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“Power in the veld” on Rod and Jane Green’s farm “Boerboonfontein” in the Klein Karoo, Western 
Cape, South Africa.  (A) Batteries and electronics, shown in (C), are kept in the small stone hut.  (B) is 
a closer view of the solar panels and the wind generator.  The mountain range in the background is the 
Rooiberg, which has an elevation of about 1400 meters.
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Preface

At present the cost of power from the existing electricity grid in South Africa is less than that produced 
through renewable energy.  None-the-less, interest in renewable energy, particular solar electricity for domestic 
use and small enterprises, especially farms, mines, and rural schools, should gain momentum in the light of 
rapidly increasing demand, steeply rising fuel costs, unpredictable grid-power shortages and outages through 
anticipated load-shedding over the next few years. There is also the critical need to counter environmental 
degradation and to secure sustained development across Africa, in an age of uncertain global changes.

“Home-made” renewable energy from sun power and wind power on a small rural farm in the Klein Karoo 
of South Africa is nearly twice as expensive as the cost of local grid-power (~ R3/kWh and R1.7/kWh, 
respectively).  Presently, the break-even-cost of renewable energy versus grid-power occurs when the latter 
involves construction of a transmission line to the national grid system in excess of 1 km.  For longer lines 
renewable energy is less expensive.  Anticipated increases in electricity rates, in tandem with potential future 
tax-relief and government incentives for self-reliance using solar and wind power, however, will most likely 
make “home-made” energy an attractive practical and financial option in the near future.

Increasing costs of conventional power due to anticipated carbon penalties and increasing energy demand, 
especially in China, India and Africa (Figure 1), will drive a pressing need for knowledge and experience 

Figure 1. 1995 global electricity demand per capita per region.  Note that by that time, more than 
a decade ago, the developed-world demand was 60%, and that the average per capita 
demand (by about 800 million people) ranged from circa 4000-14 000 kWh/year. Africa is 
classified within ROW (Rest of the World) with about 1 billion people and an average per 
capita demand of circa 200 kWh/year.  The average global per capita demand was over an 
order of magnitude greater at more than 2000 kWh/year.
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in use of alternative energy, particularly for small scale operations. The new pace for installed photovoltaic 
cells (solar panels) has been set in Germany, now the solar-power capital of the world, but hardly a sun-
drenched country. Over the last two years, with new innovative government tariff incentives, Germany has 
nearly doubled its installed capacity, and about 300,000 small businesses and individuals set up photovoltaic 
systems on their roofs. Germany now has 3 gigawatts of solar capacity, equivalent to the output of at least 3 
large fossil-fuelled power stations.

In 2005, fossil fuels contributed 76% of the world’s electricity generation supply.  The total annual energy 
generation per region [and per capita consumption, in kWh] was: OECD countries (essentially Europe and 
USA as the developed world): 60% [per capita consumption = 8365; world average = 2596]; China: 14% 
[1802]; Africa: 3% [563] (OECD 2007).  Thus, Africa must increase its electricity supply by some 80% if it 
wishes to reach average global consumption to sustainable levels as set by the UN Millennium goals.

Africa’s development dilemma is that it must meet this increasing energy demand as we pass Hubbert’s Peak 
of Global Oil Production (Figure 2).  This “turning point” may have been passed already, even if the ultimate 

Figure 2.  Model of future global oil production based on the production and discovery figures up 
to about 2000.  This type of model was used by geologist M. Hubbert in 1956 to predict 
a similar decline of North American oil production in the early 1970s.  The actual peak 
turned out to be in 1970.  Note that the peak of global production (called Hubbert’s peak) is 
close to the present time.  There is considerable disagreement about the precise timing of 
Hubbert’s peak.  Some oil experts believe that the peak has already been reached, whilst 
others project it into the future for another 20-30 years.  Most experts agree that the peak 
will be reached sooner rather than later and most likely sometime within the next 5 years.  
Either way, it is clear that Africa will have to achieve its development goals in a world with 
rapidly declining oil production (source: Delft University, 2003, and Deffeyes, 2003).
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oil resources turn out to be significantly underestimated.  Around 2050, global oil production could be back to 
nearly what it was in the 1950s.  Between now and then, Africa will strive to catch up with the world during the 
downward slope of the global oil production curve, despite its need to increase the continent’s energy demand at 
least 5-fold, if it is to raise living standards to a world average.  With pending climate change, global warming, 
food and water shortages, these first-order issues are likely to determine whether or not Africa can realistically 
be expected to deliver a better life for all its 900 million people.  Greater self-reliance on renewable energy will 
have to play a significant role at all scales, including small-scale rural developments. 

This document presents a detailed account of 12 years of experimentation with, and monitoring of, solar and 
wind power on a small rural South African farm, including normal household use down to lights and water, 
with an average domestic renewable power consumption of about 7 kilowatt-hours per day, and 2.5 kWh/day 
to pump irrigation water.  The document provides a simple theoretical back ground with detailed practical 
advice and back-of-the-envelope calculations concerning the costs, wear-and-tear, returns and benefits from 
generating your own ‘home-made’ power.  Whilst this document is not exactly a do-it-yourself manual, the 
analyses provided, accompanied with practical tips and recommendations, should be of help to small-scale 
entrepreneurs especially in, but not restricted to, rural communities to evaluate when and how to provide 
their own electricity from renewable sources.  Details are provided on energy generation and storage from 
seasonally variable sun-power.  Various battery layouts and maintenance thereof are discussed, the performance 
of different types of solar photovoltaic cells is analysed, and a range of water borehole pumps evaluated and 
costed, following long-term tests.  With this type of data and advice, and increasing development of local 
cooperative electrical engineering expertise, cheaper self-reliant enterprises will emerge, especially in the light 
of rapidly evolving new technologies.

This is the first of a series of planned documents that aims to bridge a gap between AEON and the communities 
around us.  We hope it will facilitate discussions and practical implementation of new ideas.

Further reading:

Daviss, B, 2007. Here comes the sun. New Scientist, (December 08, 2007), Volume 196, Issue 2633, pages 
UK. (see also editorial: ‘Making solar power work for all’)

Deffeyes, K. S. 2003 (6th edit. and paperback). Hubbert’s Peak - the impending world oil shortage. Princeton 
University Press, USA. 

Holdren, J. 2008. Science and Technology for sustainable well-being. Science, 319, pages 424-434.

OECD, 2007. International Energy Agency, Key World Energy statistics, Paris, 2007. website: http://www.iea.
org/textbase/nppdf/free/key_stats_2007.pdf

Strathan, D. 2007. The last Oil Shock, John Murray. UK. ISBN 978-0-7195-6423-9.     website: www.
lastoilshock.com

Maarten de Wit, 
Director, AEON
University of Cape Town
March/April 2008
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INTRODUCTION1. 

There is considerable national and international interest and scientific research into global warming, the 
depletion of fossil fuels, and the use of renewable energy.  This has particular relevance for the South African 
farming community, as well as small scale enterprises like guest farms, conservancies, and even domestic 
electricity consumers.  South Africa has missed a number of opportunities to promote the more efficient use of 
our resources and energy for both large and small scale use, largely due to short term planning on the part of 
the government.  Europe on the other hand is encouraging the use of renewable energy, driven largely by the 
desire to limit carbon dioxide emissions.  This encouragement comes in the form of economic benefits in terms 
of tariff support and installation subsidies.  With this comes the prospect of carbon tax incentives and trading of 
carbon credits.  As in most situations, in the global context this economic aspect is the major controlling factor 
in the use of renewable energy technologies as opposed to conventional energy sources.  At the moment, without 
government support most renewable energy technologies are at an economic disadvantage.  The approach of 
this document is to look into this disadvantage from an economic perspective, and to assess renewable energy’s 
advantages and cost structure in comparison with conventional energy sources, such as grid power and diesel 
generator power, in the context of small scale usage.  Renewable energy for large scale power is another issue, 
and not dealt with here.  Operators familiar with electrical systems may construct their own renewable energy 
systems of the basis of this document, but it is not a do-it-yourself manual.  The intention is to provide the basic 
information necessary to make informed choices about alternative renewable energy systems, and to equip the 
lay person with the necessary concepts and vocabulary to be able to communicate with equipment suppliers, 
electricians, and electrical engineers.

There are basically five sources of energy that are available to human society: solar radiation, gravitational, 
geothermal, nuclear, and chemical reactions using stored solar energy in fossil fuels.  Renewable energy 
utilizes the first two and conventional generation the remaining three.  It is interesting to note that globally 
we are presently consuming every 6 months about one million years’ worth of stored solar energy in the form 
of coal.  In addition, some experts believe that we are reaching or have already reached the peak in global oil 
production with date estimates varying between 2004 and 2010 (e.g. Deffeyes, 2003).  From an economic 
standpoint the problem is that renewable energy has a low recoverable energy density (the amount of power 
available from a specific area of generation) when compared with conventional power generation.  About 1000 
watts per square metre is typical at latitude <40° for bright sunshine and wind energy at 36 kilometres per 
hour, whereas the higher density of water increases the recoverable hydroelectric power to about 50 kilowatts 
per square metre.  The energy densities of renewable energy compete against energy flux densities of furnaces 
which are greater than 100 kilowatts per square metre, and nuclear reactors that approach megawatts per 
square metre.  This disparity in power density is reflected in the large scale power generation costs.  The 
economics of estimating the relative costs of energy generation are complicated (for example, see comparative 
tables in Monbiot, 2007).  Depending on how you do the accounting, offshore wind which is the lowest cost of 
the renewable energy technologies, is about 1.5 to 3 times more expensive than large scale power generation.  
It should be noted that these figures do not include the costs of decommissioning and waste disposal associated 
with large scale power generators like coal fired and nuclear power stations.  They are also subject to change in 
the near future, with renewable energy becoming more competitive as large-scale generating costs go up with 
increasing costs of oil, gas and coal.

The present electricity generation cost is the major constraint in the use of renewable energy for small scale 
applications.  For users who want to know a bit more about renewable energy, it is advantageous to look into the 
“basic” economics of the effective use of renewable energy and the detailed operation of the various elements 
of renewable energy, to enable them to select their systems critically, and to optimise available funds in terms 
of capital outlay and operating costs.  This is done with reference to a small scale renewable energy system that 
has been in operation for over twelve years on a farm in the Klein Karoo, Western Cape, South Africa.

To be compatible with normal energy measurements, we use the standard kilowatt-hour which is the so called 
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unit charge in conventional grid power systems.  This is the energy that is associated with one kilowatt of 
power generated or used in one hour.

Amps, volts and watts

Electrical current can be likened to water flowing in a pipe.  The diameter of the pipe and the pressure 
determine the amount of water delivered.  The diameter of the pipe is analogous to electric current, 
measured in amperes (A), often abbreviated to amps.  The pressure is analogous to potential difference, 
or electromotive force, measured in volts (V).  The volume of water delivered is analogous to electrical 
power, measured in watts (W).  The relation between them for resistive loads (see Section 2.2) is:

W = A x V

A kilowatt (kW) is 1000 watts.  A kilowatt-hour (kWh) is 1000 watts of power provided or consumed 
in an hour.

ENERGY REQUIREMENTS AND USE2. 

The energy requirements of general household and small scale farming vary considerably.  A local survey by the 
author in the Klein Karoo showed energy consumptions of between 500 and 1500 kWh/month (unpublished).  
In the domestic household the electric stove and the water heater are the major power consumers, whilst water 
pumping is one of the major factors for farming.

Before we can select appropriate sources of renewable energy we need to know the power consumption of 
common household electrical items and the time of day they are used.  The daily power consumptions listed in 
Table 1 will vary from household to household but can act as a guideline.  Our example of a small scale farm 
in the Klein Karoo could be considered as “typically conservative” based on renewable energy usage; but we 
run two parallel systems, a small 24 volt system which runs continuously and a higher power 36 volt system 
that operates on demand.  Details of this are discussed later.

Table 1: Power budgets for various domestic electrical appliances

ITEM kW kWh/day
Blanket 0.06 0 – 0.4
Blender 0.2 0 – 0.1
Computer 0.35 0 – 3
Dishwasher 2.0 0 – 1.0
Fridge# 0.08 – 0.5 0.3 – 1.5
Freezer# 0.08 – 0.5 0.3 – 1.8
Griller (small) 0.65 0 – 0.4
Hot plate 1.0 0 – 0.5
Iron 1.2 0 – 1.2
Kettle 2.0 0.1 – 0.4
Lights 4# 0.018 x 4 0.2 – 0.6
Lawn mower 1.0 0 – 2
Juicer 0.25 0 – 0.2
Microwave 1.3 0.2 – 0.8
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ITEM kW kWh/day
Radio/compact disc player 0.12 0 – 0.6
Slow cooker 0.24 0 – 1.3
Steam cooker 0.9 0 – 0.9
Television/video 0.28 0 – 0.6
Toaster 1.0 0 – 0.3
Vacuum cleaner 1.0 0 – 0.5
Washing machine 0.6 0 – 2.0
Domestic water pump# 0.08 0.1 – 0.4

On our farm in the Klein Karoo, using most of these devices on renewable energy power, over twelve years the 
average power consumption was 6.8 kilowatt-hours per day (kWh/day).  This included a 15 hour maximum 
winter night time draw-down of 2.7 kWh from a battery power source, charged by renewable energy input 
power.  An additional 2.5 kWh/day was used for remote pumping of irrigation water.  The total average power 
consumption was 9.3 kWh/day.

Items marked # in the power assessments in Table 1 are variable not only because of operational time but because 
of variable inefficiencies; illumination inefficiencies in the case of lamps, thermal and electrical inefficiencies 
in the case of fridges and freezers, whilst for water pumps there are large differences in the motor and pump 
performances.  In order to optimise the use of energy it is necessary to look into the operation of these devices 
in some detail, which is done in Sections 2.4 to 2.6 below.  First let us look at the power requirements of those 
appliances and tools expensive to use with renewable energy, and those that are practical (Section 2.1 to 2.3).

HIGH POWER APPLIANCES2.1 

Both electric stoves and electric water heaters could easily consume more than 3 to 5 kWh/day, but if expeditious 
daytime use is made of the available power, it is possible to run them on renewable solar energy, especially 
during the summer months.  The total load of a large stove could easily exceed 7 kW.  If the inverter is not 
significantly larger in delivery capacity than the stove then the inverter will limit the power available.  This is 
not the case for a normal domestic geyser or water heater as these are normally rated from 1 to 3 kW.  Anyway, 
it is inefficient to heat water with electricity generated from solar power with overall efficiencies of less than 
10%, when direct infra-red heating of water can be carried out at efficiencies exceeding 50%.  Direct solar 
water heating is described in Section 3.4.3.  During overcast “grey days” direct solar water heating can be 
supplemented with a donkey boiler or gas heating.  Solar heating could be supplemented with electrical heating 
especially during excess power times, but it should be remembered that to raise the temperature of 100 litres of 
water 40˚C theoretically requires about 4.7 kWh (calculated using 1 kg-calorie = 4187 Joules).

