be expected at the site.
For this example, the site experiences a
cloudy seasonduring which therearelikely
to be about 3 days of completely cloudy
weather in a row, so the number 4 is en-
tered in the Box C of the worksheet.

Finally, the maximum depth of discharge
of the battery must be entered in Box D.
The battery type is an ABM solar battery
which can accept a 40% discharge regu-
larly (see page 28 & 30). Enter the value 0.4
(indecimal, 40% is expressed as 0.4) in Box
D of the worksheet.

Now complete the calculation and write
the result in Box E:

22.8 Ah x 4 days + 0.4 = 228 Ah

It is always better to oversize the battery
slightly. However, in this case, two 12 volt
100 amp hour ‘solar’ batteries are chosen.
They provide 200 amp hours of storage,
which is reasonably close to the required
value.

Choosing the Charge Controller

Before choosing a charge controller, the
planner must: 1) decide if a charge control-
ler is necessary; 2) decide what controller
size is needed; and 3) decide what control-
ler features are required. Worksheet 3
provides space to answer these questions.

Isacontrol needed? Thisis the firstquestion
to ask. Of course, any system should have
a junction box where the main switches,
blocking diode and fuses are located, but
the extra cost of a charge control unit may
notbejustified. Thoseinstalling small sys-
tems may be reluctant to pay for a control
that costs more than the battery itself. But
this means that the users must actively
manage energy consumption so that the
battery and appliances are not damaged.
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Remember, in small systems,
you can use 2.5 mm? cable for
most runs. It is good practice fo
use 4.0 mm? cable between the
module and battery.

Keep your system simple. The
more complex you make it, the
more likely it is to fail.

Controller sizing. Systems with modules
larger than 40 Wp should invest in some
type of charge control. Controllers are
sized according to the current load of the
system; thoseavailablein East Africacome
in sizes between 5 and 20 amps (or larger).
Home lighting systems with arrays below
100 Wp will not ordinarily require a con-
troller larger than 20 amps. Make sure the
control purchased is rated at the system
voltage (i.e. 12 volts, not 24 volts).

Controller features. Depending on the size
of the system, the appliances used, and the
solarinsolationat the site, a controller may
berequired to performdifferent functions.
Chapter 5 discusses the features of charge
controllers, and Table 5.1 (page 36) shows
the features of three locally available con-
trollers. Importantfeatures to consider in-
clude: high voltage cut-out, low voltage
cut-out, solar charge and low voltage
warning lamps, voltage and current me-
ters, and load timers.

Choosing Cables and Fixtures

Chapter 8 explains how to choose cables
and fixtures. Use Worksheet4 (page 110)
to determine the size of the cables and
fuses required in your system. This sec-
tion does not go into detail, as the process
of selecting proper sized cables s carefully
explained (with an example) on pages 53
to 57 in the previous chapter. Remember,
in small systems, you can use 2.5 mm?
cable for most runs.

Draw a floor plan of the house or institu-
tionin the space provided,and mark where
the lamps, appliances, batteries, modules
and appliances will be located. This scale
drawing of the system should indicate
cable lengths, and the number of lamps,
sockets and switches required.

Important tasks in sizing and selecting
cables and fixtures include:

1) Determining the proper length and
sizes of cables between the loads and
battery, and between the battery and
the module. Make sure that there is
not too much voltagedropinany wire.

2) Determining the type and quantity of
sockets, fuses, switches, connector
stripsand mounting material required
(i.e. clips, tacks, etc.). Makea list of the
materialsrequired before going to pur-
chase them.

3) Making sure that the system is safely
earthed.

Some Planning Considerations

* Before starting, draw a scale diagram
of the floor plan where the system s to
beinstalled. It will help to estimate the
amount of cables and wiring material
required, and to decide where tolocate
the battery, modules, control, sockets
and appliances (as discussed in Chap-
ter 11).

¢ A majorbarrier whichprevents people
from obtaining a solar electric system
is the high initial cost. Systems large
enough to supply enough power all of
the time are much more expensive than
those that will supply electric energy
requirements most of the time. For ex-
ample, to obtain the same amount of
energy during the cloudy season as is
produced during sunny months, the
solar array and battery may have to be
sized twice as large. A cheap alterna-
tiveto ‘over-sizing’ systemsisto charge
batteries by other means and to limit
the use of appliances during cloudy
weather.

¢ When planning, remember that the
electric energy demand will probably
grow. For example, in a school, class-
rooms may be added, or in a small
home system, a television might be
added. Adding more appliances will
increase the load and will often re-
quire additional solar modules and/
or batteries.

» Consider and compare the costs of al-
ternatives carefully. Solar electricity is
often the cheapestalternative for those
who require power for a few lamps
and appliances. There are some situ-
ations when grid connection or use of
adiesel generator ischeaper than solar
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Visit another system before
installing your own. This will
enable you to learn from the
experience of other system
users.

electricity. If possible, investigate the
possibilities of other renewable ener-
gies, including biogas, micro-hydro
and wind-generated electricity (see
Appendix 5, page 105).

* Visit another system before installing
your own. There may be other solar
electric systems in your area. If so, it is
advisable to find out what type of
problems the users have experienced
and to learn from their mistakes.

* Keep your system simple. The more
complex youmake it, themore likely it
is to fail.

¢ Shop around for different equipment.
Do not believe any dealer who claims
to have the best equipment unless you
havelooked at what others are selling.
Check the prices of equipment avail-
able, and decide carefully which is the
most practical.

» Estimate theload carefully. Over-esti-
mation of the load will increase the
cost of the system significantly. Un-
derestimating the size of the load may
result in continual battery problems.

Two Planning Case Studies

The two case studies below are modelled

on systems actually installed in Kenya.
The entire planning process of the first
systemis presented; the other oneisbriefly
described with worksheets showing how
they were planned. Any system designer
should review these cases before planning
his or her own system.

Example 1:
A Small Lighting System in Meru, Kenya

A farmer wants to buy the cheapest pos-
sible solar electric system to light his chil-
dren’s study area and his wife’s separate
hut. He also wants to use solar charge to
power his radio. He discusses his needs
with a solar technician and they plan the
system by calculating his energy require-
ments and estimating the available solar
radiation. They then choose the proper
solar module, battery and associated equip-
ment for the system.

Worksheet 1: The Total Daily System
Energy Requirement

First, using the worksheet (see Figure 9.6),
they calculate the daily load energy de-
mand in watthours. Assumingthat20% of
the power will be lost through inefficien-
cies in the batteries and wires, they esti-
mate that the actual energy demand will
be about 50 watt hours, or about 4.2 amp
hours per day.

Column A Column B Column C Column D Column E
Lamp or appliance Voltage Power Daily use Daily Energy Use
(list below) (volts) (watts) (hours) (watt hours)
Fluot (hut) | 12 volts Fwarts | Shours |24 Wh
Globe lome (2rdha) 12 Vorts | 12 \Wakis | X hoar 6 Wh
Eadio € Volrs | 6 Wans | Z hours (12 Wh
Solar cell module Lamps ;
: i Total Daily Load
— © ] Energy Demand
Fuse and
main switch
\ ma Estimated System
Radio and voktage convarter Energy Losses
— Add Box F ond Box 6.
Write the sum in Box H.
Total Daily System [ Box K
. Energy Requirement
F gure 96 , , This is the amount of energy that 5 4_ w L\
Estimating the daily energy requirement of a must be supplied by e | DO +
small system module(s) eachday. . —
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Meteorological information is
available for sites throughout
East Africa.

Worksheet 2: Sizing the Module

Estimating the solar resource

Now, the farmer and electrician estimate
theirlocation’s solar resource. The nearest
meteorological station is in Meru town,
about 20 kilometres away, so they visit the
Meru Station and collect the data. This in-
formation is entered in Box A of Work-
sheet 2, as shown in Figure 9.7. Daily
insolation varies betweenalow of 3.6 peak
sun hours in July (July is the design month)
and a high of 5.0 peak hours in February.
The mean annual daily insolation in Meru is

about 4.5 peak hours.
Box A MERV Insofation Data
Month | Langleys |Peak Sun Hours
J 379 4.4
F 432 5-0
M 429 5-0
A 384 4.5
M | 382 4.4
J 365 4.2
J 3/5 37
A 366 4.3
S 437 5-0
(0) 426 4-9
N 361 4-9
D 335 39
Annual | 384 .

Meru insolation data entered in Worksheet 2

The farmer wants to save money, and to
buy the least expensive module possible.
Therefore, he does not use the design
month insolation value in his planning.
Instead he uses the annual mean daily
insolation value, and decides that during
long cloudy periods he will economize use
of his radio, and, if necessary, charge the
battery in town. In Box B, he enters the

Figure 9.8
Example module sizing calculation

Box F

50 Wh

Insolation

Daily system
(peak sun hours)

energy requirement
(watt hours)

mean annual daily insolation value, 4.5 peak
sun hours.

Since he plans to mount the module on a
tracker, he calculates 25% of the value in
Box B, and writes it in Box D (1.1 peak sun
hours). He then adds Box B and Box D as
shown, and writes the number 5.6 peak
sun hours in Box E.

4.5 peak sun hours + 1.1 extra peak sun hours
(from tracking) = 5.6 peak sun hours

This is the estimated daily energy col-
lectable at the site in peak sun hours.

Calculating module size

Now they calculate the required module
size. They enter the total daily system
energy requirement (50 watt hours, from
Worksheet 1, Box H) in Worksheet 2, BoxF.
They divide this figure by the peak sun
hour figure (Box G) to calculate the base
module rating in peak watts. They then
multiply this number by 1.1, the adjust-
ment factor. As shown in Figure 9.8, the
calculated module size is 9.8 Wp.

Peak power rating
of module required (Wp)

= 50 watt hours + 5.6 peak sun
hours x 1.1
= 9.8 peak watts (Wp)

Note that a 10 Wp module would work
well in this system.

Worksheet 3:
Battery and Control Selection

Batteries. Using Worksheet 3, the farmer
calculates the battery capacity required.
He compares automotive lead-acid bat-
tery with nicad batteries, and notes that,
because of their different recommended

]|
\'()
%
£

Module size
(peak watts, Wp)

Adjustment factor
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daily discharge (25% forlead acid, 90% for ~ Although nicads require less capacity, the
nicad), different capacities would be re-  farmer decides to buy an 84 amp hour
quired for nicad and lead-acid batteries. automotive battery because he can not

afford nicad batteries. He fills in the data

He enters the total daily system energy  about the battery in the space provided.
requirement of 50 watt hours in Box A

(from Worksheet 1). He converts this fig- ~ Control:

uretoamp hours, dividing itby thesystem  Following the guide-linesin the worksheet,
voltage, 12 volts, and enters the result in  the farmer notes that his system is small
Box B,4.2 Ah. The number of storagedays  enough to avoid the extra cost of a control.
(Box C) is entered as 5 days because they ~ Instead, he installsa blocking diode, a fuse
estimate the longest period of completely ~ toprotecttheload and a master switch. He

cloudy weather to be 4 days. is aware that he will have to manage the

. . i ) system carefully to make sure that the
Nicad batteries can be The maximum allowable daily depth of  pattery was not ruined. His electrician
completely discharged discharge figure (Box D) isdifferentforthe  advises him, however, that f the systemis

two types of batteries that the farmer is  expanded he will need to add a charge
considering. This means he will have to  controller.

make two calculations, one for nicad and
one forlead-acid batteries. Nicad batteries =~ Worksheet 4: Sizing Cables and Fuses
can be almost completely discharged ona  Choosing Fuses and Wiring:

daily basis, so the figure 0f0.9(i.e.90%,see  Worksheet4 (see page 110) states that some
page 26) is entered in Box D. Automotive  gma] systems can use 2.5 mm? cable with-
lead-acid batteries can only be discharged 5yt the need to go through worksheet cal-

on a daily basis.

by 25%, s0 0.25 is entered in Box D. culations. These cases include systems
The calculation for nicad batteries is: where no wire carries more than 4 amps,
where the module’s rating is less than 40

4.2 amp hours x 5 days + 0.9 = 23.3 amp Wp, and where no wire is longer than 16
hours of storage capacity metres. These conditions hold true for this

system. Therefore, the farmer knows
immediately that he can use 2.5 mm? cable
for his whole system.

(This would require about 18 nicad cells of
1.3 Ah each)

For lead acid batteries, calculation is as

Because the largest current draw from the
follows:

battery at any time would be about 2.5

4.2 amp hours x 5 days + 0.25 = 84 amp hours amps, the electrician advises the farmer

of storage capacity that he should use a 3 amp fuse, and con-
sult him if he increases the load.

Example 2:
W o p

Fi [ :
voresoent a% W Planning a Larger System
/ The system shown on the left is
developed in the following four
worksheets. It contains four fluo-
rescent lamps and a colour televi-

sion, and the owner plans to add
moreappliancesafterinstallingit,

Solar cell modijies

so he prefers to size it a bit large.
80W Colour TV To see how it was planned, follow
the stages described on pages 68

to 71.
Figure 9.9 First, heneedsto calculate thedaily
Casestudy2 schematic diagram system energy requirement as

shown in example Worksheet 1.

Small Solar Electric Systems for Africa 67



Planning a
Small System | vy ORKSHEET 1: DAILY SYSTEM ENERGY REQUIREMENT

Use this worksheet to calculate the energy which must be
supplied by the module(s) each day to power all the lamps and
appliances in your system.

1. Calculate the total daily load energy demand using the table below (see page 46-48).

Column A Column B Column C Column D Column E
Lamp or appliance Voltage Power Daily use Daily Energy Use
(list below) (volts) (watts) (hours) (watt hours)
Fluovesceat Lam? \ 2 13 W 2 hrs 26 Wh
Fluexescent Lamp 2 \ROW 1S hrg 20 Ww
Fluorescenk lanmp 12 W 2 e & Wh
Fluotescenk lam? V2 2W 2 ars & Wh
Colowe N (\&") \2 SO W 2 hrs 16O Wu

2. Estimate system energy losses Total Daily Load
Energy Demand

Energy is always lost due to inefficiencies in wires,
batteries and inverters. This extra amount should be
added to the total daily load energy demand. Itis

difficult to measure energy losses exactly. Estimated System
Energy Losses
Very general estimates of energy losses can
be made as follows: 3. Add Box F and Box G.
Write the sum in Box H.
* If the system components are new
and properly sized, estimate 15% of Total Daily.System
energy losses to be: Box F o Energy Requirement
This is the amount of energy that
¢ If there are a number of long wire must be supplied by the
runs (over 10 metres), and the module(s) each day.
equipment is new, estimate energy 20% of |5 4. Choose System Voltage
losses to be: Box F
* Running from a 12 volt battery? 12 volts
¢ If the battery is secondhand, X .
estimate energy losses 259 or more » Running from nicad cells? Add up
10 be at least: of Box F voltage at 1.3 v'olts per cell. Run at variable
voltage of appliance or module.
*  Ifthe system uses a power » Long cable runs? Large system?
conditioning unit (see page 44-45), 30% of Chegk voltage drops. gesy ¢ 24 or more volts
estimate system losses to be: Box F Box |
. . . System
Write your estimate of energy losses in Box G above. Voltage \ 2 AV

Example Worksheet 1 (see page 107)

1 Note that the lamps and television have ali the System and batteries are new (15% of 238
been written in the space in Column A, with Wh is 36 Wh).

their respective voitages and power in the
following columns. Note alsothatthedailyuse 3 The Total Daily System Energy Requirementis

will differ with each site. The figuresin Column totalled in Box H (274 Wh).
E are added upto get the total daily load energy )
demand in Box F (238 Wh). 4  System voltage is chosen as 12 volts because
all of the appliances operate at 12 volts (see
2  Energylosses are estimated at 15% because Column B).
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Example Worksheet 2
(see page 108)

1

Note that there is monthly
mean daily insolation data
from the Meru Meteorological
Station. The table has been
filledwith thisinformation. The
figures, provided by the sta-
tioninlangleys, are muttiplied
by 0.0116 to convert them to
peak sun hours, and entered
in the second column.