DC, AC and inverters

In general, small scale renewable energy is generated as direct current (DC), always flowing in the same 
direction.  Many appliances run off alternating current (AC) with the electron flow changing direction 
many times a second.  In South Africa this is typically 50 times a second, or 50 hertz (Hz).  An inverter 
is used to change direct current into alternating current and to increase the supply voltage.

Conventional electric stoves are extremely wasteful and inefficient because the heating plates rely on conductive 
heat transfer, with a very high thermal resistance between the heating element and the item to be heated.  In 
addition, the exposure of the heated utensils results in considerable radiation losses.  In the case of heating 
water, for example, even a microwave oven is more efficient than an ordinary electric hot plate.  Despite the 
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microwave oven being only about 60% efficient in its conversion of 50 Hz current to 2.4 GHz current, the overall 
advantage is about 30%.  One of the more important aspects of energy use to consider is the inefficiency of the 
device.  This is illustrated by the wasteful standby power consumption of satellite TV units, and the basically 
inefficient construction of heating or cooling units, most of which are designed for cost and appearance, rather 
than efficiency.  This could be rectified only by government introduction of an efficiency rating for all power 
consuming devices, coupled with some reward or penalty incentive for producers or consumers.

POWER TOOLS PRACTICAL FOR USE WITH RENEWABLE ENERGY2.2 

AC power tools are sometimes quoted in horse power (hp) or in VA (1 hp = 746 W).  In the case of a VA 
product, VA is only equal to watts for loads that are resistive, or where the AC voltage and current are in phase.  
For loads that are reactive, the current and voltage are not in phase and the power used or delivered by the 
device is give by:

W = V × A × cosΦ
where cosΦ (cosine phi) is the so called power factor (PF).

For resistive loads cosΦ = 1.  For brush motors used in small power tools, cosΦ = 0.92 to 0.96.  Small four pole 
capacitor induction motors have a cosΦ between 0.90 and 0.93 with efficiencies of 70 to 80%.

As an example consider a 1.1 kW (1100 W) induction motor operating at 1440 rpm, rated at 220 volts and 7.2 
amps.  CosΦ is 0.91.  The input power is:

W = V × A × cosΦ
Input power = 220 × 7.2 × 0.91 = 1442 W

The efficiency is the rated power divided by the input power:

Efficiency = 1100/1442 = 0.76 = 76%, more or less as expected.

Reactive and resistive

Reactive loads have an impedance (complex resistance) that is frequency dependent.  Resistive loads do 
not change the resistance with frequency.

Table 2: Power consumption of power tools for use with renewable energy

ITEM kW
Angle grinder (large) 2.3
Angle grinder (small) 0.75
Band saw 0.5
Drill 0.6
Jig saw 0.5
Lathe 1.2
Milling machine 1.2
Planer 0.8
Radial arm saw 1.4
Router 0.5
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ITEM kW
Sander 0.8
Electronic welder 3.5

POWER TOOLS EXPENSIVE TO RUN ON RENEWABLE ENERGY2.3 

All normal electric motors, including induction motors, have starting surges that vary from a factor of about 
2 for induction starting to about 3 for capacitor starting, and can be as high as 5 to 7 for split phase motors.  
Electronic speed controlled motors are exceptions and impose minimal surges on a DC/AC inverter.  These 
surge ratings must be considered in the choice of the inverter.  Exceeding the ratings could trip the inverter or 
destroy the power semiconductors.  Some manufacturers quote surge ratings of only 1.2 whilst others are far 
more generous and quote up to 2.5.  Thus, motors exceeding 2 to 2.5 kVA could require an inverter considerably 
larger than one required for average household demand, with the associated compromise of running systems at 
loads well below the maximum.  Section 3.4.1.4 deals with this in detail.

Arc welders present a similar problem.  Using inductive current control with arc welders rated greater or equal 
to 3.5 kVA is problematic because these have starting surges that could easily exceed the kVA surge rating of 
a domestic inverter (3 to 4 kVA), once again requiring the wasteful use of a large inverter for average loads of 
about 1 to 2 kW.  The new generation of semiconductor inverter-switched welders, which are rapidly becoming 
the most popular in small workshops, do not suffer this problem.

LIGHTING2.4 

Lighting and heating represent the most basic elements of comfort.  In order to optimise the use of electrical 
power we must maximise the light output or lumens (lu) for each unit of power i.e. lumens/watt or, in lighting 
terminology, the efficacy of the lamp.  Table 3 lists some common lighting sources together with their efficacy 
and life.

Table 3: Common lighting sources - their output (lumens), efficacy (lumens 
per watt), and expected life in hours

ITEM Output (lumens) Efficacy (lumen/watt) Expected life 
(hours)

Incandescent     0.5  – 1500   15   –  25     750    –   2500
Fluorescent     4     –   220   40   –  90   2000    – 20 000
Mercury vapour   40     – 1000   20   –  63 16 000   – 24 000
Metal halide 175     – 1500   80   –100    1500   – 15 000
Sodium vapour   18     – 1000 100   –200 10 000   – 20 000

From the point of view of economics and efficacy the best choices are compact fluorescent lights for indoors 
and sodium lights for outdoors, if the yellow light of the latter is acceptable.  Both these lamp types can be 
driven from AC or DC, using high frequency inverters.  The latest in high efficiency compact fluorescents 
is to have a high frequency oscillator in the base of the tube to provide the correct operating conditions for 
the lamp.  This does away with the power loss of the normal fluorescent ballast or inductor, as well as doing 
away with the starter.  An increased power saving is possible if separate electronic lamp drivers are included 
in the lamp holder, with the advantage of not having to purchase lamps with throw-away electronics.  Failed 
fluorescent compacts with internal electronics are a good source of lamps, because it is usually the electronics 
that fail.  It is only necessary to remove them and the lamps can then be driven from external drivers.  Inverters 
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are available commercially for various DC voltages and cost about R100.  The new LED sources are very 
efficient, but they have not reached the same commercial level as compacts and still have a disappointingly 
short operational life.

If only a single large inverter is to be used then using DC lamp drivers as opposed to using a 220 V AC source 
is logical.  It is inefficient to run a large inverter to drive only a few lamps, because at such low power levels 
a large inverter of 3.5 to 4 kVA could waste as much power as two or three 9 W lamps (see details in Section 
3.4.1.4). The alternative is to use an inexpensive low power quasi-sine inverter of 150 to 200 W to drive high 
efficiency compacts through a low power 220 V grid.

FRIDGE / FREEZER2.5 

These units are heat pumps.  They simply extract the heat from items contained within the evaporation box 
and transfer this heat to the radiator on the exterior of the box.  It is essential to ensure that this extracted heat 
is dissipated effectively.  If the containing room is small or poorly ventilated then a small industrial fan could 
be used to extract the hot air.  A 200 m3/h fan consuming 20 W, using a thermostat control, will only use about 
0.05 to 0.1 kWh/day at its peak.

Operational temperatures of the freezer units should be set to the optimum value and not well below, as this 
simply wastes power and causes excessive icing, which further reduces the unit’s thermal efficiency.  It is also 
important to insure that there is adequate ventilation around the radiator, which usually is at the back of the 
unit.

The most important feature of these units is not their appearance but the thickness of the insulation and the 
design of the heat extraction layout.  High efficiency fridges have insulation 46 to 85 mm thick; whilst freezer 
insulation exceeds 90 mm.  Insulation for normal domestic units ranges from 30 to 40 mm for fridges and 60 
to 70 mm for freezers.  Cold air is denser than hot air, so a chest configuration is more thermally efficient than 
an upright door unit, as every time the door is opened much of the cold air escapes at the bottom.

Most freezers and fridges use sealed units, where the compressor and motor are an integral unit.  These units 
vary in efficiency and an inspection of the plate should indicate the compressor power, which is normally 
between 90 and 500 W. The product of this power and the length of time that the motor runs for will give some 
indication of the thermal efficiency.  A high quality fridge on average should not need more than 0.4 to 1.4 
kWh/day running at acceptable temperatures.  It is about the same for freezers.  DC 12 V or 24 V compressors 
are lower power units (typically 53 W compared with 90 – 110 W for 220 V compressors) power consumptions 
of 0.2 to 0.6 kWh/day are possible from high quality units.  Non-compressor fridges such as the absorption 
type are less efficient, requiring more than twice the energy for the same cooling effect.

Running both fridge and freezer from a large inverter can be inefficient, especially if they come on at different 
times so that the average power being extracted is only about 100 W from a 3 to 4 kVA unit (see details in 
Section 3.4.1.4).  It is more efficient to run DC powered units as they are more efficient and do not involve power 
conversion.  The only disadvantages are that they require separate DC power and they are more expensive than 
conventional 220 V compressors.

WATER PUMPING2.6 

A large range of water pumps is available for use on renewable energy.  The variation includes not only the 
pump capacity but also its longevity.  As an example, three different pumps have been investigated in some 
detail, and some other available pumps are considered theoretically for comparison.  An important feature 
of a pump is its percentage efficiency and this can be estimated using the formula for gravitational potential 
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energy:

Ep = M × g × H
where Ep is gravitational potential energy, M is mass of water raised, g is the standard gravitational 
acceleration = 9.81 m/s2, and H is the height to which it is raised.

The percentage efficiency is calculated from the ratio of the work done in raising the water and the pump 
power, i.e. relating the mechanical work done to the electrical.

%efficiency = delivery (litres/hour)/3600 × gravity (m/s2) × total head (m) × 100 / pump power 
(W)

(All pump performance is quoted in litres/hour.  Divide by 3600 for litres/second.  1 litre of water = 
1 kg)

Because of the low voltages of these pumps, waterproof cables having wire cross sectional areas from 4 to 
10 mm2 are used.  The resistance (r) of one metre of the copper conducting cable can be estimated from the 
relationship:

r = 17/A × 10-3 ohms/metre of conductor, or r = 17/A (mΩ/m)
where A is the cross sectional area of the conductor in mm2.

The resistance per metre is given in Table 4.

Table 4: The resistance per metre of copper electric cable in terms of 
conductor cross sectional area

Cross section (mm2) Resistance (mΩ/m)
2.5 6.8
4.0 4.3
6.0 2.8
10 1.7
16 1.1
25 0.68

For a 50 m cable length of 4 mm cross section the power loss is:

W = r (Ω/m) × conductor length (m) × pump current2 (A2)
W = 4.3 × 10-3 × 100 × (pump current)2

(Note that the conductor length is 100 m.)

Pumps2.6.1. 

Pump 12.6.1.1. 

This is a small, plastic, low pressure diaphragm unit from the UK, costing about R4000.  In terms of pump 
performance and light weight, in service this pump was extremely good, but in terms of maintenance cost and 
life it was poor.  The maximum depth of submergence was 30 m and the total lift 70 m.  At 24 V, which was 
the quoted maximum running voltage, the pump could yield some 390 litres per hour with a total lift of 30.5 m 
and a current draw of 2.6 A.  This is a pump efficiency of:
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% = delivery (litres/second) × gravity (m/s2) × total head (m) × 100 / pump power (W)
% efficiency = 390/3600 × 9×81 × 30.5 × 100 / 24 × 2×6 = 52%

At 55 m lift the delivery is lower but the efficiency increases to 61%, which is extremely good for such a small 
pump.

The major disadvantage of this pump was that its running life was only about 3500 hours or about 14 months 
(with 45 m lift at 24 V from batteries).  Removal of the pump was easy and the repaired pump could be 
reinserted in a matter of half a day.  Pump failure was associated with the motor brushes, but the bearings and 
diaphragms were also replaced, costing about 0.15 of the new pump price.  Considering its ease, this repair 
was not a major problem, but after the second brush change the motor’s commutator had worn down to below 
specification.  A spare commutator was not available, nor was a spare armature, and only a complete spare 
motor was procurable, costing 0.3 of the new pump price.  This kind of pump is fine for household water 
requirements but is not a major contender for serious irrigation pumping, due to the relatively high running 
costs.

Pump 22.6.1.2. 

A larger South African manufactured pump constructed of stainless steel and brass and having four diaphragms 
has been in operation for some three years.  The pump depth is 40 m with a static water level of 25 m, and 
a maximum draw-down and water level fluctuation of 8 m.  At 54.8 V the current draw is 2.88 A, with a 
discharge of 682 l/h, yielding an overall efficiency of about 47% with the 25 m lift.  Removal of this pump is 
more difficult than the small unit, as the pump has a non-return valve in the delivery line and the weight of the 
water adds some 1 kg/m to the 12 kg pump.  To minimise wall friction it is important to tie together the delivery 
pipe, safety rope and the power cable every 1 to 2 m.

Replacement of the pump diaphragms is relatively easy and quick.  The motor requires a bit more work to 
remove it, but once it is out repairs are easy and quick.  A major advantage of this pump is the inexpensive 
and complete range of available spares.  The manufacturers supply not only an armature but a commutator is 
also available for the operator prepared to replace the worn unit to save costs.  A complete overhaul kit costs 
about 0.12 of the new pump price, and the pump life is suggested to be between 8000 and 10 000 hours.  The 
pump has been in operation for about 6300 hours based on a 6 minute counter.  Using 4 × 100 W solar panels 
and 4 × 100 Ah (ampere × hours) batteries the pump can deliver some 8000 l/day in summer and 6000 l/day 
in winter from a pump depth of 40 m.  The pump operation is restricted to 10% depth of battery discharge (see 
Section 3.1).  The water delivery to 13 000 litre storage tanks is controlled by an old washing machine water 
level micro-switch.  Soft starting is used to avoid mechanical damage to the drive shaft due to the high torque 
surges that the battery is capable of delivering.

Pump 32.6.1.3. 

A number of imported stainless steel screw type pumps with an AC permanent magnet motor and a speed 
control that employs a variable supply frequency and voltage are in operation at varying depths from 50 
m.  About the same price as the previous pump, this relatively new technology from Denmark has been in 
operation for about two years.  No details are available as to the service life, but being a brushless motor the 
life should exceed 10 000 hours.  At 50 m, using 450 W of photovoltaic (PV) power, the pump peak delivery 
was some 1750 l/h, with an efficiency of about 52%, some 8% better then the manufacturer’s data.  The other 
pumps tested also exceeded their specifications.

Pump 42.6.1.4. 

A range of other pumps is available, including a turbine version with the power conversion electronics enclosed 
within the pump.  It is a low pressure unit with a maximum head of 30 m and a pumping efficiency of about 
40%.  From an efficiency point of view the screw pumps are better, but the turbine life should be longer than 
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the screw type.

Pump 52.6.1.5. 

Recently a new screw pump has been imported from Germany.  This pump is similar in design to the unit 
imported from Denmark, as it also uses a permanent magnet variable-speed motor, except that in this case the 
power conversion electronics are on the surface.  These pumps have a large range of options and from the data 
sheets appear to have efficiencies exceeding 50% for 50 m deliveries with rates from 0.7 to 2.1 m3/h.  At the 
higher deliveries the efficiency exceeds 60% from depths of 30 to 50 m.

Other Pumps2.6.1.6. 

Two other pumping systems were investigated on the basis of data available from their manufacturers.  The 
first was a locally manufactured DC diaphragm pump.  Data on the pump’s performance, provided by the 
manufacturer, was used to estimate the delivery and head conditions with different series connected PV arrays.  
These data started with a 2 panel array, up to a 5 panel array.  For the estimation of efficiency DC data was 
available for 36 V, 51 V, 68 V and 85 V, and thus not multiples of the standard panel output of between 16.9 
V and 17.2 V (see Section 3.4.1.2).  Nevertheless, the trend was consistent.  At depths less than 50 m the 
efficiency varied from 20 to 46%, but this increased to above 55% for depths exceeding 100 m.  The maximum 
efficiency was about 56%.  These are good deep borehole pumps that can pump more than 1000 l/h from depths 
of 100 m.  The suggested life before service was 7 years at 7 h/day.  This implies a service life of about 18 000 
hours, which is an attractive feature.

All the above pumps are limited to less than 20 000 l/day from 50 m depth, using direct PV pump operation, 
with or without pump controllers.  Whilst large, normal, centrifugal, three-phase pumps can easily exceed the 
deliveries of the above PV type pumps, the added cost of inverters and the lower efficiencies of their turbines 
significantly increase the capital outlay.  At the moment the use of such a system would not attain an efficiency 
of more than 30 to 35%.

A pump system using a surface mounted DC motor and a Mono S4L type pump can deliver more than 20 000 
l/day from a depth of 50 m using a PV array.  This pump can deliver 3300 l/h from 50 m when operating at 
1400 rpm.  Several DC motors are available with efficiencies in the range of 83 to 86%, which results in overall 
efficiency of about 52%.  Such a system can yield up to 23 000 l/day in winter and over 28 000 l/day in summer 
(details in Section 5.3).

Whilst turbines are not adversely affected by submergence depth, so long as the water depth and lift are within 
the pump specifications, diaphragm pumps are exposed to higher stresses and consequently have shorter life 
spans.  Depth of submergence should only be a metre or two below the maximum draw down level, which 
under any circumstances should be monitored in order to ascertain if the water resource is being “mined” 
unsustainably.  As the ground water recharge cycle is variable, monitoring its behaviour is the only way to 
ensure sustainability.

Pump Controllers2.6.2. 

Pump controllers, solar power optimisers, maximum power point tracking, or linear current boosters are all 
electronic devices that attempt to extract the maximum amount of power from a PV system under all light 
conditions.  In essence they electronically isolate the PV system from the pump and then deliver power to 
the pump in a series of on – off cycles, ensuring that the PV system is loaded in such a way as to extract the 
maximum power.  These controllers come in different forms, from microprocessor control to quasi-linear 
control, but because of the PV characteristics (see details in Section 3.4.1.2) added complications can make 
only small differences.  The commercial price range of these devices varies from R800 to R1800 and they 
are available from most pump suppliers.  A useful addition is a pump current ammeter as an indicator of the 
pump’s performance, as well as a kWh counter to indicate the service hours.
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ALTERNATIVE ENERGY SYSTEMS3. 

Both renewable energy and diesel power require some sort of battery (or other) energy storage if the requirements 
are power on tap without the diesel generator’s having to run every time an electrical demand is made.  A 
typical layout for a two phase operation is illustrated in Figure 1.  During the power generation period both the 
engine and renewable energy are able to provide for maximum demand, and this is the time to run high demand 
machines like the washing machine, lawn mower, etc.  With daytime diesel power available a peak demand 
exceeding that which can be provided by a reasonably sized renewable energy installation on its own can be 
accommodated easily.  At night the system reverts to battery or other stored energy, and the night time power 
demand should be reduced to run only lights, radio, TV etc.

Back-up grid power, on the other hand, does not suffer the extra storage and ancillary costs, although in view 
of the number of power outages these days a standby plant looks to be a good idea.

BATTERY REQUIREMENTS AND CHARACTERISTICS3.1 

There is a range of battery options available for power storage, but by far the most common technology is that 
of the lead acid battery.  There is also a range of options as to the operation of lead acid batteries and this has 
resulted in some confusion with both renewable energy users and the general public.  It is thus appropriate at 
this stage to look at some of the terminology used and its physical significance.

A normal lead acid battery is built up from a number of 2 V cells connected in series, and the capacity of the 

Figure 1. Small scale energy systems.  This diagram illustrates the basic renewable input sources 
with two types of energy storage - battery and/or gas, coupled to an electrical converter to 
generate AC power.
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cells is determined by the area of the cell plates.  This capacity is quoted in ampere × hours or Ah, which 
results from a discharge test.  It should be noted that these different test times yield different Ah ratings.  For 
example, a 100 hour test yields a higher Ah rating than does a 10 hour test, the difference being about 1.31.  
For all these tests the cell starts from being fully charged and having a no-load or open circuit voltage (OCV) 
of 2.12 V.  Under these conditions the specific gravity (SG) of the acid is about 1.280 at 25oC.  The 10 or 20 
hour discharge takes place under constant current conditions and the cell is deemed “flat” when it reaches a 
lower limit under load of 1.85 V or 1.70 V (100 hour and 10 hour test respectively).  At this state of discharge 
the acid SG should be about 1.100 and the no-load OC voltage should be about 1.94 V.  The constant current 
value multiplied by the elapsed test time represents the ampere × hours (Ah) cell capacity.  When power is 
abstracted from the cell the power consumption can be thought of simply as the average cell voltage multiplied 
by amperes multiplied by time, or V × Ah.  (More accurately, the power consumption is the sum of the V × A 
samples during the test.)

Charging the cells or battery follows a procedure recommended by First National Battery (FNBT).  It is 
basically a 3 mode operation described as boost mode, float mode, and equalization mode.  When the charging 
cell voltage drops below 2.10 V then “boost mode” charging is employed.  For a 12 V system this requires a 
charging voltage of about 14.7 V, and for a 24 V system it is 29.4 V.  In this mode the cells are best charged 
at a current rate of about 7% of the 10 hour capacity rating, for example, 42 A for a 600 Ah cell.  Whilst the 
cell could support a 30 to 40% charge rate, the lower 7% charge rate ensures that there is minimum excess 
heat generated.  10% is considered a safe limit for lead/acid batteries.  Heat is one of the major factors in 
shortening a cell’s life.  When the cells attain 2.45 V the charge controller should revert to “float mode”.  In 
this mode the cell voltage is regulated between 2.27 and 2.35 V with a thermal compensation of -3 mV/˚C/cell 
(cell temperature), employed to ensure the battery is not overheated.  Overheating significantly reduces the 
battery’s life.  If the final charge rate is too low, for example if the PV array providing the charge is too small, 
then the higher value of “boost mode” voltage may not be attained and the cells will never revert to “float 
mode”.  This will result in over-charging.  To avoid this, the switch-over voltage should be lowered to suit the 
charging current, such that the final state of charge will be in the range 80 to 90% of full charge or an acid SG 
of 1.245 to 1.260.

Voltage is measured across the battery terminals.  The current is measured by inserting an 
ammeter into the circuit.  The specific gravity is measured with a hydrometer, with a ther-
mometer for correction according to the temperature.

Every few months the cells should be given an equalisation charge by charging in boost mode with 3.5% to 
7% of the 10 Ah capacity rate, without voltage limitation.  This is necessary to get the electrolyte to mix and to 
even up the normal density stratification that cells have.  The physically taller the cell the more important this 
mixing is.  This equalisation charging is continued until the individual cells’ SGs and voltage readings have 
stabilised for 3 hours.  At this stage the cells should be gassing with a cell voltage in the range 2.50 to 2.75 V.  
It is only after gassing that a reasonably reliable assessment of the cell’s SG can be obtained.

Charging efficiency of a lead acid cell depends on the charge rate relative to the Ah capacity.  At less than 10% 
of the Ah rate the Ah charging efficiency is about 90%, whilst the watt-hour (Wh) or power transfer to the cell 
is only about 75 to 85% efficient.  The efficiencies decrease as the charge rate increases.  The condition of the 
battery can best be ascertained from a discharge test, but an estimate of the battery internal impedance can be 
obtained from the voltage drop that occurs during a discharge.  This is given by the formula:

battery impedance = battery voltage at Ia – battery voltage at Ib/(Ib – Ia),
where Ia is the current draw at the beginning of the test and Ib at the end.
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Individual cell impedances vary with age, state of charge, cell size, and type.  In general, the larger the cell is, 
the lower the impedance.  Fully charged new cell impedances using a four terminal AC test are typically:

100 Ah  1 mΩ to 1.7 mΩ
400 Ah  0.3 mΩ to 0.6 mΩ
1000 Ah 0.15 mΩ to 0.3 mΩ

Note that the battery impedance will be the sum of the individual cell impedances.  When the fully charged 
battery capacity has decreased to about 80% of its new capacity, the impedance generally increases to between 
1.5 and 2 times the new value.  When the 80% capacity has been reached the capacity deterioration rate 
accelerates.  This state is a good indicator that new batteries will soon be required.  The use of cell balancer 
circuits, which extend the life of batteries significantly, are rapidly becoming economical for small power 
systems.

When a new battery is put into service, the fully charged, new cell impedance should be noted, using either a 
load test at some specific current range or a four terminal test.  This acts as the reference for monitoring each 
cell’s performance.  AC four terminal bridge battery impedance measuring testers are available, but they cost 
from R12 000 to R20 000 and are thus not practical for small scale users.

Some suppliers of renewable energy systems subscribe to the philosophy that the storage cells are best operated 
using a deep depth of discharge (DOD) of at least 70% of the cell’s capacity, whilst others subscribe to a low 
DOD of 15 to 20%.  In order to quantify the difference between these two modes of operation it is necessary 
to look at the cost implications.  To do this it is necessary to estimate the required battery size for the different 
DODs and combine this with the battery life and cost.  Not all batteries have the same life span, but all lead acid 
batteries have a life that is dependent on the depth of discharge.  This relationship is linear on a log – log plot.  
Log - log plots of percentage discharge against number of cycles for five battery types are shown in Figure 2.

The upper data are for the FNB, RSO and M Series Tubular Cells (FNT) using a 5 hour test rating.  Included for 
comparison are the data for a 100 hour rating of the robust MTL Traction Cell.  The lower data are that of the 
HZY2 Gel-Cell and the plate type Deep Cycle, 10 Ah Deltec Low Maintenance Battery; with the data for the 
RR2 96 Ah Plate Battery data intersecting the latter, all having a 20 hour rating.  The MTL cell’s cycle life data 
are lower because of the deeper discharge that it has had as a result of the 100 hour percentage discharge rating.  
The other tubular cells were cycled at the 5 hour rating.  The normal depth of discharge would be that for an 
average night time draw down as described in Section 2.1.  For example, a 15 hour draw down corresponds to 
a power demand of 2.7 kWh at 37 V, the average battery supply voltage.  This translates into an Ah demand 
of 2700/37 = 73 Ah.  The acceptable life of the FNB cells is between 12 and 15 years (First National Battery), 
as a result of the oxide shedding from the plates.  The RCT cells presently in use are approaching 14 years old 
and are still operating with about 80% capacity; so if well maintained the upper limit of battery life appears 
reasonable.  For the sake of convenience, 12.5 years life or the half life of a PV panel will be used in subsequent 
calculations.

Based on the data in Figure 2, a 12.5 year battery life = (12.5 × 365) = 4562 cycles.
This allows for a DOD of 22% for the FNB cells; about 16% for the MTL Traction Batteries; 9.0% for 
the Gel-Cell type; followed by about 4.5% for the Low Maintenance and RR2 Batteries.

All the FNBT Tubular Cells, HZY and DELTEC cells are designed for at least a 12 year life when operated 
within specifications.  The RCT cells in present use are primarily designed for float charge applications, but it 
appears that their performance in renewable energy applications allows for the projected cell life of 12 years as 
well.  Cells recommended for renewable energy type applications are the RSO and M-Solar cells.  RSO cells 
have a large electrolyte capacity that yields about 35 Ah/l, as opposed to the average of 45 Ah/l for the RCT 
cells.  The larger electrolyte capacity results in longer maintenance intervals; although it would be a good idea 
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to enact an automatic equalisation operation at frequent intervals anyway, to minimize stratification problems.  
M-Solar cells are the least expensive of the tubular cells as the RCT and RSO cells are special order.  There 
has been a significant increase in the price of lead as well as a drop in the Rand exchange rate since this project 
was initially researched (in 2003), and the consequence is a price increase of more than a factor of 2 for some 
cells.  Thus the optimum use of the batteries will make a significant difference in the overall power cost of 
renewable energy.

In calculating the costs, for the sake of example use will made of the cost structure of the M solar cells, which 
can be approximated by a relationship based on the 530, 600, 750 and 900 Ah for 100 hour rating cells available 
in 2007.  It should be noted that there are specific sizes available and these computations are only examples.

price  (R) = 570 + 2.01 × Ah of cell for 100 h rating
price (R) = 570 + 2.46 × Ah of cell for 20 h rating (because 100:20 Ah conversion is 0.817 for FNBT 

cells)

Thus, for a 600 Ah 100 h rating or 490 Ah 20 h rating the cost is:
570 + 2.01 × 600 = R1 775 (quoted cost in 2007 = R 1 770).
The cost of HZY2-750 is about R4 100.
The cost of the RR2 is about R855.
The Low Maintenance costs about R960, say R900 for 100 Ah.

For the example of 73 Ah DOD a comparison for the M solar can be made using a deep cycle of 53% based on 
a battery life of 5 years, to compare this with a battery life of 12.5 years or a depth of discharge of 22%.

Figure 2. Lead - acid battery cycle life.  Graph for five different battery types (represented by different 
colour schemes) showing the relationship between the depth of discharge as a percentage 
of the battery capacity (Ah) plotted against the number of cycles to the point that the 
battery capacity is reduced to about 80% of its original capacity.
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Cell size for 5 year life is 73/0.53 = 138 Ah, whilst for the 12.5 year life it is 73/0.22 = 332 Ah.  
Corresponding cell costs are R910 and R1 387.