The peak sunhour figure from
the design month, July, is
entered in Box B (3.7 peak
sun hours). The person pur-
chasing the system wantsitto
work even in the cloudiest
month. Note thatin the sunny
months there will be extra
energy for longer use of the
television or extra lamps.

Note in Box D that the module
will be mounted on a tracker
asdescribedonpage 15. This
means the systemwill gainan
extra 256% energy from the
module selected (0.9 peak sun
hours).

WORKSHEET 2: SIZING AND CHOOSING THE MODULE

SOLAR INSOLATION ASSESSMENT (See page 59)

1. Do you have. £
meteorological
information?

site, solar insolation must be
Follow

estimated roughly.
instructions on page 60.

2. Mean insolation data. Enter insolation data
from nearest met station. Convert from sun-
shine hours or langleys to peak sun hours.

Box A
Month | Langleysi Sunshine hours|
1 1279 4-
F 1432 <.
M 429 < .
A [Zx4 4
M | 2e2 4-.
IR T 4--
RIS 2
A 1Re6& 4
S 143 < .
[¢) ;-
N 4--
D =
i~

Ifthereis nometstation forthe |

Box €
Estimated Annual Estimated Design
Mean Daily Month Mean Daily
Insolation Insolation
Bax C1 Box Q2

. Insolation value.
Choose design month or
annual mean daily inso-
lation (see page 59-60).
Enterin Box B.

4. Tracking/fixed? If
tracking calculate, 25%
of Box B. Write in Box
D. If not tracking write 0
in Box D.

Design solar insolation value
AddBox B and Box D together. This
sum is the value to be used when sizing
the module. Enter in Box G below.

CALCULATE THE SIZE OF THE
MODULE (See pages 60-62)

To determine the required module size

divide the daily system energy When you choose your Model M-~
requirement by the peak sun hours of module, write its detailsin | peak Wans 42

the site's design month. the table to the right. Reted Voliage I A

solar module

Details of

h

Company

Rated Current

Box 6
. |46 X

Daily system Insolation Adjustment factor Module size

energy requirement (peak sun hours) (peak watts, Wp)

(watt hours) )
This number tells how This number tells how This number adjusts the This is the size of the
much energy is required much energy is available calculation to account for module required to power
per day to power the from the sun per day actual field performance of your system. You have
system (sce Worksheet during the design month the module. Use 1.1 for most finished the module sizing
1, Box H). (see Box E above). installations. calculation.

4  BoxBand D are added together (4.6 peak sun of 1.1is enteredin Box H. The result of the cal-

hours).

The total daily system energy requirement is
brought to Box F from Worksheet 1 Box H (274
Wh). The peak sun hour figure from Box E is
brought down to Box G. An adjustment factor

culationis enteredin Box i. Amodule size of 66
Wp is required.

6 Details of the modules eventually chosen are

enteredin the Table. In this case, two Arco M-
65 modules (43 Wp each) are chosen.
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Example Worksheet 3
{see page 109)

1

The total daily system energy
requirement is entered from
Worksheet 1 (274 Wh). This
is divided by the system volt-
age (12V) and the quotient is
enteredin Box Basamphours
(22.8 Ah).

The number of storage days
requiredis enteredin Box C (4
days). In Meru, the system
designers expect 3 or more
days of completely cloudy
weather. In sunnier sites, the
number would be less.

The maximum allowable daily
depth of discharge for the
battery is entered in Box D as
0.4. Thisis the recommended
figure from the battery manu-
facturer. Now the calculation
iscarriedout, andthe required
system battery capacityis 228
amp hours.

When the battery is pur-
chased, information about itis
enteredin the table. Note that
the estimated life of the bat-
tery has been entered as 2-4
years, so that the system
owner knows how long to
expect the battery to last.

WORKSHEET 3: BATTERY AND CONTROL SELECTION

Number of storage
days required

Total daily system
energy requirement
in amp hours.

Battery Information -
Before buying your batteries, collect
Totsl Daily System E this information along with the price
ol 211y dSysiem Energy - .
Requirement in watt of each type available.
hours.
From Worksheet 1 Box H. Company & A =3 M
Divide this figure by the Model Solav
system voltage and enter the
quotient in Box B below. .
Capacity (Ah) l (> O N
Volts \ 2 \
Number
Box E required 2
2 2 g N« Number in
Series —_——
Number in
Parallet 2
Maximum allow- Required system
able daily depth of  battery capacity. ; -
discharge of battery  This is the minimum Effimn::d 3 -5 YVS )
battery size required

in amp hours.

2. Size of controller required

Controllers are commonly available in 5 amp and 20 amp sizes
(see page 36). If there are only one or two lamps and no TV in
thesystem, a 5 amp control can be used. Mostsystems, however,
should use a 20 amp controller. Check the rated size of the
controller before buying it.

1. Is a control needed ?

High voltage cut out Yes[x] No []
Is the battery worth protecting? Yes X] No [] Low voltage cut out Yes[x] No []
Does the system use nicad batteries? Yes (] No [x] | Low voltage waming Yes[x] No []
Is the system above 20 Wp Yes [x] No [] | Reverse current protection Yes No (]
Will the system be well managed? Yes [x] No [T} | Solarcharge indicator Yes[x] No []
Ammeterfvoltmeter Yes[[] No [X]
Timer Yes[ ] No

3. Features desired in controller

small-and ‘uses:n
is needed.

Charge Controller Information

Company and Model SPCC_ - 2.0
20 fes
Features ‘n‘-g\« \oltage (it -Dut, |

lous el e Cut-Dut

Size in amps

Low voltage cut-outat  \ \ . ¢ volts

The questions in section 1 are answered, and
it is decided that a control is needed.

In section 2 and 3, the size of the control (20
amps) and the features required are selected.
A high voltage cut-out is required because, in
this system, the modules have a high possibil-
ity of over-charging the batteries.

7 Whenthe controller is selected, its features are
filledinthe Charge Controller Information table.
Note that the low voltage cut-out is adjusted by
the factory from 10.0V to 11.0V (the supplied
SPCC-20 controller's low voltage cut-out s set
at 10.0V, which will damage the batteries).
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Example Worksheet 4
(see page 110)

1 A map is drawn of the site,
and the lengths of all the wire
runs are estimated. The loca-
tion of each lamp and appli-
ance is marked. The wire
runsarethenlistedinthe Volt-
age Drop Table (Column A)
with the size wire expected (in
mm?).

2 The system is not small
enough to assume that all
wiring can be made with 2.5
mm?cable. Note that the mod-
ule size isabove 40Wp, some
runs are over 16 metres, and
some wires carry a current
over 4 amps.

3 Sixcablerunsarelistedinthe
table and each cable distance
is written in Column B. Next
the maximum expected cur-
rent of each cable is deter-
mined by dividing its load in
walts by the system voltage
(12V). This is entered in Col-
umnC. The Kvalue, obtained
from Table 10.4, of each wire
is written in Column D. (Note
that the wire between the
module and the battery is 4.0
mm?andthe restare 2.5 mm2).

4 The total resistance of each
cabie is calculated by multi-
plying the lengthof eachcable
(Column B) by the K value
(ColumnD). Thisisenteredin
Column E.

5 Thevoltage dropiscalculated
for each wire run by multiply-
ing the total resistance (Col-
umn E) by the maximum cur-

WORKSHEET 4: WIRING, VOLTAGE DROP AND FUSES

1. Determine the lengths of all cable runs

Draw a scale map of house or site in this box.

8w

(A7OHEY

!

2. Work out voltage drops on major cable runs

SITTING Room

Follow the instructions on i:z;ga 54-56 1o fill BEDROOM 2
out the voltage drop table below:
Voltage Drop Table
Column A Column B Column C Column D Column E Column F
Cable run Distance Maximum Kvalueof  Total resisitance  Voltage drop Is voltage
of cable current intended wire drop too high?
(list each major run) (metres) (amps) (ohms/metre) (ohms) (volts) (Yes/ No)
Module tv Contvol | B°M |72 A 140-0-0100.08 0| 0.SFV | 2.57N0
Rotery toRedroomt TM |02 A |10.0164 [0112.9]0-08V | {2 No
Batiesy toSithaovoos DM | 2. A |0.0l6 |0-0¢20 037V |3 F o
f S 4
Bakery Yo Bedvoom TM (L.t |00l (0120012
; 2 O Q]

3. Sizing Fuses (see page 50 & 51)

® List circuits to be protected. Write in Column A.

o Determine the maximum power draw in watts of each circuit
1o be protected. Write in Column B.

4. Llist oll electrical connection equipment require

Fill in the table below to estimate the amount of electrical
accessories to be bought. Use it when purchasing equipment,

. X Item and Type Size Amount
e Change the figure in Column B to amps by dividing by the 5
system voltage. Write in Column C. Cable 4 MM IoOM
@ Increase the figure in C by 20%. This is the fuse required. Cable 2-5 MW So M
Column A Column B Column C Column D Cable
Circuits Max rated power  Max rated Fuse size :
(tist each) (watts)  current(amps)  (amps) Conduit &M
puy | Switches Standord] 4
| o ol e V22 \W [ \B- 2 2 A } Sockets (Cunsed)|Sterndo )
n gDW e-1 gP\ Fuses \ZAM?S \
Connector strips )
Junction boxes

rent (Column C). Enter this figure in ColumnF.
To calculate the percentage voitage drop in
each wire, divide the volitage drop by the sys-
tem voltage (12V). Ifthe voltage dropis greater
than 5%, try the calculation again with a larger
wire size. Note that the voltage drop between
the module and the battery would be almost8%
if a 2.5 mm? cable was used in that run. To
reduce energy loss, a 4.0 mm? wire was used.

6 Fusesizesareestimatedinsection 3. Note that
there is one fuse for all the loads, sized at 12

amps. The television has a
fuse in its socket.

seperate 8 amp

7  Finally, allelectrical equipmentrequiredisiisted
in the table in section 4. This will help when
buying the required equipment. Note that two

different wire sizes are listed.

. ]
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Chapter 10

Cost Considerations

This chapter discusses how to compare the cost of solar electricity against
alternatives. Simple cost comparisons of solar electric systems are pre-
sented for kerosene lighting systems, dry cell powered cassette players,
and conventional generators. Practices and devices that reduce the cost of
systems are introduced, including modular approaches to system plan-
ning, methods of collecting and storing more power, and improvements to

energy management.

Deciding on Solar Electricity

Buying a solar electric system is like buy-
ing anything else. Often the difference
between the thing you want and the thing
that you can afford is quite a few shillings.
Perhaps you want to buy a new motor-
cycle but, because of a tight budget, you
can only afford a bicycle. Such economic
considerations dictate what is practical.

In East Africa, economic considerations
are crucial because solar electric systems
are large investments. It is difficult for
most rural people to save the money re-
quired to buy a solar electric system all at
once. Although credit could help them
buy systems, solar lighting systems are
seldom available on a hire-purchase basis.
It is therefore important that you carefully
consider whether it will be economical to
buy a solar electric system.

The demand for electric energy in rural
areas is high, as electricity is the most effi-
cient and safe way to power lamps, tools
and amenities. Radios, televisions and
other appliances must be run from elec-
tricity. In cases where the electric energy
requirement per day is below onekilowatt
hour (i.e. 1000 watt hours), solar electric
systems have several economicadvantages
over other electricity sources:

* Inmany cases, the initial cost of a solar
electric system is cheaper than a gen-

erator or grid electricity.

e Solar cells use no fuel. Because there
are no recurring fuel expenses, solar
electric systems are often cheaper than
kerosine, dry cell, and centrally re-
charged lead-acid battery alternatives
when costed over time.

* Solarelectric systems aremodular. This
means that they can be built up a piece
at a time if necessary. A school with-
out enough money to install power
throughout the compound can firstin-
stall lights in one block of classrooms.
Whenmore money becomesavailable,
the system can be expanded to other
classrooms, laboratories, workshops
and teachers’ houses. Cash-starved
farmers canalso buy systemsa piece at
a time.

Comparing the Costs

You should decide whether it is economic
to install a solar electric system for your
purposes. Compare the costs and benefits
of the practical alternatives. When making
a simple economic comparison between a
solar electric system and, for example, a
generator, you should consider the follow-
ing costs of each:

e Initial cost of the device: the money paid
toinstall thedevice, including the price
of the device and the money paid for
labour and transport.

o Annual recurrent costs: the money that

72 Small Solar Electric Systems for Africa



Cost Considerations

Benefits and disadvantages of

alternatives which cannot be

listed in monetary terms should
be considered when selecting

power sources.

must be spent to operate, provide fuel,
maintain and repair the device per
year.

* Investment costs: the interest that must
be repaid for any loans (i.e. if the de-
vice was bought by hire purchase or
with a bank loan).

More detailed cost comparisons, such as
life-cycle cost analysis, are beyond the
scope of this book, but can be found in
some of the references.

Benefits and disadvantages which cannot
be listed in monetary terms should also be
considered. For example, a diesel genera-
tor makes noise, a drawback (especially
for school and homes) which cannot be
consideredinastrictcostcomparison. Elec-
tric lights are much more convenient than
kerosene lamps, and are preferred over
paraffinlampsby most people. But thead-
vantages of electric lamps (less smoke and
maintenance, ease of operation) cannot be
given a value in shillings.

Example 1:

Power for a 6 volt Cassette Player

Initial and annual costs are illustrated
simply by comparing costs involved in
powering a cassette player with solar elec-
tricity verses the cost of powering it with
dry cell batteries (in this case, there is no
investment cost because the equipment is
bought with cash).

Table 10.1: The Cost of Powering a 6 Volt Cassette Player:

Dry Cell Batteries vs. Solar Electricity

Energy Dry celis Solar electricity
Source
Equipment 5 dry cell batteries 10 Wp solar module,
Required per week 5 nicad batteries,
mount and cables
First Cost* Ksh. 3600:
buying equipment
Annual Ksh.1820 /year: Ksh. 200 /year:
Recurrent 260 batteries replace nicads after
Costs per year 2 years

*1991 Kenya Shillings

Table 10.1 illustrates one of the most im-
portant points about the cost of solar elec-
tric systems relative to alternatives. The
initial cost of the solar electric system is
high, but the recurrent costs are low. Once
the rechargeable nicad cells have been
purchased, they will last for 2 or more
years, and the module is likely to last as
long as the cassette player. On the other
hand, you will have to buy 5 dry cells per
week if you power the player with dry
cells. Thisdoesnot seem tobeaheavy cost,
but it adds up until, at the end of the year,
you find that you have bought 260 or more
batteries. Within 2 years, the solar electric
system will have paid for itself in battery
savings.

The solar electric system has other advan-
tages. When there are shortages of dry
cells the solar electric system will continue
to provide power for the cassette player.
For cassette player operation, a 10 Wp
module will provide more total energy
over one year than 260 dry cell batteries in
most East African sites (but during cloudy
weather cassette player usemay havetobe
reduced). Furthermore, the pollution
caused by throwing away 260 dry cell
batteries is an issue that must not be over-
looked.

—{ P[P B[} l:]
Nicad batteries

10Wp
amorphous
module

Figure 10.1
Six volt system for powering a radio cassette
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Although it may fake as long as
four years for a solar electric
lighting system to pay for itself
when costed against a kerosene
lamp, the solar system has

attractive benefits.

Table 10.2: The Cost of Lighting a Single Room: Kerosine (Paraffin) vs. Solar Electricity

Energy Kerosine Solar electricity
Source
Equipment Pressure lamp, 10 Wp module,
Required mantles & fuel lead acid battery,
13 watt lamp, mount,
wiring & switches
First Cost* Ksh. 600: Ksh. 4600
Pressure lamp buying equipment
Annual Ksh. 1400/year Ksh. 500/year
Recurrent Fuel and mantle costs Battery/tube
Costs replacements

*1991 Kenya Shillings

Example 2: Power for Kiosk Lighting
The costs of lighting a kiosk with solar
electric power and kerosene can also be
compared. Table 10.2 shows typical costs
associated with solarelectricand kerosene
pressure lamp lighting systems. Both sys-
tems provide two and a half hours of light
for one room.

As the table shows, this comparison is not
as favourable for solar electric power as
thefirst example. It takes about 4 years for
the solar electric system to save enough
money on fuel costs to pay for itself. The
obvious drawback to the solar electric
system is the high initial cost.

However, the solar electric system has at-
tractive benefits. First, it has a longer life
than the pressure lamp. Secondly, in the
event of kerosene price rises or shortages,

Figure 10.2
Cost breakdown of small solar lighting system

the solar electric system will not be af-
fected. Thirdly, the fluorescent tube lamp
does not produce soot, smoke, or glare, as
does a pressure lamp. The electric lamp
can be turned ON with the flick of a switch,
instead of the more tedious process of light-
ing a pressure lamp. Finally, the electric
energy which the solar electric system
produces can be used for other purposes
such as powering a radio.

Example 3:

Solar Electricity verses Generator Power
Table 10.3 presentsbasicelements that must
be considered when comparing the cost of
powering a home or school with solar elec-
tricity verses a generator. It does not go
into detail because space does not permita
comprehensive analysis, and conditions
are different for each site.

There are benefits and drawbacks to diesel
and solar powered systems. The initial
solar electric system cost is often lower for
power demand of up to one kilowatt. With
higher power demands, initial costs of gen-
erators are usually less. However, annual
recurrent costs (fuel and maintenance) are
alwayshigher withdiesel systems, theexact

nmEODSEN

amount depending on

:?:::& Switches daily usagerateof thegen-
erator. Investment costs
Lamps depend on the amount of
Battery money that must be bor-
Control rowed to purchase the
Voltage Converter | gy stem, and thus increase
Labour with higher initial costs.
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Table 10.3; Electrifying a Home, Healt
Diesel Generator vs. Solar Electricity

Table 10.4 presents a number of points that
may help you choose between generators
and solar electricity.

Note that is possible to combine diesel and
solar electric (or other renewable energy)
systems when there is a high power de-
mand. Insuch cases (theseare called hybred
systems), solar modules or wind genera-
tors are used to charge batteries and sup-
ply daily power requirements. The gen-
erator is used to charge batteries when
thereis notenoughsunshine, and to power
occasional large loads. Hybred systems
are popular in remote locations with con-
stant loads (for more information, see Ref-
erences).

h Centre or Schook:

Energy Diesel Solar electricity
Source
Equipment Diesel generator Solar modules,
Required electrical equipment batteries, controller,
electrical equipment
First Cost Equipment, labour, Equipment, labour,
transport transport
Annual Fuel, transport, Spare parts,
Recurrent spare parts,maintenance maintenance
Costs
Investment Loan/Hire purchase Loan/Hire purchase
Costs charges charges

Table 10.4 Comparing Generators and

Solar Electricity

Shuations which favour
generators

Situations which favour
solar electricity

Sites where:

* Fuel supply is stable
» The fuel depot is nearby

« Cloudy weather is common

+ Low voltage lamps and appliances
are not available

for a short time only each day

» Power requirements are above 1-2 kW

« Fuel and maintenance costs are low

+ Deep discharge batteries not available
« Lights and appliances are required

Sites where:

» Powerrequirements are below 500 watts
» There are frequent shortages of fuel

» Fuel depots are far away

» Fuel and maintenance costs are high

+ There is high solar radiation (5 or more
peak sun hours throughout the year)

« The equipment is expected to last a
long time with little maintenance

+ Noise and exhaust must be avoided

« Lights and appliances are in
constant use

Practices and Devices that Reduce
the Cost of Solar Electric Systems

To be economically practical, solar electric
systems must be well-planned and man-
aged. During planning, you may find that
there is a shortfall between your equip-
ment needs and the cash available to meet
these needs. When modules are sized too
small, or batteries are not up to standard,
the system performs poorly.

However, with careful management even
those on limited budgets can put together
successful solar electric systems. The fol-
lowing sections present tactics for reduc-
ing high initial costs, for collecting and
storing more energy, and for avoiding
abuse of solar electric systems.

Methods of Reducing

Initial System Costs

Usemodular approaches to develop the system
Solar cell modules are available in sizes
ranging from less than five peak watts to
60 Wp or higher. By choosing a module of
the size you need, you can tailor a system
to your own requirements. Itis possible to
meet one requirement at a time instead of
trying to meet them all at once.

For example, in a rural home, a teacher on
a fixed income may require electric energy
to power a television, 4 lights, a radio and
a sewing machine. Upon completing the
calculations as described in Chapter 9, the
teacher might decide that the cost of such
a system is too expensive. Meanwhile, he
or she might continue to buy paraffin for
lamps and batteries for the radio, and to
pay for occasional charging of the second-
hand battery that powers the television.
These costs add up.

However, the teacher could build a solar
electric system modularly (i.e. a piece at a
time). He or she could buy an amorphous
10 Wp module, and use it to charge the
battery for the television and radio. Later
on, the teacher could buy another module
and several fluorescent lamps. The mod-
ule would be wired in parallel with the
first one to charge the battery; and at this
stage, the system would power lamps, the
television and the radio. When more
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Any boarding school administra-
for is aware of the high cost of
fuelling and maintaining several
pressure lamps for evening
studies.

money becomes available, the teacher
could add another module, a controland a
solar battery for more appliances.

Suchamodular approach canalso be used
for lighting rural schools. Any boarding
school administrator is aware of the high
costs of keeping pressure lamps in opera-
tion for evening studies. However, he or
she is probably discouraged by the high
costs of buying, installing and maintain-
ing a generator to light classrooms. Solar
electricity may provideaneffectivemethod
of avoiding high generator costs. A 100
Wp system could initially be installed to
light several classrooms, and more mod-
ules could beadded later to meet thelight-
ing requirements of dormitories, dining
halls, teachers’ houses and other class-
rooms. Thereisalready some success with
this approach in rural Africa.

Decide which energy requirements

are most important.

Modular planning of a system is only ef-
fective when you decide what energy re-
quirementsare mostimportant. Theques-
tion “What is desired, and what is re-
quired?” must be answered (i.e. Do you
want to power the TV or the lights?). The
priority energy need should be met first,
and the others should wait until more en-
ergy is available.

For example, consider the case of a health
clinic on a limited budget that requires
power for a vaccine refrigerator, operat-
ing and examination room lighting, some
small electrical appliancesand a staff colour
television. If the

ply unless the system has been designed to
include it.

Know the prices of solar electric systems.

A major problem facing rural people who
want to install solar electricity is that there
is little information available about the
prices of solar electric equipment. Because
of this, it is easy for solar electric agents to
overcharge customers, which discourages
others from taking up the technology. Itis
alwaysa good idea to visitas many compa-
nies as possible to getinformation on prices
and equipment. Equipment prices often
differ significantly among different com-
panies.

How to Collect and Store More Power
Tracking: Getting the most energy

from solar modules

Tracking is changing the position of the
solar array to face the sun as it moves
across the sky from morning to evening
(see Chapter 2). Thismanagement practice
helps to get the most power from the sunas
it changes its path with different seasons.
In East Africa, depending on the season,
the sun may be in the northern sky (i.e.
between April and August), directly over-
head (March and September), or in the
southern portion of the sky (between Octo-
ber and February).

Even small system users should consider
tracking the sun, as simple manually-oper-
ated rotatable mounts (see page 15) cost
much less than the price of a module and
produce up to 25% more solar charge.

clinic cannot exam-
ine people at night
because of lack of
lighting, and it con-
siders lighting a pri-
ority need, then it
should install a solar
lighting system first.
When the lighting
system is installed,
however, the system
manager should not
power the television
from the lighting

Fzgu;0103 N

Using a tracking mount

system power sup-
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A well educated system manager
is far cheaper, and, in the long
run, more effective than o
control device.

Figure 10.4

Remember, the energy output
to the loads must be balanced
by the energy input from the

module

Keep batteries charged and clean
Well-charged batteries have longer life
spans, and do not have to be replaced as
frequently. Batteries kept clean lose less
energy due to self-discharge.

Keep modules clean

Dust-covered modules produce less elec-
tric charge. Regular cleaning of the mod-
ule (i.e. every two weeks) in dusty loca-
tions will pay off in terms of extra energy
collected. Always mount modules where
they can be easily reached for cleaning.

Ensure proper connections and cable choice
Choose correct cable sizes during plan-
ning to make sure power is not lost due to
small sized wires. Make sure that connec-
tions are tight, especially at the control,
module and battery terminals. Poor con-
tacts can reduce the flow of electric power
considerably.

How to Effectively Manage
Collected Energy

Consider how much energy

is collected and how much is being used.
Charge controllers withlow voltage warn-
ings and/or cut-outs are extremely useful
for protecting the battery during cloudy
weather. However, an educated system
manager is far cheaper, and, in the long
run, far more effective than any control
device. If you know how much energy
your module is collecting, and how much

energy your equipment is using, then the
task of balancing the input with the output
is far easier. If you think that a 10 Wp
module can power an electric cooker you
arelikely to ruin your battery very quickly!!!

Limit the use of loads

Turn OFF loads that are not in use. A 15W
light bulb accidentally left ON overnight
inagrid-connected houseisnota problem.
In a small solar electric system, on the
other hand, one 15W bulbleft ON acciden-
tally for a few nights can be a major drain
to the system. Leaving unused lights and
appliances ON is like pouring paraffin on
the ground.

Use efficient appliances and lamps.

Fluorescent tube lamps, though more
expensive, are always preferable to globe
type lamps. Where globe lamps are in-
stalled, try to limit their use to just a few
minutes per day if possible, and choose the

Load

="

ENERGY
INPUT

ENERGY
OUTPUT
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Reflectors direct light to the place
it is needed most.

lowest power to do the job needed. When
buying appliances such as radios, televi-
sions or sewing machines, choose the one
which uses the least amount of power but
still meets your requirements.

Put reflectors on lamps, and paint

walls with a light colour.

In schools, clinics or workshops where so-
lar power is primarily used for lighting,
place reflectors on work area lamps. With
reflectors, 40% more light is easily pro-
vided to the desks or work benches with
the same power lamp. White-
coloured walls will make
any room much
brighter.

Use timer switches on lamps

and|or loads if possible.

Timer switches turn lights ON and OFF
automatically so that energy is not wasted
by accidental or purposeful over use of
lamps. There are two types of timer
switches:

The first type is located in the control sys-
tem, and it turns major circuits ON and
OFF at times set by the system manager.
This is particularly useful in schools or
workshops where loads accidentally left
ON overnight or over a weekend could
drain thebatteries. Forexample,inaschool,
study lights in Form I to IV can be set to
turn ON at 6 PM and OFF at 9 PM. This
prevents students from leaving the lights
ON. Such a timer switch can be provided
with a manual “override” so that, if de-
sired, the system manager can occasion-
allyleavelights orloads ON fora few extra
hours.

The second type is simply a switch with a
timing device inside it which automati-

cally turns the light OFF after a preset
amount of time (i.e. 5 minutes). Such
switches are commonly used in European
bathrooms and hallways to save energy
lost from lights carelessly left ON.

Switch to alternative power

sources during cloudy weather.

During cloudy months the module output
islikely to bereduced by one third or more.
The load must therefore be reduced by the
same amount to protect the batteries.
Consider which loads need to be reduced.
If the television is the mostimportant load,
then reduce use of the lights by switching
to paraffin lamps until the weather turns
sunny again. If the lights are the most im-
portantloads, then reduce, or cutout use of
all other appliances.

Take batteries for charging when solar
chargeis notenough. Itis muchcheaper to
charge them up when they are under stress
than to replace ruined batteries with new
ones.

Figure10.5

Remember, if their is not enough solar power,
you can revert to paraffin lamps for a few weeks
to protect your battery.

.
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Chapter 11
Installing a System

This chapter describes the actual process of installing a solar electric
system. It guides the reader through the following tasks:

* Preparation of tools and materials necessary to complete
an installation;

* Positioning, mounting and wiring solar cell modules;
* Positioning and wiring the control and batteries;
* Laying the cables;

* Making and inspecting the final connections before
commissioning the system; and

* Training the system managers.
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Warning:
Installation should be performed
by qualified personnel only.

Warning:

Do not connect cables to the
modules, controller or batteries
until the final connection
sequence.

Foreword to Installation

Once a system has been planned and the
necessary equipment obtained, installa-
tion canbegin. Inall cases, aqualified elec-
trician should supervise work to ensure
that the system is installed according to
the local electric safety codes, and so that
no person is injured or equipment dam-
aged during installation.

The installation methods presented in this
text are based on techniques used by sev-
eral companiesinrural East Africa. The ef-
fectiveness of these methods is demon-
strated by the fact that thousands of small
systems have been installed using these
techniques since 1984. The methodsare, in
general, similar to wiring practice already
familiar to East African electricians al-
though they are adapted to low voltage dc
principles.