Cell power for 5 year life is 2.05 × 73 × 365 × 5 = 273 kWh at a cost of R3,33/kWh.  Power for 12.5 
year life is 2.05 × 73 × 365 × 12.5 = 683 kWh at a cost of 1 387/683 = R2.03/kWh.  This is a cost 
difference of more than a factor of 1.6.  Hence, employing a larger cell with a lower DOD has an 
economic advantage exceeding a factor of 1.6, disregarding the difference in the interest loss on the 
capital difference.

The HZY – 2 Gel Cell, which has the advantage of low maintenance, is more expensive.  Employing a DOD 
of 10% yields a 4 100 cycle life for R4 100, whilst the M solar equivalent cost is R570 + 2.46 × 750 = R2 215 
for a 4 380 cycle life at 22% DOD. Thus the battery running costs of the Gel-Cell are almost twice those of 
the M solar cells.

As the smallest M solar cell size is 530/433 AH or R1 635, a 12 V equivalent battery cost is R9 910.  For a 12.5 
year life the available energy is 12.3 × 433 × 0.22 × 365 × 12.5 = 5 433 MWh.  Thus the battery energy cost is 
9810/5433 or R1.81/kWh for the extraction of 95 Ah/cycle.

This minimum size that exceeds the required DOD suggests that for our requirement of 73 Ah at 36 V this cell 
has adequate reserve.  Thus the battery power cost is R1.81/kWh.

For a 24 V system with the same margin of safety the 750/613 AH cell is required and the battery cost is 12 × 
(570 + 2.46 × 613) = R25 000.  This translates into an energy cost of 25000/24.6 × 0.22 × 365 × 12.5 = R1.69/
kWh, slightly less than the 36 V energy cost.

In the case of the Low Maintenance and RR2 Batteries the running costs can be compared with those of the 
12.5 year operation of M solar cells.

For a 5 year life the DOD is 11% and the required battery capacity for the 24 V example is 36/24 × 73/0.11 = 
996 AH.  This implies 996/100 or 10 batteries in parallel and two in series for a 36 V system.  The cost for a 24 
V system is 10 × 2 × 900 = R18 000 and the power is 24.6 × 110 × 365 × 0.5 = 49 318 kWh at a corresponding 
power cost of R3.65/kWh.  This is about twice the price of the smallest M solar cost.  Increasing the cycle 
depth and decreasing the life does not improve the unit energy cost but actually makes it worse.

As the cost is twice the M solar the break even demand is 73/2 or about 36 Ah.  Below this demand the Low 
Maintenance and RR2 are the least expensive option.  The main problem is that these batteries will need to be 
renewed every 5 years as opposed to the 12.5 years of the M solar cells.  Apart from the nuisance there is the 
associated waste and pollution aspect of non-recoverable items.

THE COST OF GRID POWER3.2 

It is not possible to provide a single set of figures for overall monthly costs for different levels of consumption 
for the whole country, because the unit charge varies with locality, as well as during the 24 hr day cycle and the 
season.  Our example of small scale farming in the Klein Karoo has been used as the basis for estimating the 
cost of conventional grid power.  Overall there was a fairly uniform cost structure for three phase power made 
up of fixed costs, such as Service at R5.62/day and Network at R5.91/day, and a Unit Charge of R0.2656 (2007 
data).  All the farms surveyed used an existing infrastructure so extra power line costs were not involved.

For our example of a total power demand of 9.3 kWh/day, the power cost would be about R1.72/kWh, and 
excluding pumping the cost is R2.2/kWh for the Klein Karoo.  As noted in Section 2.1 this included electric 
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stoves and water heaters together with fairly heavy water pumping demand.  For a consumption of 500 units/
month, the cost is R1.08/kWh and for 1500 units it reduces to R0.57/kWh.  In the latter case most of the power 
was associated with water pumping.  In the renewable energy context this power cost is discussed in Section 
4.2.

In the case of a site that does not have a power line close at hand a transmission line would have to be 
constructed.  For a single user this is an expensive undertaking.  Investigations at the local distribution centre 
suggested that the cost of the line would be between R40 000 (for single phase) and R70 000 (for three phase) 
per kilometre.  In addition there is a cost of about R20 000 for the transformer, a R4 900 connection fee, and 
a deposit of R4 000.  In our case the single phase line would be about 9 km long and thus the outlay would be 
about R383 000.  Details of the funding of this exercise were not easy to get from any local or other source.  
After 12 attempts and getting no firm details from the supplier, a local farmer was contacted who had 540 m 
of three phase line installed at a cost of R70 000.  This cost was for only 440 m of transmission line because 
100 m was not charged for, as well as the additional costs.  His costs were initially R420/month plus the unit 
consumption charge.  In terms of our example this would have resulted in a cost of R2.3/kWh.  Some six 
months later the real cost structure had changed and became more complicated, thanks to the advent of power 
monitoring microprocessor units that appear to utilise radio communications.  These new charge systems 
involve different rates during the 24 hr cycle, as well, as it appears, different seasonal rates.  In addition 
other charges per month are included, such as a Voltage Surcharge R102.25, Transmission Surcharge R20.85, 
Administration Charge at R164.30, Connection R160, Network Access Charge of R3.64/kVA or R91 for 25 
kVa transformer, and last but not least a Service Charge of R112.27.  This resulted in “fixed” monthly charges 
of R653.40 plus VAT = R744.89 (in 2007).  Energy unit charge varied from R0.287 to R0.2714 (average) for 
July (4183 units) and August (1843 units) respectively.  This results in an energy cost of between and R0.465/
kWh and R0.676/kWh for demands of more than 50 units per day, which is considerably more than the rates 
presently applied in the Klein Karoo.  For our power demand and using a 15 kVA transformer, as opposed to 
the 25 kVA of the above example, the power cost including the fixed cost of R744.89 is R2.83/kWh.  This 
pricing structure will almost certainly be the present day trend for costing and this is almost certainly going 
to increase the local grid power costs.  For a 9 km line the fixed costs would be about R1200/month and for 
small demand the unit charge is insignificant, but power costs will exceed R5/kWh.  As the demand increases 
the unit cost decreases but for the demands of average household power the costs would still exceed R6/kWh.  
It is important to stress here that the cost of the transmission line is not robustly constrained and may vary 
considerably over time and on a case-to-case basis.

DIESEL POWER3.3 

There are large numbers of small diesel engines that are able to generate from 2 to 10 kVA and for convenience 
of comparison they are termed low speed (less than 2000 rpm) and high speed (greater than 2000 rpm).  
In general the lower speed engines are of heavy construction and tend to last longer, but usually they cost 
considerably more than the higher speed motors which do not last as long and are of lighter construction.

Engine fuel consumption varies with engine type and speed, as do the conversion efficiencies of the ancillary 
devices such as the alternators and battery chargers.  Physically large alternators for a specific power output 
tend to be more efficient than smaller units with light weight.  Mechanical power to electrical power conversion 
efficiency of high speed units generally falls in the range 65 to 85% with the three phase units being some 2 to 
5% better, whilst the low speed alternators vary from 74 to 90%.  An important feature of the alternator is its 
power factor, as some high speed units have power factors of 0.8 and thus the VA rating should be multiplied 
by the power factor to obtain the available power.
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An alternator is a rotating machine that generates single phase or 3-phase AC power.
A rectifier is a circuit that employs diodes or other electronic control switches to convert AC to DC 
current.
A diode is an electronic device that allows current to flow in only one direction (like a one way water 
valve).

AC battery chargers also vary in terms of quality and efficiency and in general the lighter weight units are less 
efficient than the heavier large units.  These efficiency variations can be from 70 to 90%.  The lower the system 
voltage the lower the charger efficiency, as the rectifier or diode losses are about 0.6 × charger current, and for 
a specific power the current is inversely proportional to the system voltage.  Large three phase chargers for 36 
V systems can exceed 90% efficiency for 3 kVA units.

Fuel costs are the major controlling factor in the cost/kWh.  Enquiries and personal experience suggest that 
the consumption for the high speed engines varies between 0.43 and 0.51 l/kWh, with 0.46 l/kWh being a 
conservative figure for about 50% maximum load and an 80% alternator efficiency.  This is an average for 
both three phase and single phase engines.  In the case of the 1500 rpm engine the measured fuel consumption 
is in the range 0.28 to 0.32 l/kWh with 0.30 l/kWh being a typical value at half maximum power for a single 
phase alternator.

The cost structure of engine generators varies considerably and with the advent of imports from the Far East 
these costs have decreased into the range of R1000 – R2000 per kW.  Nevertheless, in order to remove the 
uncertainty of spares the price structures that are used here are those from old established manufacturers, 
which are somewhat more expensive.  In order to make a comparison of the costs, the capital investment and 
running costs are compared with the typical life of thick film photovoltaic (PV) cells (see Section 3.4.1.2), 
which from personal experience suggests 25 years.

A range of 3000 rpm 5 to 8 kVA units was in the price range R16 000 to R20 000 including electrical starting.  
Major overhaul was at about 5000 hours and the spares cost was in the range R2500 to R3000.  As some 7 
kWh/day are required as per our example, the engine should run for some 2 h/day.  5000 hours represents about 
7 years or three overhauls, costing R9000.  Thus the high speed engine costs are about R27 000 over 25 years.  
In the case of the 1500 rpm engine the capital cost is much higher, R30 000 being representative, but if well 
maintained it could easily run for 20 000 hours, and 30 000 hours are not unknown.  Low engine speed costs 
for 25 years are say R33 000.  During this projected life, with an average power consumption of 6.8 kWh/day, 
the generators will have yielded:

6.8 × 365 × 25 = 62 MWh (megawatt hours)
generation costs = (fuel costs + engine costs)/kWh
3600 rpm engine: (0.46 × 6) + 27000/62000 = 2.76 + 0.44 = R3.2/kWh
1500 rpm engine: (0.30 × 6) + 33000/62000 = 1.8 + 0.53 = R2.3/kWh

The above discussion is based on an engine run time of 2 hours per day and a 3 to 4 kVA charger, with a 
corresponding charge current required to top up the batteries from a 20% DOD or 73Ah for a 36 V system.  
This implies a charge current of about 40 A.  Whilst this two hour run time is fine for the batteries and 
water pumping, it has problems accommodating the other high energy consumers such as standard fridges and 
freezers as these units need to run for about 3 to 5 hours per day to maintain satisfactory operation.  This means 
that a high power engine must run at reduced power and correspondingly reduced efficiencies, or a smaller 
engine must be used.  This illustrates another advantage of the large low power engines that are rated at 5 to 8 
kW.  Running these engines for 4 to 5 hours per day will result in full load to 60% full load as in our example.  
A consequence of this is that the engine will almost certainly require a major overhaul after about 15 years 
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adding about R5000 to the engine running costs or an additional R0.1/kWh.

Large multi-cylinder engines >10 kVA are comparable in terms of fuel efficiency.  For example, a 15 kVa unit 
that runs in the evening for about 3 hours each evening uses some 200 litre of diesel a month.  During this 
period the batteries are charged using a 3.5 kVA charger (10.5 kWh) and the electric stove is used for about 
1.5 hours (approximately 7.5 kWh).  In addition, the solar water heater is topped up (say 2 kWh).  Thus the 
energy generated per day is about 10.5 + 7.5 + 2 or about 20 kWh with a fuel cost of R47.  The cost of energy 
is R2.35/kWh.

The night time or non-engine time power requirement depends to a large extent on how the household is 
operated.  For our example of 2.7 kWh, night time draw down is based on a 24 hour fridge/freezer operation 
and at least 40% of the power is associated with this usage (summer value).  Lights in our case operate from a 
separate battery system that is charged from the 220 V supply.

Using the 25 year life cycle the battery costs for the 24 V system are R1.7/kWh (Section 3.1).  Additional items 
will include an inverter that could be used for lights and TV etc, but not fridge or freezer motors.  This will 
cost R4000 (see Section 3.4.1.4), whilst the charger with regulator will be about R7000 for a 24 V 60 A device.  
Thus the total storage system costs are R1.7 + 11000/2.7 × 365 × 25 yielding a storage cost of R2.15/kWh.

Summary of diesel power costs involving engine running costs plus the storage costs calculated above:

1500 rpm: 2 to 4 kVA    2.3 R/kWh + 2.15 R/kWh = R4.45/kWh
3000 rpm: > 4 kVA    3.2 R/kWh + 2.15 R/kWh = R5.35/kWh

It should be noted that these costs do not include the interest loss on the capital investment, which at 5% would 
add about R1.83/kWh.  (The interest is an issue here because an alternative would be to invest the capital and 
pay for Eskom power with the interest earned, while retaining the capital.)

RENEWABLE ENERGY3.4 

In terms of physical energy sources in the Klein Karoo the sun and wind are the most practical and easiest to 
use.

Sun Power3.4.1. 

About 1 kW/m2 of perpendicular solar beam radiation is associated with short wave radiation (0.3 to 2.5 
μm) which includes the visible spectrum.  This is the band that is the energy source for photovoltaic (PV) 
generation, which utilizes the 0.35 to 1.1 μm visual optical band from the violet to the infrared.  Energy fluxes 
that relate to the atmospheric heating and the surface temperature of the Earth are the long wave radiation band 
(5 to 25 μm).  These also have an energy density of about 1 kW/m2 and are the useful energy band for direct 
solar heaters.

Seasonal Variations in the Solar Insolation 3.4.1.1. 

The number of hours between sunrise and sunset at latitude ψ can be estimated from:

2/15 × cos-1(-tan ψ × tan χ),
where χ is the declination (angle between the sun and the equatorial plane).

Thus the number of hours of sunshine for latitude 34˚ in mid summer (χ = 23.5) and mid winter (χ = -23.5) 
are 14 hours and 9.8 hours respectively.  At the equator the solar energy received on the Earth (insolation) is 
about 26 MJ/m2/day, with a summer/winter difference of about 10%.  For latitude 34˚ the flux varies from 
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about 28 to 14 MJ/m2/day, or a difference of about 50%.  As 1 kWh = 3.6 MJ this translates to 7.8 to 3.9 kWh/
m2/day.  For PV panels at 14% efficiency the required PV area would be about 22 m2 (average hours/minimum 
radiation × efficiency).  This is only about ¼ of a small domestic house roof area.  Solar water heaters with 
efficiencies closer to 50% need only about 2 to 3 m2.  With all the recent domestic building going on, short term 
planning is most evident and it is a pity that long term planning was not an economic consideration.  It was a 
unique opportunity missed for local industry and SA to develop and embrace a “green” image by developing 
integrated roofing elements that are photovoltaics or water heaters.  Photovoltaic roof tiles have been used in 
Australia for more than five years albeit not very widely.