Installation Tips

* Before beginning an installa-
tion, make sure thatall equip-
mentisathand. Thisincludes
tools, materials, necessary
spares and information re-
sources. Solar electric instal-
lations are often conducted
inremote areas where equip-
mentand sparesarenotavail-
able. Installations have been
delayed (at great cost to the

electric agent) because there

were not enough connector strips car-
ried to site, or because a certain special
screw was missing!

* Follow the recommended sequence of
installation. Donotconnectappliances,
lamps, batteries or solar cell modules
to the control until the last step. Fol-
low the final connection sequence care-
fully (see pages 89 - 90).

» Complete the installation with help
from an electrician.

e Alwaystry to use proper tools for each
task (see next section).

* Maintain high work standards. Work
standards refer to the way the wires
arelaid, the consistency of switch place-
ment, the method with which fixtures
are attached to walls and the general
neatness of the work. High standards
will make the system look more attrac-
tiveand lastlonger, and willadd to the
system safety.

Tools and Materials

It may be difficult to obtain tools, extra
parts and equipment on site. For this rea-
son, make check lists of all the materials
and tools needed during installation be-
fore departing for theinstallation site. This
list should be carefully cross-checked dur-
ing trip preparations. Use the information
gathered during the planning stages (i.e.
the map of the site, the worksheets and the
circuit diagram, see Chapter 9) together
with Tables 11.1 & 12.1 to make the check
lists.

Figure 11.1
Digital volt meters are extremely useful when installing

and repairing solar electric systems
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Table 11.1: Recommended Tools for a Solor Eectric Installation

Tool

Purpose of Tool

Crimp tool
12V dc Soldering iron

Voltmeter

Screw drivers (star & flat-bladed)
Hydrometer

12V drill & drill bits

Tape measure

Pencil & paper

Attaching ring and spade terminals to wires

Connecting wires to terminals, fixing electrical
parts

Testing connections, measuring voltage
Tightening screws and terminals
Measuring battery state of charge
Drilling holes for various purposes

Measuring distances and marking wire clip
placement

Taking notes on measurements

Extension cord
Inclinometer & compass

Product literature for
system components

Hack saw Cutting metal frames

Utility knife Various cutting jobs

Wire cutter & stripper Preparing cables

Torch Laying wires in dark places (ceiling)

Pliers Holding bolts and nuts during tightening

Adjustable spanner Tightening battery terminals

Hammer Various construction tasks

Shovel Digging trenches

Level Checking grade of mount, laid wire and
foundations

File Smoothing rough surfaces after cutting

Running power from batteries to tools
Fixing the angle of solar modules
Source of reference information

Unless you havea portable generator, there
won'’tbe 240 volt power for tools. Thus, all
power tools must be rated at 12 volts dc to

‘be powered by the batteries or solar mod-

ules. Upon arrival at site, the batteries
should be filled (see page 88) and con-
nected to the modules for charging so that
there is power for tools and lights during
the installation work.

The installation, maintenance, and trou-
bleshooting work described in Chapters
11and 12 requires that installers use a volt-
meter, preferably a digital voltmeter
(DVM). Voltmetersare useful when check-
ing for broken wires (continuity), polarity,
and when measuring voltage of modules
and batteries. Many digital voltmeters
also allow measurement of current. Make
sure you are familiar with the use of the

voltmeter, as a mistake could damage the
meter or cause injury (consult the manual
if necessary).

Safety

Solar electric systems have a good record
for safety. Nevertheless, installers should
be aware that the equipment they are
working with has potential to cause seri-
ous injury if safety standards are not ob-
served. In the remote areas where many
systemsareinstalled, thereare few doctors
or hospitals, so it is especially important to
use care to avoid accidents.

In general, to avoid shock risks when work-
ing with electricity vou should:

* always remove rings and jewelry;
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Figure11.2

Circuit diagrams are used by
electricians toplan wirelayout.
This circuit diagram is for the
system described on page 67.

e use insulated tools;

e keeploosecablesand metal toolsaway
from the control, batteries and arrays
so that they do not accidentally come
into contact with live terminals or
leads;

* always be aware of possible shocks
from modules and batteries, and take
steps to avoid them.

Batteries need to be handled with special
care.

¢ Battery acid is extremely corrosive. It
candestroy clothes, burnskinor cause
blindness if it comes in contact with
the eyes. Wear protective clothing
and glasses, and use a funnel to avoid
splashing when filling cells. Always
keep fresh water available to rinse
spilled acid off clothes, hands and eyes.
Baking powder (chapa mandasi) neu-
tralizes acid spilled on clothes and on
the floor.

* Batteries are heavy. Carry them up-
right, from the bottom, or by the
handles provided. Never lift batteries
by the terminals.

e Make sure thatbatteries are located in
a ventilated space. Do not smoke near
batteries.

e Beware of electrical current in a bat-
tery. If the terminals of the battery are
accidentally shorted, someone could
get a bad shock.
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Modules are expensive and potentially
breakable, so:

» Transport with care. Beware of the
back side of the module which is espe-
cially fragile.

e Beware of shocks when wiring and
installing modules. One40 Wp cannot
easily cause a lethal shock. However,
several modules in series or parallel
are more dangerous. Disconnect or
cover the array with a blanket when
wiring to avoid shocks.

Ladders/Roof Mounting. A high percentage
of the injuries from solar electric installa-
tions are caused by falls from the roof.
When on the roof:

e Use stable ladders, and position them
correctly. Have somebody hold the
bottom part of the ladder.

e Use ladders or planks while walking
on the roof to prevent the tin (mabati)
from ripping.

First Aid kits should be on the site during
any installation.

* Keep the kit well-stocked and ready.

e Make sure someone knows how to use
it.

Wiring the Load

Wiring of the house or building is usually
the first task duringa solar electric installa-
tion. This is especially useful if the in-
stallers need a place to work, because the
installed lamps and tools can be temporar-
ily connected to the battery in one room,
providing a convenient place to organise
and conduct assembly work even after
sunset.

Wiring Guide-lines

During wiring of the load (and the other
system components, as well) the following
guide-lines should be followed:

1. Use a circuit diagram. Keep a copy of
the diagram near the control box. The
more complex a system is, the more
useful a circuit diagram will be for
electricians who want to repair the

systemin the future. If, for example, a
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A labelled cable can be easily

identified if it gets disconnected.

4. Always double check polar-

school lighting system is to be ex-
panded later, a circuit diagram will
enable electricians to quickly under-
stand how the system is wired.

2. Follow established cabling colour codes.
Electrical cable is insulated with
colour-coded covering which speci-
fies its function. Systems that do not
use proper wire colouring are both il-
legal and dangerous. The established
East African wire colouring codes are
given in Appendix 4.

3. Label cables. Pieces of labelled electri-
cal tape fixed onto cable from connec-
tor strips, batteriesand /or charge con-
trollers enables quick identification of
the cable without the need to waste
time following it. For example, a posi-
tive cable from a control panel to the
array should be labelled ‘ARRAY +'.
With a label, the wire will still be iden-
tified even if it accidentally gets dis-
connected.

When preparing cables:

Cut the exact amount of insulation
required from the end of the wire;

Avoid cutting the small strands in the
wire:

Twist the wire strands beforeinserting
them into connector strips.

When laying cables:

Use correctly-sized connector strips
for joining cables.

Never allow ‘twist’ connections be-
tween cables as they are likely to come
apart or cause a voltage drop.

When tightening screws in connector
strips and terminals, turn the screw
until itistight enough forasecure con-
nection, but not so tight that it cuts the
wire.

Locate all connections so that they are
accessible.

ity when wiring. Itis easy
to fix the wrong cable to
the wrong terminal. If
this is done with a load
wire, then an expensive
fluorescent lamp or ap-
pliance could get ruined
by reversed polarity.
Modules will be dam-
aged by reversed polar-

ity.

5. Earth module frames and
loads. It is always good
practice to earth systems
for safety and for protec-
tion from lightning (see
page 52). The larger the
system and array, the
more important earthing
is.

Low Voltage Wiring Practice

Because of the voltage drop that occurs in
the case of poor connections, all connec-
tions should be as tight and secure as pos-
sible. Always use stranded wire in low
voltage applications.

Figure11.3

Crimping tools are special types of pliers used for making
electrical connections. Theysecurelyattach ‘ring’and ‘spade’-
type connectors to the end of wiring cable, by pinching
(i.e.crimping) themetal connectorcollar tightlyaround theend
of thewire. Ring or spade-type connectors attach moresecurely
to terminals than bare wire.

Use a crimping tool if one is available.
Crimping tools and connectors make
secure electrical contacts and enable
work to be done quickly (See Figure
11.3).

Clip cables neatly to the wall, spacing

Small Solar Electric Systems for Africa 83



Installing
a System

Solar cell modules should be
mounted in a place where they
can receive a maximum of solar
radiation, but where they will not
be shadowed, overheated, or
covered with dust.

the clips at regular intervals, or run
cables in conduit thatis properly fixed
to the wall;

e Make sureall wire runs are clipped so
they run exactly horizontal or vertical
(use a levelling tool);

e Place light switches and power sock-
ets in wall-mounted pattress boxes.

e When positioning switches and sock-
ets, consider needs of users.

e Use standard OFF and ON positions
throughout the installation (OFF is up
in East Africa).

e When laying conduit outdoors, make
sureitissupported every threemetres,
and within six cm of the electrical box.

e Make sure controller and junction
boxes are sealed, as spiders and wasps
like to use such boxes as homes.

Mounting Solar Modules

Before installation begins, the mounting
location and the method of mounting
should be chosen. Solar cell modules
should be mounted in a place where they
can receive a maximum of solar radiation,
but where they will not be shadowed,
overheated, or covered with dust. They
should be located as close as possible to
the batteries and control, and in a place
that is safe from vandalism and theft.

Handling Solar Cell Modules
Solar cell modules, like any other pieces of
glass, can be broken. However, the glass
used to make modules is a very strong
type designed to withstand

during travel or work. Hard, sharp objects
(such as screw drivers) which strike the
back of the module can break a cell from
behind. Even if only one cell is broken, the
module will be ruined. Modules should
never be twisted, as this could break the
cells inside.

If holes must be drilled in the frame for
mounting purposes, take care not to punch
through the frameinto acell. Usea piece of
wood behind the frame to prevent such an
accident. Better still, use the holes that
were drilled in the frame at the factory.

Choosing The Mounting Site

The most important consideration in the
search fora mounting place for the module
is that it gets as much sunlight as possible.
When choosing the place to fix the module
(or array), the following points should be
taken into consideration.

Modules should be located:

» off the ground, if possible, so that they
are out of the dust and out of the way
of humans and animals. Do notlocate
modules near chimneys or kitchens
lest they be covered with soot and
smoke.

* in a place where they will not be cov-
ered by shadows. Check the position
of the sun during different times of the
day (and during different seasons) to
determine whether shadows fromtrees
or other objects will fall on the in-
tended module location. Even if one
cell is shaded, the output of a module
will fall considerably.

the impact of falling hail- | >~
stones. Modulescanbebro- | /7
ken by thrown rocks, and
they may break if they are
dropped. Once broken, itis
likely thata new module will
have to be bought, as mod-
ules are almost impossible to
repair.

YES

Care must be taken when
transporting modules. The
back side of modules espe-
cially should be protected

Figure 114

Module site. Do not place module where it might be shaded by
trees or obstructions.
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Between the module and the
batiery or conirol, use a cable
with a great enough diameter to
ensure that the voltage drop is

less than 5%.

Figure11.5

Two fixed roof top
mount designs

¢ ina place where they will not get too
hot. If fixed on a tin roof, modules
should be at least 10 centimetres off the
tin roof top. If possible, the module
should be located where it will be
cooled by the wind.

* in a secure place. Do not place mod-
ules where they might be stolen. Do
not locate them where they might be
vandalized or hit by stones.

* ina place that is as near as possible to
the batteries and control. If the mod-
ules are located too far from the con-
trol and batteries, there will be a volt-
age drop and power loss. Use a wire
with a thickness great enough to en-
sure that the voltage drop is less than
5% between the modules and battery
(see Chapter 8).

Method of Mounting

Once the site has been chosen, it is neces-
sary to decide whether the array will be
mounted in a fixed or tracking position.
Solar electric suppliers supply mounts (or
plans for mounts), and will be able to help
decide which mount is the best for a given
installation.

Tracking equipment, however, adds extra
cost and complications to the system, and
increases system management work. In
East Africa, acheap, easily-operated tracker
that increases module output by 25% has
been developed (see page 15).

If the module is to be mounted in a fixed
position, then the decision should be made
as to whether it will be mounted on the
roof, on a pole or on the ground. Fixed
mounts must be rigid, flat and well-venti-
lated. They must also be strong enough to
withstand the strongest expected windsin
the location without bending or breaking.

* Roof top mounts use racks or brackets
to fix the array to the roof structure.
Their advantage is that they are safe
and secure, although it may be diffi-
cult to clean modules mounted high
on the roof. Brackets may be con-
structed so that they pivot downward
for easy cleaning (see Figure 11.5), or
so that their angle can be adjusted
seasonally.

¢ Polemountsare popular with systems
that have up to four modules. They
keep the modules well off the ground
in secure highly visible places. Pole
mounts are more expensive than roof
topmounts, as they require metal pipes
(6 cm steel poles) and, sometimes, a
foundation. Note that small pole
mountsareeasily converted into track-
ers for one module systems.

*  Ground mounts are used for arrays of
four or more modules (i.e. for water
pumps, refrigeration or large home
systems with no other suitable placeto
locate the modules). They secure
modules toracks fixed inconcrete foun-

This mount ings down for easy cleaning.

This mount is f|xed o
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Check with solar dealers fo find
what ilt and direction fixed
modules are commonly mounted
at in your areq.

dations and may be fenced off to pro-
tect the array from animals and curi-
ous people. Under normal circum-
stances, a one or two module system
would not be ground mounted.

Fixed mounts must bealigned so thatrain-
water runs off the modules (i.e. they must
have atleasta 5° tilt), and so that the mod-
ulesface thedirection where they arelikely
to get the best sun. In Kenya, modules are
usually mount with a tilt of 10° to the
north. Thisis because the cloudiest season
in Kenya is between April and July when
the sun s in the northern hemisphere, and
thetilt enables the system to make best use
of the sun when it does appear in the
cloudy season. Check with local solar
dealersto find what tiltand direction fixed
modules are commonly mounted at in
your area.

Construction of Mdunts

Once the type of module mount design
has been chosen and the required materi-
als obtained, the mount can be assembled.
Most solar electricians are familiar with
mounting methods, and can help in the
assembly and installation process.

When constructing all types of mounts
(both fixed and tracking) corrosion-resis-
tant, weather-proof parts should be used.
Stainless steel and anodized aluminium
angle irons are commonly used to make
mounts in East Africa. If the steel used to
make the frame is not weather-proof, then
it should be coated with a layer of red
oxide paint to prevent corrosion. Wood
can also be used to build mounts inexpen-
sively, but wooden mounts do not last as
long as metal ones. Note that bolts, nuts
and washers should also be weather-proof
and corrosion-resistant.

When mounting modules on the roof, use
ladders and walk boards to protect roofs
from the weight of installers. Minimize
the number of people on roof. Bolt the
mount securely to roof timbers, or to the
“facia board” at the peak of the roof (see
Figure 11.5). Avoid tears in tin which
cause rain leakage.

When installing an array with several
modules, attach the modules to the frame

on the ground, and then attach the frame to
the fixtures on the roof or pole.

Wiring the Modules

Figure11.6
Backside of module showing leads
from junction box.

Unless the batteries are being charged to
power equipment during installation, do
not attach the module leads to the battery
or control until the final connection sequence.
The following practices are advisable dur-
ing wiring;

* Use properly sized cable.

» Earth the entire array (as described in
Chapter 8) by connecting the frame
and negative terminal of each module
to an earthing cable.

e Wire the junction boxes carefully. Use
a soldering iron or crimp tool to make
sure that the connections are good.
Make sure that the junction boxes are
well-sealed to prevent possible corro-
sion.

If there is more than one module in the array,
then the modules must be wired in a con-
figuration that matches the system volt-
age. Two questions should be answered
before attempting to wire modules to-
gether:

* How many modules should be wired
in series?

* How many modules should be wired
in parallel?
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The battery should be located in

a cool, vented room where there
is little traffic.

Figure11.8
The battery should be located in
a place that is well-ventilated.

(The principles of series and parallel cir-
cuits are discussed in Appendix 2)

Most small systems in East Africa have a
voltage of 12 volts. Likewise, most mod-
ules commercially available in East Africa
produce current that approximately
matches the charging characteristics of 12
volt batteries. Such modules are always
wired in parallel in 12 volt systems. Figure
11.7(a) shows two 10 Wp amorphous mod-
ules wired in parallel to charge a 12 volt
battery.

If the system voltage is 24 volts, then two
standard modules must be wired in series
to charge two 12 volt batteries in series.
Figure 11.7(b) shows 2 modules in series
charging two batteries wired in series.

Always consult a qualified electrician to
make sure that the series and parallel wir-
ing of modules and batteries has been
properly done.

Battery and Controller Installation

After installing the module, the battery
and controller should be installed in the
most appropriate room or building,.

Choosing the Battery Location

The battery should be located in a cool,
vented room where there is little traffic.
The following recommendations should
be followed when locating and installing
the battery:

e Nearness to array. The battery should

Vent for
hydrogen gassing

3

Battery
off ground

12 Volt System

b Two 40 Wp
modules

wired in

series

+] - +
Two 12 volt batteries
wired in series
+ - L+ -

24 Volt System

Figure 11.7 Modules charging batteries in
parallel and series.

be located as close as possible to the
array to reduce voltage drop. Check
that the size of the cableislarge enough
to carry the charge current from the
module without more than5% voltage
drop.

* Ventilation. The battery room must
have some sort of opening for air to en-
terand leave. Batteries emit explosive
gases when charging and this must be
allowed toescape. Placea “NOSMOK-
ING” sign in the room where the bat-
teriesare located.

e Temperature. The battery should belo-
cated ina place where the temperature
does not get too high. If the battery
temperature gets above 40°C, the bat-
tery’s lifetime and performance will
be reduced. Never place the battery
where it will be exposed to the sun.

*  Battery boxes. Batteries should not be
kept on the floor, as this will increase
their self-discharge rates. Batteries
should be kept in a vented wooden
box to reduce self-discharge, to pre-
vent children and animals from injur-
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Do not put the battery in a closet
and forget it! Batteries must be
maintained.

Wire to control
J Spade - type connector

~

Battery

In this book, the term battery
terminal refers to the metal
collar fastened around the bat-
tery post. Wires from the con-
trol are fastened to screws or
spade connectors on the termi-
nal itself.

When wiring, have an
electrician check series and

parallel connections.

Figure11.9
Battery box

ing themselves accidentally and to
prevent objects from falling on them,
(see Figure 11.9). Ifitis not possible to
construct a box, keep the batteries off
the ground on a plastic or wooden
tray (but not metallic).

Security and safety. The battery should
be located where it is secure and not
likely tobe stolen. Ideally, itshould be
ina closetor room where childrenand
animals cannot tamper with it. How-
ever, the place should be accessible for
easy state of charge measurement and
cleaning. In an institution, the room
where the battery is kept should be
locked.

Transporting and Filling the Battery
Locally-made lead acid batteries are usu-
ally supplied dry for solar electric applica-
tions. This means that when they are sold,
sulphuric acid electrolyte has not yet been
added to the cells. The acid is supplied in
plastic jerry cans (i.e. mutungis) which can
be safely sealed for transport to remote
areas. Because batteries are likely to tip
and spill during transport on the rough
roads, it is recommended that they always
be transported dry, and acid carried sepa-
rately in sealed jerry cans.

After arrival at the site, acid should be
carefully poured into the batteries until
they are almost full, either by using a plas-
tic tube, or by using a funnel. Wait ten
minutes for the acid to settle and then top
them up. Afterwards, wipe the top of the
batteries,and rinse the funnel, plastic tubes,
clothes and hands that have come into
contact with acid.

e Keep plenty of water around
when filling the battery so that
any spills can be quickly rinsed.
Be aware that sulphuric acid is
dangerous, and take care when
pouring it.

¢  Wear old clothes and goggles
when filling batteries. Fill them
outside if possible.

Once the batteries have been filled,

they are charged and can produce a

very high current. Keep tools and

cablesclearof the terminalsand posts,
as accidental short circuits are both expen-
sive and dangerous.

Battery Wiring

As stated previously, the cable run from
the modules to the control and batteries
should be as short as possible. If the
modules are on the roof, run the cable
through the roof space down aninside wall.
If the modules are on a separate pole or
ground mount, protect the underground
cable run with conduit, and mark the place
where the cable is.

If there is only one 12 volt battery, attach
the cables to the battery terminals (when
the terminals are not attached to the bat-
tery), tighten the screws and secure them.
Itis always better to use ring or spade-type
connections on terminals than to simply
wind the wire around the terminal screws.
Unless the battery is being used to power
toolsand lights, leave one terminal discon-
nected from the battery until the final .
connection sequence. Coat thg outside of
the terminals with a thin layer of petro-
leum jelly. Check the electrolyte level in
each cell. Check the state of charge of each
cell to make sure that no cell is bad.

If there is more than one 12 volt battery,
make sure that they are arranged properly
in series or parallel. Twelve volt batteries
in 12 volt systems are arranged in parallel.
If there are two 12 volt batteriesina 24 volt
system, they should be arranged in series.
If there are four 12 voltbatteriesin a 24 volt
system, two should be in series and two
should be in parallel.
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Caution:

Solar eleciric equipment is
expensive. Damage to the
equipment can be prevented by
following the four steps slowly
and carefully.

Figure 11.10
Installation sequence in a
solar electric home system

Final Connections

For final connections in small systems, the
guide-lines below represent a method of
safely commissioning the system. These
guide-lines are designed for systems that
use charge controllers, but the order canbe
adapted for systems that do not use con-
trollers.

e AN ELECTRICAL TECHNICIAN
PROPERLY TRAINED AND EXPERI-
ENCED WITH SOLAR ELECTRIC
SYSTEMS SHOULD MAKE THE
FINAL CONNECTIONS. This super-
visor should conduct commissioning
tests of the array, the junction boxes,
the support structure, the solar mod-
ules, the control unit and the battery.

¢  Follow themanufacturer’sinstructions
for controls and inverters.

¢ If the installation is for an institution,
there should be an official handover to
the operator/client with some type of
receipt/record of transaction to mark
the occasion.

Before commencing with the final connec-
tion sequence, the wires should have been
installed without being connected to the
control terminals. Before beginning this
process, disconnect fluorescent tube lamps
to allow a polarity check to be made.

1 Connectthe Wires from the Battery to
the Charge Controller

Make sure that the wires are securely
connected to the battery terminals, and
that the inside surface of both terminals is
clean and shiny. Make sure the battery
posts are clean. After checking to make
sure that the wires are not touching the
control terminals, place both terminals on
the battery posts without tightening the
clamping bolts (this will enable them to be
removed quickly if there is a problem).
The black wire should be connected to the
negative (-) and red wire should be con-
nected to positive (+).

Connect the black negative wire to the
indicated negative terminal on thecontrol-
ler (i.e. BATTERY -), and tighten. Touch
the red power wire to the positive BAT-
TERY terminal on the control very briefly.
If there is a spark, the controller may be
defective, or there may be some other
mistake; so re-check the connections. If
there is no spark, connect the positive red
battery cable to the terminal and tighten.

2 Connect and Check the Load

Since the battery is connected, power is
now available to check the wiring of lamps
and sockets in the load. Before beginning,
all dc globe lamps should be removed
from their lamp holders and no fluores-

Solar cell modules

Connect the

solar call

% /
Connect the fluorescent
lamps and install the
Charge dc globaes
controller a

Connect and

&
witches
[\1[3] check the load

) (=]

Connect the wires from
@ the battery to the charge
controller
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Polarity of the fluorescent tube
lamp wires should be checked
using a voltmeter.

Back view

Figure 11.11 Final connection sequence on control terminal strip

1 Connect the wires from
the battery to the charge
controller

2 Connect and check the
load

3 Connect the fluorescent
lamps and install the dc
globes

4 Connect the solar cell
module(s)

cent tube lamp should be connected (if
sockets are on the same load circuit as the
lamps, disconnect the positive wire from
each socket). First, connect the negative
wire from the lamps circuit (or load circuit
if there is not a separate lamps and socket
circuit in the system) to the negative load
terminal on the controller, and turn the
main switch ON. Touch the positive wire
to the positive load terminal and check for
sparks. There should be no spark since all
of the lamps (and sockets) have been dis-
connected. If thereisalarge spark and/or
a fuse has been blown, then there must be
a short circuit somewhere. Find it and fix
before proceeding. If there is no spark,
then the wires can be fixed to the control
terminals.

Polarity of the fluorescent tubelamp wires
should now be checked using a voltmeter.
If the polarity is wrong, fluorescent tube
fixtures will be damaged. Set the voltme-
teratthe DC VOLTS scale, and connect the
red voltmeter wire to the red fixture wire
(from the battery) and the black voltmeter
wire to the black fixture wire. Have some-
one switch the lamp ON and read the
voltage on the voltmeter. If the voltmeter
displays the system voltage, then the po-
larity is proper. Repeat this test for each
fluorescent lamp (polarity does not matter
with globe lamps).

Now check the socket circuits (if thereis a
separate outlet circuit on the control and
load). Connect the black wire from the

sockets to the proper terminal on the con-
trol, and touch the red wire briefly to the
positive terminal with the “sockets” main
switch turned ON. If there is no spark,
secure the wires to the terminals.

Polarity of each socket should be checked
with a voltmeter. Reversed polarity in
sockets will damage some dc appliances
such as televisions. An easy way to check
outlets is to use a three pin plug with the
cover removed. Insert the plug into the
socket, and check the polarity by touching
the red meter wire to the ‘L’ (+) terminal
and the black meter wire to the ‘N’ (-} ter-
minal.

3 Connect the Fluorescent Lamps and
Install the dc Globes

Now that the polarity has been checked,
the tube lights can be connected and put
into service. After connecting each lamp,
turn it ON to see if it lights properly, and to
check if the switch is properly installed
(OFF is up). When connecting the fluores-
cent lamp leads, note that in some wire
coding systems, white lamp leads are
negative and black lamp leads are positive
(read the label for details). At this point,
the dc globelamps canalso be inserted into
lamp holders, and checked for proper
operation and switch placement.

4 Connect the Solar Cell Module(s)

First, turn all the lamps and sockets OFF
using the main switches in the control (if

there is none, turn them OFF at the room

. _____________________________________ "
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Itis crucial 1o the success of the
system that the users learn how
1o manage and mainain it.

switches). If there the array is above 60
Wp, cover it with a blanket before wiring.
Connect the cable leading from the control
to themodule leads (or terminals), observ-
ing proper polarity. Some types of mod-
ules have terminal boxes, while othershave
long cables (leads) attached to the back of
the module. A junction box should be
used to make the connection with the wire
to the control. Use connector strips inside
the box; seal and fix it to the mount when
finished. Once the connections are com-
plete, you can remove the blanket from the
array if necessary.

Now, connect the black charge wire lead-
ing to the module to the negative SOLAR
terminal of the controller. Meanwhile,
attach the voltmeter to the battery termi-
nals. Write down the battery voltage.
Touch the red charge wire to the control
terminal briefly. If thereisa charge indica-
tor light it should come ON, and the bat-
tery voltage should jump between 0.3 and
0.4 volts (depending on the time of day).

If no problems have been encountered,
secure these wires. The system wiring is
complete, and it can now be safely com-
missioned and used.

User-Training

Asexplained in the next chapter, not much
is required in the management of a solar
electricsystem, butitdoes need to bemanaged.
The person who installs a system is usu-
ally not the person who operatesand main-
tains it. It is crucial to the success of the
system that the userslearn how to manage

and maintain the system. This means that
during the installation process, someone
must teach the person responsible for
managing the system what he or she needs
to do.

The system manager needs to learn the
following;:

®  Maintenance routine. What tasks need
to be completed and how often (i.e. on
a daily, weekly or seasonal basis)?
Which tools are required and how are
they used?

*  Expected service operations and schedule.
Which parts wear out and how are
they replaced? Where are they avail-
able? The system manager should be
given a schedule of the service con-
tract (if there is any).

*  What records need to be kept? In some
systems, particularly institutions, rec-
ords should be kept regarding the age
and condition of the batteries (they
will have to be replaced), the place of
purchase of system components, and
the electrical details of the system (i.e.
circuitdiagrams). The manager needs
to be shown how to keep these rec-
ords.

» What to do in case of breakdown. The
manager should know who to contact
in the case of a problem that cannot be
solved on the site. There should be
some kind of regular contact (at least
annually) between the operator and
the sales agent or installer.
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Chapter 12
- Maintaining and Servicing
Solar Electric Systems

This chapter explains how to take care of a solar electric system, and how
to fix it if there is a problem. It explains routine maintenance tasks
involved in the care of the battery, modules, wiring and control, and loads.
The section on troubleshooting explains how to identify the causes of
problems and how to solve them when the system fails to work.

PPoy
?po0
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Give your battery an equalizing
charge once every few moths,
preferably during cloudy
weather.

Routine Maintenance

A properly installed solar electric system
requires very little maintenance. In fact,
the work involved in maintaining a solar
electric system is much less than that
needed to maintain a diesel or petrol-
powered generator. The best maintenance
practice is to make regular inspections of
the equipment (especially batteries and
modules), to make sure things are kept
clean, and to make sure all electrical con-
tacts are tight.