Photovoltaic Cells 3.4.1.2. 

In 1958 the US used PV technology to power satellites and its success stimulated terrestrial applications during 
the 1960s.  Costs were high, exceeding R1600/W but as the technology improved and use increased the cost 
decreased.  By the 1980s the PV costs were in the region of R300/W, decreasing to around R25/W during the 
1990s.  In 2007 a reasonably wide national survey yielded prices for 50 to 175 W panels in the range R55.1/W 
to R35.3/W.  The best price option was R37.6/W for a locally assembled B grade panel that was guaranteed for 
25 years (not quite up to export standard).  The A grade panel was R40/W.  So it is advisable to shop around 
for the best option at all times.  There are three main technologies that are widely used in the manufacturing of 
PV panels and in all there are more than ten significant manufactures world-wide.

Monocrystal silicon cells are the most common, followed by polycrystalline cells, both of which are “thick”.  
These cells are pure silica crystals that need growing, dicing, doping, and encapsulation.  This extensive 
processing is the main reason for the high costs.  More recently, vapour technology has resulted in the less 
expensive amorphous Si, CdTe and CIS cells, or the so called “thin film” technology.

Amorphous cells, which are the least expensive to manufacture, have efficiencies between 8 and 10% and have 
a low power to weight ratio, about 3 W/kg compared with that of the thick cells, which is typically about 10 
W/kg with efficiencies of between 12 and 14%.  Recent innovations are yielding flexible bases for amorphous 
cells, which could produce a higher power to weight ratio, but the area required would still be much the 
same.

Experience with three different makes of thin film panels suggests that this technology, whilst cheaper has a 
much shorter useful life.  In a sample of 48 thin film panels from three sources the life was found to be about 
1/3 of the thick film, or about 8 years as opposed to the 25 years for good quality thick film.  At 8 years the thin 
film panels are yielding less than 40% new output and many are below 30%, with a marked decrease in the 
maximum power voltage.  If amorphous thin film technology is selected then this experience should be noted 
and any new thin film technology should be queried in order to ascertain its useful life.  This should then be 
compared with the cost effectiveness of thick film panels.  It should also be noted that because of the lower 
efficiency and lower power to weight ratio, thin film panels require larger mechanical frames.  The shorter life 
span also has an environmental consequence in terms of waste recycling.  No information was available as to 
the new thin film technology being developed in SA, so it is not possible to comment on its performance except 
to note that from published data the cells appear to be about 10% efficient.

Apart from deciding on thick or thin film technology the most important parameters of the PV panel are the 
maximum power voltage and current.  The product of these two parameters should be equal to the panel power 
in watts.  The “standard” 12 V panel is power rated at an isolation of 1 kW/m2, a cell temperature of 25˚C, and 
the full load output voltage is generally between 17.1 V and 16.9 V.  The form of the panel generally consists 
of 36 single cells connected in series, normally as 4 groups of 9 cells.  The size of the cell determines the 
current at about 32 cm2/A, whilst each series cell contributes some 0.47 V.  Certain panels are made for other 
than battery charging and these panels have peak power voltage ranges from 18 to 34 V.  With the exception 
of the 34 V cell, which is optimum for a 24 V system, the other panel voltages will waste excessive power in 
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battery charging applications, unless special tracking chargers are used.  Some panels do not clearly indicate 
output values, but an estimate can be made from the number of cells in series times 0.47 for the full load output 
voltage, whilst the current can be estimated from a single cell area.

Panels are rated at 25˚C, so the best operation is on the top of a high mountain in the tropics.  The power 
decrease with increase in temperature depends on the manufacturer, and the range is between 0.4%/˚C to 
as much as 0.5%/˚C, with the panels operating at 30 to 40˚C.  So keeping a panel cool is a good policy and 
an unrestricted flow of air is essential.  As the PV conversion efficiency is only some 14%, the remaining 
incident infrared / visible energy (0.4 to 1.0 μm) is converted to heat, which must be conducted away by the 
encapsulating resin and radiated by the glass.  The cell temperature rise is between 12 and 18˚C above ambient.  
Thus for an ambient of 30˚C the power loss could easily exceed 10%.  The decrease in the peak power output is 
associated with a decrease in the voltage rather than in the current, as the latter has a slight positive temperature 
coefficient.  This is the reason why the summer power for general use in South Africa is lower than the panel 
ratings, and why the summer and winter power output ratio is lower than one would expect.  Do not clear the 
ground cover, but encourage low growth, to keep the ground below the panels cool. and helping to cool the air  
The worst situation is a cleared, dark, enclosed area.

The output characteristics of a typical PV panel are shown in Figure 3, with the power trends associated with 
differing levels of isolation.  A feature of the maximum power is that it neatly tracks the charging range of 
a standard 12 V lead acid battery, falling within the voltage range variation of 6 to 7%, with sufficient over 
voltage to accommodate a diode and line voltage drops of about 2 V.

Another significant problem in respect to the output of PV panels is that during winter the shorter day length 

Figure 3. Insulation, power and voltage.  Power output of a 60 W multi-crystalline photovoltaic cell 
(PV) plotted against voltage for differing levels of an AM 1.5 irradiance standard.  Note that 
the rating is for 1000 W/m2 at 25° C.
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is aggravated by the longer atmospheric absorption, adding to the flux decrease.  Fortunately the panels do 
receive some scattered radiation and the lower winter temperatures make a positive power contribution.  The 
theoretical homojunction efficiency difference for silicon is 15% for 100˚C and 23% for 25˚C, hence the 
improvement during icy cold, clear days.

To illustrate the difference, during winter a 10 year old 54 W panel was monitored over a period of 32 days 
(with mountains to the NE and W).  A summary of the data is illustrated in Figure 4.  It can be seen that the 
Ah plot for both the tracking and non-tracking panels over the 8 hour effective day shows average values 
that varied between 16.9 and 18.7 Ah for non-tracking panels and 19.2 to 21.2 Ah for tracking panels using 
a constant 13 V load.  The lower values were generated on hazy warm days, whilst the higher values were 
obtained on cool clear days.  These data can be applied as correction factors to estimate the winter months’ PV 
output, as opposed to the figures quoted on the panel.  For this specific panel the standard rating was 16.9 V and 
3.2 A, or 54.1 W.  For an 8 hour day the theoretical output is 3.2 × 8 = 25.6 Ah, so the correction factors are:

For non-tracking: 0.66 to 0.73
For tracking:  0.75 to 0.83

Fixed panels should face true north, remembering that magnetic north is about 20˚ west of true north for 
southern Africa. For optimum output the angle of the panels to the horizontal should vary so as to follow the 
perpendicular beam of the radiation.  This varies from summer to winter, but from a practical point of view the 
use of three fixed angles is a good compromise.  For latitude 34˚ set seasonal angles are 44˚, 34˚ and 24˚.

When a group of panels is operated in series and parallel it is advisable to ensure that none of the groups is 
driven into a state of reverse bias as this can lead to “hot spot” damage.  This is caused if one or another of 
a parallel cell group is receiving less radiation than the group as a whole.  This reduction is generally caused 
by the shading effects of trees or birds and baboons, the latter sometimes leaving more permanent shading 
problems.  Under these conditions the shaded cells have current forced through them in the reverse direction and 

Figure 4. Practical photovoltaic (PV) power output data.  Graph showing variations of daily PV cell 
output under differing atmospheric conditions and in a fixed tracking mode.  Data for 32 
winter days employing a constant voltage load of 13 V.
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they heat up.  Should the cell temperature exceed 85 to 90˚C then excessive thermal strain could be generated.  
The potting resins could separate from the cell and decomposition could occur and cause discolouration of the 
resin.  All of these effects are effectively positive feedback in that the discolouration attenuates the energy to 
the cell, reflection is increased, and thermal strain increased.  Once the process starts it is irreversible and rapid 
deterioration occurs.  The browning of old panels and internal staining is typical of this “hot spot” damage.  
“Hot spot” damage is more likely to occur when a group of panels that are in parallel is operated under open 
circuit conditions.  In this state the power dissipated in the shaded group is at a maximum.

There are two ways to protect panels from “hot spot” deterioration and these are illustrated in Figure 5.  In 
Figure 5A all of the panels of the array are shunted with a reverse protection diode.  Often these diodes are 
included in the panel connection boxes and thus extra units are not necessary.  Protection illustrated in Figure 
5B is obtained from blocking diodes, which allow only the forward current.  In order to limit the forward power 
loss it is best to use Schottky diodes, with a low forward drop of 0.3 V as opposed to the normal 0.6 V drop of 
other diodes.

Battery Charge Controllers 3.4.1.3. 

Modern PV battery charge controllers come in a number of shapes and sizes and have an amazing array of 
output display functions, thanks to the advent of microprocessors.  In essence, a charge controller is basically 
a simple device that needs to operate in three basic modes.  Two of the modes are associated with the daily 
cycle.  This starts with the batteries in a discharged state and the charger is operating in “boost mode.”  This 

Figure 5. Photovoltaic (PV) cell reverse voltage protection.  Techniques to limit reverse current 
injection into a PV cell in order to avoid excessive heating and consequent hot-spot 
damage to the PV panels.
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maximises the Ah transfer from the PV array to the battery.  By using the fact that the peak power of the panel 
is about 17 V (Figure 3) and the battery charging should be between 12 to 14.7 V, the excess voltage can be 
used as a charge pump.  The simplest system is to connect the array as directly as possible to the batteries 
i.e. with no limiting components.  As the battery charges and the terminal voltage increases, the panels act as 
effective constant current devices following the “flat” portion of the PV transfer characteristics.  The rise in 
the cell voltage will eventually reach the region of extensive cell gassing at 90 to 100% full.  At this stage the 
cell voltage is in the region of 2.38 to 2.45 V (or 14.3 to 14.7 V for a 12 V battery).  At this level the controller 
switches into “float mode” or about 2.27 to 2.35 V per cell, with a thermal correction of -3 mV/˚C/cell.  This 
results in a constant voltage of between 13.6 and 14.1 V for a 12 V battery.  All these values are referenced to a 
25˚C cell temperature (see Section 3.1).  The third mode of operation of the regulator is that of “equalisation”.  
In this mode, as discussed in Section 3.1, no limits are applied to the cell voltages, in order to allow them to 
equilibrate.  This is normally a 4 to 6 monthly operation.

The control of this charging process is generally carried out using one of two techniques.  First, and most 
common, is the use of “shunt control” regulators.  These regulators simply short out the panel in “float mode” 
using a bipolar or field effect transistor (FET) as illustrated in Figure 6A.  A diode is generally used to isolate 
the control from shorting the battery, because the battery would simply destroy the control semiconductor due 
to its low impedance.  This is unlike the PV, where the short circuit current is only about 5% larger than the 
nominal load current.  The length of time that the panel is shorted relative to the time that the power is supplied 
to the battery will determine the average battery voltage.  The rate of the ON – OFF action could be seconds, 
but the most common control is pulse width modulation (PWM).  PWM battery controllers switch at 5 Hz to 20 
kHz rates with the ON – OFF time determined by the switching pulse width.  If the OFF time is long compared 

Figure 6. Basic PV charge controllers.  Block diagram to show the configuration of a PV battery 
charger, using either current shunting or current blocking.
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with the ON time the voltage average is high, and vice versa.

Pulse width modulation (PWM) is when a series of pulses are varied in length in order to 
define the value of the voltage during the observed period (see Figure 8).
A Field effect transistor (FET) is a three terminal linear semi-conductor that requires very 
small amounts of power to control it.  It also conducts current efficiently when fully on, as it has a low 
internal resistance.

Shunt mode control of the battery voltage is a good method to limit “hot spot” damage because the PV array is 
always under load, either charging or shorted.  But it has the disadvantage of having a reverse current blocking 
semiconductor to isolate the battery from the short circuit condition and this wastes power.  Most commercial 
shunt regulators use a diode without a bypass relay to block the reverse current because of simplicity and cost, 
and it is normally this device that generates most of the heat in “boost mode”.  Even a Schottky diode could 
dissipate 20 W at 40 A.  In the “float mode” it is the shunt semiconductor that generates the heat.  Even 100 V 
FETs could generate more than 20 W if the currents are not limited to less than 30% of the device rating.  When 
mounting the device, care should be taken to ensure adequate cooling and good heat dissipation conditions.  
Another precaution that should be taken is to ensure that the common terminal is correct; some devices use 
positive common whilst others use negative common.

In the case of the series regulator the same three modes of operation are used, but when the “float mode” is 
used the controlling device simply connects and disconnects the PV array from the battery, as illustrated in 
Figure 6B.  These regulators can operate in linear continuous mode, where the control semiconductor acts as 
a variable resistor dissipating the excess power using a heat sink; or they can operate in low or high frequency 
PWM mode to control the battery voltage, which generates less heat.  These regulators have a lower power 
dissipation using switch mode control.  For “boost mode” and “equalisation” a relay can be used to short out 
the control semiconductor to obtain maximum power from the panels.  The main disadvantage of the series 
regulators is that in regulate mode the PV array is forced into open circuit conditions and without diode 
protection on the panels “hot spot” damage could be induced.  As the panels are sometimes open circuited it 
is a good idea to ensure diode protection anyway, as discussed in Section 3.4.1.2.  Both the series and shunt 
regulators can incorporate maximum power tracking and this can increase the power extraction theoretically 
by up to 30% for a 12.5 charge voltage.  The improvement falls off as a battery voltage increases, but there is 
always a positive contribution.

Commercial AC chargers are available for most standard voltages and the price varies according to current 
limit and other functions.  Basic 40 A chargers are in the region of R6000 to R7000.  Functions like voltage and 
current indication, load shed, under and over voltage protection, and current limiting are common in charge 
controllers.

A load shed is a device that removes power from the battery and dumps it somewhere else, usually 
into a high power resistor which gets very hot.

Additional data, including input and output Ah, kWh, and other battery data such as a record of the PV – 
battery – load performance that indicates the condition of the system is also available from some controllers 
or additional add on devices.  PV charge controller costs are from as little as R300 for basic low current units 
of less than 10 A, up to R2500 for more advanced units with additional data and current ratings of up to 45 A.  
Above 45 A the prices increase rapidly, being around R5000 for a 60 A controller with a number of features, 
although a simple load shed unit costs about R2200 for a universal 70 A unit.  Voltage, current and Ah counters 
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with computer links are available for about R2800; whilst a universal voltage, current, power, and Ah meter is 
in the range of R1500.  Battery loggers for individual cell monitoring with computer linkage are priced around 
R2200.  In order to monitor the status of the battery effectively a basic Ah counter is essential.  It should be 
remembered that the charging efficiency is about 90% and thus to maintain the batteries in status quo 10% 
extra is required every discharge cycle.  All of these devices are designed to help with the maintenance of the 
system and in particular the condition of the batteries.  Data from these devices and a regular inspection of the 
cell SG after “equalisation” will ensure that the 12.5 year life is attainable.