Table 12.1

The following section describes most of
the tasks that need to be done when man-
aging a system. You do not have to go out
and check each wire in the system every
two weeks. However, you should follow
the suggested procedures below, and you
should at least make an annual system
check to look for problems not covered
below. Theseinclude checks for tree growth
that has shaded your modules, birds’ nests
in your module junction boxes, shambas
above buried wires, and other unexpected
problems.

Useful Tools and Materiols for Maintenance of Solar Electric Systems

Hydrometer

Voltmeter

Adjustable spanners

Distilled water (or rainwater)
Petroleum jelly

Chapa cha mandazi (Baking soda)

Measuring battery and cell state of charge
Measuring state of charge, checking wiring
Tightening ioose connections
Replenishing battery electrolyte

Protecting battery terminals

Neutralising spilled battery acid

Spare switches Replacing broken switches

Spare tubes and globes Replacing burned out lamps

Spare fuses (of the proper size) Replacing blown fuses

Extra screws and wires Replacing stripped or worn screws and wires
BATTERY MAINTENANCE 3. Clean the top and outside of the bat-

Batteries require careful maintenance. For
long life, they should be cleaned monthly,
they should have their electrolyte level
checked and they should be
kept in a high state of
charge. When
cleaningbat-
teries, be-
ware of the
battery acid
and do not
short the ter-
minals.

Cleaning
(do this once a month)

Carry the battery outside when cleaning it
to avoid spilling acid. Keep plenty of
water nearby to rinse spills.

1. Turn OFF ordisconnect thesolar charge

2. Disconnect the battery from the leads,
and remove the terminals from the

posts.

tery with water (do not allow water to
enter the cells).

4. Clean the terminals and posts until
they are shiny. If the terminalsare cor-
roded (i.e if they are covered with
white powder), clean them carefully
using a solution of baking soda (chapa
mandasi) and water. If the terminal has
been badly corroded buy a new oneat
an auto supply store.

5. Replacethecleanterminalsand tighten
bolts. Apply petroleum jelly or grease
to connected terminals.

Checking and topping up electrolyte level

(do this once a month)

1. Remove the caps of each cell one ata
time and check the level of the electro-
lyte. Acid should be within two cm of
the top of the battery. If you can look
inside the batteries, check the plates to
see their condition.

Small Solar Electric Systems for Africa 93



Maintaining and Servicing

Do not add acid, tap water, or
fonics to batteries.

2. Iftheelectrolytelevelisdown,add de-
ionised ordistilled water until thelevel
is about two cm below the cap open-
ing. Distilled water can be bought at
petrol stations (It can also be madein
most secondary school labs using glass
beakers). Rain water collected in glass
or plastic (but not metal) containers
can also be used to replace distilled
water.

Checking state of charge (do this once a

month or as required)

e For information on checking battery
state of charge, see page 31. If the bat-
tery is in a low state of charge reduce
use of the load, allow the battery to be
charged up by the module, or have it
charged at a petrol station.

e Withlarge systems i.e.in schoolsand
institutions), keep records of battery
state of charge, age and performance.
This allows users to judge more easily
whether a battery needs replacement;
if a new headmaster comes the rec-
ords willenable him to budget for new
batteries.

Equalizing charge (once every 4 months)
* Anequalizingchargeisa ‘hard’ charge
from a grid or generator powered bat-
ter charger that takes the battery a bit
above its normal full state. It causes
bubbling which mixes up the acid
inside the battery, and also helps
remove accumulated sulphate from
the battery plates. Give your battery
an equalizing charge during the

Since modules do not
have any moving parts,
7 theyrequire minimum main-
tenance. Keeping the glass
surface clean is the most impor-
tant task. You should also be
aware of plants or trees that grow
uparound themoduleand shadeit. Check
ocassionally for loose nuts in the mount-
ing hardware.

Inspecting for dust and cleaning

the modules (do this once a month).

1. Solar modules must be kept clean to
produce maximum power. If dust is
allowed to collect on top of the mod-
ule, its electric output will be reduced.
During the dry season, inspect the
module every two weeks to see if dust
has collected on top of it. Run a finger
along the top of the module to check
for dust.

2. Clean modules with water and, if nec-
essary, a mild soap. Wipe the glass
with your hands, a sponge, or a soft
cloth. Hands or soft cloth are used to
avoid scratching the glass (if the glass
is wiped with a rough cloth, it will be
scratched, and its output will be re-
duced).

Checking connections

(do this every few months)

¢ Inspect the junction box on the back of
each module to make sure that the
wiring is tight. Make sure than the
wires have not been chewed by ro-
dents and that there are no spiders liv-
ing in the junction boxes.

WIRING AND

CONTROL

If wiring is in-

stalled properly,

there should be no

wiring problems

for the life of the

system. However,
itis useful to check the wiring of a system
at least once a year, especially in places
where it might be chewed by rodents,
tampered with or accidentally pulled.

Inspecting wiring, fuses, indicator lamps

and switches (do this once a year)

1. Check the tightness of all connector
strips. Make sure that no bare wire is
visible.

2. Inspect system wire runs for breaks,
cracksin theinsulation or places where
it has been chewed. This is especially
important for old or exposed wire.
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You should operate the loads as
efficiently as possible on a daily
basis.

3. Inspect junction boxes to make sure
they have not become homes for in-
sects, and, if they are in an exposed
location, to make sure they are still
watertight.

4. Check switches to make sure they are
operating properly.

5. Check fusesto find if any has blown. If
so, find the cause and repair it or re-
place it with a new one of the same
size.

6. Check the indicator lamps on the
control. The solar charge indicator
should come ON when the sun is up.
If it is not ON, check to see if batteries
are being charged. Check whether the
other LED indicator lamps are work-
ing (i.e. battery full and low voltage).

7. Check grounding wires to make sure
they are still intact.

7 LAMPS AND
%/ OTHER LOADS

On a daily basis, you
should operate the loads
as efficiently as possible.
Maintenance of loads includes turning
lightsand appliances OFF when notinuse.

1. Clean lamps, reflectors and fixtures
once every few months. Dust and dirt
will reduce lamp output as much as
20%.

2. Check for blackening tubes in fluores-
cent fixtures. If tubes blacken at one
end, this is an indication that they are
approaching theend of their lives, and
that their output is reduced. Replace
blackened or blinking tubes.

3. Replace burnt out globes.

System Records and Manuals

Keep all information about the systemin a
safe place, preferably under lock and key,
where it can be referred to when neces-
sary. Update it periodically. Most of the
important information can be kept in one
ledger or file. Large institutional systems
work better when someone is given the job
of maintaining the system and keeping

records up to date. This information in-
cludes:

* Circuit diagrams and maps showing
the location of batteries, loads, wire
runs, junctionboxes, and buried cables.

¢ Manuals, warranties,and manufactur-
ers’ specifications for system compo-
nents.

* Records of battery state of charge &
history, installation dates, repairs,
equipment replacement and system
maintenance.

Trouble Shooting

Trouble-shooting means fixing problems
as they occur. Although the equipmentin
properly installed systems is unlikely to
fail, problems that need attending to some-
times rise up. This section explains how to
tackle problems in solar electric systems
when they do occur.

The first thing to do is not to panic. Most
problems have very simple causes, and
can be discovered simply by checkingina
few key places. The battery, for example,
is the most likely source of problem in a
small solar electric system.

It is especially useful to have a voltmeter
when trouble-shooting, as you can use it to
quickly measure the battery’s state of
charge, check for broken wires and shorts,
check the output of the module and meas-
ure voltage drops. If you do not have a
voltmeter, make sureyouhaveahydrome-
ter (see page 31) for checking the battery’s
state of charge. Learn how to tell whether
a fuse is blown where you buy your fuses
and electrical equipment.

There are two sections below. The first
provides basic questions you should first
ask about the system to identify the source
of the problem. The second section is a
detailed table that should help you iden-
tify specific problems. If you are not con-
fident with dc electric principles, then you
should try to answer the questions in the
first section, and, if you cannot identify the
problem or solve it with them, consult an
electrician familiar with solar electricity.
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If a system failure occurs, check
for basic problems first, then
consult the detailed trouble

shooting guide on the next page.

Check for Basic Problems First

What was the weather like for the
weeks before the problem? Has the
weather been cloudy? Is it likely that
the load has been using more energy
than the solar modules produce?

If this is the case, then the problem
may be due to mis-use of the system,
and notdue to the failure of any part of
the system.

Is the system new? Do the owners
know how to useand maintainit prop-
erly?

If the systemis only a few weeksold or
less, then the problem may be due to
failure of oneof the parts (due to faults
in the components) or improper in-
stallation. On the other hand, if the
owners do not know how to use the
system, you should question them
carefully (Have they been trying to
run six lights with a 10 Wp module?).

What is the type, condition and age of
the battery? Canit still hold a charge?

If the battery is corroded and looks
like it has not been cleaned in months,

then you should immediately begin to
suspectit. Similarly, if the system uses
an eight year old automotive battery,
thereisreason to suspect that the prob-
lemis thebattery. If, however, the bat-
tery is new, clean and well-charged,
then you should look elsewhere.

e Are all the fuses and circuit breakers
okay?

Locate all the fuses in the system and
see if any have blown. Check to see
what caused the fuse to blow (i.e.
overload, short circuit) before replac-
ing it.

* Are all the wires connected securely?

Are any corroded? Is there any place
where a wire is likely to have broken?

e Are the modules dusty? Are they
shaded?

Detailed Trouble-Shooting Guide

If you cannot find the problem with your
system after using the above basic check,
then you may have to do a bit more explor-
ing to find what is wrong, with the help of
an electrician if possible. '
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Table 12.1: Trouble-Shooting Guide

“Battery low” indicator
comes on, low voltage
disconnect turns OFF load,
or baltery state of charge is
constantly below 11.5 volts

No solar charge

Solar charge indicator does
not light up during the day.
There is no current in

wires from module.

Appiiances or lamps
do not work

One or more lamp or appliance
fails to come ON when connected.

Blown fuse
When the fuse is removed,
the wire inside is broken

» Bad connectionffo control terminal
» Defective (bad) battery or cell

« Loose or corroded battery terminal
+ Dusty modules
+ Blown fuse

» Overuse of system

. Battery will not accept charge

+ Voltage drop between module
and battery too high
» Defective controller

+ Short circuit along wires to modules

+ Loose connection in wires connecting
battery to the control

» Blown fuse

» Thick coating of soot or dust on module

« Broken module

Lamps

+ Bad tube or globe

+ Bad ballast inverter

+ Bad connection in wire

+ Switch is "OFF

« Tubes or globes have very short lifetimes

Appliances

» Bad connection in wire
+ Switch is “OFF"

+ Bad socket

« Broken appliance

« Short circuit along wire to solar cell module
+ Fuse was too small
« Lightning or power surge

Problem Cause How to Fix
Battery state of + There is no solar charge + Check and fix connection to module
charge Is low » Battery acid low + Add distilled water to cells

« Check for broken wire or loose connection

» Check state of charge of each cell. If there is a significant
difference between cells, replace or repair

» Clean and tighten battery terminals

+ Clean modules

+ See 'blown fuse' section, below

» Leave appliances and lamps OFF for a week 1o allow
recharging or recharge battery by other means

» Find out age and history of battery. Replace if old, or if
ruined by careless use

« Check voltage drop. Replace cable with larger diameter
if required

« Check operation of controller with dealer. Replace or repair
if necessary

« Locate and repair short circuit
» Locate and repair loose connection

* See “Blown fuse” below

+ Clean module with water and soft cloth

« Check for broken cells, broken glass, or poor
connection inside module. Replace solar cell module

Lamps

+ Replace with new tube or globe

* Replace ballast inverter with new one

« Locate broken or loose wire and repair

« Turn switch “ON”

» Check voltage of system: too low or too high?
(Voltage is always lower when load is ON).

Appliances

» Locate broken or loose wire and repair

* Turn switch "ON’

» Check socket. If bad, replace

« Try appliance where there is a good power supply.
Replace or repair.

+ Locate and repair short circuit
+ Use fuse 20% larger than combined power of loads
» Replace fuse
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One kilowatt hour is equal 10 3.6
megajoules.

Appendices

Appendix 1
Energy, Power, and Efficiency

The following section is a review of the energy
concepts which must be understood to install
and design solar energy systems.

Energy

Energy is referred to as the ability to do work.
For example, energy is required to boil tea, to
move a vehicle between two points or to make
a radio work. When boiling tea in a jiko, the
energy source is chemical energy stored in
firewood. When driving a car, the source is
chemical energy stored in petrol. When oper-
ating aradio, the energy source is chemical en-
ergy stored in dry cells.

Energy is measured in units called joules, | , or
in watt hours, as below. Because one joule is
such a small amount of energy, words that
name large numbers of joules are commonly
used. One kilojoule, k], is equal to a thousand
joules, and one megajoule, MJ, is equal to a
million joules. Charcoal, for example, contains
about 32 k] of energy (or 32,000]) per gram, and
petrol contains about 45 k] per gram. During
the course of a clear day at the Equator, about
23 M]J of solar radiation energy falls upon an
area of one square metre.

Watt hours (Wh) are a convenient way of meas-
uring electrical energy. One watt hour is equal
to a constant one watt supply of power sup-
plied over one hour (3600 seconds). Ifabulbis
rated at 40 watts, in one hour it will use 40 Wh,
and in 8 hours it will use 240 Wh of energy.
Electric power companies measure theamount
of energy supplied to customers in kilowatt
hours, kWh(orthousands of watt-hours). In this
book, energy is always referred to in watt or
kilowatt hours. Note that one kilowatt hour is
equal to 3.6 megajoules.

Power

Power is the rate at which energy is supplied
(or energy per unit time). Energy can be sup-
plied at a high rate or at a low rate. For
example, it takes roughly the same amount of
energy to travel ten kilometres walking as it
does to travel ten kilometres running. The
difference is that, when running, more energy

is being used per unit time than walking. Simi-
larly, the amount of energy required to boil a
pot of water is constant; the time it takes to boil
the water depends on the power, or the rate at
which the energy is supplied. More power is
required to boil a pot of water in two minutes
than is required to boil the same pot in ten
minutes.

Power is measured in watts. One watt is equal
to one joule supplied per second. Asinthecase
above, large amounts of power are given the
name kilowatts, kW (thousands of watts), and
megawatts, MW, (millions of watts). As an ex-
ample, an incandescent light bulb might use 40
watts, whilea radio uses about 5 watts, and an
electric cooker might use 2000 W. A human
being riding a bicycle produces about 200 watts
of power, while a typical automobile engine
produce about 25 kilowatts. On a clear day,
solar power arrives upon a flat surface at a rate
of about 1000 watts (one kilowatt) per square
metre. Jinja Dam in Uganda supplies hundreds
of megawatts of power.

Efficiency

Efficiency is the ratio of output energy to input
energy expressed as a percentage. Mathemati-
cally, it is expressed as follows:

output energy
input energy

Efficiency (%) = x 100

Energy-efficient devices use less energy to
performa given task than energy-wasting ones.
For example, some types of stoves use less char-
coal to cook a pot of tea than others. Similarly,
some types of cars use petrol more efficiently
than others. Tube-type lamps consume less
energy than globe lamps to produce the same
amount of light.

In the case of solar electricity, input energy is
the radiation received from the sun by the solar
cellmodules, and output energy is the electrical
output. The best solar cell modules are only
15% efficient. This means that, when the equa-
torial sun is shining at about 1000 W/m?, only
about 150 watts per square meter of solar cells
are produced.

The higher the percent efficient a device is, the
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more effectively it converts energy. Solar cells
that convert solar energy to electricity with an
efficiency of 15% are therefore much more effi-
cient than solar cells which convert solar en-
ergy with an efficiency of only 5%.

Other solar energy devices, including solar
cookers and concentrators, are able to trans-
form solar energy much more efficiently than
solar cells (i.e. up to 60%) The problem is that,
for smallapplications, only solar cellsareable to
convert solarenergy directly toelectricity. Solar
water heaters convert solar energy to heat,
which is useful for producing hot water, but
not very useful for running television sets or
electric lamps. You should therefore consider
using solar cookers if you want to use solar
energy for cooking or heating. Using solar cells
for cooking or heating is wasteful because you
first convert solar energy at only 15% efficiency
to electricity, before distributing the energy
through wires. With solar collectors, the en-
ergy is collected as heat in one step only.

Appendix 2:
Introduction to Basic Low Voltage
Electricity

This section reviews some terms used in to
describe basicelectric principles. If you are just
beginning tolearn about electricity, youshould
check a secondary school text such as Principles
of Physics by M Nelkon (see References) for a
good introduction to the subject.

cannot are called insulators. Metals such as
copper and aluminium are good conductors of
electricity, as are salty liquid solutions called
electrolytes. Wood, plastic and rubber cannot
carry electricity and are thus called insulators.
Note that wire cables are wrapped with plastic
insulators to prevent the electricity from devi-
ating from its pathway.

The Flow of Electric Current.

Although wires areactually very different from
water pipes, electricity flowing through wire
can be compared to water flowing through
pipes. When electricity is flowing, there is said
to be electric current.

Current (I)is the rate of flow of electronsthrough
the wires. Itis measured inamperes (called amps,
A) which is a measure of the number of elec-
trons passing through a given length of wire.
This is similar to the rate of flow of water
though pipes (i.e. litres per second). Current
flowing in one direction is called direct current
(dc), while current which changes direction of
flow is called alternating current (ac). Ina 12
voltdc system, a 13 watt lamp draws about one
ampere of current.

Potential difference, or voltage, is the difference in
potential energy between the ends of a conduc-
tor (i.e. a wire) that governs the rate of flow of
current throughit. Voltageis measured in volts
(V). In basic terms, it is the amount of energy
each electron has to move about, and is similar

Electricity is power pro-
vided by the flow of very
small charged particles
called electrons through
metal wires. Because elec-
trons are so small, it takes
millions of them moving to-
gether in the samedirection
to develop an detectable
electric current. Wires car-
rying electricity do not
appear any different from
wires not carrying electric-

High voltage
ac source
.

24 watts
240 volts ac
0.1 amps

ity (although they may geta 24 watts
bit hot), so electricity is in- Low voltage ;%‘;‘:::sdc
visible to the human eye de source

when travelling through W

wires. >\\ &

Conductors and Insulators.
Notall substances can carry
electricity. Those that can
carry electricity are called
conductors and those that

High current flow
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to the pressure pushing water through a pipe.
Grid electricity is supplied at 240 voltsac, while
the electricity from automotive batteries is at
about 12 volts dc.

Circuits. A pathway which electricity flows
through (i.e. the wires, batteries, lamps,
switches, etc.) is called a circuit. Current flows
from a source of electricity (a battery, generator
or solar cell) through wires to loads (lamps,
motors, electric coils) and back. When there is
an uninterrupted pathway for electricity to
flow, the circuit is said to be closed. When there
is a point where electricity cannot pass (i.e.
switch turned OFF), the circuit is said to be
open. Thus, when you turn ON a light, you
close the circuit, and when you turn OFF a
light, youopen thecircuit. Current cannot flow
through an open circuit. Circuit diagrams are
pictures of electric circuits with special sym-
bols for switches, batteries, resistive loads,
diodes and other electric equipment that help
electricians to understand and plan circuits.

>
Blocking diode

Switch

[

Solar cell module —_Battery Load

‘——————1||||

Series and Parallel Circuits.

When a number of electrical components are
wired up end to end ina continuous chain, they
arejoined in series. If lamps are joined in series,
and one of them fails, then the circuit will be
broken and all the lamps will fail. If batteries or
solar cells are joined in series, the voltage in-
creases according to the number of units joined.
For example, three 1.5 volt dry cells joined in
series will produce a voltage of 4.5 volts.

When components are wired so that one path
can be broken without affecting the flow of
electricity through the others in the circuit, the
components are said to be wired in parallel. The
lamps in a mains-wired house are in parallel,
and you can turn one OFF without turning the
rest of the lights in the circuit OFF. When
batteries or solar cells are wired in parallel, the
available current increases but the voltage stays
the same. For example, if the above three 1.5
volt dry cells were wired in parallel, the voltage
would remain at 1.5 volts, but the amount of
current available would increase.

Basic Electric Laws:

In all basic electrical work, the understanding
of two formulae are required. Once they are
understood, most electrical problems encoun-
tered inlow voltagesystems canbeeasily solved.
These formulae are simple:

Power Law:

Watts (w) |=|volts(v) |x |amps(A)
Ohm’s Law:

volts (V) =| amps (A) |[x |ohms (Q)

Switch
12 volt .
batteries Load Switch
in series ad] ~
AN
Hoamcon tgf 12 volt  Load /
o batteries ; 1
in parallel “/MN
KE
24 Volt System|_ J L

12 Volt System
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The Power Law

Power (P) is the amount of work the electricity
is doing at a given instant. It is measured in
watts. The power rating in watts of a light
fixture, for example, is a measure of the power
it will consume to produce light. Power is
calculated by multiplying the voltage (V) by
the current (I):

Power (P) = Voltage (V) x Current (I)
or
watts = volts x amps

or, (if you divide by voltage),
I= P+ V = watts + volts

Example:

a) A globe lamp is connected to a 12 volt bat-
tery. When it is turned ON, 3 amps of current
flowing through the wire. What is the power of
the lamp?

b) A 24 watt dc globe lamp is connected in a 24
volt dc system. When the globe is turned ON,
what current will be flowing?

Solutions:

a) Example (a) is asking for the power of the
globe lamp.
Power (P) Voltage (V) x Current (I}
= 12 volts x 3 amps

= 36 watls

b) Example (b) is asking for the current flowing

through the 24 volt wire.

Current (1) = Power (P) + Volts (V)
= 24 watts + 24 volts
=1amp

Ohm’s Law

Resistance (R)isthe property of aconductor (i.e.
a wire or appliance) which opposes the flow of
current through it and converts electrical en-
ergy into heat. It determines the amount of
current that can flow for a certain voltage.
Resistance is measured in units called ohms,
which are given the symbol Q.

The formula that relates these three electrical
measures is called Ohm’s Law:

Voltage (V) = Current(l) x Resistance (R)
or
volts = amps x ohms
or
V=IxR

Ohm’s Law Example

In a circuit, a long wire with a resistance of 0.5
ohms connects a 12 watt lamp to a 12 volt
battery. What is the voltage drop in the wires
between the battery and the lamp?

Answer:
From the power rating of the lamp (watts), we
can determine the current (amps):

= waltts + volts
= 12 watts + 12 volts (voltage of
battery)

=1amp

| (amps)

Actually, when the resistance of the lamp is
added to that of the wire, the current is calcu-
lated to be about 0.96 amps.

Because the wireis long we need to know if the
voltage loss due to the resistance of the wire
will make the voltage for the lamp too low.
Ohm'’s Law tells us that the voltage drop is the
current times the resistance:

Voltage drop in wire = current (amps) x
resistance (ohms)
=|xR
= 0.96 amps x 0.5 ohms
= 0.48 volts.

The voltage drop will be 0.96 amps muitiplied
by the current of 0.5 ohms, or 0.48 volts. This
means that, at the lamp, the voltage will be
about 11.52 volts (12 volts from the battery less
0.48 volts from the voltage drop). This is less
than a 5% voltage drop, and is acceptable for a
solar electric system.

Switch
P
Resistance (wire)
-— + =0.5o0hms
Voltage (battery)
=12vdc
Power (lamp)
=12 watls
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Appendix 3: Glossary

alternating current (ac): electric current in
which the direction of flow changes at
frequent, regular intervals.

amorphous silicon: a type of thin film PV sili-
con cell having no crystalline structure.

ampere (amp)(A): unit of electric current which
measures the flow of electrons per unit
time.

ampere hour (amp hour) (Ah): a measure of
total charge commonly used to indicate
energy capacity of batteries. One amp
hour is equal to the quantity of charge in
the flow of one ampere over one hour.

annual mean daily insolation: the average so-
lar energy per square meter available per
day over the whole year.

appliance: a tool or other device such as radio
or television which consumes electricity.

array: an assembly of several modules on a
supportstructuretogether with associated
wiring.

ballast inverter: a device which converts low
voltage direct current to the type of high
voltage ac current required by fluorescent
lamps.

battery: a device that converts chemical energy
contained in its active materials directly
into electrical energy by means of an elec-
trochemical reaction.

battery capacity: thetotal number ofamp hours
that can be removed from a fully-charged
battery or cell ata specified dischargerate.

blocking diode: a solid-state electrical device
placed in circuit between the module and
the battery to prevent discharge of the
battery when the voltage of the battery is
higher than that of the module (i.e. at
night).

by-pass diode: a solid-state electrical device
installed in parallel with modules of an
array which allows current to by-pass a
shaded or damaged module.

cell (battery): the smallest unit or section of a
battery that can store electrical energyand
is capable of providing a current to an
external load.

cell (photovoltaic): see solar cell

charge controller: a device which protects the
battery, load and array from voltage fluc-
tuations, alerts the users to system prob-
lems and performs other management
functions.

charge current: electric current supplied toand
stored in a battery.

circuit: a system of conductors (i.e. wires and
appliances) capable of providing a closed
path for electric current.

circuit diagram: a special type of drawing used
by electricians to represent electric circuits.

connector strips: insulated screw-down wire
clamps used to fasten wires together in
solar electric systems.

converter: a device that converts a dc voltage
source to a higher or lower dc voltage.

crystalline silicon: a type of PV cell made from
a single crystal or polycrystalline slice of
silicon.

current (amps, amperes) (A): the rate of flow of
electrons through a circuit.

cycle: one discharge and charge period of a
battery.

cyclelife: of a battery, the number of cycles it is
expected to last before being reduced to
80% of its rated capacity.

days of storage: the number of consecutive
days a stand-alone system will meet a
defined load without solar energy input.

deep discharge battery:a type of battery that is
not damaged when a large portion of its
energy capacity isrepeatedly removed (i.e.
motive batteries).

depth of discharge: a measure in percentage of
the amount of energy removed from the
battery during a cycle

design month: the month has the lowest mean
daily insolation value, around whichmany
stand alone systems are planned.

diffuse radiation: solar radiation that reaches
the earth indirectly due to reflection and
scattering.

direct current (dc): electric current flowing in
one direction.

direct radiation: radiation coming in a beam
from the sun which can be focussed.

discharge: the removal of electric energy from
a battery.

efficacy: special term which refers to the effi-
ciency by which lamps convert electricity
to visible radiation. Measured in Jumens
per watt.

efficiency: the ratio of output power (or en-
ergy) to input power (orenergy) expressed
as a percentage.

electric power: the rate at which energy is
supplied from an electricity generating
source. It is measured in watts (W).

electrolyte: a conducting medium in which the
flow of electric current takes place by
migration of ions. Lead-acid batteries use
a sulphuric acid electrolyte.

equalising charge: a charge well above the
normal “full” charge of a battery which
causes the electrolyte inside the cells to
bubble and get mixed up.

. ___________________________________________________________________ |
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global radiation: term which refers to the
combined diffuse and direct solar radia-
tion arriving on a surface.

hydrometer: a tool which indicates the state of
charge of lead-acid batteries by measuring
the thickness of the acid inside its cells.

I-V curve: the plot of current versus voltage
characteristics of a solar cell, module or
array. I-V curves are used to compare
various solar cell modules, and to deter-
mine their performance at various levels
of insolation and temperatures.

insolation: incident solar radiation. A measure
ofthe solarenergy incidentonagivenarea
overaspecified period of time. Usually ex-
pressed in kilowatt-hours per square metre
per day or indicated in peak sun hours.

inverter: a solid state device which changes a
dcinput current into an ac output current.

irradiance: the solar radiation incident on a
surface per unit time. Expressed in watts
or kilowatts per square metre.

kilowatt (kW): one thousand watts. Standard
method of measuring electrical power.

kilowatthour (kWh): energy equivalenttoone
thousand watts delivered over the period
of one hour. Standard method of measur-
ing electrical energy.

langley (L): unit of solar insolation (1L = 85.93
kWh/m?).

light-emitting diode (LED): a type of diode
which lights up when current is flowing
through it. Commonly used as an indica-
tor in charge controllers.

load: the set of equipment or appliances that
use the electrical power from the generat-
ing source, battery or module.

low voltage cut-out: a feature of some charge
controllers that cuts off power to the load
when the battery reaches a low state of
charge.

maximum power point: the specific point, or
voltage, where, under given conditions,
the module produces the greatest power.
This can be identified on an I-V curve.

monthly mean daily insolation: the average
solar energy per square meter available
per day of a given month.

ohm (Q): a unit of electrical resistance.

open circuit voltage (V_): the maximum pos-
sible voltage across a solar module or ar-
ray. Open circuit voltage occurs in sun-
light when no current is flowing.

overcharging; leaving batteries on charge after
they have reached their full (100%) state of
charge.

peak power (Wp): theamount of power a solar

towards the sun.

peak sun hours: the number of hours per day
during which solar irradiance averages
1000 W/m? at the site. A site that receives
six peak sun hours a day receives the same
amount of energy that would have been
received if the sun had shone for six hours
at an irradiance of 1000 W/m?,

photovoltaic (PV) device: a device which con-
verts light energy into electric energy.

potential difference (voltage)(V): the differ-
ence in potential energy between the ends
of aconductor that governstherateof flow
of current. Measured in volts (V).

power conditioning unit (PCU): electrical
equipment used to convert dc power from
a PV array or battery into a form suitable
for standard ac loads (240 Vac or 110 Vac).
PCU’s are used to operate high voltage ap-
pliances such as videos and refrigerators.