Inverters 3.4.1.4. 

Inversion of the DC stored energy into 220 V AC power can be done in a number of ways, but two basic 
technologies dominate the small scale renewable energy market.  The first and simplest is the so called “quasi-
sine” inverter.  In the case of grid or diesel AC power the 220 V power is in the form of a smoothly varying 
sinusoidal wave form, as illustrated in Figure 7A.  The descriptive parameters of the waveforms are peak 
voltage (Vpk), RMS or effective voltage (Vrms), and the current waveform illustrates a phase lag (Φ) for an 
inductive load.  In the case of the “quasi-sine” waveform the voltage does not vary smoothly but consists of 
a slightly modified square wave, as illustrated in Figure 7B.  This waveform is the simplest form and more 
complicated pulse amplitude modulation (PAM ) step-like waveforms are also used, as illustrated in Figure 7C.  
The closer the waveform approaches the ideal sine form the lower the harmonic losses, and the more tolerant 
the interaction between the inverter and inductive loads.

Figure 7a. Voltage current phase shift.  Illustration of the shift in phase between the voltage and 
current in a reactive circuit.  The degree of phase shift is controlled by the ratio of the 
resistive value to reactive value of the complex impedance.  Value of time is arbitrary and 
depends on frequency.
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Figure 7b. Quasi sine waveform.  Illustrations of the waveform of a modified square wave employed in 
simple inverters to convert DC power sources to different levels of output voltage whether 
AC power at the switching frequency or, when rectified, to different values of DC voltage.  
Value of time is arbitrary and depends on frequency.

Figure 7c. Pulse amplitude modulation (PAM).  Switching at different levels of input voltage, at discrete 
time intervals, better approximates the waveform as a true sine waveform.  The larger the 
number of switched levels, the closer the true sine wave approximation.  Value of time is 
arbitrary and depends on frequency.
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Generally in this type of inverter the conversion of the DC voltage to the required AC level is carried out using 
high frequency (HF) conversion.  This technique uses small high frequency transformers that operate above 
20 kHz to convert the 12 V, 24 V or higher DC supply voltages up to the required 100 to 300 V DC outputs.  
These are then switched, usually using FET bridges, in order to generate the waveforms of Figures 7B and 7C.  
Because the HF transformers are smaller than the equivalent 50 Hz units, they are cheaper to manufacture and 
the inverter is also lighter.

Some AC appliances that contain induction motors or transformers could induce excessive surge conditions on 
the inverter.  This could easily trip the overload condition, or more seriously, destroy the power semiconductors.  
So it is important to know and keep within these surge ratings.  In addition, non sinusoidal wave forms are not 
recommended for induction motors or transformer powered devices.  Resistive, electronic speed controlled 
power tools and switch mode powered devices (computers and TVs) do not generally induce excessive surge 
conditions.  These operate satisfactorily on quasi-sine units.  Look at the surge rating when considering these 
units; the higher the rating the better the device.

There are numerous manufactures of these inverters, with power that varies from as little as 100 VA up to 2 
kVA, and prices from R600 to R5000.  Efficiencies are generally between 80 to 90%.  The so-called “full sine 
wave” inverters generally use PWM combined with a 50 Hz step-up transformer.  For this technique the half 
cycle of the 50 Hz waveform, as illustrated in Figure 8, consists of a series of constant amplitude pulses, whose 
width is increased in a sinusoidal way up to the maximum width near 90˚.  Thereafter the width decreases in the 
inverse way down to the minimum width near 180˚.  At 180˚ or 10 ms for 50 Hz the wave polarity is reversed 
by either a split winding transformer used in the half-bridge configuration, or by electronic switches and a 
single primary winding transformer for the full-bridge configuration.  The PWM waveform contains the basic 
pulse width frequency plus the switching frequency, which generally exceeds 1 kHz, and the higher harmonics.  
The high frequencies are filtered and the energy remaining is the modulation frequency of 50 or 60 Hz.

Figure 8. Pulse width modulation (PWM).  Approximation of the sine waveform is controlled by 
ensuring that the area under a fixed value (input voltage) is equal to the equivalent sine 
waveform value.  This implies a short pulse length at the start, increasing to the maximum 
value at 90˚, and then decreasing again to the minimum near 180˚.
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These inverters are typically twice the price of the equivalent quasi-sine units as the components (transformers) 
are considerably more expensive; in addition these units are heavier than the quasi-sine units.  In general they 
exceed 1 kVA power output with efficiencies between 75 and 95% and the prices are in the range R5 700 to 
R6 800 for 1.5 kVA units, increasing to R10 000 to R12 000 for 4 kVA units.  In general, 12 V supply inverters 
are less than 1.5 kVA; 24 V inverters are less than 3.5 kVA; and 4 kVA units are normally designed for 48V or 
greater supply voltages.  This is because switching 150 A or more at 3 kHz is expensive.

Some inverters, whilst yielding 85% efficiency at full load require as much as 8 to 10% of the power rating 
to keep them running with no load.  This should not be confused with stand-by power, which is normally less 
than a watt.

Efficiencies that are quoted are generally the full load efficiency.  This usually drops from say 90 to 80% at 20% 
load, and then from 80 to 70% at 10% load.  At lower than 5% load (a typical lights only load) the efficiency 
could drop to below 50%, depending on the inverter, as some are better than others.  This percentage load and 
efficiency issue is important because much of the time the inverter is not running at full power, as much of 
average household power drains are lower than 2.5 kVA.  Very few items, with the exception of electric stoves, 
draw more than 2.5 kVA.  It is for this reason that we run a small 24 V 0.5 kVA inverter as well as a larger 36 
V 3.8 kVA unit.

Selection of the inverter depends on the usage of motors and other high surge loads.  If large surge powers are 
required then the full-sine wave inverters are generally the best option.

Wind Power3.4.2. 

Wind power should provide a first rate complement to PV power, as very often cloud cover is accompanied by 
wind both before and after.  In addition, the cost of wind power is only about 30 to 40% that of the equivalent 
PV costs.  Nevertheless, there are down sides to wind power.  These relate to the average wind speed in any 
specific area, as well as to the performance characteristics of the turbine.  In order to clarify these comments it 
is necessary to look at a few fundamental aspects of wind turbines.

Theoretical and practical considerations 3.4.2.1. 

Air has mass and when it is in motion it has kinetic energy (KE).  For a turbine blade having a swept area of A 
m2 and a wind speed of ν m/s this KE is KAν3.  Not all this energy can be extracted and the maximum power 
(derived by A. Bentz in 1927) is 0.593 KAν3, where K is related to the units used.  For SI (standard metric 
units) K = 6.4 × 10-4.  This has been used to generate Table 5.  This is the theoretical wind power, and with 
other conversion losses such as the gearbox, alternator, etc. the available power could be less than half that of 
Table 5.

Table 5: Theoretical wind power (in kW × 10-4), in terms of wind speed (km/
hr & m/s) and turbine blade diameter (m)

WIND SPEED TURBINE BLADE DIAMETER
km/hr m/s 1 m 2 m 3 m 4 m 5 m 6 m 7 m 8 m
5 1.11 6.9 27 62 110 171 284 338 440
10 2.78 109 432 970 1730 2690 3890 5290 6900
15 4.17 366 1460 3280 5840 9060 13 100 17 800 23 300
20 5.56 870 3460 7790 13 800 21 500 31 100 42 300 55 200
25 6.94 1690 6710 15 100 26 900 41 800 60 500 82 200 107 000

It is clear that the relationship between wind speed and power output rises very rapidly, and the turbine design 
needs to be optimised to the environmental wind data, i.e. average hours for specific wind velocities.  In 
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addition, if the velocities are low the turbine will not be very effective, even for large units.  In general, wind 
speeds above 10 km/h are the economic cut-off for small multi-bladed turbines (<2 m diameter).

One of the design problems for turbines is to optimise the diameter of the rotor and the number of blades.  
As the number of blades goes up, the following blade intersects the wake turbulence of the previous blade if 
the speed is too high.  Thus there is a critical relationship between rotational speed, blade diameter, number 
of blades, and wind speed for optimal performance.  The optimum speed of the turbine for maximum power 
extraction depends on the number of blades and the tip speed ratio (TSR), which is the speed of the blade/
wind speed.  Multi-bladed turbines have peak powers at low TSRs of 0.5 to 1.0.  Three blade turbines are 
optimum with TSRs between 2.5 and 4.5 and two blades between 4 and 8.  It follows therefore that the larger 
the diameter of the blades the lower the rotational speed.  Another major factor in the relationship of output 
power to wind speed is the tip speed relative to the speed of sound, as this will generate tip shock waves.

For large commercial turbines of 20 kW to 10 MW the optimum TSR is maintained in different wind speeds by 
altering the attack angle or pitch of the blades.  This requires complicated gearing and increased costs in having 
to rotate the blades.  Today it is only available in expensive machines, although it was used for small machines 
in the past.  Cost considerations for small turbines today lead to the use of other speed limiting techniques.  
In the case of multi-bladed turbines these simply stall at higher speeds due to the wake turbulence.  Two and 
three bladed turbines using centrifugal pitch control are available but they are very expensive.  Although 
centrifugal drag control would be less expensive, it is not generally used as it is cheaper to use centrifugal yaw 
control, which simply entails yawing the blades out of the perpendicular wind direction.  The former, whilst 
more complicated, is generally better at yielding a constant power output above the control speed than the 
simpler technique of yawing the entire mechanism out of the wind.  A commercial machine using this total yaw 
technique has been in use for about 8 years and its output characteristics have been somewhat disappointing.  
It has a low output under furl conditions, a situation that is not uncommon.  For the effective operation of these 
gravity controlled as opposed to centrifugal force controlled yaw machines, it is essential to ensure that the 
mast is perpendicular to within a fraction of a degree, in order to obtain best operation at all azimuths.  There 
are some models that have better yaw characteristics, and the turbine power - speed data should be considered 
before making a selection.  A number of small turbines are available, costing between R7000 and R10 000 for 
around 500 W units, and between R18 000 and R40 000 for 1 to 3 kW units.

Solar Water Heater 3.4.3. 

A solar water heater is probably the simplest and most cost effective solar system for daily household use.  One 
only has to leave a black plastic pipe full of water in the sun to appreciate its effectiveness.  Commercial units 
have been available for many years and in the last few years expensive sophisticated units have been imported 
at high cost.  These units claim super efficiencies that have been developed for high latitude situations.  Whilst 
these units are no doubt superior to more basic designs the cost effectiveness is questionable.  Because solar 
power is free and available at 1 kW/m2, conversion efficiency is not critical, unless area is a problem.  The 
extra cost in basic materials for a larger collection area is minimal when contrasted with the purchase of special 
materials.  The only compromise is that larger areas result in larger secondary radiation losses.

There are a number of techniques to collect solar heat.  In domestic applications the so-called flat plate 
collectors are the most common.  More expensive methods using focusing techniques can develop extremely 
high temperatures, but these are not justified for household use.  Flat plate collectors have the advantage of 
simplicity.  They are able to utilize both beam and diffuse radiation and work even in cloudy conditions.  A well 
designed unit can easily attain 40 to 60% efficiency.

Basically the solar water heater consists of two elements, the collector that transfers the captured solar heat 
to the water or some other heating fluid, and a hot water storage facility.  Direct heating of the water from 
the collector is the simplest, but in winter it could suffer from freezing problems; whilst using an antifreeze 
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secondary heat transfer process suffers from a more complicated heat transfer process.  For both methods, the 
use of an effective insulated storage facility as well as insulated pipes is the key to a good hot water system.  
The radiation losses from a well insulated storage tank could easily be equivalent to 2 kWh/day, and losses 
from large poorly insulated units could easily exceed 4 kWh/day.

The transfer of the hot water to the storage tank usually takes two forms.  If the tank is not too far from the 
collector and can be placed above the top of the collector plates (0.5 to 1.0 m is optimum) then the natural 
process of thermosiphon can be used.  This relies on the fact that hot water is less dense than cold water (by 
approximately 0.42 g/m3/˚C) and so the heated water flows upward.  The colder water occupies the lower 
region of the collector and the hot water the upper regions of the collector tank.  If no such gravity gradient is 
available then a small electric pump can be used when sufficient thermal differential exists across the collector 
to justify its operation.  The simplicity of these systems lends itself to home construction and this is discussed 
in Section 5.3.

SYSTEM PHILOSOPHY AND IMPLEMENTATION4. 

Having covered the background of renewable energy we can now look at the implementation of systems able to 
provide all basic domestic and small scale farming power, down to the very basic system of lights and water.

The starting point is the required input power and the level of home comforts required.  In our example of 6.8 
kWh/day we use winter items such as electric blankets, as well as the microwave, toaster, and electric kettle at 
night, and in addition the fridge and freezer run 24 hours a day using a one hour cycle (½ hour on every hour) 
in order to synchronise their on – off cycles.  During the holidays the computer, which has been known to run 
until midnight, becomes a major power factor as it consumes close to 0.4 kW.  This would not be a factor if a 
laptop were used instead.

Winter months are the controlling power factor for three reasons.  Located in the Klein Karoo at about 400 m 
and having a mountain range some 3 km to the north that is some 1000 m higher, the winter sun only rises after 
09h00.  In addition, the mountain acts as a cloud trap and it is not uncommon to have 3 or 4 days of morning 
cloud.  A last, but major, winter problem is that of “effective” sun hours, in our case about 8 × 0.6 or about 5.3 
hours per day.  Tracking panels make a significant difference (cloud cover permitting) to the winter effective 
hours, adding some 20% extra power over the first 2 hours and 30% over the setting hours.  This results in 
a total improvement of about 16%/day.  In summer the improvement exceeds 30%.  Details are in Section 
3.4.1.2.

COST OF RENEWABLE ENERGY SYSTEM4.1 

In the case of reduced power demand the “necessary” power is that for lights and water.  The lights present a 
power storage problem, whilst the water pumping should be carried out during daylight hours.  Lights using 
high efficiency fluorescent tubes can run “directly” from batteries using the small internal inverter (see Section 
2.4).  Using the most basic system of lights and water for a small scale domestic installation, some interesting 
features of the cost structure of renewable energy can be ascertained.  Since the power demand is low the low 
maintenance sealed batteries are the cheapest option (Section 3.1).

Energy Assessment4.1.1. 

This exercise assumes 500 l/day from 20 m pumping depth raised 10 m to a header tank for the water requirement, 
and 4 × 18 W fluorescent lamps for 4 hours per night lighting.  This is a modest requirement for a domestic 
unit.  Water pumping should be carried out during PV operational hours, and does not directly involve battery 
storage, as do the lights.
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Water pumping: 500 × 30 × 9.81 = 147 kJ.  For a 50% efficiency (see Section 2.6) the input requirement 
is 294 kJ and the required electrical input energy is thus 294/3.6 = 82 Wh.

Lighting: 4 × 4 × 18 = 288 Wh.

Thus the total electrical energy is 82 + 288 = 370 Wh, of which 288 Wh is associated with battery 
discharge.  For a fully charged to 10% DOD battery the average voltage will be about 12.5 V.  Thus the 
battery current draw down is 288/12.5 = 23 Ah.  As 23 Ah was extracted, some 23/0.9 or 25.5 Ah will 
be required to recharge the batteries (Section 3.1) at a mean of about 13.6 V or a charging efficiency 
of 288/(13.6 × 25.5) = 83%.

The water pumping will be carried out under battery charging conditions where the voltage could vary 
from 12.5 to 14.7 with a float voltage of 13.6 (Section 3.1).  The 82 Wh translates into 82/13.6 = 6 
Ah.

PV and Battery Requirements4.1.2. 

For PV and battery details see Sections 3.1 and 3.4.1.2.  Energy estimates indicated that some 25.5 + 6 = 31.5 
AH are required from the PV array.  For non-tracking panels and the winter months the required panel output 
should be that for the effective winter daylight hours, which in our case is 8 hours.  Thus the required panel 
current is:

31.5/8 (hours) × 0.7 (panel factor) or about 6 A for non-tracking panel.
In terms of panel power this translates into 6 × 16.9 = 101 W.
Battery requirements are Ah (draw down)/DOD or 23/0.1 implying 230 Ah for RR2 Low Maintenance 
cells and a 5 year life.  As these are nominally 100 Ah at least two batteries are required, with a DOD 
now reverting to 11.5% and a corresponding life of 1700 cycles or 4.7 years, say 5 years.

Energy Costs4.1.3. 

Costing will be done over the 25 year life of the PV array, using the short days of winter (effectively 8 hours) 
to define the minimum system requirements and hence the panel power, as well as the long summer days (12 
hours) when excess power is generated.  Thus the effective average power generation hours for our situation 
are 10 hours.

Energy generated is 13.6 (voltage) × 6 (current) × 10 (hours) × 365 (days) × 25 (cycles) = 7.446 
MWh.
Battery cost R900 × 2 × 5 (two batteries every 5 years).  Total 25 year cost R9000.
PV cost 100W @ R38/W or R3800.
Total cost R12 800.
Power cost R1.72/kWh

It is obvious that the cost is largely associated with the batteries, or rather with the ratio of the stored to direct 
PV power.  Reduction of the required storage to one battery by using only 3 × 9 W lamps does not improve the 
power cost, because the reduction in power generated exceeds the system costs and the power costs increase to 
R2.7/kWh.  This excludes the charge controller, pump and lights, and capital investment interest loss.  It also 
has been assumed that battery prices will keep pace with the investment set aside to purchase a complete set 
in 12.5 years from now.

SMALL SCALE RENEWABLE ENERGY SYSTEM4.2 

As discussed in Section 2 the example of a domestic and small scale farming system uses 6.8 plus 2.5 kWh/
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day.  This costing is for the entire power system, excluding the pump, lights, and appliance costs.  The power 
assessment was that of input DC power to the inverter and not the output power.  As noted in the inverter 
section (see Section 3.4.1.4) the conversion efficiency of inverters varies from full load efficiencies of up to 
95% to as low as 50% at 5% load, or as much as 50% for 10% load for some inverters.

PV and Battery Considerations4.2.1. 

36 V System4.2.1.1. 

This voltage system can accommodate up to 5 kVA inverters.

Night time draw down is 2.7 kWh, and with a average of 37.5 V this implies about 72 AH.  From 
Section 3.1, the smallest available M solar cell is 530/433.  Battery cost is 18 × 1635 = R29 430 for 
12.5 years, or R58 860 for 25 years.

This battery size is the minimum required for a winter operation that delivers the full recharge every day.  In 
our experience this is not the case and we often have cloudy conditions for three or more days.  To avoid deep 
discharges it was cost effective for us using inexpensive second hand batteries to use as large a battery as 
available, and we ended up with 600 + 320 Ah.  Each bank of batteries was isolated in charge and discharge 
mode by 100 A Schottky diodes, and were separated during equalization.  It is interesting to look into the 
additional power costs for larger batteries, so this will be done for the standard 600 and 750 Ah cells.

Battery cost 600 Ah is R1776, or R63 936 for 25 years.
Battery cost 750 Ah is R2078, or R74 790 for 25 years.
Recharge input requirement 72/ 0.9 = 80 AH
Non charging PV power 6.8 – 2.7 = 4.1 kWh
This is used when the battery is charging and the mean voltage is about 40 V so the required Ah = 
4100/40 = 103 AH.

Panel current standard (80 + 103) Ah/8hrs or 22.9 A.  For non-tracking panels the required panel 
current is 22.9 × 0.7 or 32 A and since the panel voltage standard is 16.9 V the power is 16.9 × 3 × 32 
or 1673 W.
For tracking panels the power is 22.9 × 0.8 or 29 = 1470 W.
Using maximum power tracking this power can be reduced by about 10% (Section 3.4.1.3) or used to 
round off for specific panel sizes.  Using this technique and assuming a 10% improvement the panel 
power requirements are 1565 W and 1375 W respectively.

Panel costs are R52 250 for tracking and R59 470 for non-tracking.
Array cost, tracking: R52 250 + 5 frames 5 × R600 each.  Total: R55 2550.
Array cost, non tracking: R59 470 + 5 frames × R200 each.  Total: R60 470.
Charge control: R5000.
Inverter 4 kVA: R12 000.
Electrical wiring: R2 000.
Total ancillary cost: R19 000.

Effective power is 1423 × 0.7 or 1250 × 0.8 = 1000 W
Power generated in 25 years 1000 × 10 × 365 × 25 = 91.25 MWh.
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Table 6: Cost of power for a 36 V photovoltaic system

350 AH 600 AH 750 AH
Total cost tracking R133 110 R138 186 R149 040
Power cost tracking R1.46/kWh R1.57/kWh R1.63/kWh
Total cost non-tracking R138 330 R144 406 R115 460
Power cost non-tracking R1.52/kWh R1.57/kWh R1.69/kWh

The excess summer power generated is generally wasted as heat unless it is utilised to do useful work or 
converted into a stored energy form (compressed air, water potential energy, hydrogen or bio-fuels).  Energy 
storage is one of the major problems in the optimisation of renewable energy.

24 V System4.2.1.2. 

This voltage can accommodate up to 3 kVA inverters (Section 3.4.1.4)

It is interesting to look into the cost of a 24 V version of the 6.8 kWh/day domestic renewable energy example.  
The panel power is as before but ampere non-tracking is 33 × 36/24 = 53 A and tracking amps are 43.5 A.  for 
night time draw down from an effective 25 V system requires some 108 Ah.  Battery requirements are 108/0.22 
or 491 Ah.  This suggests the 600/490 Ah for a minimum size.

Table 7: Cost of power for a 24 V photovoltaic system

600 AH 750 AH
Total cost tracking R114 374 R121 622
Power cost tracking R1.25/kWh R1.33/kWh
Total cost non-tracking R119 594 R126 842
Power cost non-tracking R1.31/kWh R1.39/kWh

Power costs are somewhat lower than the 36 V system due to the lower battery costs.

It should be noted that this costing is based on the average output power during the year, and it also assumes 
that all this power is used.  In terms of the power costs for small scale farming where the remote water pumping 
includes 2.5 kWh/day the total power minimum is 9.3 kWh/day.

Domestic cost for 24 V, 750 Ah tracking system is R121 622.
Remote energy is 2.5 kWh/day and using tracking and PWM pump control with a four panel array this 
yields an effective pump voltage of 67 V.  Panels need to generate 2500/67 = 37 Ah per day and this 
means the panel current must be 37/(8 × 0.8 ) = 5.8 A.  To accommodate this the panel must be about 
100 W, so the cost is 3800 × 4 = R15 200.

Power cost 15 200/10 × 67 5.8 × 365 × 25 = R0.43/kWh.

Comparing this with the domestic only cost it can be seen that the power cost of straight renewable energy 
without batteries is less than half the cost.

CAPITAL LOSS ASSESSMENT4.3 

Both diesel and renewable energy costs have ignored the interest loss on the capital investment.  This should 
be equated to the transmission line construction of grid power where capital investment is involved.  The lack 
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of a definitive cost structure makes this exercise somewhat academic, but to get some idea about the break 
even point between the construction of a power line, diesel or renewable energy a 5% per annum capital loss 
will be assumed.

Diesel low speed: R4.45 + 1.83 = R6.28/kWh
Diesel high speed: R5.35 + 1.83 = R7.18/kWh

Renewable energy of 24 V 750 Ah cells for 3.64 MWh/annum costs R1.33/kWh (Section 4.2.1.2).
(With an estimated loss of interest on invested capital of R6081/annum this results in an effective cost 
of R3.0/kWh.)

Grid power costs involving the construction of 540 m of line was a fixed monthly charge in our case of 
R617 for 15 kVA.  Energy cost was some R2.84/kWh for 9.3 kWh daily consumption (Section 3.2).

Thus the energy cost of renewable energy is equivalent to that of grid power if it involves the construction of 
1 + km transmission line.  For longer lines renewable energy is less expensive, assuming a 5% loss of interest 
on the investment capital.  In the case of grid power from an existing line, the cost presently is R1.72/kWh, 
considerably less than renewable energy if you include interest loss on the capital outlay.

A “HOME BUILT” RENEWABLE ENERGY SYSTEM5. 

Like many home built systems that need to provide immediate service the operation might not be optimum 
at start–up, but as time allows the situation gradually improves.  Our situation is a good example of such a 
development.  Even after 12 years, changes are being made in order to improve the operations and reliability.

The system started with the accumulation of old PV solar panels from 1978, including some from the 1970s 
brought back from the US.  Second hand batteries were purchased in 1994 and these were all load tested to 
weed out suspect cells.  The purchase of second hand batteries needs to proceed with care.  Exposed plates 
should be a dark colour.  Any sign of whitening is an indication of sulphating and these should be rejected.  
After charging, the cells should be load tested as discussed in Section 3.1 and the internal impedance noted 
and compared with new cell data.  Do not pay more than half the price of a new cell and look at the date stamp 
of the cell, bearing in mind a 12.5 to 15 year life span.  Ensure that you can return any cells that are not up to 
standard, and purchase at least two spare cells.

To avoid uncertainty it is better to purchase new cells, although we have been lucky and at 13 years the cells 
are still in service.  Do not mix different capacity cells or batteries in either a series or parallel combination 
without ensuring a balanced charge – discharge distribution.

NETWORK CONFIGURATION5.1 

Figure 9 illustrates the basic framework of our renewable energy system.  PV arrays are all connected to 
the power storage facility by heavy gauge wires and the individual groups (300 to 500 W) are protected as 
discussed in Section 3.4.1.3.  Each group goes to the appropriate power bus via blocking diodes and a 10 mΩ 
current monitoring shunt.  This is made from a 10 mm coil of 1 mm enamelled wire 462 mm long (see Figure 
10).  Tracking panel power is derived from the 24 V PV system, electronically split into +12 V and –12 V.  
Because of the low voltages and high currents, heavy gauge “welding” wire is used for all the main PV to 
power storage trunk lines.  In our case the separation is about 30 m and 4 × 25 mm2 lines are used.  This yields 
a loop resistance of about 20 mΩ.  Panel group link wires are all 10 mm2 cables.
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Figure 9. Klein Karoo Farm System.  Block format of the installed power systems on the present 
farm.  High power is derived from the 36 volt installation of about 2 kW PV power, and a 3.8 
kVA inverter.  Continuous power is provided by the 24 V system.  12 V and 6 V power are 
derived from physically damaged panels.

Figure 10. Solar panel group monitoring.  Each of the panel groups, varying from 100 to 450 W, is 
monitored by converting the current to frequency, which is then in turn transmitted to the 
power hut.  These data can then be displayed and/or stored in a frequency counter.
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Mechanical mounting of the PV panel groups are built up into 100 to 400 W modules.  These units, tracking 
or non-tracking, are made up using 25 × 25 × 3 mm angle steel.  The size of the frame varies somewhat as 
the panel groups vary from 2 × 54 W to 3 × 120 W, plus 4 × 80 W and 6 × 60 W.  This results in a base that 
is from 1 to 2 m long and 1 to 1.3 m deep, with a frame base height of about 120 mm to 150 mm.  Bracing is 
used every 0.5 m or at midpoints.  The PV panels are mounted using the inner mounting holes, so the frame is 
smaller than the panel depth.  Two important features are that the panel frame is not used as a weight bearing 
support on the panel frame edges, but two large hinges or brackets are attached to the panel edge to allow for 
changing the tilt angle.  Six to eight vertical supports are used to maintain the tilt angle, winter 43˚, mid year 
33˚ and summer 23˚.

For the tracking panels the entire frame is moved on a 1.5 m diameter semicircular concrete track that is 200 
mm wide.  The wheel barrow wheels used are mounted on a sub frame at a 30˚ angle to the mainframe.  When 
the frame centres are 1.5 m apart, the tracking pivots around a fixed bicycle cog at the 1.5 m centre.  Drive to the 
cog is a bicycle chain driven by a scrap windscreen motor and a “bang – bang” pulse circuit, diagrammatically 
described in Figure 11.  Position control is by two photo diodes separated by a spacer.  When the sun sets the 
frame is driven east to wait for sunrise.

The frames require about 36 to 42 m of steel costing about R250, plus two large hinges for R20, whilst the 
tracker requires two wheelbarrow wheels at R60 and a second hand windscreen wiper motor for R120, plus 
extras R100, giving a tracker cost of about R500 to R600.

All the PV and wind power cables return to the “Power House”, which contains the diesel stand-by engines, 
the battery regulators and chargers, as well as the power monitoring, battery banks, and inverters, as illustrated 
in Figure 12.  Battery regulators are series PWM controllers rated at 100 A boost and regulate.  Both regulators 
include thermostatic fan control as series regulators are used, because long-term planning included the 
collection of hydrogen from the batteries as well as electrolytic cells.  In addition the regulators use relay 
bypass (see Figure 13), and the charging parameters are switch selectable, centred around 2.35 V/cell, with the 
float-regulate level adjustable in steps of 0.25 V.  Compensation is -3 mV/cell/˚C.  No voltage control is applied 
during equalization.  The DC – DC is a Class D oscillator that provides the 12 V relay supply.