resistance: the property of a conductor (i.e. a
wire or appliance) which opposes the flow
of current through it and converts electri-
cal energy into heat. Resistance has the
symbol R, and is measured in ohms, Q.

self-discharge: charge lost from batteries left
standing due to reactions within the cells.

shallow discharge batteries: batteries designed
to supply high power for a short duration;
taking too much energy out of these batter-
ies before recharging them is likely to
damage the plates inside.(eg. automotive
batteries).

short circuit current (I ): current across the
terminals when a solar cell or module in
strong sunlight is not connected to a load
(measured with ammeter).

silicon: a semi-conductor material commonly
used to make photovoltaic cells.

solar cell: a specially-made semiconductor ma-
terial (i.e. silicon) which converts light en-
ergy into electric energy.

solar cell module: groups of encapsulated so-
lar cells framed in glass or plastic units,
usually the smallest unit of solar electric
equipment available to the consumer.

solar constant: an amount referring to radia-
tionarriving from thesunat theedgeof the
earth’s atmosphere. The accepted value is
about 1350 watts per square meter.

solar incident angle: the angle at which the in-
coming solar beam strikes a surface.

specific gravity: the ratio of the weight of a
solution (i.e. battery acid) to an equal vol-
ume of water at a specified temperature.
Used as an indicator of battery state of
charge.
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standard test conditions: a set of accepted test-
ing conditions commonly used by manu-
facturers to compare solar cell modules of
different types. The conditions are 1000
W /m? solar irradiance at 25°C with an air
mass of 1.5

stand-alone solar electric system: a solar elec-
tric system that receives all of its energy
from solar electric charge, and which is not
connected to the grid or any other source
of power.

state of charge: the amount of charge in a
battery expressed as a percent of its rated
charge capacity.

system voltage: the voltageat which thecharge
controller, lamps and appliances in a sys-
tem operate, and at which the module(s)
and battery are configured.

total daily system energy requirement: the
amount of energy required to meet the

batteries are fully charged, some charge
controllers reduce theenergy from themod-
ule to the battery to a trickle charge so that
the batteries are not overcharged, but so
that they still get enough current to over-
come self-discharge.

volt (V): a unit of measurement of the force
given to electrons in an electric circuit; see
potential difference.

voltage drop: loss of voltage and power due to
resistanceof the wireto the flow of electric-
ity in long runs of cable.

watt (W): the internationally accepted meas-
urement of power. One thousand watts
are a kilowatt, and a million watts are a
megawatt.

watt hour (Wh): a common energy measure ar-
rived at by multiplying the power times
theamount of time used. Grid powerisor-
dinarily sold and measured in kilowatt

daily electrical load plus the extra energy hours.
required toovercomesystem energy losses.
tracking: the practice of changing the position
(i.e.angle) of the array at various times
during the day so that is faces the sun and
so harvestsalargeramount of solarcharge.
trickle charge: alow current charge. When the
Appendix 4:
Conversions and Electric Wiring Code
ENERGY CONVERSIONS ELECTRICAL WIRE CODING
watt hours x 1000 = kilowatt hours East African/British Colour Coding System
kilowatt hours x 1000 = megawalt hours Direct Current )
megajoules + 3.6 = peak sun hours Black - negative
= kilowatt hours Red + postive
kilowatt hours x 3.6 = megajoules Alternating Current
langleys x 0.0116 = kilowatt hours Blue g neutral
= peak sun hours Brown line (‘hot')
langleys x 0.0418 = megajoules Yellow/green earth
watt hours + system voltage = amp hours
American Colour Codi t
POWER CONVERSIONS Direct currant | oding System
Bla - i
watts + 746 = horsepower R e: K + ;:sgm;e
watts x 1000 = kilowatts
G
kilowatts x 1000 = megawatts reentbare 0 ground
Alternating Current
White neutral
Black line (*hot')
Green or bare earth
Red or any other ‘hot’

... ]
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ally. Thereis a 2nd updated edition.

Hankins, Mark, Renewable Energy in Kenya.
Motif Creative Arts, Ltd. Nairobi, Kenya,
1989 (second printing).

Basic introduction to the subject of renew-
able energy for the African reader.

Hansen, Richard and Martin Jose, Pho-
tovoltaics for Rural Electrification in the Do-
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Southern Africa, Kenya Met. Dept., Nai-
robi, Jan, 1987.

Information from this paper was used to
make the contour map on page 13.
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Photovoltaic System: A Handbook of Recom-
mended Design Practices. Sandia National
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Available from:

National Technical Information Service
US Department of Commerce

5285 Port Royal Road

Springfield, VA 22161

Practical design manual for planning PV-
powered lighting, refrigeration, remote
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cathodic protection and water pumping
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the above applications, and for economic
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Strong, Steven, The Solar Electric Home.
Rodale Press, Emmaus, Pennsylvania,
USA, 1987. 276 pages.

A very thorough book on solar electric
homes. Practical guide to installing and
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5. Price 25 GBP/42.50 USD in UNESCO cou-
pons (or 40 GBP /68 USD in UNESCO coupons
for 2 vols).

Solar Dryers: their role in post-harvest process-
ing, by B Brenndorfer, L Kennedy, C O Oswin
Bateman, D S Trim, G C Mrema & C Wereko-
Brobby. 1987 (second edition), x+ 298 pp., ISBN
0-85092-282-8. Prioe 7.50 GBP or 12.75 USD in
UNESCO coupons.

International Conference on Research & Devel-
opment of Renewable Energy Technologies in
Africa, University of Mauritius, Reduit, Mauri-
tius, 25 March -1 April 1985 - Summary Report.
CSC(85)ENP-6—Order No. 172. Free.
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Workshop held at the University of Melbourne,
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S Charters & C Y Wereko-Brobby)
CSC(86)ENP-9. Order No. 187. Free.

Assessment of Biomass Resources in Develop-
ing Countries. CSC(86)ENP-10. Order No. 188.
Free.
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Bangladesh: A Casestudy of four villages (June
1982). June 1986 vi + 143 pp. CSC(86)ENP-11.
Order No. 188. Free.

Common Accounting Procedures for Biomass
Resources Assessment in Developing Coun-
tries: Proceedings of the inaugural workshop of
the Technical Working Groups, Imperial Col-
lege, London 14-18 April 1986. July 1986, 67 pp.
CSC(86)ENP-13. Order No. 195. Free.

Potential use and performance studies of solar
cropdriersinMauritius, CSC(87)ENP-18. Order
No. 238. Free.

Natural Convection Solar Crop DriersinKenya:
Theory and Practical Application (by Herick
Othieno, Kenyatta University, Nairobi, Kenya)
CSC (87) ENP-20. Order No. 241. Free.

Biogas Technology for Rural Development in
Zimbabwe (by G Marawanyika, M Mapako &
McGarry S ] AEP Report series No 5)
CSC(87)ENP-21. Order No. 242. Free.

African Energy Programme - A Perspective of
a Regional Project Network, by R WO Okot-
Uma. July 1989, vii + 77 pp., CSC(89)ENP-28
Order No. 272.

Development of Solar Driers for Pyrethrum in
Tanzania, by T. E. Simalenga and G C Mkema.
February 1991, viii + 56 pp. CSC(91)ENP—29.
Order No. 285. Free.

Titles available from: Executive Officer (Informa-
tion), Commonwealth Science Council, Common-
wealth Secretariat, Marlborough House, Pall Mall,
London SW1Y 5HX, United Kingdom.
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WORKSHEET 1: DAILY SYSTEM ENERGY REQUIREMENT

Use this worksheet to calculate the energy which must be
supplied by the module(s) each day to power all the lamps and
appliances in your system.

1. Calculate the total daily load energy demand using the table below (see page 46-48).

Column A Column B Column C Column D
Lamp or appliance Voltage Power Daily use
(list below) (volts) (watts) (hours)

Column E
Daily Energy Use
(watt hours)

2. Estimate system energy losses Total Daily Load
Energy Demand

Energy is always lost due to inefficiencies in wires,
batteries and inverters. This extra amount should be
added to the total daily load energy demand. Itis

difficult to measure energy losses exactly. E> C> Estimated System
Energy Losses
Very general estimates of energy losses can
be made as follows: 3. Add Box F and Box G.
Write the sum in Box H.
¢ If the system components are new .
and properly sized, estimate 15% of Total Daily .Sy stem
energy losses to be: Box F o Energy Requirement
This is the amount of energy that
¢ If there are a number of long wire must be supplied by the
runs (over 10 metres), and the module(s) each day.
equipment is new, estimate energy 20% of 4. Choose Sysiem Voliuge
losses to be: Box F
« Running from a 12 volt battery? 12 volts
z‘,fs:it:ﬁ zizt::eyr is secondhand, 25% or more « Running from nicad cells? Add up
gy losses )
10 be at least: of Box F voltage at 1.3 vplts per cell. Runat variable
voltage of appliance or module.
* If the system uses a power «Lon le runs? m?
conditioning unit (see page 44-45), 30% of éﬁecgkcszlfa; (iro;sz.lr oSy 24 or more volts
estimate system losses to be: Box F Box |
. . . System
Write your estimate of energy losses in Box G above. Voltage
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WORKSHEET 2: SIZING AND CHOOSING THE MODULE

SOLAR INSOLATION ASSESSMENT (See page 59)

1. Do you have If there is no met station for the |3

meteorological

estimated roughly.
instructions on page 60

information?

Yes {}

2. Mean insolation data. Enter insolation data
from nearest met station. Convert from sun-
shine hours or langleys to peak sun hours.

Box A
Month

Langleys} Sunshine hours| Peak sun hours

O Z|olw|>| —|—|=Zl» || H—

Box €
Estimated Annual Estimated Design
Mean Daily Month Mean Daily
Insolation Insolation
Box (1 Box (2

. Insolation

Design solar insolation value

Add Box B and Box D together. This
sum is the value to be used when sizing
the module. Enter in Box G below.

value,
Choose design month or
annual mean daily inso-
lation (see page 59-60).
Enter in Box B.

Tracking/fixed? If
tracking calculate, 25%
of Box B. Write in Box
D. If not tracking write 0
in Box D.

CALCULATE THE SIZE OF THE
MODULE (See pages 60-62)

To determine the required module size
divide the daily system energy
requirement by the peak sun hours of
the site's design month.

Details of

solar module chosen
‘When you choose your
module, write its details in
the table to the right.

Company
Model

Peak Watts
Rated Voltage
Rated Current

Box F Box G
=+ X
Daily system Insolation Adjustment factor Modaule size
energy requirement (peak sun hours) (peak watts, Wp)
(watt hours)
This number tells how This number tells how This number adjusts the This is the size of the

much energy is required
per day to power the
system (see Worksheet

1, Box H).

much energy is available calculation to account for

from the sun per day actual field performance of
during the design month the module. Use 1.1 for most
(see Box E above). installations.

module required to power
your system. You have
finished the module sizing
calculation.
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WORKSHEET 3: BATTERY AND CONTROL SELECTION

Battery Information
Before buying your batteries, collect
this information along with the price

Total Daily System Energy of each type available.

Requirement in watt

hours.
From Worksheet 1 Box H. Company &
Divide this figure by the Model
system voltage and enter the
quotient in Box B below. .
Capacity (Ah)
Volts
Number
Box E required
Number in
Series
Number in
Parallel
Total daily system Number of storage Maximum allow- Required system
energy requirement days required able daily depth of battery capacity. Estimated
in amp hours. dischargeof battery  This is the minimum Lifetime

battery size required
in amp hours.

2. Size of controller required

Controllers are commonly available in 5 amp and 20 amp sizes
(see page 36). If there are only one or two lamps and no TV in
the system, a 5 amp control can be used. Most systems, however,
should use a 20 amp controller. Check the rated size of the
controller before buying it.

L + ol needed 2 3. Features desired in controller
. Is a control needed ?

High voltage cut out Yes[ ] No []
Is the battery worth protecting? Yes [[] No [] Low voltage cut out Yes[] No []
Does the system use nicad batteries? Yes [ ] No [ ]| Low voltage warning Yes[] No []
Is the system above 20 Wp Yes [ ] No [] | Reverse current protection Yes[ ] No []
Will the system be well managed? Yes [ ] No [] | Solarcharge indicator Yes[] No []
Ammeter/voltmeter Yes[ ] No []
Timer Yes[ ] No []
Charge Controller Information
Company and Model
Size in amps
Features
Low voltage cut-out at volts
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WORKSHEET 4: WIRING, VOLTAGE DROP AND FUSES

1. Determine the lengths of all cable runs

2. Work out voltage drops on major cable runs

Follow the instructions on pages 54-56 to fill
out the voltage drop table below:

Draw a scale map of house or site in this box.

Voltage Drop Table
Column A Column B Column C Column D Column E Column F
Cable run Distance Maximum Kvalueof Total resisitance Voltage drop Is voltage
of cable current intended wire drop too high?
(list each major run) (metres) (amps) (ohms/metre) (ohms) (volts) (Yes/ No)

3. Sizing Fuses (see page 50 & 51)
e List circuits to be protected. Write in Column A.

e Determine the maximum power draw in watts of each circuit

to be protected. Write in Column B.

o Change the figure in Column B to amps by dividing by the
system voltage. Write in Column C.

e Increase the figure in C by 20%. This is the fuse required.

4. List all electrical connection equipment required

Fill in the table below to estimate the amount of electrical
accessories to be bought. Use it when purchasing equipment.

Item and Type Size Amount

Cable
Cable

Column A Column B Column C Column D
Circuits Max rated power ~ Max rated Fuse size
(list each) (watts) current (amps) (amps)

Cable

Conduit

Switches

Sockets

Fuses

Connector strips

Junction boxes
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About this book

This book is about making solar electricity available to people in rural Africa
[t describes how, with guidance from an electrician, anyone can adapt a small
solar electric system to their own needs Twelve chapters cover the following
essential solar electric topics:

e estimating local solar resources:

* solar electric. battery, and charge controller
choice and technology:

* choosing lamps, appliances and small tools;
* low voltage wiring principles and practice; and,

* planning, installing and maintaining a system.

For aspiring African solar electricians, the book is a rich source of information,
including planning worksheets, wiring guides, meteorological information and

well -illustrated examples. For the extension agent, development worker or
layman without previous solar electric experience, the book is a careful
planning guide towards the completion of a small installation.

The author has worked with renewable energies in East Africa since 1984. As
a volunteer, he taught science in a Kenyan secondary school, organised solar
electric and biogas training courses, and later wrote the book Renewable
Energy in Kenya He was awarded a Master of Science degree in Alternative
Energy for Developing Countries from Reading University, UK in 1990.

The artwork, layout and printing of this book was completed in Nairobi, Kenya,
by Motif Creative Arts. Ltd. Writing and production of the book was made
possible by a grant from the Commonwealth Science Council (UK) with
additional support from Energy for Sustainable Development, Ltd. (UK.
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