Figure 11. Solar panel tracking control.  To increase the PV output, the panel tracks the sun using two 
photocells that require a balanced output.  When not balanced, triggers are generated that 
cause the panel to move either east or west to restore balance.
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Figure 12. Power house configuration.  Charge controllers for both 36 and 24 volt systems are 
combined with back-up diesel generators and chargers.  All the systems can be monitored 
using a multi-display monitoring and power processing facility.

Figure 13. Charge controller.  Details of the PWM charge controller, which uses series control with 
a by-pass relay.  The same control is used for the wind turbine.  When the batteries are in 
regulate mode the wind turbine can be stalled by shorting out the input phases.
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All the phase wires from the 900 W wind turbine terminate in the 36 V controller, and the rectifiers and 
capacitors are also internal, with the rectified output going to the battery buss.  When the charger switches to 
“float mode” the phase wires of the turbine are AC checked for furl operation, and then shorted out using a 
power relay that stalls the turbine and limits the power dissipation in the controller.

POWER SYSTEM MONITORING5.2 

All the battery banks are monitored for volts, amps, Ah, and kWh, and the Ah and kWh are accumulated 
and displayed up to 9999.  The PV array groups can also be monitored for current from the central monitor 
using Binary Coded Decimal (BCD) selection and two I to F (current to frequency) data streams that can 
be accumulated to look at long term performance.  The basic format of the monitoring unit is illustrated in 
Figure 14.  Each of the main batteries has individual cell monitoring and boost charge facilities, using the 6 V 
damaged panel groups for an extra charge of about 10 A.  AC outputs and the PV, diesel, and turbine kWh are 
also recorded as separate entities using I × V to frequency converters.

Two back up diesel generators are available; a high speed 5 kW three phase unit and a low speed single phase 
3.5 kW low speed unit.  Charging of both the 36 V and 24 V batteries is carried out at the same time using 
either of the engines and the maximum power is limited to 3 kVA.  Automatic diesel start – stop facilities are 
being built and these will automatically monitor the batteries for less than 75% capacity, to run the engine until 
“float” voltage and then shut the engine down after a selected time.

IN-HOUSE CONSTRUCTION5.3 

With the requisite knowledge, all of the required renewable energy electronics can be home built.  However, 
in the case of high power chargers and inverters the transformers (C cores or toroids) are best constructed 

Figure 14. Monitoring configuration.  Storage of the kWh and Ah data is in the form of voltage/power/
current conversion to frequency.  The data is stored in a frequency counter.  Individual cell 
monitoring and charging is carried out using relays and diode steering, controlled by two 
BCD switches or counters.
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using professional winders and GOSS cores.  The cost is in the range R1 100 for 1 kVA and R1 900 for 2 kVA.  
Two 1.5 kVA transformers can be connected in parallel for a 3 kVA system.  This inverter size operated from 
a 24 V battery represents the optimum configuration for our power requirements, but the advent of a 3.5 kVA 
electronic welder determined that a 4 kVA inverter would be a safer option and thus the 36 V system should 
be retained.  The cost of batteries and the need soon to replace all our cells determined that the continuous 
running inverter be converted to a 1 kVA 36 V that can accommodate most of the appliances.  The 12 V and 24 
V systems will be downgraded to low maintenance batteries because of the low power requirements (electronic 
equipment, relays, and lights).

Small ferrite toroids are less physically demanding and can be home wound.  Old motor car spares are a good 
source of high power relays and DC motors, whilst scrap electronics such as UPSs and computers are a good 
source of power semiconductors and hardware.  The most expensive single items are the housings, switches, 
heat sinks, and relays.

Inverters and lamp drivers require a bit of finesse and construction could be an expensive, exciting, and 
spectacularly pyrotechnic learning curve.  Battery chargers, charge controllers, auto back-up and pump controllers 
are more straight forward and are relatively easy to get working if the fundamentals are understood.

A charge controller requires an electronic switch such as a Schmitt trigger, or an electronic switch that switches 
on rapidly by using positive feedback at some design level voltage, and then off again at some other selected 
voltage level.  This is used to sense the change from “boost” to “float”, with a PWM modulator or linear 
regulator to keep the battery at the “float” voltage level using a semiconductor switch or control.  Use of a 
bypass relay will improve the equalization procedure.  The basic cost for the controller card is about R50 and 
power switches with heat sink for 50 A will be about R100, with enclosure and meters about R250 to R300.  A 
prototype maximum power point analog tracker using constant voltage sense (17 V) was found to increase the 
power transfer by as much as 30% for a low battery (12.2 V) to about 20% improvement with a 13 V battery.  
Use of this technique, in effect accommodates the panel power factor for tracking panels not operating at 25°C 
with 1000 W/m2 and at peak power voltage.

A simple pump controller is illustrated in Figure 15.  The Schmitt trigger is used to enable the pump if the 
radiation conditions are sufficient to ensure the pump’s operation and the water tank requires a top up.  A 1000 
to 2000 μF capacitor is directly charged from the PV array.  When the PWM is enabled a sequences of high 
frequency pulses is generated to turn on the FET switch and discharge the capacitor, to ensure that the capacitor 
voltage is maintained at its optimum level (for discussion of the maximum power tracking voltage see Section 
3.4.1.2).  This voltage level of the maximum power can be optimised by sensing the temperature of the panels 
and using this to change the reference voltage.  This is done using an external thermistor.

An old washing machine or dishwasher water level micro switch can be used to sense the tank’s condition.  
These are generally available from a repair shop for R25 to R50.  The water hysteresis (difference between 
the on and off status in terms of water height) can be controlled by the ratio of the intake pipe volume to the 
reservoir volume.  It is also useful to have a register of pump run hours and/or kWh pulse count, as well as an 
ammeter included, as this gives a good indication of the pump performance.  Surge protection (Zener diodes 
or fast surge arrestors, voltage dependent resistors (VDRs), capacitors, etc.) are useful to limit the inductive 
surges and help protect the pump switch.  Cost depends on the extra facilities, with a basic unit cost of about 
R150, increasing to about R600 if meters and counters are included.

Lamp drivers could employ a Class D oscillator with the lamp in the secondary tuned circuit.  A good lamp 
driver can be made using a current switching oscillator with the lamp in the resonant circuit.  These units which 
operate from a DC source generate 200 to 300 kHz 500 V across the lamp to start it, and thereafter run at 30 to 
50 kHz generating the 50 to 120 V for normal lamp operation.  The same basic circuit can drive from 4 to 80 
W lamps using the appropriate core to maintain a good sinusoidal waveform.  The efficiency varies from 90 to 
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95%.  It is important to ensure that the operating conditions are appropriate for the non-saturation of the core 
and that the circuit has a quality factor (Q) to ensure a good sine wave.  A 25 mm E core will be satisfactory for 
up to 11 W.  For 18 W a 30 mm core is necessary, whilst for 36 W a 40 mm core will suffice.  A small capacitor 
in series with the heater elements will aid in starting the lamp, but the tube will strike without it.  Lamps with 
internal starters are best operated by cutting out the starter and capacitor, leaving only the tube leads.  The same 
basic inverter could be used to drive the low pressure sodium vapour lamps, although the tubes are somewhat 
expensive.  They could be justified in a remote situation where the factor of 2 or more in the efficacy justifies 
the cost.  These drivers cost about R50 to R60.  Current shunts can be made from copper, aluminium or brass, 
noting that the resistivity of these materials varies from (1.7 to 3.2 to 6.6) × 10-6 Ω/cm respectively.

Automatic diesel back-up charge control depends on the engine.  The standard unit in use is illustrated in 
Figure 16.  Some engines have direct electrical start with mechanical valve lift stop control, whilst others have 
relay assisted control of fuel and valves.  Normal relay control of the decompression and fuel requires a delay 
sequence after the low battery voltage sense has been detected.  It is essential to ensure that there is sufficient 
integration to limit the surge switch on voltage drop so that the engine is not needlessly switched on.  A trigger 
activates the valve lift relay and a delay sequencer closes the start relay, followed by the fuel relay and release 
of the decompression relay.  When the alternator attains 120 V the start relay is released and the engine runs 
until the batteries are full.  Gassing run time can be varied from 5 minutes to 5 hours, where-upon the engine 
fuel is cut off and the decompression relay activated until the engine stops.

Water pumping for more than 20 000 l/day using a 180 V DC motor mounted on surface and running a S4L 
Mono pump requires about 0.83 kW for a 50 m pumping depth.  A typical motor for 0.85 kW @ 1500 rpm is 
180 V @ 5.9 A or 1062 W, yielding a motor efficiency of 80%.  Providing slightly more power, 11 × 120 W 

Figure 15. Pump control.  A charge is maintained on the 2000 µF capacitor, which ensures that the PV 
units are held at maximum power voltage.  Power is then delivered to the pump to maintain 
this condition.
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panels will provide 187 V with a current of 7.1 A for delivery from 50 m at some 3300 l/hr.

Cost of panels: 11 × 4560 = R50 164
Frames for tracking system: 3 × 600 = R1800
Motor controller using power tracking: 180 V / 7 A = R1000
Motor cost: R4100
Pump cost: R8800
TOTAL COST = R65 860, say R66 000.

For tracking panels the winter sun time for our latitude is 10 × 0.8 hours and the summer time 14 × 0.8 hours.  
Thus the winter water delivery is 26 000 l and in summer it increases to 37 000 l.  For an average of 31 500 l/
day the cost over the 25 yr life of the panels including a 5% capital annual loss turns out to be R65 864 + 25 × 
8233 = R148 194 for 25 × 365 × 31.5 cubic metres of water, or R0.52/cubic metre.

Solar water heaters are relatively simple to construct using standard galvanized roof sheeting and copper pipes.  
The pipes are laid in every second corrugation of a 920 × 1700 mm sheet which results in 6 pipes and about 
2.5 l of water.  All the heat collector pipes terminate in a 22 mm feeder pipe and a 22 mm header pipe on the 
other end.  Both these 22 mm pipes go out of the insulated box that contains the collectors.  Insulation used 
in the box is 50 mm expanded polystyrene and this is contained in a wooden box constructed from tongue 
and groove pine.  This box is covered with two greenhouse plastic sheets as glass costs are excessive.  Two 
collector boxes, representing about 3 square metres, are positioned as illustrated in Figure 17.  The separation 

Figure 16. Engine control.  Should the battery voltage decrease to the minimum level after suitable 
integration (10-20 sec), a trigger sequence is initiated to start one of the back-up generators.  
The generator is stopped again when the batteries have recovered their capacity.
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between the top of the collector and the bottom of the storage tank is about 600 mm, which is about optimum 
for the thermosiphon action when the hot water inlet to the storage tank is at about 2/3 water height.  A good 
storage tank can be made out of a mechanically sound old electric water heater, between 150 and 200 litre is 
optimum, and this unit is contained in a wooden box lagged with 50 mm Styrofoam.  All piping is lagged.  The 
cost is largely in copper pipes and fittings and the total cost is about R1500 with an efficiency of about 50%.  
An improvement would be the use of 28 mm header and feed pipes.  Backup electrical power that has about 
88% efficiency can be estimated from the relationship:

kWh = 1.3 × 10-3 × litres heated × temperature rise °C

MAINTENANCE5.4 

Like most systems some degree of maintenance is required for renewable energy power.  Our experience over 
12 years suggests that the batteries represent most of this time, but the attention was well spent in that the cells 
have yielded reliable service for more than twelve years, despite their age of about 14 years.  In the case of 
Gel-cell batteries little can be done if the battery fails, but for sealed electrolyte units long term gassing can 
sometimes rejuvenate batteries that have operated under low charging conditions.  In the case of liquid types 
that have experienced excessive oxide shedding resulting in shorted plates, much the same situation is evident 
with modern construction, as there is little or no space between the battery plates and the case, so washing out 
does not work very well and more damage than good is often the result.  However, some old constructions can 
be washed out successfully.  Four of the 24 V, 320 Ah second hand batteries circa 1993, have failed in the past 
two years and these were recovered.  First the electrolyte level was noted and then poured out into a settling 
plastic basin, then the SG was measured and the liquid allowed to stand for 5 hours.  The cell was then washed 
out with rain water collected using a fibreglass roof sheet draining into a plastic basin.  After about 5 washouts 
the bulk of the shed oxide was removed, and this wash water was also allowed to settle to remove most of the 
solids.  After washing, the electrolyte was poured back and the level topped up with the same SG acid to the 
original level.  Water was added if required and the cells were put back into the battery array.  These are back 

Figure 17. Solar water heater.  Diagram shows collector plates that consist of two galvanised sheets 
0.92 x 1.7 m, which is equivalent to about 3 kW of electrical heater power.  Storage uses an 
old electrical tank of 200 ?. The height separation of about 0.7 m ensures efficient thermo-
syphon action.
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in service, requiring a boost charge from the damaged panel array, and they are all now balanced to better than 
5%.

Modifications to the electronics have continued throughout the 12 years of use and new PWM and PAM 
inverters with quieter and more efficient transformers are being built, as are the tracking units, auto-start and 
monitoring systems.  A new design wind turbine is also in the pipeline, but like most projects this has been 
side-tracked due to other more urgent problems.

FUTURE TRENDS5.5 

It is always dangerous to predict the future, but there are both global and local trends that allow for some 
generalizations.

Conventional power costs are going to increase more rapidly than in the past.  Local costs are probably (1) 
going to be higher than the global average.
Petroleum based energy costs are going to increase continually, often episodically, due to demand and (2) 
peak oil.  This will reflect as marked increases in the cost of diesel power.
Renewable energy technology is improving year on year and in 10 years the PV costs should be less than (3) 
half the present cost of US$5.5/W.
Development of new power storage technology such as the metal hydride cells now being used by motor (4) 
vehicles will ultimately reduce the cost of these cells and they could become economically viable for 
renewable energy usage.
Low pressure (1 to 2 bars) hydrogen generation and storage for use in fuel cells and heating applications (5) 
should become less expensive and thus make it attractive for renewable energy storage technology.  
Battery charging by scrubbing and molecular filtering followed by pressurising could be supplemented 
by electrolysis during float charge conditions.
Biogas technology will be available to the small scale user to utilise the surplus renewable energy (6) 
power.
In 10 to 15 years renewable energy costs for low power applications (less than 15 kWh/day) will (7) 
be competitive with grid power even when no additional line cost is involved.  With protracted load 
shedding predicted, perhaps it will become economically viable to run 50 to 100 kW solar arrays for 
larger, commercial farms.
The use of renewable energy will help reduce global warming.(8) 
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